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"Broadly regarded, the depth to which a metalliferous
region has been eroded affects its present characteristics
as a mineral province, because of the exposure of the
various depth zones in which the ores were formed".

E. Sherbon Hills in Geology of Australian Ore

Deposits, 1953, p. 57.

CHAPTER 27

Intracrustal and Subcrustal Environments (Introduction to Chapters 28-32)

The depositional environments treated so far, and the lithologic
associations generated 1in them, have either been wholly surficial
(supracrustal) or they have had a significant supracrustal component.
In contrast, the environmemts in which the rocks treated in Chapters
9,28,29,32 formed, were intracrustal. The 1lithologic associations
described in Chapters 4,5,7, 11-14, 31,33, are partly intracrustal.

Because the active intracrustal environments are not directly
accessible and consequently they cannot be observed and summarized in
empirical terms, they will not be discussed further in this book (but
their products, lithologic associations formed at a greater depth,
are). The reader is referred to the theoretical literature based on
geophysical, geochemical and other data (e.g. Condie, 1982; Ringwood,
1975; Turner, 1980). Figures 27-1 to 27-5 show diagrammatically the
depth setting of intracrustal 1lithologic associations and orebodies,
at their time of origin.
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"Granite is the balance of what was there originally,
plus what has migrated in, minus what has been
driven out”.

Arthur Holmes, 1937.

"Porphyry copper deposits are not found, they
are made' .
Donald K. Mustard, 1976.

"The economic geology of the (S.E. Asian) tin belt is
still a riddle wrapped in a mystery inside an enigma

despite certain naive utterances to the contrary".

K. F. G. Hosking (paraphrasing Sir Winston Churchill)
in 2nd Tech. Conf. on Tin, 1970.

CHAPTER 28
Plutonic Granite, Diorite, (Gabbro) Association (GDG) and its Aureole
28.1. INTRODUCTION

Granite, diorite, (gabbro) associations abbreviated GDG are also
known as ''granites", granites sensu lato, granitic rocks or granitoids
because of the granitic or hypidiomorphic-granular texture
characteristic of these rocks regardless of their colour index. This
is, without doubt, the most complex 1lithologic association to be
handled from the point of affiliated orebodies. It is so because few
of the affiliated ores are directly hosted by these rocks, and even
when this is the case such ores are almost always "epigenetic'", that
is, younger than the adjacent rock and generally emplaced when the
host was a "dead" (solidified, 1lithified, fractured) recipient only.
With the exception of some gabbros, syn-magmatic and orthomagmatic
metal accumulations generated during the magmatic crystallization and
hosted by the parent rock in the same manner in which detrital heavy
minerals in placers are enclosed in the sediments with which they
formed, are rare and of little importance, economically. The bulk of
ores 1is post-magmatic, that dis, formed from highly mobile fluids
released in the latest development stages of a magmatic body and
migrating generally upward, or even generated outside of the
intrusion, for example, from the pore waters in the rocks present in
the GDG roof or from downward percolating meteoric waters.

In the latter case, the evolving GDG 1intrusion could have supplied
heat only, the principal driving energy. Yet, without the heat, the
ore depositing process would not have taken place so the presence of a
GDG system is genetically important, causal and indispensable for most
hydrothermal mineralizations, even if the orebodies themselves (e.g.
hydrothermal veins) are actually located outside the intrusions, often
far outside, in an endless variety of host lithologic associations.

No parent (driving, generating) intrusive body 1is known for many
hydrothermal veins at the present level of exposure. Even when veins
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do occur within or in the proximity of a 'granite", the genetic
affiliation of both should not automatically be assumed without
conclusive evidence, as was the case in the past. To bypass the

problem of uncertain affiliation, Stanton (1972) 1in his book in which
he pioneered the treatment of ore deposits in the framework of

lithologic  associations, coined a category, "ores in  vein
association'. Such association is neutral, truly independent of the
nature of the host rocks and one does not need a "granite' in sight to
search for such orebodies. But veins themselves are extremely rare

rock bodies seldom cropping over more than 0.001% of an area surface,
so the "vein association" is of little assistane to a prospector who
needs a regionally widespread lithologic association to start looking
for the wveins. For this purpose the GDG association is wuseful,
because . most postmagmatic hydrothermal deposits do occur in the
proximity, in the aureole of igneous intrusions, and this aureole is
more or less definable by the effects of thermal metamorphism.

When exploring in GDG terrains and their aureoles, one cannot avoid
genetic speculation and reasoning no matter how imperfect. In doing
so, however, an exploration geologist should always try to
differentiate the recipient and generator rocks or units. The former
actually host the orebodies, but they did not set 1into motion the
processes that produced or drove the ore-bearing fluids that came from
the outside (however, they caused the ores to precipitate and in some
instances even supplied the metals). The latter provided the heat
(energy) to drive the hydrothermal system and in many cases are still
considered to have supplied the ore-forming fluids and metal as well.
In some instances a rock may be both reservoir and generator rock
(e.g. gabbros containing accumulations of ilmenite crystallized from
an immiscible liquid). In others, both functions are <close to each
other in space and time so that they overlap and cannot be separated
(e.g. certain cassiterite disseminations in endocontacts of granite
cupolas). The simple empirical observation that an ore is hosted by
an intrusion, however, does not necessarily indicate that the host
rock is both reservoir and concentrator medium. In most cases (as in
the porphyry copper, stockwork molybdenum or tin cupola complexes) we
are dealing with multiphase, magmatic systems and typically the older
phases, more visible and volumetrically abundant, provide reservoirs
to fluids generated by younger (often the youngest) phases that are
usually volumetrically insignificant (stocks, dikes, sills), if they
are exposed in outcrop or in the mine workings at all. The Climax Mo
complex is the best known example. Here three generations of
orebodies appear above their generator intrusions hosted by
sequentially earlier intrusions forming the roof in the time of ore

deposition. The plutonic GDG association treated in this chapter
includes the "most typical granites" formed at intermediate
(mesozonal) and shallow (epizonal) crustal levels by solidification of
introduced melts. There is a gradual wupward transition and overlap

between this association and the continental volcanic and subvolcanic
terrains treated in Chapters 5 (Recent) and 26 (pre-Quaternary). The
transition into the 'marine" volcanic-sedimentary associations
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(Chapters 10-14) 1is 1less typical and more controversial. With
increasing depth, the mesozonal granites treated here change into
katazonal granites, that are set in or coincide with the level of
high-grade metamorphism and ultrametamorphism (partial melting),
treated in Chapter 29. The latter is a zone of generation of at least
some of the granites treated here, so some of the petrogenetic
principles applicable to the generation of granitic magmas are
discussed there. The GDG-affiliated metallogeny depends to a
considerable degree on interaction with the outside rocks, so it is
transitional with the metallogeneses of almost all the ancient
lithologic associations treated in this book.

28.2. PETROGRAPHY, ORIGIN AND SETTING OF GDG PLUTONIC ROCKS

28.2.1. General

Examples of exposed 'granitic" batholiths or plutons are known from
almost the entire range of ages measured in the outcropping rocks
(about 3.6 b.y. to 1.2 m.y.) and are among the most widespread rock
types. Granites, granodiorites and diorites account for 21.67 of the
total wvolume of the crust (Ronov and Yaroshevsky, 1969). Tonalite
(light quartz diorite) "is the dominant rock type in the continental
crust and the average composition of the continents is virtually
tonalite" (Brown, 1979). The above statement, however, is applicable
in the compositional rather than textural sense because the bulk of
Brown's ''tonalites" are the Precambrian "'granite gneisses' treated in
Volume 2 of this book.

GDG rocks occur as composite batholiths (gabbro, diorite, tonalite,
granodiorite, quartz monzonite, granite) having a total silica content
ranging from 45 to 78% (as in the Andean Batholith, Peru), or as
homogeneous bodies composed virtually of a single rock type.
"Granites" are perhaps most famous for the periodic genetic
controversies they generate, the most notable having been one in the
1950s (magmatic versus metasomatic origin of  '"granites'). The
controversies are the inevitable consequence of the fact that nobody
has actually observed and measured a granite in the process of
formation so that our interpretation is based on hypotheses gradually
improving by the addition of constraints obtained in the field and 1in
the 1laboratory. The granite controversy 1is not yet settled, as
comparison of two recent statements indicates: (1) -"Production of
melts of the granite class is a natural culmination of metamorphic
processes in the crust" (Fyfe, 1973); and (2) 'Calc-alkaline
batholiths are furnished by between a 70-100% contribution from melts
derived from the upper mantle above subduction zones'" (Brown, 1979).

To an exploration geologist, the origin of '"granite" is of some
importance, because it is at the core of a predictive philosophy of
where to find the 'granite'-related ore deposits. In view of "the
simplistic (and one-sided; my remark) models in which petrologists are
prone to indulge" (Hughes, 1982), the existing models should be used
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with wutmost care, opposing opinions compared and the empirically
observable facts given the highest priority. The Dbasic aspects of
petrology, origin and setting of GDG rocks relevant to the associated
metallic ores are reviewed Dbriefly in the following paragraphs
In-depth coverage can be found in the petrographic and petrologic
literature, e.g. Marmo (1971), Carmichael et al. (1974) and Hughes
(1982).

An explorationist trying to find ores has to go farther than a
petrologist in regional geological dinterpretations, and take into
consideration the lithologic associations surrounding the ''granite" as
weil as the regional structure and alterations, as clues to
mineralization.

The -bulk of ''granites" occur in moderately to deeply eroded
orogenic belts marking the former continental margins. The present is
a '"prime time" of exposure of the lower Tertiary and late Mesozoic
high-level (epizonal) granites, because the plutons have been
sufficiently erosion dissected yet remnants of their locally
comagmatic ejecta roofs are still preserved. It is also a 'prime
time" of exposure of the late Paleozoic to early Mesozoic medium-level
(mesozonal) granites. These terrains are characteristically
calc-alkaline and subsurficial equivalents of the continental
volcanics (Chapters 5, 26) when such were developed. Granitoids with
tholeiitic affinities (the gabbro-plagiogranite suite) occur in
orogenic belts formed in evolutionarily primitive island arcs, e.g. in
the Izu Peninsula, Japan and elsewhere; compare Chapters 7, 10 and 12.

Alkaline granitic rocks within orogenic belts (compare Brown, 1979)
usually formed along intraplate reactivated terrains, in collision
belts and along intermontane or interarc extensional structures.

A proportion of 'granites" constituting a very small volume is
affiliated with intra- and inter-continental ("rift") structures and
systems and this association is dominated by alkaline members although
calc-alkaline rocks (such as biotite granites) are also present. This
association is largely treated in Chapter 33.

Intrusive rocks are conventionally subdivided into hypabyssal and
plutonic (Hughes, 1982). The hypabyssal rocks include small
near-surface dikes, sills and plugs that have cooled quickly and are
fine-grained. Plutonic rocks are coarse-grained, because they have
cooled slowly at generally deeper levels. The most common large
bodies of intrusive rocks are almost equidimensional or elongated
plutons, batholiths or massifs. These terms are usually used
interchangeably although the prevalent application is as follows
(based on the A.G.I. Glossary of Geology): (1) Batholiths are large,
generally discordant plutonic masses, having a surface exposure of
over 100 kmz, and lacking a visible floor. (2) Pluton is a general
term, used as a synonym for "igneous intrusion', as well as for a body
of rocks formed by metasomatic replacement. (3) Massif is an
alternative general term for a plutonic rock body and its underlying
area. Small stocks and plugs are also common and largely
self-explanatory. Additional varieties of dintrusive bodies will be
discussed later.
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In a '"most normal" GDG terrain (within a core of an orogen, eroded
to a depth of 5 km), the dominant rock type is an equigranular,
hypidiomorphic granodiorite composed of white, creamy or greenish
plagioclase; creamy to pink or also white potash feldspar; gray
translucent quartz and biotite and/or hornblende. Changing
proportions of the five rock-forming minerals result in granite (sensu
stricto) containing at least twice the volume of K-feldspar and above
20%2 of quartz, diorite, gabbro and syenite. At present, the
nomenclature of Streckeisen (1976) is most widely used (Fig. 28-1).

The equigranular rocks grade readily into porphyritic equivalents,
in which feldspar tablets are the most common phenocrysts. The
homogeneity of the plutonic rocks is often interrupted by the presence
of autoliths, =xenoliths, schlieren, mineral nodules and dintrusive
dikes, and many granitic bodies are lightly to strongly foliated.
Autoliths (or cognate xenoliths) are wusually rounded inclusions or
fragments of older intrusive rocks genetically related to the host.
They tend to be more melanocratic, but mineralogically equilibrated
with the surrounding intrusion. The rest of the xenoliths are
fragments of country rocks ranging from sharply-outlined to
almost-digested end members.

Didier (1973) prepared a definitive work on the enclaves in
granites and their wvariety. The term schlieren is used to describe
usually streaky, irregular masses or trains of inhomogeneities
(minerals or inclusions) in granites. Mineral nodules are defined by
Didier (1973) as more or less diffuse, heterogeneous patches not as
sharply outlined as xenoliths, nor linear as the schlieren.
Tourmaline and cordierite nodules tend to be the most common.

Frequent dikes in ''granites" often occur in several mutually
crosscutting generations and are controlled by joints. 1In the meso-
and epizonal granites virtually all dikes have sharp boundaries.
Compositionally, the dikes are: (1) porphyritic equivalents of the

plutonites they transect (e.g. granodiorite  porphyry); (2)
leucocratic equivalents, polymineralic (e.g. aplite, pegmatite) or
monomineralic (vein quartz); and (3) lamprophyres (minette,

kersantite, spessartite or vogesite).

The field relations in plutonic terrains and in particular their
interaction with the country rocks are, to a considerable degree,
influenced by the depth level of emplacement. Buddington (1959) in
his classical paper on the North American granites, proposed a
three-fold depth subdivision of plutons and batholiths into epizonal,
mesozonal and katazonal varieties. This division and terminology is
"alive" and widely used in igneous petrology, although the same terms
applied to metamorphic assemblages are now generally considered
obsolete.

28.2.2. Epizonal plutons

Buddington (1959) characterized epizonal (epizone) 'granites" as
emplaced at depths of 1-6 km; having sharp, discordant contacts with
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their surroundings; composed of nonfoliated rocks; emplaced by
large-scale magmatic stoping and as ring dikes or cone sheets.
Additional characteristics contributed by Hutchison (1977) and Hughes
(1982) include: extreme temperature difference between 'granite" and
its country rocks expressed in the well-developed contact metamorphic

aureole (hornfelsing); frequently documented relationship to
comagmatic volcanics and sub-volcanics; structurally unstable
feldspars (e.g. mesopérthite) due to rapid loss of water; "post

orogenic" and "orogenic" setting; predominance of equigranular to

micro-porphyritic rocks; virtual absence of '"typical" pegmatites;
general concordance of Rb:Sr and K:Ar dates and other properties.
Excluding alkaline and peralkaline complexes, the most frequent
epizonal plutonites are granodiorites, quartz monzonites and granites
commonly emplaced into their slightly earlier dacite, rhyodacite,
quartz latite and rhyolite equivalents.

Both  vented (=communicating with the surface) and unvented
varieties of epizonal "granites'" are  known. Cunningham (1976)
tabulated criteria indicative of former wvents: (1) clastic texture;
(2) partly aphanitic groundmass; (3) vertical pipe-like form located
at the centre of the youngest plutonic rock; (4) pervasive alteration
and disseminated Fe oxides; (5) evidence of a high content of
volatile material as indicated by miarolic cavities; (6) fluid
inclusions: zonality and increasing proportion of gas-rich inclusions.

Most of the mineralized volcanic-subvolcanic terrains are underlain
by epizonal 'granites" some of them in the initial stages of
unroofing, others still buried. There, caldera collapse, ring dikes
and stratovolcanoes, are considered as surface expressions of
near-surface plutons.

Examples of epizonal plutons associated with mineralization are
numerous. Two of them, the Coastal (Andean) Batholith of Peru and the
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Boulder Batholith, Montana, have recently been studied in some detail
and have been included here as two representative examples.

COASTAL (ANDEAN) BATHOLITH OF PERU

This intrusive body has an extensive literature summarized in the
recent memoir by Cobbing et al. (1981) and reviewed briefly in Hughes

(1982); Fig. 28-2. The batholith, din its uninterrupted and
dominantly plutonic portion, forms an elongated belt over 1,600 km
long and 50 km wide. Minor isolated intrusive bodies believed to be

connected with the main batholith at a depth, however, occur within an
additional width of 150-200 km and are wup to 15 km thick. The entire
complex is composed of over 800 mappable plutons and small dintrusions
emplaced in two periods (105 to 55 m.y. and 33 to 12 m.y.) separated
by a 20 m.y. hiatus. The batholith includes phases formed at both the
epizone and mesozone levels and sharp demarcation is impossible. The
intrusive rocks comprise 58% tonalite and granodiorite, 25.5% quartz
monzonite, 167 gabbro and diorite and 0.5% granite. The plutons were
emplaced by stoping or cauldron subsidence into a passive upper crust
comprising (1) marine "eugeoclinal" volcanic-sedimentary association
dominated by pyroxene andesite; (2) Precambrian metamorphics; (3)
Paleozoic and Mesozoic (meta)sediments including abundant "black
slates" and carbonates and (4) its own ejecta of subaerial andesites,
dacites and rhyolites. Although the magmatism was contemporary with,
and presumably related to, subduction the structural history and
intrusive emplacement 1in western Perd was dominated by vertical
tectonics. The batholith, together with its surrounding
supracrustals, is transversely segmented and this segmentation appears
to control the metallogeny to a considerable degree.

The excellent outcrops along the arid Peruvian coast and in the
numerous quebradas (dry canyons) illustrate convincingly, in three
dimensions, the intrusive morphology and composition which makes a
fairly detailed interpretation possible. Myers (1975) and Cobbing et
al., (1981); Fig. 28-3, interpreted four distinct mechanisms of
intrusion in the Lima segment, marked by mostly permissive emplacement
and a lack of metasomatism: :

(1) Piecemeal stoping. This is illustrated by pluton apophyses
"frozen" in the process of prying-off slabs of andesite from the roof,
blocks of andesite "showering down from a roof of volcano" and trains
of angular wallrock blocks enclosed in "granite'", showing a gradual
reduction in size and progressive rounding, recrystallization and
dispersion. Despite the overwhelming evidence for stoping along the
intrusive margins, the interiors of most plutons are clear of
inclusions indicating that stoping was only a secondary process in
creating space for magma. ‘

(2) Cauldron subsidence is demonstrated by the "bell-jar" shape of the
majority of plutons in which flat-lying roofs pass into steep walls.
Some such intrusions are multiphase, nested, and include a subsidence
of the central block and the downward passage of tabular plutons into
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Fig. 28-2. Coastal (Andean) Batholith of Perd, map and distribution
of ore deposits in the central sector. Based on the Mapa Metalogénico
del Perd (Bellido E., Girard D., and Paredes J.) in Bellido and de
Montreuil (1972). Abbreviations: CP=Cerro de Pasco; M=Morococha;
Ml1=Mala, Cu; Ma=Marcona, Fe; H=Huancavelica, Hg.

ring dikes.
(3) Fluidization and entrainment resulted in intrusive breccias that

form some ring dikes. Such breccias comprise 1large blocks of
volcanics, gabbros and earlier plutonic phases, enclosed in a
"fluidized" matrix. Tuffisitic breccia dikes are considered to

represent fluidized magmas rising ahead of a pluton.
(4) Uplift of the roof.

The distribution of ore deposits within and around the Andean
Batholith of Peru (Bellido and de Montreuil, 1972; Putzer, 1976;
Hollister, 1978) is quite characteristic of the overall batholithic

metallogeny worldwide. The most striking feature is that the
intrusive mass itself dis virtually barren, almost devoid of economic
orebodies (Fig. 28-2). This also correlates with the scarcity of

metasomatism and hydrothermal alteration. The ores, however, start to
appear in force along the contact. Some conformable orebodies in the
hornfelsed exocontacts (e.g. the Cu "mantos'" near Mala; Chapter 13)
are probably thermally modified, volcanic-sedimentary relicts. Other
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present surface e d?

Fig. 28-3. Generalized section showing the major structures of the
Coastal (Andean) Batholith of Peru during the latest intrusive episode
about 50 m.y. ago. The batholith is composed of numerous plutons
emplaced by repeated cauldron subsidence into their own volcanic
ejecta. Abbreviations: SJ=San Jeronimo Granite; PG=Puscae Granite;
half arrow=movement of block; arrow=movement of magma, during
intrusion of SJ and PG; HP=Huampi Piruroc Granodiorite; Ct=Corralillo
Tonalite; Ht=Huaricanga Tonalite; Pgd=Patap Gabbrodiorite; CV=Calipuy
Volcanics; Csv=Casma Volcanics. From Myers (1975), reprinted with
lBfrmission of the author.

localities (e.g. the large Marcona zone of magnetite bodies replacing
Jurassic marine limestones at contact with an earlier Jurassic
deeper-seated granodiorite Dbatholith in an area underlain by
Precambrian metamorphics; Putzer, 1976) are also relicts, partly
modified. At Marcona, subvolcanic andesite and dacite dikes, probably
related to the Coastal Batholith and intersecting the magnetite
orebodies, produced magnetite, actinolite, minor calcite, quartz,
chalcopyrite, talc, etc. possibly mobilization veins.

The major porphyry copper deposits that have so far been recognized
in three areas in Peru (in the south-eastern corner of the Coastal
Batholith near Arequipa, Toquepala-Cerro Verde district; in the
centre, Morococha and in the north, Michiquillay) straddle the
intrusive contacts and are related to "Laramide', Pliocene and Miocene
subvolcanic dacite and high-level quartz monzonite  porphyry
intrusions, respectively.

The bulk of the Peruvian base and precious metal deposits occur
along the fringe of the subaerial, late Tertiary volcanic pile topping
the "miogeoclinal" and transitional basement megafacies. Both are
intruded by sparse (under 20% by area) high-level plutonic bodies.
The ores include major Pb,Zn,Ag replacements and veins (e.g. Cerro de
Pasco, Casapalca; Chapter 26), all marked by intensive hydrothermal
alteration. A strong basement metal source heritage 1is suspected
(Chapter 19). These high~level orebodies, however, postdate
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emplacement of the major phase of the orogenic belt granites as in
many other regions of the world (Colorado Mineral Belt, Great Basin,
W. Rumania, etc.). The regional metal =zoning pattern across the
batholith based on the metals most conspicuously accumulated in ore
deposits is (from west to east) approximately Fe,Cu-Pb,Zn,Ag and to a
lesser extent Cu,W-Zn,Pb.

BOULDER BATHOLITH, S.W. MONTANA

This is a composite batholith 120 km long and 50 km wide, composed
of coalesced epizonal plutons compositionally ranging from gabbro to
alaskite (Hamilton and Myers, 1967; Klepper et al., 1971; Miller,
ed.,1973; Fig. 28-4). The batholith was emplaced syn- and
post-tectonically during an interval from 78-68 m.y. ago (late
Cretaceous) 1in a basement of steeply dipping Proterozoic metamorphics
covered by ''miogeoclinal" Paleozoic and Mesozoic sediments, and into
and under the roof of its own ejecta, the late Cretaceous Elkhorn
Volcanics.

These volcanics are entirely continental and consist of dacite,
rhyodacite and quartz latite flows and especially felsic welded tuffs.

The ‘"granite" / volcanies  contacts range from horizontal
(predominant) to steep faulted ones (in the east), and the intrusive
emplacement was predominantly permissive but forceful in the east
where wallrocks were locally sheared and  vertically stretched.
Hamilton and Myers (1967, Fig. 28-4) envisage emplacement of the
batholith as a "gigantic mantled lava flow across a broad basin whose
subsidence may have been due to the withdrawal of magma from depth".
Portions of the batholith solidified within 1,600 m of the surface.

The constituent plutons formed over a 10 m.y. period, generally in
order of increasing Si0, content, and can be placed into one of the
four major compositional groups resulting from mixing of two different
magma series ("normal" and sodic). These comprise (1) early mafic
rocks (syenogabbro, syenodiorite, monzonite), (2) granodiorite, (3)
Butte quartz monzonite (predominant phase) and (4) late leucocratic
quartz monzonite, granodiorite, granite, quartz feldspar porphyry,
aplite, alaskite, etc. The batholith is notable for the presence of a
relatively widespread pegmatite, an wunusual member of epizonal
plutons.

Boulder Batholith and its aureole are densely mineralized. Several
hundred of vein deposits, mostly small, produced Pb,Zn,Ag,Au and small

quantities of U. There are small skarn orebodies, stockwork Mo
occurrence, and the great Butte ore field in the southern part of the
batholith. In contrast to the Peruvian Coast batholith, most of the

deposits are within the granitic intrusive rocks, although relatively
close to its former roof.

Hydrothermal epigenetic veins occur along joints, fractures and
faults, often in swarms, trending E.-W. in the north-eastern portion
of the batholith. They are parallel with the local alaskite, porphyry
and quartz latite dikes replacing fault gouge or fractured wallrocks,
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and some veins were repeatedly sheared and then healed. The gangue is
almost exclusively silica, either gray quartz or chalcedony. The
mineralization consists of disseminated , scattered to banded pyrite,
sphalerite, galena, arsenopyrite, minor tetrahedrite, frequently
accompanied by Ag-sulphosalts, gold or pitchblende. The total
production has been about 120 Tt Pb, 476 t Au (much of it from gulch
placers) and 2.5 Tt Ag, from about 15 ore fields or districts. Rimini
was the most productive field. The wallrock alteration ranges from
light to strong, and quartz, sericite, pyrite assemblage is most
common.

Several mineralized breccia pipes and 'pebble dikes" are known
(e.g. the Montana Tunnels deposit, Obelisk Mine). The former locality
contains disseminated pyrite and minor sphalerite and galena coating
bleached rounded cobbles and pebbles resting in a tuff matrix,
probably formed at base of the Elkhorn Volcanics. Most recently, a
large tonnage of a very low-grade material has been established there
(58.5 Mt ore with 0.93 ppm Au, 8.5 ppm Ag, 0.7% Zn, 0.3%7 Pb;
Engineering and Mining Journal, November 1984).

The Butte ore field contains a multistage mineralization hosted by
the Butte quartz monzonite in an area conspicuous for the abundance of
late stage quartz-feldspar rocks (aplite, alaskite, pegmatite)
apparently transitional into hydrothermal metasomatites and
hydrothermal open space fillings. The recent results quoted
repeatedly in the guidebook of Miller, ed., (1973), however, suggest a
discontinuity between the process of batholith crystallization and ore
deposits, representing a hiatus of some 10-15 m.y. This hiatus may
have been accompanied by a partial de-roofing and initiate groundwater
circulation through the completely crystallized and fractured quartz
monzonite.

Butte (Brimhall, 1977; Meyer et al., 1968; Fig. 28-5) has been
famous for almost a century as an example of numerous high-grade Cu-Ag
veins, metal zoning, chalcocite supergene blankets and the overall
richness. The veins formed during the Main Stage (58-57 m.y.) show an
ore field-wide =zoning of its mostly E.-W, N.E. and N.W.-striking
fissure veins and branching vein sets from a central copper zone (with
a small segment rich in quartz-molybdenite veins at its outer edge) to

Zn and Mn zone on the periphery. The veins 1in the Cu zone can be
subdivided dinto several varieties that differ by the degree of
sulphurization of the copper minerals. The high-sulphur assemblage

also rich in silver has mainly hypogene chalcocite and enargite,
lesser tetrahedrite in quartz-pyrite gangue, and it 1is gradational
into covellite, digenite, colusite and bornite-chalcopyrite veins.
The wallrock alteration is mainly sericitization,
quartz-sericitization or locally advanced argillization
(dickite-kaolinite). The Zn-Mn =zone has mostly sphalerite veins with
rhodochrosite gangue.

An earlier (62 to 63 m.y.; Fig. 28-6) Pre-Main Stage porphyry
Cu-Mo mineralization was recognized and economically utilized later.
It consists of a stockwork, containing veinlets less than 3 cm wide
and composed of quartz, K-feldspar, chalcopyrite, lesser anhydrite,
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Fig. 28-5. Butte ore field, Montana. From Meyer et al. (1968),
courtesy of the Society of Mining Engineers of A.I.M.E.

molybdenite, magnetite and biotite, surrounded by alteration envelopes
of overlapping potassic (K-feldspar, biotite, anhydrite) and advanced
argillic (andalusite, corundum, muscovite) assemblage. This
represents a considerable resource of low-grade ore (min. 3 Mt Cu) and
appears shortly to postdate (or possibly overlap with) emplacement of
quartz porphyry and a biotite igneous breccia. In this breccia,
fragments of quartz monzonite, aplite, vein quartz, sulphides, etc.
are enclosed in biotite and K-feldspar matrix.

Although the Butte field has recently been considered to be located
in the vicinity of a '"root zone'" of the Boulder Batholith, the reason
for its existence and its metal sources remains as enigmatic as ever.
Following ore deposition and partial unroofing, Boulder Batholith and
portions of the Butte field have been intruded by post-ore rhyolite
and rhyodacite dikes and blanketed by Eocene quartz latite continental
volcanics. These rocks are virtually unmineralized.

NORTH LAKE BALKHASH (PRIBALKHASH) REGION, KAZAKHSTAN, U.S.S.R.

This is an outstanding region of Permo-Carboniferous continental
volcanism and comagmatic plutonism so little eroded that several
hundred paleovolcanic remnants (stratovolcanoes, calderas, cauldrons,
volcano-tectonic depressions) are still recognizable. These are
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Fig. 28-6. Butte, Berkeley pit, the early stage '"porphyry" Cu-Mo
mineralization intersected by ''main stage" chalcocite and enargite
veins. Butte Quartz Monzonite 1is the host rock throughout.
lc=leached capping; gqp=quartz porphyry; hz=hypogene zone; se=secondary
sulphides zone. From LITHOTHEQUE, based on data in Miller, ed. (1973)

L

interspersed with numerous epizonal plutons (Yesenov, ed., 1972;
Nakovnik, 1968; Fig. 28-7).

Central Kazakhstan is extremely complex in geological terms. It
remains an enigmatic accumulation of several crustal megablocks,
comprising blocks of thickened (50-55 km) Proterozoic to Permian
transitional to continental crust forming structural highs,
alternating with thinner (40-45 km) synclinoriums. In the
Permo-Carboniferous period, this was probably an  "Andean-type"
continental margin with a northward polarity which later collided.
Basalt, andesite, rhyolite volcanism started in the middle-upper
Devonian and lavas, pyroclastics and volcaniclastics were deposited
over the immediate basement of Silurian marine sediments, in both
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subaqueous and subaerial environments. Of the several phases of
"orogenic"  volcanism, the middle-upper Carboniferous was most
intensive and increasingly subaerial. In the Tokrau-Bakanass volcanic

belt a number of eruptive centres produced andesites and basalts in
downwarps adjacent to deep faults, and dacites-rhyolites along
uplifts.

The wupper Carboniferous to Permian interval was dominated by

""'subsequent" (post-orogenic) continental volcanism, and andesite,
dacite, rhyolite lavas and pyroclastics issued from numerous centres
controlled by block faults. The Permo-Carboniferous volcanism was

cyclic and closely comparable with the Tertiary cycles reviewed (as in
the San Juan Mts.) in Chapter 26. Each cycle (duration 20-25 m.y. in
the earlier cycles, 10-15 m.y. in the later cycles) was initiated by
(1) deposition of coarse dacite tuffs containing basement rock
fragments on an eroded fundament. This was followed by (2) andesite
and dacite lavas and subvolcanic andesite bodies, sometimes postdated
by granodiorite intrusions. (3) After a break marked by deposition of
conglomerate and sandstone, widespread deposition of rhyolite, dacite
and latite lavas, ignimbrites and ash-flow tuffs was contemporary with

caldera and volcano-tectonic depression development. This was shortly
followed by consolidation, in depth, of granodiorite-quartz monzonite
massifs. The closing stages (4) produced mostly felsic dike

complexes and a variety of hydrothermal metasomatites dominated by
"secondary quartzites" (relict-free =zones of silicification; compare
Fig. 28-7a). The late magmatism frequently had alkaline tendencies
(trachybasalts, trachytes, monzonites, syenites).

In the North Balkhash area, intrusive Permo-Carboniferous plutons
are now exposed over about 307 of the territory. 407 is occupied by
the comagmatic volcanics, and the rest are rocks of the basement,
Permo-Carboniferous sediments and Mesozoic-Cainozoic sediments of the
platformic and para-platformic covers. The intrusions range from
usually elongated 1large plutons of irregular outline to subrounded
small massifs and rounded to dirregular stocks, dikes, vent breccias
and ring dikes, scattered within and on flanks of a former caldera.
The small massifs are often interpreted as marking the cores of
stratovolcanoes.

The region is densely mineralized and contains the principal Soviet
porphyry Cu-Mo province estimated to represent some 15 Mt Cu and 200
Tt Mo. Most of these metals are in the large Kounrad (Cu-Mo) and East
Kounrad (Mo-W) fields. There are two or three additional large porphyry
Cu and skarn/porphyry deposits (Karatas, Sayak, Borly), ome large
Zn-Pb replacement in Paleozoic carbonates (Kyzyl-Espeh), and 116 Cu,
112 Zn,Pb,Ag, 75 Mo, W, Sn and 17 Au medium-to-small deposits and
occurrences. Unfortunately, no size or tonnage figures are availeble.

Neither, in most cases, are the exact locations of the deposits.

The absolute majority of the North Balkhash ore deposits (and all
the economically important ones) are hydrothermal-epigenetic,
postmagmatic mineralizations formed during stage (4) of the magmatic
development mentioned above. All appear to be high-level occurrences,
formed at the subvolcanic to wuppermost plutonic levels, in the roof
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and above-roof zones of the intrusive bodies formed under volcanic
centres. Because of the magmatic cyclicity (at least 3 major cycles),
virtually identical ores are associated with upper Devonian to upper
Permian (or even lower Triassic) magmatism, although the importance
with regard to Mo, W and Sn increases with the decreasing age (maximum
in upper Permian), while Cu had reached its peak of accumulation
during the middle Carboniferous period.

The best guide to the 1location of ores on the gently rolling
surface of the semiarid Kazakh Steppe are the topographically positive
zones of intensive silicification ("secondary quartzites"), often
gradational into quartz-sericite and advanced argillic (andalusite,
diaspore, corundum) alterites. The "secondary quartzites"” and even
more the adjacent silicate alterites host most of the orebodies:
porphyry Cu-Mo stockworks and pervasive disseminations; gold—-quartz
veins grading to '"linear stockworks" (some reminescent of the Butte
"horsetail" veins); quartz, molybdenite, wolframite veins to
stockworks (East Kounrad) and a variety of vein Pb-Zn deposits.
Yesenov, ed., (1972) reported 500 major occurrences of '"secondary
quartzites'" in the North Balkhash region, of which 60 are associated
with porphyry Cu deposits or occurrences. Additional Cu porphyries
(and Sn,W,Mo '"cupola" stockworks, veins and disseminations) have been
discovered in the more recent phase of exploration, affiliated with
K-silicate—altered and greisenized granitoids lacking the conspicuous
silicification.

The Sary-Oba ore field described by Laumulin et al. (1973 Fig.
28-8) 1is a rather typical example of a mineralized North Balkhash
volcanic-intrusive centre. It is 1located 110 km W.N.W. of the city of
Balkhash, 1in the Tasaral-Kyzyl Espeh Anticlinorium. There, the
substratum is represented by lower-middle Carboniferous continental
dacites, pyroxene-hornblende andesites, and the rhyolite ignimbrites
that are most important in terms of volume. The felsic volcanics
eruption overlapped with intrusion of a biotite leucogranite massif in
depth. Remnants of small circular vents surrounded by a radial system
of fractures filled by small bodies of quartz-syenite porphyries, are
still recognizable. The latter, as well as a circular granite stock,
are probably a product of cauldron subsidence. A variety of dikes
(felsite, diabase, quartz-syenite porphyry) intrude all the earlier
rocks.

<p=

argillic alteration such as andalusite, diaspore). l=late Paleozoic
granitic rocks; 2=early Paleozoic 'granites'; Paleozoic felsic=3,
intermediate and mixed=4 and mafic=5 volcanics. 6=sediments of
post-orogenic basins; 7=Paleozoic (meta)sediments. After Nakovnik
(1968).

b) Major hydrothermal deposits related to late Paleozoic granites, and
their correlation with granite cupolas, cauldrons and Cb-Pe volcanic
centres (stippled). Abbreviations: KA=Kairakty; BA=Bainazar;
Bo=Borly; KE=Kyzyl-Espeh; S0=Sary Oba; KT=Karatas; Ko=Kounrad; EK=East
Kounrad; SA=Sayak. Base map simplified after Yesenov, ed., (1972);
ore deposits added.
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quartz—alunite and alunite-diaspore alteration assemblages. It is
quite possible that a portion of the 'quartzite'" formed by supergene
modification of other alterations, because the largest masses do not
continue to depth. A variety of ore showings has been recorded, but
no information 1is available concerning their size and economic
importance. Gold occurrences are situated along fault =zones
accompanied by strong pyritization. Most promising are the simple
lens-like quartz-pyrite veins grading to stockworks. Persistent
quartz-barite veins also carry low gold values in depth. Minor
Pb,Zn,Cu-bearing veins hosted by the ignimbrites along faults, grade
downward into poor "porphyry Cu-Mo" stockworks in granite. The Mo
showings (e.g. the Birek showing) appear to be the most interesting.
Moiybdenite occurs as disseminated flakes 1in quartz veins and in
silicified, greisenized and albitized biotite granite along a
S.W.-N.E. fracture zone, up to 2 km long and 100-250 m wide.

Kounrad porphyry Cu-Mo deposit (estim. 10 Mt Cu, 70 Tt Mo;
Gazizova, 1957; Samonov and Pozharisky, 1974; Fig. 28-9) is the
largest Soviet '"porphyry" located 17 km from Balkhash (city). It
cropped-out in a low hill of heavily silicified rocks surrounded by
Cainozoic alluvium. Lower Carboniferous volcanics (andesite, basalt,
rhyolite lavas and tuffs and ignimbrite locally albitized to
keratophyre) have been forcibly intruded by a high-level granodiorite
porphyry body, fractured, invaded by felsic dikes, altered and
mineralized. The dominant alteration 1is pervasive silicification
grading to quartz—andalusite, quartz-sericite and propylitic
alterations. Lesser diaspore, dickite and alunite are present and
andalusite 1is recovered as a by-product. This phase of alteration is
considered pre-ore, affecting all rocks, but only the fractured
granodiorite porphyry, silicified or quartz-sericite altered, contains
the ore. The hypogene mineralization consists of disseminations,
veinlets and discrete veins filled by quartz, pyrite, chalcopyrite and
minor molybdenite. Late-stage rich quartz, pyrite, enargite, bornite
veins are rare and occur locally. The Kounrad orebody is pipe-like
with dimensions of about 1.7x1.3 km. It is distinctly supergene
zoned. Leached capping (about 27 m thick) is followed by an oxidation
zone (22m) with an overall subeconomic grade of 0.2% Cu, but
containing local rich patches. A thick (135m) =zone of secondary
chalcocite enrichment with grades between 0.7 and 1.27% Cu has provided
most of the ore mined so far. The hypogene zone is said to average
between 0.3 and 0.4% Cu.

NORTH-EASTERN QUEENSLAND

In North-Eastern Queensland (Georgetown Inlier and the adjacent
Tasman Foldbelt), Carboniferous epizonal granites and comagmatic
continental volcanics interact in numerous cauldron subsidence, ring
and neck complexes described in detail by Branch (1966; Fig. 28-10).
In contrast to the earlier treated examples affiliated with Cu, Pb-Zn
and Au mineralization this is a distinct Sn(W) province.
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Fig. 28-9. Kounrad '"porphyry" Cu-Mo deposit, North Lake Balkhash
area, Kazakhstan. (a) Geological map. Rock types: 1=Cbj granodiorite
porphyry; 2=Cb1 rhyolite; 3=D sandstone, shale, contact hornfels;
4=Cby granodiorite; 5=Cb-Pe biotite granite; 6=Pe aplite granite.
Alterations: (shown by ruling superimposed on geology); N.E.-S.W
ruling: quartz—sericite (secondary quartzite); N.W.-S.E. ruling:
andalusite~sericite, grading in depth into diaspore-corundum; vertical
ruling: supergene argillization. (b) Cross-section, showing
alterations; vertical ruling: early silicification and quartz-sericite
("secondary quartzite"); horizontal ruling: late argillization. (c)
Cross-section, mineralization; cc=chalcocite blanket; ox=oxicized

ores; lc=leached capping; hz=hypogene zone. Modified after Nakovnik
(1968).
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Fig. 28-10. Permo-Carboniferous high 1level plutonic province of N.E.
Queensland and its metallic mineralization (granite-related,
interaction and relict). HT=Herberton Tinfield; numbers indicate
named complexes, ll=Gurrumba volcanic neck (Fig. 28-11); 17=Claret
Creek ring complex (Fig. 28-12). The gold deposits in the Georgetown
district are of Proterozoic age. From Branch (1966), with additions.
Courtesy of the Bureau of Mineral Resources, Geology, Geophysics,
Canberra.
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In the Georgetown Inlier (western) portion, the basement rocks are
Precambrian metamorphics and granitic rocks. In the east, the old
crystalline basement 1is topped by a prism up to 13 km thick, of
detrital and very minor carbonate sediments of a stable shelf facies,
ranging in age from upper Ordovician to Carboniferous. The late
Paleozoic continental magmatic activity followed a folding in the
"geosyncline" and fragmentation (activation, rejuvenation) in the
basement, and it proceeded in several cycles. The initial extrusion
of small amounts of calc-alkaline acid, intermediate and mafic
volcanics in the Carboniferous period was followed by a vast
outpouring of compositionally monotonous rhyodacite ignimbrite and
ash-flow tuffs. Ring complexes and cauldron subsidence centres formed
at intersections of major basement fractures. After this, acid magma
stoped through the upper crust and intruded the base of the felsic
pyroclastic cover. This was followed by dike emplacement and
terminated, in the Permian period, by another weak outburst of
sequentially differentiated volcanics.

The volcanic-intrusive central complexes treated in Branch (1966)
are interesting geologically, but they carry 1little mineralization
contemporary with their formation. Small Pb-Zn veins (Greenhills), Cu
veins (Mt. Jardine), Mo,Sn,W veins (Lochaber), Au and Sn veins
(Croydon), Au veinlets associated with microdiorite in the Gurrumba
volcanic neck (Fig. 29-11) and others, have been reported. The U-Mo
veins in Carboniferous welded tuff (Ben Lomond) have been reviewed in
Chapter 26. The bulk of the Northern Queensland ore metals (over 100
Tt Sn, 10 Tt W, some Bi, Pb-Zn, Cu, magnetite) is, or was, contained
in over 2,500 lode deposits and several hundred placers, all
genetically related to late Carboniferous granite plutons, postdating
the circular centres. This is apparent from Fig. 28-12, showing the
minor Sn and Cu-Fe occurrences along the fringe of the Claret Creek
ring complex.

The Elizabeth Creek Granite, a high-level pink leucocratic biotite
quartz monzonite, is responsible for most of the ore occurrences. It
was emplaced as little as 170 m below the surface, under its
comagmatic ignimbrites. The Esmeralda Granite and its
hornblende-biotite granodiorite phase, accounts for the rest (e.g.
magnetite and/or chalcopyrite skarns in the Chillagoe area, small
porphyry Cu, Ruddygore and Zn-Pb replacements in carbonate).

Most of the Sn(W) orebodies are small greisen or quartz, chlorite,
cassiterite pipes or fissure veins located 1in both endo- and
exocontact in the granite roof. Taylor and Steveson (1972) argued
convincingly that the known mineralization accumulated preferentially
in a number of small, circular to elliptical, metal-zoned patches, is
controlled by a series of emanative centres in the Elizabeth Creek
Granite that in turn overlie the '"highs" (cusps, ridges and cupolas)
on the generally flat surface of the pluton. The "highs'", in turn,
are fault-controlled and some of the structures are cauldron
subsidence rims or branching faults.
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COLORADO ROCKY MOUNTAINS MINERAL BELT

The Colorado Rocky Mountains are a N.N.E.-trending young uplift
deformed during the Laramide Orogeny (late Cretaceous—early Tertiary
period ), and it separates the little deformed Colorado Plateau in the
west from the North American Platform in the east. The Rockies are
dominated by deeply eroded lower Proterozoic metamorphics (gneisses,
migmatites, schists) and kata- to mesozonal granites. There are
lesser Paleozoic and Mesozoic platformic sediments preserved on flanks
of the basement domes and ridges. The Laramide Orogeny was followed
by magmatic activity, and two age groups of magmatic rocks are
present: (1) pre-Oligocene and (2) Oligocene to Pliocene. The
magmatic belt 1is in the N.E. extension of the San Juan Mts. volcanic
field (Chapter 26).

The '"Laramide'" magmatites (Lovering and Goddard, 1950) are mostly
porphyritic high-level intrusions of calc-alkaline diorite to alaskite
forming small, often inconspicuous stocks, dike swarms and single
dikes, "porphyry" laccoliths, etc. Most of these intrusions
congregate in a narrow belt crossing obliquely the Front Ranges,
extending in the S.W. direction from Boulder to Breckenridge. Most of
the classical Pb,Zn,Ag and Au,Ag vein districts or fields occur in the
aureole, forming the Colorado Mineral Belt (Fig. 28-13). Additional
intrusions are scattered outside this belt and some of them (e.g.
Climax, Red Mountain) are affiliated to giant Mo stockworks.

Although extrusive equivalents of the Laramide intrusions are known
locally on the flanks of the Rocky Mountain belt (e.g. in the Denver
basin), the intrusions themselves generally lack affiliated volcanics
and were emplaced mainly in the crystalline basement along faults and
crush zones. The high emplacement levels are demonstrated by
intrusive textures and many wide, open, breccia or mylonite-filled
faults ("breccia reefs"). It is 1likely that the Colorado Rockies'
small intrusions are apophyses of a mesozonal batholith situated at a
greater depth.

The Colorado Mineral Belt 1is one of the c¢lassical regions of
metalliferous geology and of genetic affiliation of "granites'", faults
and postmagmatic hydrothermal ores. It contains several thousand
showings. Several hundred small to medium-size Pb,Zn,Ag; Au; few W,
U deposits; two significant Zn,Pb,Ag fields (Leadville and Gilman);
two or three large Mo stockworks (Mt. Emmons, Mt. Tolman) and two Mo
giants (Climax and Red Mountain). This represents some 4 Mt Mo, 1.8
Mt Pb, 1.9 Mt Zn, 15 Tt Ag and 975 t Au (portion of Au came from
placers). Cu,W,Sn,U,Bi,Re and other minor metals form lesser
accumulations.

Metallogenically, this is a distinct "continental" association and
the deficiency in copper is conspicuous. Disregarding young placers
and old relict deposits din the intruded basement (e.g. pegmatites,
katazonal skarns and greisens, hydrothermal veins, minor concordant
pyrite and Zn-Pb sulphide bodies or metalliferous horizons), three ore
styles are the most prominent: (1) fissure veins in intrusive
exocontacts; (2) replacements in exocontact carbonates and (3)
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sulphide stockworks in altered '"porphyries".

Category (1) 1is most common but represented only by small to
medium-sized deposits. The veins either singly or in groups, are
exercising a variety of structural controls for which they have been
extensively treated in the literature from the first half of this
century. The brittle rocks (Proterozoic granites, metaquartzites,
amphibolites, etc.) are favourite hosts whereas sheared and faulted
schists and shales produce  tight structures and inpenetrable gouge so
they rarely contain veins. Most mineralized structures are
approximately parallel with the regional trend of the "porphyry" belt
and many such fissures carry ore when they intersect the otherwise
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barren N.W.-trending "breccia reefs". The veins usually have quartz
gangue and a banded-to-scattered filling of pyrite, sphalerite and
galena. Lesser chalcopyrite, arsenopyrite. Ag-sulphosalts, gold, Au

tellurides, occur locally. Pb-Zn only; Pb,Zn,Au; and Au-only
orebodies have been didentified in almost all districts. Individual
ore shoots tend to be short with length several hundred metres, but
the mineralized depth range may exceed 700m.

Category (2) is best developed in the Leadville field, already
mentioned briefly in Section 20.10.1. (see also Fig. 20-28). There,
both fissure filling and discordant replacement Zn,Pb and Fe sulphide
veins grade into peneconcordant mantos in Mississippian limestones,
directly at the contact or in the vicinity of quartz-feldspar porphyry
sills and dikes.

Category (3) is primarily represented by the great molybdenite
stockworks at Climax and Henderson (Red Mountain), described later.
There, quartz, pyrite and molybdenite veinlets and fracture coatings
are situated in a large mass of an altered cylindrical composite
intrusive body. Recently, Mutschler et al., (1981) argued that the
Colorado Mo deposits are affiliated to the petrochemically true
granites and occur in cupolas on tops of epizonal batholiths
coincident  with, or shortly predating, a regional extensional
tectonism. Metals other than Mo rarely accumulated in endocontact
stockworks. The small Jessie mine in the Breckenridge field (about 2 t
Au; Lovering and Goddard, 1950; Fig. 28-14) is an example of a
gold-bearing stockwork 1in sericite-altered Tertiary tongue of quartz
monzonite porphyry.

OTHER MINERALIZED EPIZONAL PLUTONS

These have a worldwide distribution and are affiliated to the bulk
of porphyry Cu-Mo deposits (in the south-western United States and
adjacent Mexico, in Chile and Argentina, in Yugoslavia, Rumania and
Bulgaria, in Iran, the Philippines, Melanesia and elsewhere), to tin
deposits (Sundaland, Cornwall, Sikhote Alin, eastern Australia), to
Pb,Zn,Ag provinces (e.g. western United States and Mexico, Rhodopen
Mts. in Bulgaria), to Au, W, Mo, Sb and other metals. Example
deposits will be discussed below.

HIGH-LEVEL "GRANITIC'" LACCOLITHS

Laccoliths .are concordant injected masses that lifted their roofs
by arching, so they appear not to be located immediately by major
regional tectonic structures. A major factor in their emplacement has
been the local 1lithostratigraphy, 1in which incompetent rocks were
favourable for a laccolith generation. In the La Sal Mountains,
Colorado, laccoliths rose on salt anticlines and spread mostly in the
salt horizons.

Laccoliths typically developed in platformic cover sequences, and



1034

\\\\\\\\ AN \\\\\ RN
A \\\ \\\\\\\\\\\ \\\\\\ +

ERNRINDE
\ ¥ +\\\ +/ \/ lll“‘u’fV\

sh Cr; shale to siltstomne

qmp Ty quartz monzonite
porphyry, unaltered

OREBODY:

44

sericitized and quartz-
sericite altered, fractured
porphyry with disseminated
and veinlet-filling auri-
B ferous pyrite, sphalerite,
minor galena. Richer por-
tions of ore follow zones
of closely spaced parallel
fissures and veinlets

KON
}\\ \\\\\ N \\\ + + 3

N N \+\ +
MU NN T
\\sh\ \\\\\§§X§~\\\\+
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classical terrains of their distribution are the Colorado Plateau
(e.g. Henry, Navajo, La Sal, Carrizo, La Plata, Rico, etc. Mountains;
Hunt, 1956) and the Cordilleran Foreland in Montana. Compositionally,
many laccoliths consist of alkaline or highly undersaturated rocks
(Chapter 33), but GDG intrusions are widespread. Given the nature of
their emplacement, laccoliths are a special form of epizonal
intrusions and deserve a brief treatment.

In the Colorado Plateau province, Hunt (1956) and Hunt et al.
(1953) recognized two major phases of laccolithic emplacement. In the
earlier phase diorite, monzonite and syenite porphyries formed by
physical injection of viscous magma of low temperature and a low
content of volatiles (Fig. 28-15). In the later phase,
compositionally similar rocks formed in part by assimilation or
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Fig. 28-15. Tertiary diorite porphyry laccoliths and bysmaliths (Tp)
emplaced in Jurassic platformic sediments and shales, Sawtooth Ridge,

Henry Mts., Utah. From Hunt et al. (1953).

L

replacement of the earlier intrusion. Their magmas, however, were
more fluid, of higher temperature and with higher volatile content.
The emplacement was wusually forceful. The magmas solidified as

holocrystalline stocks and dikes (Fig. 28-16). The small gold
occurrences recorded by Hunt et al. (1953) from the Henry Mts. (Mt.
Ellen, Mt. Pennell) are related to the late stage stocks, and carry
auriferous pyrite in fissure veins and in shear zones along intrusive
contacts. The succesful processing of the very low grade vein and
stockwork gold deposits at several localities in the Cordilleran
Foreland in Montana (Little Rocky Mts., Judith Mts., etc. described
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Fig. 28-16. Mount Ellen stock (ds) and adjacent laccoliths (d1),
Henry Mountains, Utah, showing diagrammatically the minor ore
occurrences. Modified after Hunt et al. (1953).
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later), indicates a possible potential of the laccolith/stock systems
for gold.

The majority of the Colorado Plateau laccoliths are unmineralized,
but there are minor exceptions. In the La Plata district N.W. of
Durango, Colorado (Eckel et al., 1949; Fig. 28-17), the Phase 1
diorite porphyries are unmineralized but Phase 2 diorite, monzonite
and syenite stocks are genetically associated with exocontact fissure
veins of quartz, carbonate, galena, sphalerite, gold and Au tellurides
(6.2 t Au, 57 t Ag, 322 t Pb). The Copper Hill showing contains
disseminated and stockwork hematite, magnetite, chalcopyrite, quartz,
ankerite and garnet in the endocontact of a syenite stock.

In the Iron Springs iron field, Utah (Mackin, 1968; min. 200 Mt
Fe/47.5% Fe; Fig. 28-18), replacement exocontact bodies of magnetite
and hematite in Jurassic limestones and minor endocontact magnetite
veins, occur at or near the contact with a 19-24 m.y. old laccolithic
quartz monzonite intrusion. The most unusual feature of the Iron
Springs geology is the general concordancy of the intrusion with the
sedimentary bedding as well as with Laramide bedding thrusts. The
intrusive emplacement has probably been controlled by a graben
structure. The replacement iron orebodies are tabular and lens-like,
high in fluorine and immediately adjacent to (or hosted, as 1in the
case of low-grade ores) by hornfelsed metasedimentary or intrusive
breccias. The low-intensity contact alteration rarely reached the
skarn stage, but the endocontact has been altered, possibly
deuterically (K- and Na-feldspathization, biotitization,
silicification). Mackin (1968) believed that the endocontact
metasomatism was a sufficiently powerful process to release the metals
from the parent intrusion and accumulate the iron along the contact.
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Fig. 28-17. La Plata Au,Ag,Pb,Zn district, S.W. Colorado, showing
distribution of ore veins (black) in relation to Cr-T syenite stocks
(1) and slightly earlier diorite-monzonite porphyry laccoliths (2).
3=J-Tr red shale, sandstone; 4=Pe red shale, sandstone; 5=Ps gray and
red shale, sandstone, limestone. From LITHOTHEQUE, after Eckel et al.
(1949).

1. 013 quartz monzonite
laccolithic intrusion

2. J siltstone,argillite,lime-
stone, thrust faulted,
brecciated and altered in
the ore zone

3. J, maroon and gray shale,
interbedded with arkosic
sandstone

BLACK: replacement magnetite-

hematite body

Fig. 28-18. 1Iron Springs, Utah, replacement iron orebody related to
laccolithic intrusion of quartz monzonite. From LITHOTHEQUE, based on
data in Mackin (1968).
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28.2.3. Mesozonal plutons

Mesozonal plutons, the most widespread and "typical' bodies of the
"oranites" (Buddington, 1959; Hutchison, 1977; Hughes, 1982), formed
at depths of between 6-12 (or 4-16) km by forceful diapiric
emplacement. They generally display a primary igneous foliation
(alignment of feldspar tablets, biotite or hornblende crystals), and
have a sharp to gradational boundary against the wallrocks. In the
higher levels of a pluton, the wallrocks are usually regionally
greenschist metamorphosed and over this metamorphism is superimposed a
thermal aureole marked by biotite, andalusite, cordierite, etc.
hornfelses. In their lower levels, mesozonal batholiths may grade
into katazonal zones of granitization or, when they terminate at
depth, be floored or flanked by "contact'" migmatites. At considerable
depths there was only a minor thermal contrast between the "granite"
and the wallrocks, so thermal aureoles are inconspicuous or missing
completely.

Mesozonal batholiths frequently contain contact metamorphosed roof
pendants, septa and rafts of the country rocks, often partly
assimilated. Pegmatites and aplites are moderately common. The
K-feldspars are pure or perthitic stable polymorphs, orthoclase or
microcline. The rocks range from gabbro to granite, and tonalite or
granodiorite compositions are the most common. The majority of rocks
are equigranular and medium crystalline, but coarse porphyritic
varieties are also common. Large, syn- to post-kinematic elongated
composite batholiths in cores of orogens are characteristic. There is
no visible presence of comagmatic volcanics, but sometimes (as in the
Sierra Nevada Batholith/Great Valley Sequence couple) sedimentary
petrofacies faithfully record an early pyroclastic supply attributed
to continental volcanism, gradually changing into an epiclastic
detritus of 'granitic" provenance derived from an unroofed pluton
undergoing  erosion. Many (perhaps most) mesozonal batholiths,
however, probably never communicated with the surface.

Late Paleozoic and early Mesozoic plutons are in their "prime time"
of exposure, but mesozonal ''granites" range from Archean to middle
Tertiary. Granitization and assimilation effects are frequently
apparent, particularly when the granitic magma came into contact with
compositionally contrasting wallrocks (e.g. mafic metavolcanics,
carbonates). Some writers (e.g. Lee and van Loenen, 1971) even
maintain that, locally, all the equivalents of the classic
differentiation sequence formed through assimilation of chemically
distinct and contrasting rocks, such as quartzite, shale, limestone
and amphibolite.

Mesozonal granites sometimes generated and drove far-reaching mafic
and acid "fronts". These fronts are  believed to have caused
metasomatic alteration of certain metamorphics so now, megascopically,
they resemble plutonic rocks such as quartz diorite or tonalite. 1In
the gneissic (pseudo)quartz diorite and tonalite mnear Orofino (Idaho
batholith, Hietanen, 1962), sedimentary relic textures and structures
are apparent. Fe,Mg,Ca,Al and Na were the principal elements
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introduced into, and Si, K removed from, the altered metamorphics.
Metasomatic fronts are often associated with increased proportions of
accessory ilmenite, zircon, apatite and allanite.

SIERRA NEVADA BATHOLITH, CALIFORNIA

The 1late Triassic to Cretaceous Sierra Nevada Batholith of
California is 55-110 km wide. Its exposed 1length is 650 km, and it
has been the most frequently studied mesozonal batholith in the New
World (Hamilton and Myers, 1967; Bateman et al., 1963; Peck and
Wones, 1980; Fig. 28-19). The batholith straddles the "eugeoclinal"
and "miogeoclinal' megafacies boundary and occupies the axial part of
a complex N.N.W.—trending synclinorium. It is composed of several
nested plutons which frequently become progressively younger, less
mafic and more potassic towards the centre, and are interpreted as
products of fusion events in the lower crust. The intrusion took
place in five major epochs within a time span of about 131 m.y.

The plutons comprise quartz-bearing intrusive rocks having a
compositional range from quartz diorite to alaskite, but the batholith
also includes small scattered masses of diorites and gabbros
("forerunners'"), remnants of metasediments and metavolcanics and local
ultramafic inclusions. The discrete plutons have either sharp, steep
contacts, or are separated by septa of metamorphics, mafic igneous
rocks or later aplitic dikes. The plutons along the western
("eugeoclinal") side are older, more mafic, and indicate greater
involvement of a more primitive, possibly partly oceanic, basement in
their origin. Assimilation of wallrocks along contacts is widespread,
and the flow structures in plutons indicate that they have risen past
their wallrocks. The plutonic intrusion was mostly forcible, although
local contact breccias indicate stoping during late stages of
intrusion. Hamilton and Myers (1967) assumed, on geophysical
evidence, that the batholith is relatively thin (15-20 km) and floored
by more mafic and heavier rocks of the lower crust.

The mineralization and metallogeny of the Sierra Nevada Batholith
(Fig. 28-20) has recently been reviewed by Dodge and Bateman (1977)
and by Albers (1981). It is quite representative of many of the
mesozonal batholiths of the world. If one plots all the metallic
deposits of California and Nevada onto a map, the Sierra Nevada
"granitic" core will appear as a distinct minimum in the density and
size of ore occurrences, surrounded by a heavily mineralized fringe.
0f the sparse ore occurrences within the batholith , at 1least 90% is
scheelite, all of which is in skarns hosted by metasedimentary roof
pendants and rafts, in the granite exocontact. The only two
mineralization styles of proven or potential importance, hosted by the
plutonic rocks themselves, are the gold-quartz veins in the Grass
Valley-Nevada City field and the Lights Creek porphyry copper deposit.

It is worthy of mnote that both the above deposits occur in small
satelite plutons outside the main batholithic mass. The small fracture
infiltrations of U minerals (mainly autunite) in granodiorite explored
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Fig. 28-20. Diagrammatic section of the Sierra Nevada Batholith,
showing ore styles: l=stratiform Mn in chert; 2=unmodified

metavolcanics —hosted Cu-Zn massive sulphides; 3=podiform chromite;
4=magnetite skarns; 5=gold-quartz lodes; 6=gold placers; 7=porphyry
Cus 8=Ba silicate, barite; 9=scheelite skarns; 10=U oxide
infiltrations (Kern Co.); 1ll=scheelite veins (Atolia); 12=scheelite
placers. From LITHOTHEQUE.

in Kerr County have no practical importance.

The metallic deposits along the western fringe of the Batholith in
the Sierra Nevada Foothills are located in late Paleozoic and Mesozoic
greenschist- metamorphosed "eugeoclinal" metasediments (gray, green and
black phyllites, metagraywackes), greenstones (metabasalts),
serpentinites and mélanges. Most are gold, arsenopyrite, quartz,
ankerite shear and fissure lodes and low-grade disseminations or
stockworks in altered greenstones, in the Mother Lode system (already
reviewed in Chapter 10). There are also several stratiform lenses of
Mn silicates and oxides in jasper gangue, and occurrences of podiform
chromite in serpentinite. The two latter styles even if, in places,
they occur in the thermal aureole of the plutons, are clearly relics
contemporary with the formation of their hostrocks.

<=

Fig. 28-19. Sierra WNevada Batholith, California, geological map
showing major scheelite (W), gold deposits, and crustal section.
1=J-Cr granitic rocks; 2=PZ-MZ serpentinite; 3-6=<PZ-MZ metamorphics;
7=MZ-CZ flanking sediments. From Bateman et al. (1963) and Hamilton
and Myers (1967), ore deposits added.
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The gold deposits in supracrustals, on the other hand, are largely
epigenetic, and show genetic or associational 1links with both the
phyllites or greenstones and with "granites'". Satellite plutons are
widespread in or near the Mother Lode system so at least a portion of
the gold probably accumulated as a consequence of interaction.

No recognizable metal zoning of the classical (Emmonsian) type is
evident around the batholith (Albers, 1981). The only zoning is in
the style and genetic interpretation of the ores, from the (sparse)
@) intra-plutonic ores outward into (2) granite-supracrustals
interaction ores, to (3) granite (thermally, hydrothermally) modified
relic ores, to (4) wunmodified relic ores. The latter, outside the
granite influence, are represented by the volcanics-hosted massive
Fe,Cu,Zn sulphides in the Foothills Copper Belt (Chapter 12). Dodge
and Bateman (1977) concluded that the source of most metals in the
Batholith and its vicinity may have been in the country rocks adjacent
to the deposits, rather than in end-stage hydrothermal solutions
supplied by the plutons.

Geological and metallogenic conditions, similar to those around the
Sierra Nevada Batholith, prevail in the plutons of the Klamath
Mountains, except that the latter are more mafic (quartz diorite is
the most common variety). The economic mineralization is almost
entirely gold in exocontact lodes. Significant scheelite has not, so
far, been discovered.

COAST BATHOLITH OF BRITISH COLUMBIA

This batholith (Douglas, ed., 1970) is, with its 1length of 1,800
km, one of the world's longest continuous intrusive bodies. It is a
composite assembly of plutons ranging in age from upper Triassic to
Miocene; the bulk is Jurassic to early Eocene. The batholith is
surrounded by a high-~grade gneiss complex from which probably at least
a portion of the "granitic" magma was derived, and transitions from
katazonal autochthonous migmatitic masses into mesozonal allochthonous
intrusive plutons are widely apparent and have recently been described
by Hutchison (1970). Unmetamorphosed and weakly metamorphosed rocks
contemporary with the Coast plutonism and earlier occur on flanks of
the pluton. They are most obvious in the east (the western margin of
the batholith is, to a considerable degree, hidden under the Pacific
ocean). Quartz diorite and granodiorite are the most common plutonic
rocks, followed by diorite and quartz monzonite. Gabbro and granite
are rare.

In terms of metallic mineralization, the Coast Batholith is the
weakest mineralized belt in the Canadian Cordillera (with the
exception of the Rocky Mountains thrust belt). This is particularly
apparent in southern British Columbia north of the U.S. border, where
both the adjacent facies belts (Insular Belt in the west, e.g. on
Vancouver Island and Interior Belt in the east) are densely
mineralized. The ore occurrences within the batholith fall dinto the
following categories (Fig. 28-21): (1) relic concordant massive
sulphide lenses: (a) in high-grade gneisses at the level of katazonal
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Fig. 28-21. Coastal Batholith of British Columbia, mineralization
styles (diagrammatic): l=relic massive sulphides (Ecstall); 2=Mother
Lode-style Au; 3=stockwork Mo, wolframite vein; 4=massive sulphides
(Britannia) in roof pendants, screens; 5=Ni-Cu sulphides;
6=disseminated cinnabar; 7=Au veins in shears and fissures (Bralorne);
8=porphyry Cu and aureole Au veins; 9=Cu skarn. From LITHOTHEQUE.
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plutons, e.g. Ecstall and (b) in moderately regionally metamorphosed
but contact hornfelsed metavolcanics or metasediments (Anyox, Granduc,
Britannia). The Britannia deposit (Chapter 12) is particularly
interesting, being hosted by a small roof pendant completely
surrounded by granodiorite yet only slightly remobilized. (2)
Magmatogene pyrrhotite, pentlandite, chalcopyrite in small
gabbro-ultramafic stocks and dikes (Hope, Wellgreen, etc.; Chapter
9). (3) Endo- and exocontact quartz-gold lodes such as Bralorne (in
soda "granite" intrusive into ophiolite and chert assemblage), Surf
Inlet. (4) Endocontact wolframite, scheelite and minor Pb,Zn,Cu
veins, e.g. Red Rose near Hazelton. (5) Mo-stockworks in altered
hypabyssal intrusions as in the Alice Arm district, Adanac, Salal
Creek. All the deposits of the latter category and probably also
those in the group (4) are affiliated to epizonal granites of Miocene
high-level centres, emplaced into older mesozonal plutons and
surrounding metamorphics. In contrast to Sierra Nevada, scheelite
skarns are virtually missing.

The above review reinforces the observation made earlier that the
metallogenic balance of the deep mesozonal granite terrains is highly
negative. They generate hardly any new ores while the deep erosion
(of the order of 16 km) has removed much. of the former .wealth
presumably present. As a consequence, preservation potential becomes
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an important indicator of exploration predictions and conformable
massive sulphides that have one of the highest preservation potentials
tend to survive until actually stoped away or removed by erosion. The
mineralized epizonal 'granites" are a random, superimposed feature.
They may be suspected but are generally impossible to establish until
radiometric ages become available. Once, however, one leaves the
batholithic core and moves into the flanking assemblage of volcanic
and sedimentary low-grade supracrustal metamorphics intruded by small
meso- to epizonal satelite plutons, ore occurrences (porphyry Cu; Cu,
magnetite, Zn-Pb skarns; stockwork Mo; Pb,Zn,Ag and Au veins, etc.)
become plentiful.

CENTRAL BOHEMIAN PLUTON, W. CZECHOSLOVAKIA

The Central Bohemian Pluton (Svoboda, ed., 1966; Fig. 28-22), is a
N.E.~elongated batholith, 150 km long and 30 km wide. It 1is composed
of about 20 named intrusive bodies of wvariable composition and
appearance. The Pluton occupies a former complex fault zone along the
boundary between the high-grade metamorphosed block of Moldanubicum in
the south and south-east, and the little metamorphosed late
Proterozoic ("Algonkian") slate and spilite association in the
north-west. It is interpreted as a late syn~kinematic to
post-kinematic product of the late Paleozoic Variscan orogeny (middle
Devonian to Permian; mostly lower Carboniferous).

Katazonal granites, interpreted by some as feldspathized
metasomatites, occur along the south-eastern margin of the Pluton,
represented mostly by porphyritic melanocratic biotite granite and
syenodiorite (durbachite) and melanocratic biotite-pyroxene syenite.
The central and north-western body of the Pluton has, mostly, truly
mesozonal equigranular hornblende-biotite tonalites and granodiorites,
lesser biotite quartz monzonites and small bodies of biotite granite.
Minor bodies of gabbro and gabbrodiorite are known. There are
abundant dikes of porphyries, aplites and lamprophyres and pegmatites
are rare (except in the south-eastern katazonal domain). The
intrusive rocks range from cataclastic to undisturbed (massive) and
the large number of stone quarries provides excellent outcrops of
fresh rocks. The area 1is easily accessible and has been studied in
considerable detail. Virtually every outcrop has been recorded and
documented which makes the Pluton and 1its aureole very suitable for
metallogenic study. In particular, a wealth of data is available for
a comparative study contrasting the '"mineralogical" (minor) and
"depositional" (economically significant) metallic occurrences.

The Pluton and its surroundings contain over a thousand individual
metallic occurrences (Fig. 28-22), amongst which is one large Pb,Zn,Ag
and U district (Pf{bram; compare also Chapter 17 and Fig. 17-8); one
medium-size Au ore field (Jilové) and close to one hundred small
mines, formerly producing Au, Au-Sb, Pb,Zn,Ag and U. There are
virtually no Cu,Sn,and W accumulations. The total economic metal
content is estimated to be of the order of 1.2 Mt Pb, 1 Mt Zn, 6 Tt
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VARIETIES OF Cb-Pe GRANITIC ROCKS

(1) porph.biot. quartz monzonite to granite

(2) med. grained biotite granodiorite

(3) coarse biot. granodiorite, marginal facies

(4) hornbl.-biot. granodiorite to tonalite

(5) porphyritic biotite granodiorite

(6) biot. granodiorite, locally
strongly contaminated

(7) durbachitic porph. grano-
diorite to syenite

(8) pyroxene syenite

(9) biot. or biot.-
musc. leuco-
granites
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Fig. 28-22. Central Bohemian Pluton, Czechoslovakia, intrusive
varieties and postmagmatic mineralizations. From LITHOTHEQUE.
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Ag, 100 t Au (most in ancient placers), 40 Tt Sb and 90 Tt U. The
metallogeny of the Central Bohemian Pluton has been discussed in
numerous publications (Koutek, 1963; Sattran et al., 1966; Bernard
and Klomfnsk$, 1974) and . much of the field observations assembled
below is based on this writer's fieldwork in the period from 1957 to
1967. ’

Relic mineralization in the exocontact of the dintrusive massifs
(this includes several inliers, '"islands'" of supracrustals preserved
within the Pluton) is extremely rare and represented by stratiform
pyritic horizons in hornfelsed slates (PliSkovice) and probably
Lahn-Dill "type" occurrences near Vranov. Small pegmatite masses
formed at two separate depth levels. Those associated with katazonal
granites mnear P{sek and Sufice carry mineralogical occurrences of
ilmenorutile, striiverite and monazite with minor volumes of REE,Th,Nb,
etc. or Li-minerals and beryl. A single pegmatite dike near Skalsko
is adjacent to a mesozonal granite and it contained a small orebody of
scattered molybdenite.

Hydrothermal veins are the dominant style associated with the
Pluton and they have been placed into the following major paragenetic
associations: (1) quartz, albite, carbonate, pyrite, arsenopyrite,
gold; e.g. Jflové, Lib&ice, Kasejovice, N. Knin; (2) quartz,
siderite, galena, sphalerite, Pb,Zn sulphides, Pb,Cu,Ag sulphosalts;
Ptibram, Bohutin, Vrandice, Velhartice, etc.; (3) quartz, stibnite,
gold or frequently stibnite-only forming stringers in fault gouge and
mylonite; Krdsnd Hora and MileSov and (4) dolomite, calcite,
pitchblende, lesser Co-Ni arsenides, native silver; Kamennd~Byt{z
zone in the P¥fbram district, Ujezdec.

Two age maxima for the veins formation have been distinguished:
upper Devonian for the gold veins, and Permian for the polymetallic
veins (and possibly also the uranium veins). All the vein deposits
are within several hundred meters of igneous/supracrustal contacts, in
both exo- and endocontacts. All display a strong structural control
by open faults, and most veins are interchangeable with (or occur
within) dikes of intrusive porphyries (diabases in Pribram, aplites
near Bytiz, kersantites near Krdsnd Hora) filling fairly open,
mylonite-filled or slickensided faults. This would indicate a
relatively high 1level of mineralization. The main intrusive host
masses are mesozonal, but the veins may have formed in the epizone.
Bernard and Klominsky (1974) pointed out that there was a time gap of
up to 100 m.y. between the vein and intrusive emplacements.

There is a characteristic correlation between the accumulated
metals and the lithologic associations in the exocontact hosts. The
Jilové gold-quartz veins are situated in cleaved slates and
greenstones as well as in tonalite and they resemble the Mother
Lode-Grass Valley (California) styles. The Pb,Zn,Ag and U veins show
close spatial association with black slates, members of the
slate-spilite association.

Major disseminated, stockwork, breccia, etc. deposits are absent, a
fact which 1is easy to attribute to the depth of erosion. There are,
however, widespread "mini-showings" (mineralogical occurrences that
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mimic, on small scale, the aspects of industrially important styles)
corresponding to the porphyry (stockwork) Cu and Mo, apparent on
joints in granites and tonalites exposed in stone quarries. There, in
particular, the Q joints (open joints parallel with the stress vector)
contain thin veinlets of quartz, K-feldspar, chalcopyrite, lesser
molybdenite or quartz-molybdenite, fringed by a mnarrow pink
feldspathized stripe. The presence of Cu minerals in the Permian
"molasse" arkoses and mudrocks preserved in a small remnant near Cesky
Brod (adjacent to the N.E. termination of the Pluton) indicates such a
possibility.

The Pluton and its environs are transected by a system of
relatively open faults, broad open zones of brecciation and mylonite

or breccia-filled '"reefs", some of which frame narrow grabens. The
structures are believed to be ancient (pre-Variscan), repeatedly
rejuvenated. Some contain fracture coatings of torbernite and

autunite, grading downward into simple dolomite, calcite, pyrite,
pitchblende, sometimes fluorite lens and stringer-like veins in the
mylonite (e.g. He¥manidky, Kovad¥ov, Kvasejovice). There is a distinct
wallrock '"reddening" (bleaching and hematite pigmentation) and the
origin is uncertain, but there is an almost exact correspondence with
some of the U occurrences in the Massif Central, France, interpreted
by Barbier (1974) as descendent infiltration veins.

THE MAIN RANGE BATHOLITH, MALAYSIA

The great Sundaland tin belt (Burma, Thailand, Malaya, Indonesia)
can be subdivided into several parallel facies 2zones as well as
several transversal segments, By far the most important is the
western belt in the Malaya Segment, corresponding to the Main Range
Batholith (MRB). This granite belt is interpreted by Hutchison (1977)
as mesozonal 1in contrast to the Eastern Granite Belt which is
epizonal. MRB is emplaced into penetratively deformed lower Paleozoic
metasediments (phyllite, some marbles), and less deformed and
metamorphosed upper Paleozoic slates. In the east, this belt is in
fault contact with sediments of the Central Triassic-Jurassic Graben,
and there are some ophiolite slices along the boundary lineament.

The majority of the MRB granites are Permian to Triassic, but
Hosking (1973) also reported occurrences of upper Carboniferous and
late Cretaceous to Tertiary granites. The bulk of the granites are
coarse porphyritic biotite quartz monzonites to muscovite-biotite
granites containing perthitic microcline. Contact metamorphic
aureoles against the phyllites and slates are generally narrow to
indistinct. It should be noted that fresh outcrops are extremely rare
in the humid tropics and this could affect some geological
conclusions.

As already noted, the plutonic mineralization is overwhelmingly
dominated by tin, and the bulk of Sn comes from a variety of placers
(eluvial, colluvial, alluvial, beach) although the primary cassiterite
source is 1in granites and their aureole. The Kinta Valley tinfield
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(near Ipoh) and Kuala Lumpur tinfield, are among the richest in the
world. Disregarding the secondary mineralization, the MRB and its
aureole~hosted metallic ores can be subdivided into the following
styles: (1) relic orebodies in the wallrocks. These are rare,
represented by the small occurrences of disseminated and podiform
chromite in ultramafics along the eastern tectonic contact of MRB.
(2) "Magmatic" disseminated cassiterite in granites has been mentioned
gseveral times in the Iliterature, but the occurrences examined by
Hosking (1973) were all epigenetic, postmagmatic. (3) Pegmatites.
These contributed cassiterite and columbite-tantalite to placers,and
small regolithic occurrences (Gunong Kedah, Bakri) were mined in the

deepest eroded Carboniferous granites. (4) Magnetite,
magnetite-cassiterite, cassiterite (Ampang) and scheelite (Kramat
Pulai) skarns and replacements at granite/carbonate contacts. (5)

Hydrothermal veins and pipes of quartz-cassiterite and minor
quartz-wolframite in granite endo- and exocontacts, mostly formed
during the postmagmatic phase of the Triassic mesozonal granites, and
associated with their apical cusps. Hosking (1973) believed that
several "xenothermal" deposits in the Kinta Valley and elsewhere are
near-surface mineralizations that would require a younger (possibly
Tertiary) high-level intrusion.

28.2.4. Katazonal plutons

Generation of katazonal plutons 1is usually placed in the depth
interval exceeding 12 or 16 km. Because most katazonal granites are
autochthonous (in situ), this is also the zone of granite generation.
There, the granites cannot easily be separated from the high-grade
metamorphics so both rocks will be discussed in Chapter 29.

28.2.5. Petrogenesis and setting of GDG association

In the voluminous literature from the past 15 years (summarized in
Hughes, 1982) the sites of magma generation that wultimately produce
the GDG association, have been sought (1) above Benioff (subduction)
zones, (2) under collisional fronts and (3) under intercontinental and
occasionally under interoceanic taphrogenic (extensional) systems
("anorogenic continental terrains") e.g., din the initial stages of
rifting, which, in turn, were attributed to the heat supplied by
mantle plumes (hot spots). A site of type (1) is now favoured asa
craddle of the bulk of the calc-alkaline "granitic" magmas (e.g.
Hughes, 1982, treats the batholiths in orogenic belts under the
heading "Igneous rocks above Benioff seismic zones'"). The site of type
(2) is generally ignored by the petrologists although frequently
mentioned or reviewed in geotectonic and metallogenic compilations
(Burke et al., 1976; Mitchell and Garson, 1976; Sawkins, 1984).
Rocks developed along sites of type (3) are jointly reviewed in
Chapters 30 and 33. As a metalliferous geologist sensitive to
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transitions and anomalies, I find the above division too simplistic.
In particular, it accomodates poorly the transitional situations among
the supra-Benioff belts and the intracontinental melting events as
well as magmas generated as a consequence of a small-scale
taphrogenesis along consuming plate margins.

Wyllie (1981) prepared a recent review on magma generation
concurrent with subduction but, significantly, did not impose a
numerical 1limit on the proximity of the magma-generating site to the
Benioff zone. Such an explanation thus allows the magma melting to
take place fairly high in the continental crust in the
ultrametamorphic environment, which makes it possible to bypass the
former awkward dogma that magma had to form directly along the
subduction plane and then progress, somehow, to the near-surface
region through a slab of mantle and crust 150-700 km thick. Wyllie
(1981) 1listed three "end-member" variations of magma generation by
partial fusion above subduction zones roofed by continental margins or
mature island arcs: (1) fusion of mantle peridotite modified by
siliceous melts or hydrothermal fluids produces a magma ranging in
composition from quartz-normative basalt to andesite; (2) fusion of
oceanic crust produces intermediate magmas (andesites) and (3) fusion
of a deep-seated continental crust approximately composed of granite
and amphibolite equivalents, produces tonalitic magmas (or a
granitic/rhyolitic magma when the crust is entirely "granitic'). It
should, however, be realized that the magma generated by partial
melting undergoes further differentiation and modification within the
continental crust, so one can finally obtain petrographically
identical differentiates (e.g. a granodiorite) out of the three
parental magma series (and their mixes).

It seems logical that provenance has some bearing on the trace
metal distribution in the parental magma and this, in turn, influences
the metallogeny. It follows from the earlier review of mineralization
styles associated with mesozonal and epizonal granites that
petrographically comparable rock types (e.g. a quartz monzonite) could
be associated with a very different suite of ore minerals (e.g. Cu,Mo
as in Butte; Mo in Smithers; Au in the Colorado Mineral Belt; Sn-W

as 1in N.E. Queensland). Disregarding, for the time being, the
possibility of a proximal metal extraction from the country rocks, it
appears natural that the site of magma derivation (and by implication
the geographic 1location and geotectonic setting of the magmatic
system) influenced the metal selection and metallogeny. This
possibility was not considered in the classical (1930s to 1950s)
models of postmagmatic metallogeny associated with granites and it
resulted in several over-generalizations e.g. in interpretation of the
metal zoning pattermns. The 1latter subject is reviewed more fully in
Laznicka (1985c).
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PETROMETALLOGENETIC SERIES; I AND S GRANITES; ILMENITE AND MAGNETITE
GRANITES

Abdullaev (1964), Sattran et al. (1970) and others applied the
concept of petrometallogenic series of intrusive rocks to explain and
predict the affiliated mineralization. The concept relied on the
combination of magma series (calc-alkaline, K-alkaline, Na-alkaline)
and basicity of the differentiate. For example, within the GDG
association the strongest contrast was found between the
"intermediate" (dioritic) series affiliated with Au deposits, and
"granitic" series associated with tin deposits. Out of the regional
examples discussed earlier, the Sierra Nevada and Central Bohemian
plutons are members of the '"intermediate series" with mostly Au
deposits. The N.E. Queensland and western Malaya massifs belong into
the "granite" series with tin deposits.

Later on, Chappell and White (1974) working on a different premise,
distinguished two contrasting 'types" of granitic rocks (I and S)
which, in terms of affiliated mineralizations, broadly correlate with
the two petrometallogenic series distinguished above (I granites carry
mainly Au, S granites Sn). The above writers assumed that a granitoid
magma 1is derived by partial melting and consists of a mixture of
granitic liquid and a residuum (restite). The restite are inclusions
as well as much of the crystal content of plutonic rocks, while the
former granitic liquid is now represented by the interstitial phases.

The I granites are believed to be derived £from igneous, the S
granites from (meta)sedimentary precursors (essentially shales). Both
granite varieties ‘have distinct linear geochemical variation trends
when plotted on the Harker diagram. Despite the elegance and present
popularity of the model, there are many areas where it does not work
(e.g. along continental margins where volcanogenic graywackes were
partially melted as in the Coast Batholith of British Columbia or in
the Precambrian shields). Such sediment-derived granites usually have
an 1 signature. Most recently, several authors added "A" (for
"anorogenic'") and 'M" (sodic granites of immature disland arcs)
granites.

The latest contribution to the <classification of the granitoid
series from metallogenic viewpoint came from Ishihara (1981). This
author distinguished 'magnetite series" and "ilmenite series" of
granitic rocks, based on the accessory content of either mineral. The
magnetite series has a positive 6345 value and a low &l8p value, is
depleted in 1lithophile elements and is commonly associated with
sulphide mineralization. It more or 1less correlates with the I
granite. The ilmenite series contains less than 0.l17 magnetite, has a
low magnetic  susceptibility, negative §34g values, high gl8g value,
and enrichment in lithophile elements. It is commonly associated with
Sn,W,Be and fluorite, and includes equivalents of both I and S
granites. Ishihara (1981) believes that the two series of granitoids
resulted from the prevalence of different oxygen fugacities during
evolution of the granitic magmas. The dissociation of water in
hydrous magmas was the main oxidizing agent in the magnetite series,
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and incorporation of crustal carbon was the most essential reducing
medium for the ilmenite series magmas.

So now we have at least three methods for the
interpretation of the granite metallogeny using rock geochemistry.
None is perfect. There are numerous exceptions, but at least a rough

correlation between rock geochemistry and prevalent metallic
mineralization is now available to justify the earlier empirical
observations. When both I and S granites form facies belts along a
continental margin, I tends to be more internal (closer to the
paleo-ocean), S more external (closer to the paleo-craton). The
former have relatively low Rb, Rb/Sr, Sr 87/86 and high K/Rb and Sr
signatures. The latter have higher Rb, Rb/Sr, Sr 87/86 and low K/Rb
and Sr values and tend to be strongly peraluminous.

A down-to-earth exploration geologist 1is cautioned against placing
excessive faith in the above generalizations, because a small
metasedimentary  microcontinent accreted along with dominant
metavolcanics to a continental margin, may produce a "S" enclave
capable of, for example, accumulating tin 'where it should not have
been". Faults, thrusts, ''suspect terrains', multiphase terrains, etc.
can do the same and have been found to do so.

28.2.6. The magmatic/metasomatic controversy and
hydrothermal-metasomatic 'granites"

The high point of the classical controversy of the 1940s~1950s
regarding the derivation of granitic magmas, has now been more or less
settled with the realization that the magma first formed by partial
melting of a solid (that is, anatexis when in the continental crust),
after which the melt travelled into the higher levels of the crust in
the form of a 'granitic magma". The neo-controversy partially
outlined earlier is concerned with the site of the melting. Marmo
(1971) gave a good review but old problems still remain although often
under different names. One problem of fundamental importance to
metalliferous geologists is the possibility of hydrothermal origin of
"granites" by means of metasomatic fronts. The concept of
granitization or de-granitization as summarized by Marmo (1971,
p.72,73) is as follows: in the upper levels of the SIAL, extraction
of potassium from sediments undergoing metamorphism takes place in
loaded areas (granodioritization); K and Si move to areas of low
energy in anticlinoria, causing granitization. When the granitized
segments are exposed to further load due to the advancing orogeny,
potassium removal will take place and potassium will move to areas
with a still lower free energy. The formation of igneous-looking
metasomatites interpreted by Hietanen (1962) was reviewed earlier.

Approached from a different angle, the formation of igneous-looking
rocks  virtually identical compositionally and texturally with
orthomagmatites, by a high-level hydrothermal metasomatism and
mineral crystallization in open spaces, 1is now a well-documented
reality. Potash feldspar and biotite neoformation in porphyry copper
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systems tend to produce hard, fresh-looking rocks, visually often
unrecognizable from magmatic ''granites', and often containing
disseminated sulphides. They are a far cry from the popular image of
an altered wallrock as being a spotty, dirty, disintegrating tortured
rock. In the North American literature the rocks produced by
alteration (alterites) do not have a status of "independent rocks".
In the Russian literature they are called '"metasomatites" (e.g.
K-feldspathite, biotitite, secondary quartzite). Some old
descriptions of disseminated chalcopyrite in "unaltered granodiorites"
were later identified as K-alterites.

An equivalent situation, though more obscure, 1is a part of the
"magmatic cassiterite'" controversy. Is the cassiterite sometimes
found in a hard, fresh-looking, feldspathic rock (granite, aplite,
pegmatite) really a product of magmatic crystallization, or has it
been introduced in a highly mobile fluid from outside, deposited by
replacement, and the associated alteration feldspars erroneously

interpreted as melt crystallizates ? The second interpretation is
now prevalent. Apogranites (Smirnov, ed., 1968; hydrothermal
metasomatites in apexes of granite cupolas) include albitites,
quartz—-albitites, microclinites, and other rocks. These hard,
fresh-looking feldspathic rocks often carry disseminated
columbite-tantalite, cassiterite, Be-minerals and grade into greisens.
Feldspathization (particularly albitization) may obscure

petrochemical groups of intrusive rocks , in particular place an
altered calc=alkaline rock into the alkaline family.

Many albite ''syenites'": pink, often miarolitic syenite-looking
rocks within granite batholiths as well as outside them, are
hydrothermal metasomatites. Laznicka and Edwards (1979) interpreted
"syenites" associated with gabbro and diorite dikes at Dolores Creek,
Yukon, as albitites formed in dilations and in porous breccias by
metasomatic albitization and open space filling. They contained minor
disseminated chalcopyrite, and resembled "porphyry coppers'. Many
pegmatite—looking veins are in fact hydrothermal feldspathites.

28.3. INTRODUCTION TO GDG METALLOGENY

28.3.1. General

Average trace metal contents in granitic rocks are available from
the literature. Given the wide basicity range and the wvarious
magmatic series involved, such contents are inaccurate in detail.
They are usually used for approximating the average composition of the
upper continental crust and, contrasted with the trace metals in
basalts, give some appreciation of the evolutionary trends. Average
trace metal data for narrower rock categories are in Table 5-3.

There is an  enormous number of factors governing 'granite"
metallogeny, most of them poorly understood. Some are related to the
"granite" petrogenesis and petrochemistry as discussed earlier and
others are to be sought primarily in the exocontact lithologic
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association, in structure, thermal and hydrological regimes during
cooling, etc. The classical, all-embracing model of
"eranite'-affiliated postmagmatic hydrothermal metallogeny as
presented in text and reference books from the 1930-1950 period
(Lindgren, 1933; Bateman, 1951; Schneiderhdhn, 1955) is now largely
outdated, although several restricted subjects still remain valid.

A substitute overall granite metallogeny model is not yet available
because, to a considerable degree, it depends on the conclusion of the
problem of GDG derivation and petrogenesis which, despite the
considerable progress made in the past fifteen years, is still not vyet
here. In the meantime, modern models have been developed for several
styles and categories of ore deposits (e.g. porphyry coppers,
stockwork molybdenums, skarns, granite cupola tin, etc.) and these are
briefly reviewed later. There is, however, little cross-pollenation
among these models and large gaps abound. '"Fringe'" ore styles lack
modern coverage altogether.

Modern interpretation of hydrothermal systems, the core of the
"granite" metallogeny, 1is now a highly sophisticated and specialized
field of research. The reader is referred to the summaries and
reviews available in Stanton, 1972; Holland, 1972; Barnes, ed., 1967
and 1979; Cathles, 1981 and others. In the following paragraphs,
several problems directly influencing the field occurrence of the
GDG-affiliated ores, will be touched upon briefly.

28.3.2. Hydrothermal systems

CONVECTIVE SYSTEMS

At present, the best documented hydrothermal system is a convective
system utilizing meteoric water, seawater or connate water (that is,
non-magmatic, exo-granitic fluids), driven by a cooling intrusion
(Cathles, 1981). The active periods of such systems are considered
short in geological terms, ten thousand to hundred thousands years.
Much depends on permeability. Longer active times can be expected if
the top of a geothermal system is impermeable. Hydrothermal
convection usually takes place in the above-intrusion zone largely in
supracrustal exocontact rocks, and the area affected gradually shrinks
and drops to involve, subsequently, the top of the cooling magmatic
body itself. Recognition of paleo-convective systems facilitates the
interpretation of metal sources to ore-bearing fluids and ultimately
to metallic deposits. Such sources tend to be relatively proximal and
often in the same unit that hosts the orebodies.

Certain convective systems could have been driven by the heat from
radioactive decay. Such heat sources could have been unusually
persistent, and convection initiated within and in the vicinity of an
U-enriched pluton every time fracturing took place (Fehn et al.,
1978). This model seems to be supported by empirical evidence of the
frequent pitchblende deposits formed in relatively open mylonite or
breccia-filled fractures and faults, the £illing of which considerably
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postdated the host granite emplacement and cooling (e.g. in the
Hesperian and Central ilassifs, Spain and France; Bohemian Massif).
Alternative genetic explanations , however, are available for the same
deposits.

MAGMATIC VOLATILES

The mass of magmatic volatiles wvented by an intrusion is much less
than the mass of the outside water likely to circulate convectively in
response to such intrusion (Cathles, 1981). The volatiles stream
upward and tend to accumulate in granite cupolas or in small elevated
stocks, under the confinement of dimpervious strata. This 1is
facilitated by a permissive intrusive emplacement in which the roof is
not shattered. In settings having a shattered or permeable roof,
venting and volatile escape may take place. Explosive outbursts of
volatiles, however, may produce mineralized breccia  pipes.
Particularly complex but effective mineralization systems may develop
when magmatic volatiles interact with convecting groundwaters, as
interpreted for several porphyry copper systems.

Once a hydrothermal system is in operation, ore precipitation is
governed by the physical and chemical principles many of which had
already been satisfactorily interpreted in the classical period (e.g.
the '"second boiling"), while the rest benefited from the recent

advances 1in fluid inclusion and stable isotope studies. To form an
orebody, however, an actively convecting system requires a metal
source. Many recent theoretical studies assumed 'normal" (=close to

clarke values) metal sources as the basis for calculation. This may,
under favourable conditions, suffice for ore deposition, but the
system has to operate at top efficiency, something that is fairly rare
in nature. Empirical observations and probabilistic deductions based
on field data, however, indicate that in most cases ore formation
probably took place in systems interacting with "better than normal"
metal sources, so interpretation of and search for such sources are an
important ingredient of exploration strategy.

28.3.3. Metal sources to ore-bearing fluids

In the classical model of the 1930-1950s the ''granitic magma"
(usually interpreted as being a differentiate of basaltic magma) was
automatically believed to carry along the entire complement of ore
metals, sequentially released and deposited in the course of cooling
of the intrusion. A classical (Emmonsian) metal zoning pattern around
and above the intrusion (from centre outward:
Sn-W-Au-Cu-Pb,Zn-Ag-Sb-Hg) resulted (Bateman, 1951; Fig. 28-23A).
Concurrently and also later, alternative models have been introduced,
mostly in response to the changing interpretation of granite origins.
The "granitization model" in which the granitic magma obtained its
components including metals from crustal sources during anatexis
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(Fig. 28~23B) became the chief alternative of the 1950s. By now, many
more alternatives have been proposed (Fig. 28-23C). The subject of
metal sources to ore deposits and zoning has recently been reviewed by
Laznicka (1985c,e).

Very briefly, the ore metals may enter the "granitic" magma (become
dissolved in it or carried as solid phase): (a) at the site of the
dominant magma generation (within the mantle, along and above Benioff
zone; within the continental crust); (b) above the magma passage that
is chiefly in the lower and upper continental crust or (c) in magma
reservoirs within the wupper continental crust and at sites of
emplacement. These metals are considered to be relatively mobile
within the developing magma, and capable of accumulation during the
cooling history at sites located both inside (endocontact) and outside
(exocontact) of the intrusion. With respect to the dintrusion, these
are active metal sources.

Ore metals, however, need not actually enter the magma and pass
through the stage of dissolution (dispersion) in the magma first,
followed by release, migration and accumulation in orebodies. The
metals could be present in the rocks surrounding the generator
intrusion, leached, transported and accumulated by convecting
hydrotherms at sites asociated with a rapid drop in solubility. This
has been discussed earlier. Alternatively, solidified and fractured
"granite" itself may be the site of hydrothermal convection and metal
leaching. Both the above alternatives have been termed ''passive metal
sources”" in Laznicka (1985e).

Recognition of the difference between active and passive metal
sources 1is a wuseful ingredient in speculations on mineralization
potential of a 'granitic" intrusion and ore prediction. The distant
metal sources (in the mantle, in the oceanic crust and other rocks
melted along subduction zone, etc.) are impossible to observe or to
deduce from field observation, so they are highly hypothetical and
changing with fashion and the  progress of science. Their
interpretation is made  within the 1limits of geochemical and
petrochemical constraints (e.g. stable isotopes, trace metals such as
the REE), and the degree of controversy is high. Academic debates
about the metal sources at depths of hundreds of kilometres are of
dubious merit to a prospector.

Numerous down-to-earth speculations involving milieus much closer
to the present sites of ore deposits and supported, as much as
possible by actual field data can, on the other hand, aid considerably
in exploration. Several examples of such speculations appear later in
this chapter, in sections dealing with specific metals. The problem
of trace metal and rock-forming mineral compatibility is reviewed
briefly here as an example of reasoning that is of practical help.

During magmatic differentiation trace base, rare and precious
metals can behave as compatible or incompatible in regard to the major
rock-forming minerals (Stanton, 1972). The compatible elements are
removed from the melt by crystallizing major minerals, while the
incompatible elements remain in the rest 1liquid and wultimately
accumulate in the intergranular spaces, or they migrate with
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postmagmatic fluids. It 1is known that various rock-forming minerals
preferentially accumulate certain trace metals. Olivine and
Mg-pyroxenes accumulate Ni,Cr,Hg; pyroxenes and amphiboles accumulate
Cu,Zn; biotite accumulates Sn,U,Th; magnetite accumulates Cu,Zn;
K-feldspars accumulate Pb. The variable proportions of these minerals
in rocks and their preservation or destruction, can thus have a
substantial influence on the ore-generating potential of an intrusion.
The general rule is that in a progressive magmatic differentiation
process reaching completion, the metals that remain most incompatible
throughout the entire process have the greatest chance of accumulating
in magmatic or post-magmatic deposits so they constitute an important
active metal source.

Eilenberg and Carr (1981) studied the anomalously copper-rich
andesitic and basaltic volcanics of the recently active San Miguel
Volcano (E1 Salvador), and explained the high Cu content in the
volcanics as being due to the lack of early augite and magnetite in
the rocks. They reasoned that, since these minerals tend to

Fig. 28-23 explanation (continued)

INDEXES USED IN SECTION (: l=cumulus settling (e.g. chromite);
2=immiscible liquid, settling of droplets, squeeze-up, down or
laterally beyond the limit of dintrusion; also possible contact
sulphurization and precipitation of non-sulphide trace Ni content;
3=gaseous or hydrothermal transfer of fractionated metals (Sn} to
veins; 4=magmatic heating expels high trace metals (with their
carriers) in surrounding rocks to veins (e.g. Cobalt Ag,Co; Ontario);
5=mobile metals and volatiles gather in apical portions of a granitic
diapir; 6=granite heat and hydrothermal activity triggers metal
remobilization from metalliferous contact rocks; 7=hydrotherms (heated
groundwater) circulate in a metal- enriched aquifer dissolving,
concentrating, reprecipitating metals; 8=trace metals which arrived as
a component of the original magma, ascend and £fill veins; 9=trace
metals picked-up from intruded (or replaced) crustal rocks, enriched
in an older intrusive phase; from there they are overtaken by a
younger intrusive phase, further concentrated and deposited as cres;
10=trace metal enriched in porous overlying sediments was picked-up by
circulating heated groundwaters, carried downward, and redeposited
stratigraphically below the source; ll=an existing orebody in intruded
wallrocks was modified by an intrusion; 12=geochemically enriched
metal in argillite was remobilized by magmatic heat or solutions and
redeposited in adjacent, reactive carbonate (e.g. as scheelite
skarns) .

Black symbols: "basaltophile" metals; white symbols: "granitophile"
metals.

~ In the complex diagram (C) several internal patterns have been
added to both categories of metal symbols, and these serve no purpose
other than to help the reader to trace the hypothetical metal movement
from the source to the site of deposition. From Laznicka (1985e).
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accumulate copper, their lack prevented the early depletion of the
magma in trace Cu and allowed Cu to reach its maximum trace content in
the relatively dispersed form easily leacheable, mnot only by high
pressure/temperature hydrotherms, but even by rainwater (compare
Chapter 5). Eilenberg and Carr (1981) concluded that porphyry copper
deposits can form preferentially in the roots of a volcano whose mafic
to intermediate lavas are relatively poor in magnetite and augite, so
that the abundance of these two minerals could be used as one of the
exploration leads for porphyry Cu source areas.

The above reasoning, although probably correct in regard to the
surficially leached copper, can be reversed (Fig. 28-24). If
magnetite and augite do exist in abundance and consequently the
content of incompatible (dispersed) copper is low, the rocks may still
be high in their trace metal content but it would be a compatible Cu
stored in magnetite and augite. Indeed, the Cu-anomalous (around 200
ppm  Cu) andesitic and basaltic associations hosting some porphyry
coppers (e.g. the Nicola, Nikolai and Karmutsen Groups, North American
Cordilleray the TFarellones Formation of Chile) are conspicuous for
having abundant porphyritic augite andesites with high magnetite
contents. These rocks could have provided Cu to the porphyry coppers,
but they would have been  passive sources, requiring a
thermodynamically intensive pyroxene and magnetite-destructive process
to release the Cu and set it in motion. Intensive hydrothermal
metasomatism around and under porphyry copper systems attests to a
possible existence of such a process. Similar reasoning can be
applied to tin deposits associated with young, altered
muscovite-biotite granites wusually superimposed on older biotite
quartz monzonites possibly storing Sm in biotite. In nature, most
metalliferous magmatic systems do not become productive and parental
to a distinct suite of associated metals suddenly, but as a result of
a lenghty, multistage development history progressing in the direction
of "increased favourability".

28.3.4. The rocks above and outside of the "granitic" intrusion

The rocks outside any "granitic'" intrusion under consideration can
be (1) older than the 'granite'" and have intrusive contacts with it.
In high-level plutonic systems such rocks show a distinct thermal
metamorphism, which can be indistinct in the more abyssal emplacement

levels. Alternatively, they may be (2) older or younger than the
"granite", having a mutual tectonic contact or (3) vyounger than the
"granite", having a non-conformable contact and deposited

transgressively over the eroded granite, and composed either of the
granite-derived detritus, or independent of it.

In terrains undeformed and unmetamorphosed after the 'granite"
emplacement, the "granite'"/outside rock relationship is wusually easy
to recognize. In repeatedly deformed and metamorphosed terrains this
could cause some problems. In this short section, we will be
concerned with the type (1) relationship. Virtually all the known
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pre-Quaternary 1lithologic associations can be intruded by "granites",
including older generations of "granites" themselves. The contacts
range from knife-sharp omnes to gradational fronts of hybrid rocks on
both sides of the contact (but more in the exocontact).

In regard to orebodies, the exocontact rocks have several functions
that have to be evaluated carefully when interpreting granite
aureoles. (a) The exocontact rocks host orebodies and some 40% of Cu
orebodies, 307% Sn orebodies, 20-40% Mo orebodies, 90% Pb-Zn orebodies
and over 95% of scheelite orebodies, are in the exocontact. There,
they fill open spaces or replace solid rocks. The orebodies have a
significant structural as well as lithological control, and the
variety of mineralized structures has been adequately described in the
classical literature (e.g. Bateman, 1950; Newhouse, ed., 1942). When
orebodies (e.g. veins) fill open spaces, brittle rocks tend to be
preferentially mineralized whereas the more ductile ones remain
barren.

(b) Exocontact rocks exert an important physical influence on ore
deposition, in particular by providing impervious screens. When a
flat-lying or gentle dipping unit of a ductile shale tops a brittle
fractured quartzite, replaceable marble, etc., ascending mineralizing
solutions are trapped under the impervious horizon and often forced to
precipitate their load and form orebodies. Such orebodies often take
the form of peneconcordant lenses, frequently confused with stratiform
orebodies.

(¢) Chemical and physicochemical influences that cause metals to

precipitate are often exerted by a variety of rocks placed in the way
of ascending mineralizing solutions. The most widely quoted examples
are horizons of graphitic and pyritic rocks.

(d) Exocontact rocks often constitute the metal sources for ores.
Conforming to the '"principle of minimum effort" (it states that
metallic deposits will preferentially form on sites where the
requirement of energy for their generation will be the lowest, and
anomalous metal content the nearest; Laznicka, 1985e), lithologic
associations anomalously enriched in certain elements or even
containing earlier orebodies, have the greatest potential for
influencing the selection of metals in hydrothermal orebodies to form
in the vicinity. Some lithologic associations or rock types are
predictably (systematically) enriched in certain trace metals. TFig.
28-25 shows the clarke values of selected 1lithologic associations
contrasted with average ore grades. Empirical experience indicates
that many metallic deposits are preferentially affiliated to units
(rocks) having the highest clarke values, and ''granite'"-related
metallic deposits are similarly associated with interaction complexes
involving such rocks. 1In the latter case, sufficient metal mobility
in hydrothermal fluids is a necessary prerequisite and immobile (e.g.
Ti) or insufficiently mobile (Cr) metals rarely form depositional
accumulations precipitated from hydrothermal fluids, even if their
environment is anomalously rich in such metals.

Zn,Pb,Sb,Cu,W,Bi, Mo,U,Ag and Au have the systematically highest
clarkes in a variety of mostly black mudrocks and indeed a large
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Cu and Zn have also high clarkes in (meta)basalts, andesites and
gabbros, and these rocks are repeatedly associated with postmagmatic
plutonic deposits of these metals (e.g. porphyry coppers). Pb,Sn,W,Bi
and U are significantly enriched in felsic granites, and indeed many
or even most of their hydrothermal deposits are proximal to older
generation of granites or are part of multiphase granite intrusive
systems. Non-systematic metal enrichment in a variety of rocks is
more difficult to predict. Often it is regional, crossing lithologic
boundaries and suggesting a heredity.

Availability of metals for ore generation in passive source rocks
is not only a function of abundance, but also a function of setting
(bonding) of the metal. Such settings can be arranged by the ease of
release of the metal from the host mineral or rock as follows (from
easiest to most difficult to release): (1) metals forming their own
sulphide (or other) phase, located in fracture veinlets or in pores;
(2) the same minerals, located on surface of rock-forming minerals and
interstitially; (3) the same minerals present as inclusions in
rock-forming minerals; (4) trace metals carried by common sulphides
(e.g. pyrite); (5) native metals and metallic oxides forming their
own phases; (6) trace metals present in easily soluble and
degradeable rock-forming minerals (carbonates, organic compounds,
volcanic glass); (7) trace metals forming own accessory silicates or
(8) trace metals substituting in the lattice of rock-forming silicates
and oxides.

28.3.5. Mineralized versus barren "granites"

The problem of why some '"granites" (plutons, batholiths, massifs)
are mineralized and others barren, is from time to time, discussed in
the 1literature, but at present there is not a single, universally
valid answer. All the aspects of '"granite" origin and emplacement
reviewed earlier, seem to be of dimportance. Probably of greatest
importance is the depth of erosion. Epizonal and upper mesozonal
plutons are often mineralized, while the deeper plutons are uniformly
barren except for pegmatites or modified relic deposits.

The second most important feature appears to be the pluton
morphology. In the tin-bearing regions in particular, elevated
cupolas, cusps and ridges "sitting on the back" of a more or less flat
batholith, are foci of mineralization while the rest is barren.
Porphyry Cu and stockwork Mo also favour central, upward-evolving
intrusive systems.

Third in importance is the state and composition of the
over—-intrusion lithologic association, in which convection took place.

In regions where extensive "granitic" batholiths are roofed by a
variety of rocks, segments composed of the more variegated and
"fertile" assemblages (black metasediments, marbles, amphibolites, a
variety of metavolcanics), tend to be more commonly mineralized than
monotonous gneiss, schist, sandstone or common shale terrains.

A significant number of geologists (Noble, 1970; Routhier, 1980;
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the Soviet school) interpret richly mineralized segments of the crust
(including those intruded by granites) as being predetermined by local
metal anomalies in the mantle, or simply by the relative proximity to
the mantle. When a mantle inhomogeneity and a '"granitic" intrusion
overlap, the granites are believed to have acted as "revelateurs'",
"developing" the anomaly and lifting a portion of its metals into the
near-surface region.

28.4. MINERALIZATION STYLES ASSOCIATED WITH PHANEROZOIC (HIGHER-LEVEL)
GRANITE, DIORITE, (GABBRO) ASSOCIATION (Fig. 28-26; Table 28-1)

28.4.1. Ore minerals disseminated or scattered in '"normal"
(unaltered) "granites"

The ordinary rock-forming and accessory metallic minerals in
"granites" (magnetite, ilmenite, zircon, rutile, monazite) are of
little importance as sources of metals, unless additional
conditioning, sorting and accumulation of the valuable substance takes
place. This happens by the action of tropical weathering and by a
hydrodynamic transportation and sorting of the detritus. Weathering
slightly enriched accessory magnetite din ‘'granites" wused to be
recovered in the past in Japan as an iron ore (Chapter 23). A portion
of the detrital zircon, monazite, ilmenite and rutile in alluvial and
beach placers described earlier came from granitic rocks.

Gabbros are particularly high in ilmenite, occasionally enriched
anomalously in schlieren and inhomogeneities. Such ilmenite after
weathering release could be added to placers, but no "primary"”
ilmenite or Ti-magnetite accumulations in "granite''-affiliated gabbros
are known.

Rare and "special" accessory minerals in "granites'" include orthite

(allanite), xenotime, euxenite | columbite-tantalite, beryl,
uranothorite, uraninite, fergusonite, betafite, molybdenite and
cassiterite. Most of these accessories are fine crystalline and
megascopically unrecognizable. They may accumulate in  proximal
placers. Granites unusually rich 1in some of the accessory minerals
listed above may develop into "metalliferous granites", that might be
economic to mine din bulk in the future. Most examples of such

granites are members of the alkaline or peralkaline association
(Chapter 33), katazonal granites (Chapter 29), Precambrian granites
(Volume 2), or both.

Of the reminder one can mention: uranothorite-rich "granite" in
the Khantau massif, southern Kazakhstan, and several orthite-rich
granites in the Susamyr Batholith, Tian Shan (both in the U.S.S.R.;
Lyakhovich, 1973), both containing up to 3% Th. Elberton Granite in
Georgia, rich in orthite, contains, as a whole, about 45 ppm Th, and
feasibility tests have been made to extract this thorium directly by
chemical leaching in situ. In the You Yangs Granite din Victoria,
Australia (Baker, 1937), allanite there is a rare accessory in the
granite, but it accumulates in mafic schlieren in which it constitutes
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Fig. 28-26. Principal mineralization  styles associated with
Phanerozoic GDG ("granitic") intrusions. See Table 28-1 for

explanation of letter codes. From Laznicka (1984)

Table 28-1. Principal mineralization styles associated with
Phanerozoic "granitic" intrusions

(A) |physically separable ore minerals disseminated (scattered) in
unaltered "granites" (zircon, monazite, U,Th,REE minerals, magneti-
te, beryl, rutile

(B) |higher than accessory disseminations, schlieren, etc. of ilmenite,
magnetite or chalcopyrite in gabbros

(C)|dispersed metals in granites in supra-clarke concentrations (U,Th)
(D) |mineralized inhomogenities in "granites”

(E) |mineralized high-level pegmatites (Sn,W,Mo,Be)

(F) |mineralized intrusive dikes

(G) |stockworks and pervasive ore disseminations along altered contzcts
in non~carbonate hosts (Au,W)

(H) |veins in intrusive endocontacts

(1) |veins in intrusive exocontacts

(J} |mineralized breccias, breccia pipes, replacement pipes

(K) | skarns

(L) | non-skarn carbonate replacements

(M) |[relic and remobilized ores in granite aureoles

(N) [mineralized meta-~granite and metamorphic ores in granites

(0)|ore accumulations resulting from weathering of "granites" and their
mineralized aureoles

(P)|ores formed by sedimentogenic reworking of "granite" - associated
mineralizations
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3.5% of the rock. Pink perthitic post-kinematic granites forming
small stocks in the Sawtooth Massif S.W. of Stanley, Idaho (Killsgaard
et al., 1970) and in the Bugaboo and adjacent creeks near
Spillimacheen, S.E. British Columbia, contain disseminated accessory
euxenite-polycrase. In both areas, placer accumulations have formed.
Fergusonite 1is said to be abundant in the marginal zone of a
granodiorite in the Nanling Range, S. China.

Accessory uraninite has been found in almost all granites known to
host vein or "unconformity-type" uranium deposits, or interpreted as
uranium sources to groundw?ter—epigenetic deposits in the vicinity.
Many such localities (N. Ausgtralia, Wyoming) are Precambrian, but the
French uraniferous granites (particularly those in Vendée, N.W.
France; Barbier, 1972) are  late Paleozoic. There, the discovery of
one U mineralization style (e.g. U veins) can serve as a starting
point for a search for other styles, including uraniferous granites.

Beryl-bearing granites have been discussed by Burke et al. (1964).

Several occurrences of scattered, fine-grained beryl mostly in
high-level granites of ring complexes in Ireland, Scotland and
elsewhere, have been documented. Such beryl is very inconspicuous,
but detectable by portable berylometers. At most localities,

disseminated beryl in granite is a minor variety located on fringe of
Be greisens or pegmatites. It is economically unimportant

Cassiterite-, molybdenite-, wolframite-, scheelite-, etc.-bearing
granites are genetically enigmatic, and discussions as to whether such
occurrences are "orthdmagmatic" or "'postmagmatic" appear periodically
in the 1literature (see Hosking, 1973 and Taylor, 1979, for
discussion). In most cases this is a matter of misunderstanding or
carelessness in writing, in which authors equated '"granite-hosted"
ores with orthomagmatic ones. It appears that emplacement of the
economically interesting quantities of cassiterite and some other
minerals postdated the main crystallization of granites and
accumulated din late stage pegmatites (in deep-seated granitic
terrains) or in hydrothermal replacements, stockworks and veins
accompanied by alteration. As mentioned earlier, the high-temperature
hydrothermal feldspathization or biotitization often produces minerals
virtually indistinguishable from their magmatic counterparts and gives
the rocks a fresh, 'primary" look. The largest accumulations of
cassiterite in  "unaltered granite" as in the Cistd deposit,
Czechoslovakia (Jurifovd et al., 1969) are always situated along
fringes of greisenized or otherwise altered zones so their
orthomagmatic emplacement has a low credibility.

Molybdenite is a much more common (and conspicuous) "accessory" in
"eranites". Close examination, however, almost always indicates that
the mineral is, in fact, in fracture veinlets, coats joints, or
replaces biotite flakes within an alteration band. The same applies
to wolframite and scheelite (e.g. in the Atolia field, California).
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28.4.2., Granites with low-grade dispersed metallic component
("metalliferous granites")

Earlier we discussed metals accumulated in discrete ore minerals,
but some granites could have an anomalous trace content of various
metals perhaps recoverable in the near future by cheap, bulk leaching
methods. The biotite phase of the Jurassic Conway Granite, New
Hampshire (Finch et al., 1973) has been studied with this in mind.
The granite averages 12 ppm U and 56 ppm Th (this corresponds to
clarke of concentration of 4 and about 10, respectively), but this
represents about 675 Tt U and 3 Mt Th available within an area of 768
km2 to a depth of 330m. '

The increased trace metal contents in granites are either evenly
distributed throughout the rock, or restricted to certain major or

accessory minerals. There is a possibility that accumulation of such
"metalliferous rock-forming minerals" may evolve into future ore
deposits. Most examples involve tin, Hosking (1973, 1974) reported

up to 2% Sn in some zircons, up to 10% in sphene, up to 2% Sn in
andradite and wup to 1.67Z Sn in axinite. High Sn contents are in
hogbdmite, an inconspicuous mineral resembling biotite. Furthermore,
a high content of Sn (X00 ppm) is found in some amphiboles, biotites,
and staurolites. Lead, on the other hand, accumulates in feldspars
(up to 3% Pb), particularly in the green microcline (amazonite).

28.4.3. Mineralized inhomogeneities in granites

Inclusions (xenoliths) and schlieren may contain ore minerals that
their host granites lack. The common mafic (gabbroic) =xenoliths in
tonalites and granodiorites almost always contain scattered grains of
chalcopyrite (together with pyrrhotite), probably released during
conversion of pyroxene into amphibole and amphibole into biotite.
Didier (1973) described '"mineral nodules" from leucogranites in
Britanny (N.W. France) containing minor beryl.

Tsypukov and Vladykin (1976) described occurrences of native gold
(up to 2.1 ppm) associated with gabbro rafts in some "granites" in

Mongolia. The gold was located in strongly hybrid sections
accompanied by pegmatite and fluorite. Relics of former
metalliferous deposits in supracrustals invaded by "granites" often
survived, remarkably little modified, in xenoliths and rafts. One

example of a '"granite''-dismembered conformable massive sulphide iens
has already been reviewed and illustrated (Chapter 12, Fig. 12-11).
Xenoliths and rafts of reactive rocks (e.g. carbonates) may carry
contact metasomatic metalliferous replacements such as magnetite or
scheelite skarns. Many scheelite skarns in the Sierra Nevada,

California, are 1in such rafts. The rafts grade down in size into
centimetres—-sized =xenoliths and into even smaller particles. It is
possible that several occurrences of disseminated scheelite
occurrences 1in 'granites", in fact, contain small metacarbonate

inclusions completely replaced by scheelite.
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The Minto copper deposit, Yukon (Pearson and Clark, 1979; 160 Tt
Cu/1.86%, 55t Ag, 3.6 t Au) is one of the recently described
enigmatic deposits associated: with inhomogeneities in "granite". The
main orebody is a flat-lying lens of foliated biotite granodiorite and
gneiss with dimensions of 335x247 m and 30 m average thickness,
enclosed in a generally unfoliated late Triassic  mesozonal
granodiorite. The ore confined to the foliated matrix consists of
disseminations and veinlets of chalcopyrite, bornite, lesser magnetite
and pyrite, often accompanied by clusters of biotite. tfter
deposition, the ore and its surroundings suffered deformation, light
metamorphism  and dismemberment by faults and dintrusive dikes.
Although Pearson and Clark (1979) considered the mineralization to be
pre—-granite, the original protolith and ore style remain uncertain.

28.4.4. Mineralized high-level pegmatites

Granitic pegmatites are most widely associated with katazonal
granites (and sillimanite-grade metamorphics), so their main review is
in Chapter 29 (also in Volume 2, because the majority of economic
pegmatites are Precambrian). Here, the small and relatively uncommon
pegmatites affiliated with mesozonal, and even epizonal, granites are
reviewed briefly. In the classification of pegmatite associations by
depth prepared by Ginzburg et al. (1979), two classes fall into the
present field of coverage. They are (1) miarolitic pegmatites
forming pods 1in the upper parts of granitic intrusions and containing
miaroles filled by quartz, fluorite, topaz and beryl and 2y
intermediate-depth rare-element (Li,Rb,Be,Ta,Sn,Nb) pegmatites. The
type locality of the miarolitic pegmatites is 1in the Precambrian
Korosten Massif, hence they are considered in Volume 2. The rare
element pegmatites are all associated with apical portions of 'S
granites" in  Sn,W,Mo,Be,etc. mineralized provinces where they
represent a minor mineralization style of limited economic importance.

They could be lithian, but Li is mostly in zinnwaldite or lithionite.
These pegmatites should not be confused with the '"typical"
Li-pegmatites (with lepidolite, spodumene, etc.) treated in the next
chapter.

The rare-element pegmatites as outlined above occur (1) as
"syngenetic" schlieren, nests and small lenses in acid granites, or as
"linings" of granite stocks along contacts with the outside rocks
("Stockscheiders") or (2) as 1independent pegmatite bodies such as
dikes, sills, lenses, filling dilations in both endo- and exo-contacts
in granites. Both varieties may carry irregularly scattered crystals
of wolframite and scheelite (Soktui and Adun-Chalon Massif,
Transbaikalia; several massifs in the Kolyma belt in Siberia;
Shcheglov and Butkevich, 1974; Modoto and Tsagan-Daba deposits,
Mongolia; Marinov et al., 1977); cassiterite (Kalba district,
Kazakhstan; ‘Baga-Gazryn Sn deposit, Mongolia); stannite (Vernérov
near AS, W. Czechoslovakia, in amblygonite pegmatite); molybdenite
(Condor Huta deposit near Milipaya, Bolivia, where an apophysis of a
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coarse granodiorite changes into a pegmatitic granite and wultimately
pegmatite  with  scattered flakes of molybdenite; Ahlfeld and
Schneider—-Scherbina, 1964. Similar deposits have also been found near
Skalsko, Czechoslovakia); columbite-tantalite, beryl and other
minerals (Zhanchublin and Khukh-Del-Ula occurrences, Mongolia; Umana,
Bolivia). Although of 1little value considered searately, the
occurrences listed above could be gradational into quartz, feldspar,
muscovite, tourmaline, cassiteite veins (e.g. Zigei-Khundei showing,

Mongolia); to quartz, wolframite or cagsiterite veins and to
molybdenite veins. Sn-W greisens could be superimposed on pegmatites
and their surrounding. The pegmatite presence can serve as an

exploration lead for the more productive styles of Sn,W(Mo,Ta-Nb)
deposits, and widespread occurrences of stanniferous pegmatites may
contribute detrital tin to placers.

Probably the best known representative of a small mesozonal Sn
pegmatite deposit is the Mina Fabulosa in the Sorata Batholith,
Cordillera Real, Bolivia (Ahlfeld and Schneider-Scherbina, 1964).
There, numerous dikes of microcline-quartz pegmatite are found at both
sides of contact of a coarse Mesozoic muscovite granite and Paleozoic
spotted andalusite phyllites and biotite contact hornfelses. Coarse
cassiterite in zoned crystals, up to 15 cm in diameter, is haphazardly
scattered in the dikes, and there is also minor lazulite, triplite,
trifyline-1ithiophyllite, molybdenite, pyrrhotite, arsenopyrite and
stannite. The average grade is 1%Z Sn and the pegmatite grades to
quartz-muscovite veins and 1is sometimes partly converted into greisen
along sahlbands.

Several additiomal varieties of  "'pegmatites'" are actually
hydrothermal metasomatites or open space fillings. This 1is probably
where the "amazonite' (microcline) pegmatites belong, that are
associated with albitized '"apogranites'; pegmatitic nests and
portions of K-feldspar and biotite metasomatites in porphyry copper
systems; etc. Many metallic ores hosted by  pegmatites are
epigenetic, of hydrothermal origin, and introduced after completion of
the pegmatite stage. When the hydrothermal gangue minerals are
feldspar, quartz and mica, the superimposed origin of the ore is
commonly missed. In this category, for example, belong several
localities of the "auriferous pegmatites" 1listed by Boyle (1979, p.
248,249).

28.4.5. Mineralized porphyry, lamprophyre, diabase, etc. dikes

Intrusive dikes are a typical feature of most hydrothermal vein and
stockwork fields, where they often occupy the same fissures filled by
veins. They are often hydrothermally mineralized in preference to the
other, more voluminous hostrocks. In the Bfezové Hory field, P¥{bram
district, Czechoslovakia, the majority of Pb,Zn,Ag veins are located
in narrow diabase dikes. In the Berezovsk goldfield in the Urals
(Magak'yan, 1968) granite, plagiogranite and syenite porphyry dikes
believed to be derived from a late Paleozoic granitic pluton,
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intersect Devonian mafic metavolcanics, metasediments and
serpentinites. The dikes are 2-40 m thick and up to 8 km long.
Within the 64 km2 of the field, the dikes are intersected by more than
70,000 thin quartz, pyrite, tourmaline, gold veins. About 40% of the
total length of dikes 1is productive and on average, each 3 m of a dike
contains one ore vein. In the Kochkar goldfield (the Urals, U.S.S.R.)
over 1,500 mafic to felsic dikes are biotite, amphibole,
feldspar-altered and carbonatized in the aureole of a small microcline
granite stock. The altered dikes were then preferentially mineralized
by quartz, arsenopyrite, pyrite, tetrahedrite, tellurides, gold, etc.
veins. .

Elsewhere, dikes often overlap with the ore vein deposition and
pre-, syn- and post-ore dikes have been reported. Dikes are
considered to be a favourable indication of the possible presence of
ore veins, mainly because dike swarms are one of the indicators of an
over-intrusive setting. Abdullaev (1957) devoted a whole book to the
ore and dike association. The many varieties of wvein arrangement in
dikes have been thoroughly treated in the classical 1literature on
structural control of ore deposits. In addition to the predictable
varieties of mineralization hosted by dikes, there are several unique
examples of metalliferous dikes. Boyle (1979, p.248) listed several
examples of auriferous dikes. In the Central City district, Colorado,
a set of quartz-bostonite porphyry dikes is highly radioactive (max.
0.013% equivalent U) and intimately associated with
pitchblende-bearing hydrothermal veins in the district (Wells, 1960).

28.4.6., Stockworks and pervasive disseminations in altered endo- and
exocontacts

The bulk of the large volume, low grade, hydrothermal-plutonic
deposits of Cu(Mo), Mo and Sn occur in distinct stockworks and
disseminations—dominated alteration-mineralization systems (porphyry
coppers, stockwork molybdenums, cupola tin deposits), that are
reviewed as wunits later, The remaining metals may occasionally
accumulate in stockwork or dissemination-style orebodies, but these
deposits are of substantially lesser importance than alternative ore
styles, particularly veins and replacements (Fig. 28-27). There 1is an
intermediate style of orebodies distribution between stockworks and
fissure veins, taking the form of swarms of closely-spaced, parallel
veins (e.g. Endako, British Columbia, Bainazar, Kazakhstan and Mt.
Carbine, Queensland, Mo and/or W deposits).

GOLD DEPOSITS

The small gold stockwork at Jessie mine, Colorado, has already been
mentioned. Boyle (1979) reviewed additional localities of auriferous
stockworks, many of which are in volcanics and subvolcanics typically
associated with explosive volcanic centres (Chapter 26) .or with
Precambrian intrusions (Volume 2). Further examples of plutonic Au
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NO.| METAL(S) SW|]SK|CR| VN IMPORTANCE
1 | Fe (magnet.) .

2 Cu

3 | Cu(Au)

4 | Cu(Mo)

5 | Au . ‘
6 | Au :
7 | Au(As)

8 | Au

9 | Ag *
10 | Mo(Cu)

11 | Mo

12 | Mo-W

13 W (scheel.)

14 } W(Sn)

15 | Sn(W)

16 | Be

17 Ta-Nb B
18 | REE,Th,U

19 | U,Th
20 jof .
21 cryolite

Fig. 28-27. Relative importance of stockwork or disseminated, skarn,
carbonate replacement, and vein deposits of metals. Abbreviations:
SW=stockworks; SK=skarns; CR=carbonate replacements; VN=veins. Column
IMPORTANCE denotes the importance of granite-associated deposits of
the respective metal among all deposits of such a metal.

Table below lists examples of associated intrusives and endocontact
stockwork, disseminated and exocontact skarn ore deposits:

NO. {METAL(S) AFFILIATED INTRUSIVE STOCKWORKS/ SKARNS
ROCKS DISSEMINATIONS
1 Fe quartz diorite, quartz Iron Springs, Iron Springs,
(magnet.) monzonite Utah Utah
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Cu soda granite (trondhje- | Tsessovka, Tur'ya (partly)
mite) "primitive" assoc.| Voznessenskoe
3 | Cu(Au) quartz-free (diorite, British Colum- |Princeton,
syenite) association bia, Boshchekul|Brit. Columbia
4 | Cu(Mo) high-quartz qtz.monzoni-| widespread Ely, Bingham,
te, granodiorite worldwide Tucson South
5 | Au soda granite (trondhje- | Bralorne,B.C.
mite) "primitive" assoc.
6 | Au quartz-free (diorite, Vunda, Fiji
syenite) association
7 | Au(As) quartz monzonite, grano-| Jessie,The Hedley, B.C.
diorite, qtz. diorite Patch, Colo.
8 | Au syenite, granosyenite to| Zartman-Landus-|Judith Mts.
qtz.monzonite, granite ki, Zarmitan
9 Ag quartz monzonite, grano-{ Nenzel Hill,
diorite porphyries Hahn's Peak
10 | Mo(Cu) quartz monzonite, grano-| Boss Mountain, |Cannivan Gulch,
diorite, porphyries Shakhtama Rossland, B.C.
11 | Mo high K calc-alkali and Climax, Hender-
alkali-calcic granite son, Colorado
12 | Mo-W high-K leucogranite and Akchatau, Kok-
related porphyries tenkol'
13 | W (high granodiorite, quartz Gabbs, Boguty, |Tyrny Auz
lv.sclt.] monzonite, granite Haut Auxelles Xi Zhoyouang
14 | Ww(Sn) biotite and musc.-biot. Hemerdon,
: granite, leucogranite S. England
15 | sn(w) as above Altenberg,Cino-|Doradilla,Moi-
vec, Krdsno na, Lost River
16 | Be as above minor in Ire- |Xi Zhoyouang
land,Scotland Iron Mountain
17 | Ta-Nb peralkaline to alkaline | E.Transbaikalia
granite Kaffo Valley,
18 | REE,Th,U| as above Khantau, Susa-
myr, Bugaboo
191 U,Th peralkaline granite Bokan Mt.,
Sawtooth Massif
20| U syenite, bostonite Central City,
Colorado
21 | cryoli- |[peralkaline granite Ivigtut, Green-
te (Al)

land (PCm)
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stockworks include the Zarmitan Complex of Permian granosyenites in
Uzbekistan (Garkovets et al., 1979). There, gold-bearing stockworks
and discrete quartz veins with auriferous pyrite and arsenopyrite are
enveloped in microcline and albite alteration metasomatites.

In the Klyuchi gold field (E. Transbaikalia; Borodaevskaya and
Rozhkov, 1974), networks of quartz, tourmaline, pyrite, chalcopyrite,
arsenopyrite and gold are hosted by strongly tourmalinized Paleozoic
and Mesozoic granitoids. In the Zartman-Landusky field in the Little
Rocky Mts., Montana, numerous, very low-grade auriferous veinlet
stockworks and veins in Tertiary quartz monzonite and syenite are
mined on large scale, and locally heap leached.

SCHEELITE DEPOSITS

Disseminated and stockwork ("porphyry') scheelite deposits are
known, both in the form of local sections of composite ore zomnes, and
as independent orebodies. Examples include the Victory Mine near
Gabbs, Nevada (scheelite disseminated in granodiorite); Boguty
stockwork, S. [Kazakhstan (quartz-scheelite veinlets enveloped in
greisenized and quartz, sericite, chlorite-altered Carboniferous
granite and Ordovician sandstone); Haut Auxelles, Vosges, France
(quartz-scheelite veinlet stockwork in a silicified dike of
microgranite) and other localities. In the Yellow Pine ore zone,
Idaho (Cooper, 1951), disseminations and fracture coatings of
scheelite, stibnite, pyrite and gold are found in altered quartz
monzonite along an important shear.

28.4.7. Veins in intrusive endocontacts

A great variety of hydrothermal veins formed in the brittle rocks
of granite endocontacts, is discussed 1in the classical literature on
structural control and in textbooks. The more typical veins emplaced
contemporaneously  with, or shortly after, the cooling of a
post-tectonic granite body in a stress field, £fill the regularly
developed perpendicular joints in granites. Of the three regular
joint directions, the open Q joints (parallel to stress) and the
"flat" (low angle, L) joints tend to be preferentially filled by
veins. In granite cupolas such veins often occur in parallel systems
and may grade into stockworks. In Cinovec, Czechoslovakia, a system
of parallel flat quartz, cassiterite, wolframite, etc. veins is
arranged in an onion-skin fashion parallel with the outer perimeter of
a granite cupola.

In forcefully emplaced plutons, in late tectonic plutons, in
plutons deformed by post-solidification faulting, etc., regular and
predictable vein patterns are rare. The veins fill fissures and
faults often healed earlier by dikes, striking in all directions and
mostly dipping steeply. Conjugate vein systems may form, as for
example in the Grass Valley field, California. Several vein examples
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have been recorded located in thrusts. Lodes filling shears in
"granite'" plutons are also known. Open-space filling veins are
slightly more abundant than replacement veins.

28.4.8. Veins in granite exocontacts

Exocontact veins show even greater variety than the veins hosted by
granites (Fig. 28-28), because of the wide range of rock competency
(e.g. in alternating slates and quartzites), reactivity with
hydrothermal fluids (carbonates versus silicate rocks) and a variety
of "topomineralic" influences and proximal metal source relationships.

In aureoles of high mesozonal to epizonal "granites'" emplaced in a
slate unit (as is common in many tinfields), the contact-proximal hard
and brittle quartz, biotite, plagioclase hornfels "welded" to the
granite is mechanically comparable with the "granite" and often hosts
stockworks of numerous short fracture veins or veinlets. Outside the
hornfelsed rim, discrete, more persistent and usually richer veins
form along faults. 1In terrains of alternating slates and quartzites
(as in the Paleozoic sediments of Bolivia), through-going fissures are
tight and virtually wunfilled in the slates, but widen to form
"bolsons" (ore shoots) in the brittle quartzites. The latter often
take the form of mineralized breccias or stockworks.

This general relationship extended to include the endocontact
veins, has been supported statistically by evaluation of the average
hydrothermal vein dimension, prepared by Smirnov, ed. (1968; Fig.
28-29). There, the veins of metals preferentially situated at the
greatest distance from granite contacts (Pb-Zn, Au, Cu) are long and
deep. Those present close to the contact (W, Sn, Mo, fluorite) are
short and shallow.

Probably the greatest regularity and predictability of vein

occurrence exists above granite cupolas, in compositionally
homogeneous metasediments. There, veins, 1in most cases, are
subvertical and subparallel with cleavage (e.g. Burnt Hill, New
Brunswick), but there are important exceptions. At Panasqueira,

Portugal (Kelly and Rye, 1979), a subhorizontal swarm  of
quartz-ferberite veins cuts sharply across the steep bedding and
foliation of pelitic schists, above and in the exocontact (and partly
endocontact) of a granite.

In regions of alternating silicate rocks and carbonates, veins in
the former and bedded replacements in the latter often coexist. Under
special conditions, ore veins are repetitively associated with a
"favourable" lithologic and stratigraphic unit (horizon) and may occur
within it (// with bedding and schistosity; e.g. wolframite veins in
Bolsa Negra, Bolivia). Alternatively barren fissures or veins may
become mineralized in the intervals cutting such horizons (e.g. Kti
Teberda W  deposit, the Caucasus). This strongly suggests
(re)mobilization of metal from an earlier metalliferous horizon.

There are numerous variations of fissure veins, rated by the
regularity and persistence of filling. Some are continuously
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Fig. 28-28. Diagrammatic representation of the wvariety of
hydrothermal Sn and W veins in non-carbonate exocontact rocks:
l=closely spaced veins almost normal to bedding (e.g. Tachishan);
2=persistent veins along faults in slates (Bolivia); 3=thin veins or
barren fissures (leaders) in slates widen and become economic in
quartzite (Bolivia); 4=veins parallel with slate cleavage =zbove
granite cupola (e.g. Burnt Hill); 5=subhorizontal fissure veins
crossing bedding above, and partly within, granite cupolas (e.g.
Panasqueira); 6=an inclined vein swarm in hornfelsed slates, above
granite (Storeys Creek); 7=productive ore shoots confined to a
"favourable" sedimentary unit (Kti-~Teberda); 8,9=veins parallel with
foliation (e.g. Boriana); 10=veins and veinlets confined to and
conformable with, bedding of a "favourable unit" (e.g. black slztes;
Bolsa Negra). From Laznicka (1984).
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Fig. 28-29. Mean dimensions of postmagmatic hydrothermal veins and
replacements. From Smirnov, ed., (1968).

mineralized, for example by ore bands interlayered with gangue
minerals; gangue filling containing scattered ore minerals; or
rarely massive ore fill. Other veins change zonally with depth (the
proportion of ore substance usually decreases), so 1in the deeper
portions the vein often becomes barren although still continuing.
Other '"veins" are essentially tectonic structures mineralized at
intervals, or filled by gangue material in which ore-bearing shoots
appear from time to time.

28.4.9. Zoning in veins and hydrothermal mineralized structures

Metal (e.g. Sn-W-Mo), mineralogical (e.g. cassiterite —wolframite
—molybdenite), ore style (e.g. greisen — endocontact stockwork -
exocontact vein), alteration (e.g. greisenization-—stourmalinization-»
sericitization) and other zonings are common features of a
"granite''-affiliated mineralization system. These have been well
known for over 80 years. Understanding and application of local
zoning patterns contributed to ore discoveries but, on the other hand,
orebodies have been missed and ore discoveries delayed for decades by
insensitive application of the few popular zoning patterns highlighted
in the literature. The extensive subject of zoning has recently been
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reviewed by Laznicka (1985c¢c) and local zoning patterns as well as the
repetitive zonings pertinent to specific mineralization styles are
reviewed later in this chapter.

Given the wvariety of the petrochemical types of "granites" and
their settings, surrounding rocks, variety of mineralization
processes, etc., it is not surprising that there is not a single,
master zoning pattern applicable to all granitic dintrusions and their
aureoles. The classical Emmonsian metal =zoning pattern and its
variations and modifications that adorn classical textbooks had
already been termed "a wonderful oversimplification” by several
authors at the time of its introduction in the 1920s, so it 1is not
treated here. Instead, a diagram (Fig. 28-30) showing the frequency
of occurrence of the various hydrothermal epigenetic ores at various

distances from a ''granite', is provided. The diagram 1is entirely
empirical, based on a population of several hundred orebodies, and
free of undocumented speculation. It shows how far from a genetically

related igneous intrusion various hydrothermal orebodies most
frequently occur worldwide, but it in no way suggests that all such
orebodies (or their majority) are to be expected in the same area and
that the pattern of the graph might appear as an actual vein, field,
district or even mineralized belt zonality. There seems to be little
doubt that mineralizations that have a narrow interval of occurrence
and are constantly proximal to the "granite'" contact (such as Sn
greisens, skarns), are also genetically closely related to it. Ores
showing a wide spread (e.g. quartz-hematite veins) or those that are
systematically located in areas showing few signs of 'granite"
presence (e.g siderite veins), need not be genetically related to
"granites'" at all, at least not directly.

28.4.10. Breccias, breccia pipes and replacement pipes

Mineralized and unmineralized breccias are fairly common in the
plutonic association, being particularly widespread in and near
epizonal plutons. The ore-bearing breccias were favourable loci for
ore deposition by virtue of their porosity and also because they were
often the products of the dynamic interplay that generated ores
regionally. Finally, breccias may contain ore fragments derived from
older mineralizations present below, above or laterally, so that they
often constitute an excellent exploration guide for hidden orebodies.

There 1is a bewildering variety of breccias and brecciated rocks in
general, matched by an extensive list of genetic explanations proposed

to account for their origin. These will be reviewed in a separate
chapter in Volume 2. Here, only those breccias located in
calc—-alkaline intrusive terrains are considered. A  characteristic

feature of such terrains is a variety of breccia bodies having a
circular or elliptical outline, and vertical to steep attitude. Some
may be eroded volcanic vents (e.g. the Braden '"Formation'" at El
Teniente, Chile; Camus, 1975), while the remainder are genetically
uncertain. Gilmour (1977) termed breccias believed to be associated
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Fig. 28-30. Empirical frequency of occurrences of metellic

mineralizations with vrespect to granitic intrusions (the ores neec not
be contemporary with, or shortly postdating, the granite emplacement).

Triangles: major mineralizations postdating granite emplacement.
lFrom Laznicka (1984)

in some way with dintrusive activity "intrusive breccias". Bryant
(1968) who contributed a classical study of breccias present in the
Bisbee porphyry copper field, Arizona, on the other hand, used a
different terminology. His "intrusive breccias" were intruded (that
is, forcefully emplaced) into their present position, not necessarily
as a consequence of an igneous intrusion. At Bisbee, such breccias
take the form of heterolitic irregular sheets and masses controlled by
bedding planes of metasediments and by faults. Intrusion breccias, on
the other hand, developed within an igneous intrusion. Many
geologists find these terms too confusing.

The breccias vary in appearance and composition. Some are porous,
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almost loose and uncemented. The rest are hydrothermally altered or
cemented and/or replaced by alteration minerals and sometimes ores.
Where there is strong evidence for emplacement as a suspension in a
hydrothermal fluid, the term "hydrothermal breccia" is sometimes used.

Most breccia pipes are downward-tapering, shallow to deep bodies,
the depth ranging from several metres to over 800 m. Their diameter
range from about one metre to about 2 km and most occur in clusters,
usually controlled by fault zones. Their fragments range from angular
to rounded (rounded fragments are most characteristic in 'pebble
dikes") and there is a variable degree of fragment rotation. Almost
unrotated fragments are generally considered 1local. The fragment and
matrix composition is also variable although volcanic and intrusive
fragments are dominant. The genetic interpretations offered include:
(1) fluidization, mostly by upward-streaming volatiles released from a
late stage intrusive stock; (2) hydrothermal dissolution that created
void subsequently filled by collapse; (3) hydrothermal or late
magmatic deposits filling void created by magmatic water trapped in
the apical region of an intrusion (Norton and Cathles, 1973); (4)
meteoritic impact and (5) other mechanisms.

Because of the considerable heterogeneity and interpretational
uncertainity, breccia pipes cannot be classified satisfactorily at
present either on the morphological and compositional basis, or by
their origin. The safest way 1is to treat them individually (by
region) or by associated mineralization. Proportionally, most breccia
pipes are associated with porphyry copper systems (e.g. Cananea),
including copper-bearing tourmaline breccia pipes (Rio
Blanco-Disputada); with stockwork Moj with apical portions of
Sn,W,Mo,Bi mineralized granites; with gold disseminations and
stockworks; etc. Fig. 28-31 shows several examples diagrammatically.

Additional pipes at subvolcanic 1level are treated in Chapter 26.
More detailed description of several pipes appears under the heading
of metals they contain.

In terms of exploration, the most important species are the breccia
pipes suggesting the presence of concealed mineralized plutonic
systems, especially porphyry coppers. They are of two possibly
end-member styles: (1) conical, deep-reaching subvertical pipes and
(2) thin to wide, lens to cap-like breccia hoods topping intrusive
cupolas. Examples and case histories from Arizona have been reviewed
by Gilmour (1977).

Certain pipes in granite endocontacts are dominated by hydrothermal
replacements to such an extent that the original breccia fragments may
have been obliterated entirely. Alternatively, the hydrothermal
minerals (usually quartz)-filled pipe need not originally have been a
breccia, but merely a densely fractured zone. Short pipes taking the
form of downward (into the granite) tapering cones are most common in
some Sn,W,Mo,Bi regions. The pipes in the Wolfram Camp, N. Queensland
(Plimer, 1975; about 3.1 Tt W, 900 t Mo, 190 t Bi) are hosted by
sericitized Carboniferous quartz monzonite. They are elliptical in
cross—-section and often bulbous or branching. They range from several
centimetres to 6ém wide and reach a depth of about 200 m.
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COPPER CREEK, ARIZONA A.M. MINE, HOPE, B.C.

E

Fig. 28-31. Mineralized breccias in granitic intrusions and
non-carbonate exocontacts.

Copper Creek Cu,Mo, Arizona; CA=Childs Aldwinkle altered and
mineralized breccia pipe; E=Eagle deposit, fracture Cu stockwork in
andesite; 1=T] 1latite and andesite dike; 2=Cr3 granodiorite; 3=Cr
andesite, tuff, minor sediments.

A.M. Mine, cp,po,py disseminations in the matrix of a breccia pipe.

1=Cr3 ? granodiorite, quartz diorite; 2=Cr ? diorite to gabbro sills;
3=J1-2 hornfelsed distal turbidites.

Jersey mine, mo,cp disseminations and stockworks in granodiorite
and breccia; 1=Tr dacite, latite, porphyry dikes; 2=breccia; 3=Tr
granodiorite; ruled: orebody.

Casino, stockwork cp,mo in breccia, porphyry, quartz monzonite;
1=Cr3 breccia; 2=Cr3 quartz-feldspar porphyry; 3=Cry quartz monzonite.

From LITHOTHEQUE, generalized after Kuhn (1941), Gilmour (1977),
Briskey and Bellamy (1976) and Godwin (1976).
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Compositionally they consist of quartz in a greisen envelope, and
carry patches of wolframite, molybdenite, Bi,As,Cu,Zn and Pb
sulphides.

An extensive but relatively unproductive cluster of Mo-Bi-bearing
replacement pipes is found near Kingsgate (New England, Australia),
hosted by a Permian leucogranite. The pipes are 1 to 20 m in diameter
and up to 170 m long. They have been traced down to a depth of about
80 m. The core 1is composed of vuggy quartz grading into brecciated
and silicified granite. Flakes of molybdenite and grains of bismuth
and bismuthinite are irregularly scattered in all the zones.

28.4.11. Skarns

The term skarn originated in the Precambrian mineralized terrain of
central Sweden (Bergslagen, Volume 2), and it referred to a
mineralogical association of Ca,Fe,Mg silicates (Ca-Fe garnet, Fe-rich
pyroxene) associated with iron ores. Elsewhere, similar silicates may
be associated with ores of other metals (Cu,W,Sn,Au, etc.) and in such
association the garnets and pyroxenes need not be highly ferruginous
(e.g. grossularite, diopside). Some authors coined the term "tactite"
for the iron-low assemblage.

The skarn association may have a variety of origins: (1) localized
metasomatic replacement of limestone or dolomite in  "granite"
exocontacts (Fe and Si have to be supplied from outside, Ca and Mg are
local); (2) isochemical metamorphism of a supracrustal rock of
suitable composition (e.g. pelosiderite, ferruginous marl); (3) local
exchange of components between adjacent rocks of contrasting
composition during a  high-grade metamorphism ("reaction" or
"bimetasomatic" skarn); (4) replacement or exchange of components
between broad mobile fluid "fronts" triggered by metamorphism or
plutonism, and solid rocks or (5) multistage origin (e.g. dinitial
formation of volcanic-hydrothermal or hydrothermal-replacement
siderite or  ankerite, followed by an essentially isochemical
metamorphism; e.g. Rushita, Rumania).

Possibility (1) is most characteristic of the meso- and epizonal
granite aureoles to such an extent that most authors writing about
skarns consider only the most "typical" variety of them, that is the
"granite'' /carbonate contact metasomatic variety. After a period of
conceptual  uncertainty, skarns, s.s., have now been organized
satisfactorily and modelled (Einaudi et al., 1981; Economic Geology
Special Issue on Skarns, v.77, No. 4, 1982). Consequently, only a
short summary is provided here and the reader 1is referred to the
sources quoted above.

Skarn profiles are considered most typical when the garnet,
pyroxene, etc. assemblage has formed on the (meta)sedimentary side of

the 'granite'"/sediments contact, that is in the exocontact. The
Milford Cu and magnetite skarn, Utah (Fig. 28-32) is a typical
example. In exceptional cases the mineralogical skarn association

formed on the intrusive side of the contact (endocontact). An example
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of this is found at Christmas, Arizona. In these cases, however, a
less intensive alteration is always present. Many skarns formed along
minor dike contacts or along conduits entirely within the sedimentary
host, in which case an efficient structural control was important to
provide plumbing to the mineralizing solutions. The composition of
the skarn silicate assemblage depends, to a considerable degree, on
the composition of the replaced precursors, and calcic
(limestone-replacing) and magnesian (dolomite-replacing) skarns are
the two most common varieties. Most skarns are evolutionarily complex
and were formed over the course of at least three successive stages
(Einaudi et al., 198l; Fig. 28-33):

(1) Contact metamorphic stage: formation of a =zoned contact
metamorphic aureole of generally iron-poor silicates
(diopside-plagioclase, wollastonite, grossularite, etc. hornfelses in
impure carbonates; biotite-plagioclase, 1lesser quartz hornfelses in
pelites) and carbonate marbles, This stage is usually devoid of ore
minerals, unless they are relic ores (including siderite and ankerite
precursors).

(2) Metasomatic skarn growth. The Stage (1) was usually followed by
brittle fracturing, and late-stage magmatic fluids rose along the
outer contact of the pluton, along dikes, fissures, sedimentary
contacts, etc., and infiltrated the wallrocks. As a consequence a
second generation of zoned anhydrous skarns formed and these skarms,
as a rule, possess a greater mineralogical variety and coarser grain.

ts Q talus

EXOCONTACT

PZ, white to beige marble

thin-bedded plagioclase-

diopside-quartz hornfels

S grossularite, minor epidote
skarn with lenses of magne-
tite (black) and scattered
blebs of chalcopyrite

ENDOCONTACT
gd Ty granodiorite to quartz
monzonite with aplite dikes
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Fig. 28-32. Simple magnetite chalcopyrite skarn, Milford, S.W. Utah.
From LITHOTHEQUE.
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Fig. 28-33. General skarn model.

(G) General concept and deep 1level skarns (katazone to lower
mesozone). 1="Normal" (contact magmatic or hydrothermal metasomatic)
skarn; 2=skarnoid (pseudoskarn); skarn association resulting from
regional isochemical metamorphism of a rock of suitable composition
(e.g pelosiderite, pelitic ankerite); 3=bimetasomatic (reaction)
skarn, generated by a local exchange between unlike lithologies in
thermal or metamorphic aureoles; 4=multistage, genetically uncertain
or relic skarns: a=skarn produced in a 'basic front" of magmatisn or
metamorphism; b=relic skarn in metamorphic terrains; c¢=relic skarn
in rafts and xenoliths in plutonic rocks.

(H) Skarns (and affiliated mineralizations) associated with high level
"wet" plutonic systems emplaced in carbonate containing supracrustal
rocks. All the skarns here correspond to the '"normal" (magmatic and
hydrothermal metasomatic) skarn (1) in (G) above. Based on Cu
skarn-porphyry copper system.

l1=Isochemical contact hornfelses and recrystallized carbonates in
place of all sediments present in the thermal aureole (the rock names
used are the original compositions); 2=early ('"primary'") metasonatic
skarn resulting from local exchange at high temperatures between
magmatic and wallrock components. Garnet, pyroxene, forsterite, etc.
+ magnetite. No sulphides formed; Ca=calcic skarn (in place of
limestone); Mg=magnesian skarn (in place of dolomite). 3=Late
("postmagmatic hydrothermal", infiltrated) skarn, formed by a large
scale transfer and exchange of components between hydrothermal fiuids
and carbonates. Sulphides may replace skarn (2) or any other rocks
(including the intrusive rocks) along faults and fractures.
3a=Prograde skarn, invades rocks mnot previously converted to (2)
skarn; 3b=retrograde, retrogressively altered (e.g. by hydration )
skarn (2), along fractures.

Common mineralizations associated with (3): ds=disseminations of
sulphides in (3a) or (3b) skarns; sw=stockworks superimposed on skarn
(actinolite, chlorite, quartz, calcite, etc. gangue); si=stockworks,
impregnations superimposed on mnon-skarn hornfelses; v=fracture veins;
mr=massive replacement, typically at '"marble line" (contact of skarn
and unreplaced marble); js=massive or disseminated sulphide
replacements in silicified carbonate (jasperoid).

4=Endoskarn (within the intrusion); 4a=proximal (garnet, pyroxene,
epidote); 4b=distal (biotite and hornblende converted to diopside,
epidotized or argillized plagioclase, etc.). The same mineralizations

as 1in (3) may be present. 5=Late stage intrusive stock (more
siliceous) associated with porphyry Cu stockwork in a K-silicate
alteration envelope (ks); ph=phyllic alteration; pp=propylitic

alteration. From Laznicka (1984).
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Simultaneously deposited ore minerals include magnetite, borates (e.g.
ludwigite) and scheelite.

(3) Hydrothermal stage (retrograde alteration and mineralization).
The cessation of the skarn growth (2) was followed by an influx of
hydrothermal fluids of magmatic derivation as well as of groundwater,
connate and similar water origin. The fluids caused retrogressive
alteration of the earlier skarn minerals, as well as alteration of any
other silicate rocks present, and dissolution of the rock carbonate
remains. The skarn alteration products include hornblende, biotite,
epidote, chlorite, albite, plagioclase, tremolite, actinolite,
serpentinite, talc, etc. The ore minerals, mostly sulphides
(pyrrhotite, pyrite, sphalerite, galena, etc.) as well as a late-stage
scheelite, cassiterite, etc., accumulated as open space fillings (in
breccias, stockworks, fractures) or as replacements of carbonates.
The replacement of small carbomate relics 1in the skarn zone produced
a scattered mineralization. Replacement of the marble along the
skarn/marble contact ("marble line") produced the largest and richest
hydrothermal-metasomatic orebodies, particularly of Zn-Pb. This was
caused by the sudden neutralization effect of carbonate on the
mineralizing fluids.

Realisation that the economic mineralization of most base, rare and
precious metals in skarns 1is a late-stage hydrothermal one is of a
considerable practical importance to the prospector. It places
several constraints on the ore search in the skarn association. Since
the hydrothermal stage was, to some extent, independent of formation
of the earlier skarn zones, hydrothermal deposits other then skarn
could have formed simultaneously in the area, in  both the
fractured and altered intrusive (e.g. porphyry Cu) as well as in the
supracrustals (e.g. Pb-Zn replacements in carbonates; compare the
next section; metalliferous fissure veins and stockworks).

Skarns are widespread and have a range 1in age from Proterozoic to
Pliocene, although Mesozoic and early Tertiary skarns have now reached
their ""prime time' of exposure and are most numerous and productive.
Skarns are common members of complex local mineralization systems
(e.g. porphyry Cu stockwork + skarn + veins; scheelite skarn + Mo
stockwork). Examples of metalliferous skarns are reviewed later in
the framework of ecoromically accumulated metals.

28.4.12. Replacements other than skarns

Replacements of carbonates in granite aureoles are the most common.
These are frequently present without the associated skarn silicates
at some distance from major intrusive contacts, or adjacent to
intrusive dikes and sills. The most common affiliated alteration is
silicification by which the carbonate was converted into a gray
alteration chert (jasperoid of Lovering, 1972). Lovering described
the petrography and field occurrence of jasperoid in considerable
detail and concluded that, in mineralized regions, jasperoid
silicification is usually of an early stage and was followed by a
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later sulphide emplacement. In galena-sphalerite, jasperoid-hosted
deposits (e.g. East Tintic, Pioche, Leadville, Gilman, FEureka) the
sulphides typically £fill open spaces (fractured, brecciated portions)
in jasperoid and also replace carbonate relics.

Silicification in carbonates is common and not every jasperoid
indicates the presence of ores. Lovering (1972) pointed out that
phaneritic texture, abundant vugs, brown colour, highly variable grain
size, reticulated microtexture, the presence of goethite, jarosite,
pyrite and high trace metal contents, are characteristic features of
the ore-associated jasperoids. In some cases discussed 1in greater
detail in Chapter 23 (under karst), jasperoid and hydrothermal
sulphides were superimposed on paleokarst, and some Pb-Zn (and other)
mantos could be modified relic Mississippi Valley-"type" ores.

Replacements or jasperoid-associated. open space fillings in
carbonates usually take the form of mantos (peneconcordant sheets and
lenses), chimneys (subvertical tubular bodies) or irregular masses.
Fault control is important. Faults are often hard to interpret due to
the "healing effect" of carbonate recrystallization and redeposition.

Metals other than Pb-Zn and Sb are relatively rare in jasperoids,
unless one includes the copper ores in silicified carbonates in
porphyry copper systems such as Clifton-Morenci, Bisbee, Ely and
others. Gold associated with pyrite has been reported in jasperoid
replacing Cambrian carbonates in the Drum Mountains, Utah.

Despite the jasperoid abundance, it is not necessarily a dominant
gangue in all non-skarn replacements. The pyrrhotite-cassiterite
mantos in dolomite in north-western Tasmania (Renison Bell,
Mt.Bischoff, Mt. Cleveland) are contained in recrystallized and
lightly talc-altered dolomites with 1little quartz. Many  Pb-Zn
replacements are also located here.

Ore replacements 1in non-carbonate rocks are substantially rarer and
usually enigmatic. Often they formed originally as open space
fillings (e.g. stockworks or breccias) and later healed to such a
degree that the former avenues of passage of the ore-bearing
hydrothermal fluids were obliterated. Examples are numerous. In the
Midnite uranium mine near Spokane, Washington (Nash et al., 1981),
pitchblende and coffinite form replacements as well as disseminations
parallel with foliation and fracturing in Proterozoic schists and
metacarbonates, about one metre from the margin of a late Cretaceous
porphyritic granite. A special case in which a carbonate (dolomite)
was first generated by hydrothermal alteration of ultramafics and was
later replaced by Pb-Zn and Sn ores (in the Dundas field, Tasmania),
was reviewed in Chapter 7.

28.4.13. Relic and remobilized orebodies in 'granite" aureoles

Every metallic mineralization present in a ''granite'" aureole and
older than the postmagmatic suite of ores is a relic. from the past,
genetically wunrelated to the "granite". Some such relics, mostly
veins, may have formed shortly before the granite emplacement at the
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present (higher) crustal 1level, where they were later approached by
the rising and stoping intrusion. Other orebodies formed during older
periods of magmatic activity, during deposition of the supracrustal
rocks e.g. from hydrothermal fluids discharged on the seafloor or
during continental sedimentation (paleoplacers), etc. Concordant and
peneconcordant deposits and metal-enriched horizons are most
characteristic.

A relic orebody may suffer a contact metamorphism, but remain
otherwise unmodified and generally recognizable. Examples of this
include the metavolcanics-hosted massive Cu-Zn sulphide orebodies in
the Akenobe field, Japan, mentioned in Chapter 26. 1In remobilized
orebodies, earlier metallic accumulations were thoroughly
reconstituted (texturally as well as, usually, mineralogically) and
redeposited within the newly generated pattern of plutonic deposits,
from which they are often difficult to distinguish. Ore
remobilizations (reconstitutions involving no substantial increase in
grade or tonnage) and mobilizations (accumulation of ore substance
from a previously more dispersed precursor that required
concentration) have recently been reviewed by Laznicka (1985b).

28.4.14, Mineralized metamorphosed "granites" and metamorphogenic
ores in meta-granites

Regionally metamorphosed granitic rocks often act as passive,
genetically wunrelated hosts to younger intrusions and affiliated
orebodies (e.g. the Precambrian 'granites" in the Tertiaty Colorado
Mineral Belt), but metamorphosed old relic hydrothermal-plutonic
ores, particularly veins, are quite rare. This is because the deep
portions of '"granite'"  batholiths that form the bulk of the
meta-granites originally lacked associated ores, and because thin ore
veins 1involved in penetrative deformation and metamorphism most
probably underwent dispersion. The recorded examples of metamorphosed
deposits of plutonic affiliation are all controversial.

The Gibraltar (Granite Mountain) copper deposit, British Columbia
(Sutherland Brown, 1974b; 1.33 Mt Cu/0.371%, 37 Tt Mo; Fig.28-34),
is interpreted as an example of a dynamometamorphosed porphyry copper,
with a gneissic fabric. This deposit is hosted by a foliated Triassic
tonalite and granodiorite pluton, intruded into a Permian "oceanic"
volcanic-sedimentary assemblage. The plutonic rocks are marked by a
primary foliation over which 1is superimposed a largely parallel
secondary foliation. The most intensively foliated "granite" is now a
phyllonitic schist entirely lacking feldspar. The Cu-Mo
mineralization is in four elliptical, W.N.W.-elongated orebodies, that
have well developed leached capping and oxidation, cementation zones.
The hypogene ores are in stockworks of quartz, pyrite and chalcopyrite
veinlets and veins, with sericite and chlorite selvedges parallel with
foliation. Superimposed on these are irregular and lensoid, thicker
veins, reminescent of the "secretion veins" in metamorphic terrains.
They contain large nests of pyrite, chalcopyrite and molybdenite and



