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Preface

This volume represents an edited selection of papers presented at the International
symposium on the geology of tin deposits held in Nanning City in October 1984. It
documents a great advance in our knowledge of tin deposits, particularly of the
People’s Republic of China. Details are presented in English for the first time on
the major tin-polymetallic sulphide deposits of Dachang and Gejiu, which bear
similarities to the deposits of Tasmania, but are little known to the geological
community outside of China.

The publication of this volume was sponsored by the United Nations ESCAP
Regional Mineral Resources Development Centre (RMRDC), now a Regional
Mineral Resources Development Project (RMRDP) within ESCAP. The Centre
had previously published a report on the Symposium in Nanning City and the
following field trip to the Dachang tin-polymetallic sulphide deposit of Guangxi,
entitled “Report on the International Symposium on the Geology of Tin Deposits:
Nanning and Dachang, China, 27 October — 8 November 1984”.

It is my privilege to acknowledge the help provided by Dr. J.F. McDivitt and
Dr. H.W. Gebert, co-ordinator of ESCAP-RMRDC.

Publication of this volume would not have been possible without the dedicated
work of Dr. Zhang Zhongmin of the editorial department of Mineral Deposits,
Institute of Mineral Deposits, Chinese Academy of Geological Sciences, Beijing,
People’s Republic of China. I am extremely grateful to him for providing excellent
translations of the manuscripts which were originally written in Chinese. He will be
responsible for editing a Chinese language version of this publication.

The modern English transliteration of Chinese place names may present some
confusion to readers already familiar with the older English literature on specific
deposits. For example the very famous Gejiu deposit of Yunnan may be familiar to
some readers by the older spelling “Kochiu”.

During the process of editing, it became clear that a properly documented
reference list could not be achieved for most of the Chinese papers. Dr. Zhang
experienced great difficulty in individually contacting the authors, many of whom
are currently working in widely dispersed areas. It was therefore decided to use the
term “relevant literature” rather than “references” for such papers.
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VI Preface

This volume is strongly complemented by “Tungsten Geology Jiangxi, China”,
Proceedings of a symposium also jointly sponsored by the Ministry of Geology,
People’s Republic of China and ESCAP-RMRDC. Copies are still available from
ESCAP, Natural Resources Division, United Nations Building, Rajadamnern
Avenue, Bangkok 10200, Thailand.

Kuala Lumpur, January 1988 C.S. HutcHisoN
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1 Worldwide
1.1 The World’s Major Types of Tin Deposit

K.EG. Hosking'

Abstract

This paper is primarily for those concerned with the search for and exploitation of tin
deposits: facts are presented rather than hypotheses.

A classification of tin deposits is necessary before the major types can be discussed
in a paper of reasonable length. The difficulties of constructing such a classification
are noted and a modification of my earlier classification (Hosking, 1979, pp. 25—26)
is presented. The major groups, which are sub-divided in the paper, are:

(1) Disseminations other than those in placers and that are not included in the other
major groups.

(2) Pegmatites/aplites.

(3) Skarns (pyrometasomatic deposits).

(4) Hydrothermal breccias.

(5) Deposits associated with greisenised and/or albitised country rock.

(6) Stanniferous veins other than those of Group 5.

(7) Lodes of the Cornish type.

(8) Replacement (metasomatic) deposits that cannot be satisfactorily placed in any of
the other groups.

(9) Telescoped, mineralogically complex deposits (largely xenothermal or sub-vol-
canic).

(10) Deposits of the Mexican type (epithermal or fumarole).

(11) Stanniferous massive sulphide and massive iron oxide deposits.

(12) ‘Ancient’, variously modified, stanniferous sedimentary deposits.

(13) ‘Modern’ placers.

The characteristics of the economically important types of deposit within each of
these groups are provided, and the observations are supported by reference to specific
deposits which have been selected, as far as possible, from those with which the writer
has personal experience.

I Camborne School of Mines, Pool, Redruth, Cornwall, United Kingdom
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Worldwide

Background Generalisations

The following facts are relevant when surveying the world’s major types of tin deposit:

(1
)

(©)
4)

©)
(6)
(61)

(6ii)

™

(8)

)

Primary tin deposits have developed from the Precambrian to the Tertiary.

As the geological time-scale is ascended tin deposits become more plentiful and
more economically important.

In several regions tin deposits of a number of widely different ages occur,
perhaps due to recycling.

The style of primary tin mineralisation presently encountered tends to vary with
its age. Schuiling (1967, pp. 539—540) notes that “whereas in the Tertiary the
association of tin deposits or groups of tin deposits with volcanic rocks is predo-
minant, there is a shift towards greisen and other contact deposits in the
Mesozoic, towards deposits in the granites in the Palaeozoic and towards pegma-
tite deposits in the pre-Cambrian”. However, this pattern may be the result of
progressive erosion. I am of the opinion that all types of primary tin deposit
have been repeatedly generated since very early times. This view accords with
that of Hunter (1973, p. 53). He states that “despite the great antiquity of gran-
ite rocks in South Africa, the localisation of tin mineralisation is related to pro-
cesses of concentration similar to those that are believed to have been operative
in younger, and economically more important, tin-bearing provinces”.

The world’s tin deposits have a spotty distribution but Schuiling (1967) shows
that they are restricted to elongate zones (tin belts).

Most primary tin deposits are spatially and probably genetically related to
granitoids or their volcanic equivalents.

About 75% of the world’s tin reserves are associated with granitoids in moun-
tain belts.

Deposits associated with anorogenic (ring-structured) granites occur, for exam-
ple, in Africa and Brazil. The primary deposits (greisen types and dissemina-
tions) are of very limited economic importance but are the parents of important
placers.

Some of the massive stanniferous base-metal sulphide and iron oxide deposits
such as the Sullivan deposit (British Columbia) and others in Canada (Mulligan,
1975, pp. 50—51) may be synsedimentary, formed by chemical precipitation
from metalliferous hydrothermal brines near fumarolic vents on ancient sea-
floors as suggested by Hutchinson (1981). Others, such as the somewhat similar
stratiform/stratabound stanniferous deposits of Cleveland, Renison Bell and
Mount Bischoff, in Tasmania, and certain .deposits in Southeast Asia, notably
the bedding plane lodes of Kelapa Kampit and the Selumar deposit, both in
Belitung, may have been generated in the way suggested by Hutchinson (1981),
but I adopt the view that they are replacement deposits.

The overwhelming majority of tin deposits are associated with S-type granites,
or types closely akin to them, and not to I-type granites. These granites are
more-or-less equivalent to Ishihara’s (1977) ilmenite-series and magnetite-series
granites respectively.

The majority of the major types of primary tin deposits are associated with
granitoid cusps and ridges. In polyphase granitoids the major stanniferous



syo00qAbojoag/ew welbalay//.sdny

K.E.G. Hosking 5

deposits are commonly, perhaps invariably, related to the latest phase, but this
may be difficult to establish.

(10) Within a stanniferous province or field the centres of mineralisation may occur
at the intersections of two sets of planes of preferred mineralisation as in the
Southeast of England, Portugal, Queensland and Rondonia.

(11) Within a stanniferous area of limited extent a number of quite distinct types of
primary tin deposits may occur. For example, in Cornwall, greisen-bordered
vein-swarms and complex lodes are often spatially quite closely associated,
whilst, in Bolivia, the same relationship exists between porphyry tin deposits
and xenothermal lodes.

(12) Faults have played major roles in determining the distribution, nature and size
of primary tin deposit and so have impounding bodies.

(13) Zoning is common amongst most of the primary types of deposit but telescoping
is more widespread than was once believed.

(14) Cassiterite is the only tin species of major economic importance but stannite,
teallite and even a little malayaite, the last as a minor component in an essen-
tially cassiterite concentrate, have been utilised by the smelter.

(15) Placers are by far the most important sources of cassiterite. Next in importance
are lodes and ‘bedded’ deposits. All other types of primary deposit discussed
below are being, or have been, exploited.

(16) Presently, in addition to placers, low-grade (c. 0.1% Sn), high tonnage (c. 40
Mt) greisen, vein-swarm deposits and skarns are amongst the most important
targets.

The Classification of Tin Deposits

As far as the applied geologist is concerned the major object of classifying tin deposits
is to facilitate the search for deposits which will be worth exploiting. Their presence
may also suggest that the area might contain other, perhaps economically more impor-
tant types. Furthermore a good classification should assist the trained searcher for tin
deposits, after examination of a limited exposure and/or a modest quantity of drill
core, to forecast, with some confidence, something of its overall mineralogical charac-
ter, and to make intelligent guesses of the grade and tonnage of ore that it might con-
tain.

A number of classifications of tin deposits occurring within a given stanniferous
province have been published that have proved reasonably satisfactory. I think my
classifications of the tin deposits of Malaysia (Hosking, 1974, pp. 42—43) and my pic-
torial one of the Southwest of England (Hosking, 1970a) (Fig. 1), fall into this cate-
gory, although it has been necessary to modify the latter to accomodate the hydrother-
mal breccia type of deposit whose true character has only recently been appreciated.
However, a classification of all the known types of tin deposit of the world which
would wholly satisfy the majority of those concerned with the worldwide search for
viable deposits and/or with problems of oregenesis, still remains to be developed. It
can be stated dogmatically that the data are not available to erect a satisfactory genet-
ic classification of the primary tin deposits nor are the data likely to be available in the
foreseeable future. Indeed, any genetic classification adopted now is likely to retard
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the advancement of understanding how the primary tin deposits were generated and
how best to search for them. This is precisely what Lindgren’s (1933) genetic classifica-
tion of mineral deposit did. We should do well to remember that the following remark
of Beverage (1955) about the ‘hypothesis’ applies well to any classification: “It is gen-
erally agreed that unverified assumptions should be kept down to the bare minimum
and the hypothesis with the fewest assumptions is to be preferred”. Those who favour
a genetic classification of the primary tin deposits whould also take note of Bernard’s
(1865) view that “Men who have excessive faith in their theories or ideas are not only
ill prepared for making discoveries; they also make bad observations”.

Gilmour (1962), when proposing a non-genetic classification of copper deposits,
provided the following comments'with which I am largely in agreement and which, I
think, are equally relevant to the question of the classification of tin deposits: “In
English-speaking countries, at least, the systems of classification most widely used for
copper and other mineral deposits are based on the supposed mode of origin of the
deposits (the present writer, K.H., is sure that 3s far as tin deposits are concerned this
is no longer true). Instead of recognizing the genetic basis as a defect some authors
consider it an asset — yet in our present state of knowledge the application of a classifi-
cation based on mode of origin must be subjective and arbitrary. A genetic classifica-
tion is comparable, say, to a zoological classification derived from some worker’s
notion of phylogeny rather than from observed anatomical features. Obviously, a clas-
sification of ore deposits should be made as objective and descriptive as possible and
with this object descriptive criteria, such as the form and composition of the deposits
and the type and setting of the host rocks, should be employed”. Later, Gilmour
opines that “one of the principal reasons for making any classification as objective as
possible is that classification may stand no matter what happens to theories of origin”.

Taylor (1979, p. 12) pointed out that Russian and other classifications of primary
tin deposits, which are based essentially on their mineralogical characteristics, are not
of great value, neither to those concerned with the genesis of the deposits nor to those
searching for them. He concluded that a much more useful classification might be
developed by approaching the problem from an environmental point of view such as
had been attempted by Itsikson (1960) and pictorially by me (Hosking, 1965) (Fig. 2).
As a result of this view Taylor (1979, pp. 27—29) provided a classification of ‘Environ-
ments containing significant primary concentrations of tin’. This forward looking
approach, which should be given wide approval, will require international co-opera-
tion in order to convert it into a major exploration aid: I am quite sure that in the
course of time that is what it will become. In the meantime I have found the imper-
fect, essentially non-genetic classification (Table 1) of some practical value and the
remainder of this paper is based on it. My earlier pictorial classification (Fig. 2) might
be readily modified to accord with the classification I am presently using, but it is still
worthwhile referring to. In addition to broadly relating the deposits to their geologic
environment, it has the merit of being remembered without much difficulty.

The major characteristics of the deposits, particularly those of considerable
economic importance, will be presented and supported by reference to known exam-
ples, especially to those with which I have personal experience. I have deliberately
refrained from referring to Chinese deposits although I have seen, albeit briefly, a few
of them, believing that they will be best dealt with by those who have spent much time
and effort in investigating them.
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Sedimentary-stratabound

Tin-minor

massive sulphide and/or
iron oxide posits.
Sulphide-SulTivan
(Canada).

Fe oxide - Grangesberg
(Sweden)

Tin-dominant or Tin-

Xenothermal /porphyry
fanornerma /porphyry

ype

Mount Pleasent, New
Brunswick - W, Mo, Bi,
Sn. etc.)

Skarns

A. In carbonate rocks
(a) Pipes - Beatrice Pipe,
Kinta, Malaysia;

Kochiu, China

(b) Veins-Kampong Pandan
Selangor, Malaysia:
Kochiu, China

(c) Contact deposits -
Pinyok, Thailand

(d) Remote from granite -
Red-a-Ven, Devon, UK

B. In metadolerites

(e) Magdalen Mine,
Ponsanooth, Cornwall.
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‘Pegmatites and/or aplites
Wand Ay

(a) Unzoned Chon Mine,
Thailand (P and A):
Kamativi, Rhodesia (P):
Manono, Zaire,

(b} Zoned Bernic Lake, Canada (P)

(Note- The cassiterite in pegmatites
may be syngenetic, syngenetic/
epigenetic or epigenetic with
respect to its host).

(a) (b)

important Xenotherma
eposits.

Bolivian type-associated

with porphyry tin deposits.

(PT) Japanese type. Not
associated with porphyry
tin deposits.

Associated now, or origin-
ally, with volcanoes.

I

Volcanic - stratabound

massive sulphide deposits
Kidd Creek (Canada).

Volcanics
(rhyolites)

KEY
GR - Granite

Fumarole deposits

iex1co,

Bolivia, Argentina).

Volcanics

GRI — Early phase granite
GRI — Late phase granite

NOTE :

(e) {a) (b) (c)

Unzoned, complex Lodes (L)
(Pahang Consolidated Mine,
Malaysia. Lodes essentially
exocontact) .

=

Hydrothermal piges .

(a) Epigenetic in granite.

Keladang Range,
Malaysia; E. Australia.

(b} Syngenetic (?) in granite

Potgielersrus, S. Africa.

{c} In marble - Kinta,
Malaysia.

(a) {b) {c)

LITTLE OR MUCH OF THE CASSITERITE RELEASED FROM ANY OF THESE HARD-ROCK
TIN DEPOSITS BY WEATHERING AGENTS MAY BE RECONCENTRATED AT THE SURFACE

THE RESULTING ACCUMULATIONS ARE TERMED STANNIFEROUS PLACERS.

Table 1. A classification of tin deposits into major groups

Group

Group
Group
Group
Group
Group
Group
Group

Group

Group
Group
Group
Group

1.

®No LR W

10.
11.
12.
13.

Disseminations, other than those in placers, that are not included in the other major

groups.
Pegmatites/aplites.

Skarns (pyrometasomatic deposits).
Hydrothermal breccias.
Deposits associated with greisenised and/or albitised country rock.
Stanniferous veins other than those of Group 5.
Lodes of Cornish type.
Replacement (metasomatic) deposits, that cannot be satisfactorily placed in any of

the other groups.

Telescoped, mineralogically complex deposits (largely xenothermal or

sub-volcanic).

Deposits of the Mexican type (epithermal or fumarole).

Stanniferous massive sulphide and massive iron oxide deposits.

‘Ancient’, variously modified, stanniferous sedimentary deposits.

‘Modern’ placers.
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Pre-lode vein-swarms
associated with late

phase Eramtma Cusps .
K-feldspar, etc, veins of S.
Crofty Mine, Cornwall (?);
Tikus (Belitung) veins (?)

Zoned complex lodes (i)

(Dolcoath and neigh-
bouring mines of W.
Cornwall, UK.)

Y

Cassiterite veinlets and
disseminations, etc. associ-

sdn

Irregularly shaped
replacements i granite

Strataform replacements in
sediments /metasediments

Deposits within granitoid dykes

(a) Ladder vein - Parbola Mine,
(a) Carbona type (c) (Cleveland and Renison Gwinear, Cornwall,
(St. Ives area, Mines, Tasmania). (b) At feeder-vein/dyke inter-

Cornwall, UK.,

Sungei Besi Mine,

Selangor, Malaysia).
(b) In granitic tongues (F}

(No. 12 lode S. Crofty

Mine, Cornwall; Levant

Mine, Cornwall}.

(a) (b)

(I

A. Top of cusp vein-
T I T
alssemnahons asso-
Ciated with grevsen

L

Ancient placers little
or much _modified
(Isergebirge District,
Poland; Ipameri, Goias
Brazil; Esira region,
Madagascar).

Pod-1ike replacements in
mﬁ&mw

(c)

section - Wherry Mine,
Cornwall.

Stockwork - Belowda Hill,
Cornwall,

I

Deposits modified by later
ranitoi es

iPaﬁang Tonsolidated Mines,

Malaysia).

and/or albatite. (Roolberg, S. Africa, in

(Widespread - Thailand; arkose).

Cornwall; Czechoslovakia,

etc). ) 1
B. Top of cusp lodes.

{Mawchi Mine, Burma). Vein-swarms

s _“ated with ring structures in

norogenic region.
(Nigeria; Rondonia Brazil)

O0CKkworks, etc) over
burfed granitic cusp.
(Klian Intan, Malaysia;
Mulberry Mine; Lanivel,

Cornwall).

"Bedding planes" lodes
(ReTapa Kampit, Belitung).

sMooqAbojoas /e welbs|s

Floor-type
replacements (F)

(Botallact Mine,

‘ Cornwall)
T

Fig. 2. Pictorial classification of the major types of tin deposits of the world (Hosking, 1965)

Although I have avoided genetic concepts as far as possible in my classification, I
cannot completely avoid the question of genesis when discussing some of the
deposits. In marked contrast to the classification of the primary deposits, it would be
out of the question to ignore the genetic aspect when classifying and discussing ‘mod-
ern’ placers, as the processes leading to the development of these bodies are available
for all to see.

1. Disseminations, Other Than Those in Placers, That Are Not Included in the Other
Major Groups

The members of this group are of very minor importance as direct sources of tin
although they may have been locally important contributors of cassiterite to certain
placer deposits, for example, in Nigeria.

In this group the cassiterite is syngenetic with respect to the host rock, and in par-
ticular granitoids.
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If Emmons’ view (1940, pp. 185—194) is generally valid, then during the consoli-
dation of a granitoid magma, and due to the lack of fracture systems developing,
much of its tin content would eventually report as cassiterite crystals disseminated in
a granitoid matrix. In reality it is very difficult to establish whether disseminated cas-
siterite in any given granitoid is truly syngenetic or epigenetic with respect to the host.
It is thought by some that syngenetic disseminated cassiterite in economically interest-
ing concentrations occurs in some of the ‘younger’ (Jurassic) granites of Nigeria, for
example, at Odegi. There, cassiterite, in part intergrown with columbite, is confined
to a granitoid porphyry characterised by the presence of bipyramidal quartz crystals
and thorite. As these minerals do not appear to be related to any vein system they are
thought to be syngenetic.

Bradford (1961) noted that a limited number of analyses from ordinary granite
suggested “that tin-ore is finely disseminated through many Malayan granites” and he
also thought that some of the placer deposits in the vicinity of Bukit Yong might be
“derived from cassiterite disseminated throughout the local granite” since there is a
paucity of known stanniferous lodes and stringers in the area (op. cit., p. 388). How-
ever, in recent years further field and laboratory work have provided little support for
Bradford’s views, as, except on the close vicinity of epigenetic deposits, the tin con-
tent of the granite averages 10, or less, ppm. It can be concluded that in Malaysia,
although accessory syngenetic cassiterite may, and probably does occur in the
granitoids, it never reaches a concentration of any economic interest.

Aubert (1969) records that at Montebras, France, there is a granite which has been
exploited, in part, for its lithium and tin content. It consists of quartz, microcline,
albite and muscovite with minor topaz, apatite, cassiterite and niobotantalite. If, as
Aubert believes, the body is a magmatic intrusion containing syngenetic cassiterite it
constitutes an example of a deposit falling into Group 1 of my classification.

In the Potgeitersrus tin-fields of South Africa a band of early-developed, possibly
syngenetic disseminated cassiterite occurs in the Bobbejaankop granite (Fig. 3).
Strauss (1954, p. 135) remarks that clearly the zone of low-grade ore in the Bob-
bejaankop granite — must have contained disseminated cassiterite during the late mag-
matic stages (when the lower portions of the Lease granite were still in process of for-
mation) and before the hydrothermal stage (that is, when Strauss thinks the stannifer-
ous pipes of the field (Fig. 4) were developed). However, Sohnge (1944), according
toTaylor (1979, pp. 172—173) claims that “the branching worm-like system of pipes —
appear to have developed prior to the formation of fractures in the granite host”.
Taylor further observes that like certain Mo-Bi pipes in East Australia they “may rep-
resent elongate bubble trails where an immiscible low density aqueous phase was in
the process of separating from a silicate melt, but became entrapped by crystallisation
before reaching any overlying plumbing system”.

This last example is introduced to demonstrate that if genetic concepts are intro-
duced, the pipes must be classed as members of Group 1. I will ignore such genetic
considerations and place them in Group 8.
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No.13 Pipe
No.12 Pipe
No.11 Pipe

No.22 Pipe
No.22 A Pipe

Bore-hole

=

Fig. 4. Block diagram of the No. 22 pipe-system, Groenfontein Mine. Note the loops formed by
some branches (after Strauss, 1954)

2. Pegmatites/Aplites

From the exploration point of view, only granitoid pegmatites and their fine-grained
common partners, the aplites, are of economic importance, although the tin mineral
nordenskiolite occurs, albeit only in academically interesting amounts, in a
nepheline-syenite pegmatite in Norway (Mulligan, 1975, p. 9). In this paper the terms
‘pegmatite’ and ‘aplite’ will refer only to the granitoid varieties. The term ‘pegmatite’
has often been misused: I shall use it as Holmes (1965, p. 84) does, for a rock whose
bulk composition is granitoid and in which “the constituent minerals have crystallised
to an unusually large size —”. Many so-called pegmatite bodies are, in fact, pegmatite/
aplite units as is, for example, the stanniferous Chon ‘pegmatite’ of Peninsular Thai-
land. In the West Australian Moolyella tinfield “the only rocks in the area of the field
in which primary cassiterite has been identified are the layered aplite-pegmatites”
(Blockley, 1980, p. 20).

Stanniferous pegmatites varying in age from the Precambrian to the Tertiary are
known, but the largest and economically the most important, are restricted to the Pre-
cambrian. These have been exploited, for example, in Central Africa (Zaire, Zim-
babwe, etc.) and West Australia (Greenbushes). In some instances the economic
importance of the bodies has depended on the presence of species other than cassiter-
ite, particularly tantalite and columbite, and in some instances, as at Bikita (Zim-
babwe) the pegmatite is worked primarily for its lithium species. The Bikita body did
contain a little cassiterite but weathering and erosion effected its transference to the
superficial deposits. Younger stanniferous pegmatites are usually rather small units
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whose tin-grades are rather low. They have been exploited by opencast means in
Southeast Asia and in small underground mines, for example, in the Southwest of
England and Portugal, where their economic potential was often enhanced by the pre-
sence of wolframite.

Some of the large Precambrian pegmatites have been the parents of significant Sn/
Nb/Ta placers, as at Greenbushes, and often the superficial parts of such pegmatites
have been so argillitised that they also are easily exploited. On occasion such bodies
have been mined by underground methods, as at Kamativi, and recently, a decline
was sunk in the Greenbushes pegmatite which has revealed not only the presence of
cassiterite but also what may prove to be a significant concentration of spodumene.

The fact that the large stanniferous pegmatites are restricted to the Precambrian
suggests that they were generally emplaced at greater depths and so were the last to
be subjected to the destructive influence of weathering and erosion. However the
reasons for their survival are probably considerably more complex.

In a given pegmatite field the composition and/or the importance of individual
pegmatites may vary considerably as in the examples at Phuket (Thailand) and in
Northern Nigeria. In Northern Nigeria, where the pegmatites are associated with the
Older Granites, one finds, according to Jacobson and Webb (1946, p. 12), Interior
Pegmatites (core pegmatites), Marginal Pegmatites (hood pegmatites), and Exterior
Pegmatites (roof pegmatites). Of these, the first two are mineralogically and structur-
ally rather simple and virtually or completely devoid of heavy minerals. The Extérnal
Pegmatites, on the other hand, are mineralogically quite variable, but the members
of major economic importance are complex albitised dykes which locally contain cas-
siterite and columbite/tantalite. Areas of intense albitisation often correspond to
centres of rich mineralisation. Such a situation is encountered in certain pegmatites
elsewhere, and is reminiscent of the cassiterite/albitite association, discussed later,
which occurs in the cusps of certain granitoids. These Nigerian pegmatites show little
or no zoning and their paragenesis is presented in Figure 5. It is of interest to note
that the great pegmatites of Manono and Kitotolo, each of which has a strike-length
of ¢. 5 km, and which are important direct and indirect sources of tin and tantalum/
niobium minerals, probably lie over, not in, a granitic ridge and, at least at Manono,
close to a greenstone/schist contact.

Stanniferous pegmatites may be zoned or unzoned and the former, unlike the lat-
ter, probably developed largely by fractional crystallisation within a closed system. In
the extreme case, the zoning may be quite complex as in the Bernic Lake body of
Canada and as illustrated by the now well-publicised sections of the Bikita pegmatite
(Zimbabwe). Usually, some or all of the cassiterite of the great zoned pegmatites dis-
plays the characteristic bipyramidal habit, and in thin section it is characterised by an
intense deep red to pale pleochroism, due to the presence of tantalum (and niobium?)
in its structure.

The suite of lithium-rich pegmatites, which are locally stanniferous and occupy
portions of a NE-SW fault system in Peninsular Thailand, constitute an excellent
example of the unzoned type. The cassiterite does not provide the intense red to pale
pleochroism which one might expect if it were a product of the pegmatite magmatic
fraction, and particularly as the pegmatites occur in a region noted for the abundance
of Ta/Nb-rich cassiterite in the placers. It is therefore possible that the cassiterite was
introduced later, the pegmatite providing a favoured host for its deposition. Indeed,
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Mineral
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Fig. 5. Mineral paragenesis in the feldspathic pegmatites (after Jacobson and Webb, 1946)

there is little doubt that pegmatites, which appear to be unusually rich in cassiterite
and sometimes base metal sulphides, frequently owe their richness to the introduction
of some or all of these species after the pegmatite has developed. A number of stan-
niferous pegmatites in Malaysia, have, I think, been so developed. One such occurs
at Gunong Baku, where, in addition to much tourmaline and cassiterite, it also con-

tains pyrite, arsenopyrite, chalcopyrite, and galena (Roe, 1951).

Although it is generally true that large pegmatites and large important hydrother-
mal lodes and vein systems tend to be mutually exclusive, stanniferous pegmatites
and veins can be closely associated. Thus many of the tin-fields of Western Australia
consist of stanniferous pegmatites associated with later tin-bearing veins whose
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source may have been independent of that of the pegmatites. It is also of interest to
note that Haapala (1966), commenting on the genesis of the zoned Haapalaoma peg-
matite (Finland), concluded that after the body had developed in a closed system in
which crystallisation proceeded from the walls to the core, fluids worked their way
into the pegmatite via fractures and caused the generation, largely by replacement, of
a wide variety of species including cassiterite, columbite and loellingite. Establish-
ment of the paragenesis of a pegmatite body, in common with all other primary min-
eral deposits, is rarely easy, and most that have been published are doubtless in some
measure defective, although they often serve a useful purpose. One paragenesis of a
stanniferous pegmatite has already been presented; another is provided here (Fig. 6)
without comment for comparison and in the hope that it will generate further study
of the subject.

The search for stanniferous pegmatites is fraught with difficulty. This is due to the
unpredictable distribution of cassiterite in these bodies, that no cassiterite may be
found in the outcrops of stanniferous bodies, and that non-stanniferous pegmatites
may be associated with those that are stanniferous. On occasion, the presence of indi-
cator minerals and/or the trace tin content of the feldspar may facilitate the selection
of stanniferous pegmatites but no certain means has yet been devised. For further dis-
cussion of this problem, see Hosking (1965).

Stages Magmatic Epimagmatic Pneumatolytic Hydrothermal
Phases
Pegmatoidal | Supercritical
A B C D E F G H K
Temperature 1,100° C. 800° 600° 500° 400° 250°
Quartz
Muscovite (Li)
Tourmaline Black — — |—— —©&Green
Cassiterite 20 ’__+_
Topaz —_
Chrysoberyl N
Apatite JE DR W
Amblygonite ‘
Spodumene
K Feldspar
Albite | ___¢_4___

Fig. 6. Paragenesis of certain stanniferous pegmatites of Mumba-Numbi, Kivu, Congo (after Agas-

siz, 1954)
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Finally, although the exploitation of pegmatites may be locally important, they
have not been collectively major direct sources of tin but they have, doubtless, made
considerable contributions to placers, some of greater value than the parents.

3. Skarns (Pyrometasomatic Deposits)

In common with many geologic terms, skarn’ has come to mean different things to dif-
ferent people. I think that a true skarn must contain calcium or magnesium silicates
and that even when a replacement mineral deposit is hosted by marble and is close to
a granitoid contact, it must be termed a metasomatic deposit if it lacks these silicates.
Kwak (1983, p. 1440) is one who is prepared to extend the meaning of skarn, for
when discussing the zoned Sn/W/F/Be skarns’ of Mt Lindsay, Tasmania, he states that
“the term skarn is used here in a broad sense meaning essentially replacement of car-
bonate or a replacement of a previous replacement carbonate, whether or not Ca or
Mg silicates are extensive — — —”. However, when Kwak and Askins (1981, p. 443)
describe the skarn (wrigglite) of Moina, Tasmania, they remark that ‘skarn here refers

to all calc-silicate-bearing rocks derived from Ca-rich sedimentary rocks”. Burt

(1977), noted that ‘skarn’ was generally used in Northern Europe for the silicates
associated with ore replacing limestone and dolomite near igneous contacts. He
declared that ‘skarn deposit’ should only be used for ore deposits possessing ‘skarn’
as a gangue and emphasised that “the only truly distinctive feature of these deposits
is not the metals mined, nor the presence of an intrusive, but rather the gangue called
skarn”.

Stanniferous skarn deposits have generally developed from carbonate rocks (usu-
ally, but not invariably impure ones) and occasionally from meta-basites (as in West
Cornwall) as a result of them being subjected to heat and later hydrothermal
mineralising agents from an invading granitoid.

These deposits occur near the high parts of granitoids in roof pendants and
enclaves, as border deposits to the granitoid (as at Pinyok, Thailand), as bedded
deposits bordering a granitoid (as, locally in the Kuala Lumpur, Malaysia, tin-field)
or overlying but separated from the granitoid by non-calcareous deposits (as at
Moina, Tasmania), as pipes (for example, the Beatrice Pipe, Perak), as veins (as lo-
cally in the Kuala Lumpur tin-field) and as deposits bordering granitoid dykes and
sills (as locally in the Kuala Lumpur field).

Stanniferous skarns range from Precambrian to Tertiary, but because they
developed at fairly high levels and so were often rapidly attacked and destroyed by
weathering and erosion, most of the economically important ones are relatively
young.

Skarn deposits are often zoned, and the Moina deposit of Tasmania is an excellent
example of such a body.

Several classifications of skarns have been designed based on their mineralogical
character. However, the mineralogy of the skarn deposits is complex, and as yet far
too few tin-bearing skarns have been subjected to the detailed mineralogical/chemical
examination that they merit, that is, of the type that has been employed by Burt
(1977), Kwak and Askins (1981) and Kwak (1983).
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It is outside the scope of this paper to discuss in any but the briefest detail the
mineralogy and genesis of the stanniferous skarns. Readers seeking an in depth know-
ledge of the subject should refer to the papers quoted immediately above.

From the point of view of the tin exploration, the most important aspects of tin
skarn mineralogy are how tin occurs in the deposits and what fraction of the tin can
be expected to be recovered economically.

Stanniferous skarns may contain species in which tin is an essential component
and/or others in which it is found as a non-essential element, although sometimes in
surprisingly high concentrations. Of the former, only cassiterite is commonly encoun-
tered, and this is followed by malayaite (Ca0.Sn0,.Si0O;). Stannite and a number of
tin silicates and borates have been recorded from skarns, but only rarely, and when
they occur they are usually only present in very modest concentrations.

Skarns are known in which malayaite is the only species containing essential tin
(as in the Langkawi Islands, Malaysia). Others occur in which cassiterite is the only
tin species (as in the Beatrice Pipe, Perak [Fig. 7]), whilst still others contain both cas-

Level of alluvium before mining

LEGEND

:] The tin-bearing pipe
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Fig. 7. Section of the Beatrice Mine, Selibin, Perak, and the paragenesis of the ore (after Willbourn,
1931)
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siterite and malayaite (as at Pinyok, Thailand, and Chendriang, Perak, Malaysia).
Malayaite may convert to an aggregate of varlamoffite, quartz and calcite as in the
skarns of Sungai Goh (Perak) and at Pinyok. It is worth noting as an aid to explora-
tion that malayaite usually, but not invariably, fluoresces a greenish-yellow under
short-wave ultraviolet light.

Some skarn minerals which may contain appreciable amount of non-essential tin are
sphene, epidote, ferroactinolite, ludwigite-type minerals, magnetite (which locally in
northeast U.S.S.R. contains up to 0.45% Sn), axinite and andradite (which may contain
up to 2% , or more Sn) (see Mulligan, 1975, p. 29, and Hosking, 1975, pp. 15—16).

The cassiterite in skarns may be recovered only with difficulty or not at all by con-
ventional means. For example, at Pinyok in Thailand, the skarn not only contains
readily recoverable cassiterite but also acicular crystals, only a micron or so in width,
that report in the mill tailings. The skarn at Otero, Spain, has not been exploited, in
part because its appreciable cassiterite, which is associated with considerable chal-
copyrite, sphalerite, and scheelite, would be extremely difficult to recover by conven-
tional means as all of it is extremely fine.

It is evident that during the early stages of examination of a stanniferous skarn, an
endeavour must be made to determine how and in what species the tin is partitioned.
Chemical analyses, without mineralogical investigations can be quite misleading as
they have been in Pinyok and elsewhere in recent years. In addition, it is most impor-
tant to look for other species, notably scheelite, which might increase the value of the
ore. It is also important to note that the superficial parts of these skarns may be so
modified by weathering processes that their true nature may be obscured. Finally, the
analysis of residual soils over stanniferous skarns during geochemical prospecting may
provide a distinct tin anomaly as they did at Red-a-ven, Devon, England, even
though no cassiterite is present in the rock. At Red-a-ven the tin in the skarn was
restricted to malayaite and garnets, particularly andradite.

Variations in mineralogy have been used as a basis for the classification of skarn
deposits. Thus Shcherba (1970), according to Taylor (1979, pp. 204—205) notes that
cassiterite may occur in phenacite-mica-fluorite and beryl-mica-fluorite skarns, but he
classifies the skarns in which cassiterite is a component of major economic importance
as cassiterite-skarn, cassiterite-skarn-sulphide and cassiterite-scheelite-skarn. He also
notes that whilst the first two are only of minor importance, the third is of moderate
economic importance. All three types of skarn possess a complex mineralogy due to
no small degree to their genesis which involves replacements which are effected by
the introduction of a number of pulses of mineralising fluids.

In spite of Shcherba’s views concerning the relative importance of his three types
of tin skarn, both Taylor (1979, pp. 207—209) and I consider the sulphide-rich and the
magnetite (iron-oxide)-rich stanniferous skarns are deserving of special attention.

Possibly the sulphide-rich skarns are more common than the magnetic-rich ones,
and in the Tin Province of Southeast Asia the former are confined to what I term the
Western Tin-Belt. Unfortunately only a few have been sufficiently large to be of
economic importance. The most important of these is at Pinyok, where, in addition to
cassiterite the skarn contains malayaite, stanniferous garnet and sulphides including
galena, which has, in the superficial parts, been largely converted to pyromorphite.
Second, in order of importance, is the Beatrice Pipe, Perak (Fig. 7). The following
will serve as examples of the many small sulphide-rich skarns in Malaysia: At Teh Wan
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Seng No. 4 mine (Sungai Besi, Selangor) a skarn borders a granitoid dyke. The skarn
contains, in addition to cassiterite and malayaite, a variety of sulphides, scheelite,
fluorite, diopside, vesuvianite, grossularite, calcite and quartz. At the Melor Syndi-
cate mine (near Kuala Lumpur) there are a number of different types of skarn, but
one in contact with the granitoid lacks cassiterite but contains malayaite associated
with scheelite, sulphides, fluorite, quartz, diopside, epidote, chlorite, vesuvianite and
grossularite.

Examples of sulphide-rich skarns might be described from other countries but
limitations of space will not permit it.

Tin-bearing magnetite-skarns are not uncommon in the Southeast Asia Tin Pro-
vince but are virtually confined to the Eastern Tin Belt. At Batu Besi, Trengganu,
Malaysia, where iron ore has been mined from such a skarn that borders the granite,
the ore contains an average grade of 0.7 % tin, but it is locally enriched. Some of the
tin is present as cassiterite in and bordering fractures, but most is probably present as
exsolved bodies in the magnetite and in the structures of one or more of the
associated species. In addition to the species noted above, locally garnet, pyroxene,
amphibole, pyrite, pyrrhotite and secondary iron oxides are present in the ore whose
generation commenced by the skarnification of limestones and calcareous shales.
(For further details of this and other magnetite-skarns occurring in Malaysia see Bean
[1969] and Hosking [1970b]).

Considerable interest has been shown in a number of stanniferous magnetite-rich
skarns in Australia. Taylor (1979, p. 208) for example, remarks that in North Queens-
land two such small bodies (in the 2—35 Mt range) are known. The major minerals in
these bodies are “fluorite, idocrase, magnatite/hematite, spinel and biotite with
minor feldspar, garnet, chlorite, muscovite, scheelite, cassiterite, tourmaline, ilvaite,
epidote, pyrrhotite, pyrite, chalcopyrite, arsenopyrite and galena”. Both locally dis-
play “a peculiar rthythmically finely layered contorted texture where the bands consist
of fluorite, magnetite and vesuvianite. This material is ‘wrigglite’ which, apart from
occurring in Australia, is also locally present in the stanniferous magnetite-rich skarn
of Pelepah Kanan (Johore) (Santokh Singh. Personal communication).

At Moina, Tasmania, a major magnetite/sulphide (wrigglite) skarn, similar but
much larger than the North Queensland ones, has been subjected to a most detailed
investigation by Kwak (1981). The skarn, together with associated Sn/W/F veins and
greisen, all of which seem to be inter-related, margins the Dolcoath granite and
occurs as a sizeable horizontal plate. The plate is separated from the underlying gran-
ite by about 200 m of Moina sandstone and is overlain by the Gordon Marble. The
plate itself consists of stanniferous wrigglite skarn sandwiched between calc-silicate
skarn. Taylor (1979, p. 208) remarks that the deposit is on the scale of the somewhat
similar one at Lost River, Alaska, which contains 33 Mt of ore grading 0.27% Sn,
0.0037% WOs; and 15.6 % fluorite. Taylor, however, is of the view that the Australian
deposits will not be exploited in the near future because not all their tin occurs as cas-
siterite, and the fluorite is difficult to extract.

Finally, the bedding plane lodes of Kelapa Kampit (Belitung) might reasonably be
termed stanniferous magnetite/sulphide skarns. Adam (1960) was well aware of this.
These ‘lodes’ will be referred to later, but the question still needs to be answered ‘are
they carbonate replacement bodies?’.



syo00qAbojoag/ew welbalay//.sdny

20 Worldwide

4. Hydrothermal Breccias

Hydrothermal breccias may be sub-divided into explosive hydrothermal breccias and
collapse breccias.

Although explosive hydrothermal breccias are probably present in many tinfields,
in some cases without their true identity being recognized, the best documented ones
are in southern and central Bolivia. There, high-level Tertiary stocks of intermediate
composition, which were probably overlain by stratavolcanoes now largely removed
by erosion, locally consist of a stanniferous quartz-tourmaline breccia which, together
with any coeval stockwork and disseminated tin mineralisation, have been collec-
tively designated as porphyry tin deposits by Sillitoe, Halls and Grant (1975). These
deposits have many of the characteristics of porphyry copper deposits in that, for
example, associated with them are shells of sericite and propylite alteration (Fig. 8).
However, they differ from the porphyry coppers in lacking potassium silicate altera-
tion and in occurring in inverted conical stocks rather than in upright cylinders. They
predate the xenothermal-type lodes of major economic importance which are
associated with them. In course of time these low grade/high tonnage deposits may be
mined. It is recorded by Sillitoe et al. (1975, p. 916) that in the Llallagua porphyry tin
deposit, in which cassiterite occurs largely in breccia and a stockwork, the overall
grade is c. 0.3% Sn.

Fig. 8. Composite reconstruction of typical Bolivian tin deposit system (from Silitoe et al., 1975)
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Sillitoe et al. (1975, p. 935) mention the occurrence of tin in the porphyry type ore
deposits of Climax, Colorado, and at Mount Pleasant, New Brunswick, and note cer-
tain areas in which porphyry tin deposits, judging by published descriptions, may
occur. To these may be added the similar hydrothermal tourmaline breccia deposits of
Carbo-Permian age of Central Cornwall, some of which are stanniferous. Of these
breccia deposits the one that has received most attention is at the Wheal Remfry
china-clay pit. It is well exposed in a wall of the pit and is, clearly, an inverted cone
consisting essentially of an outer zone of tourmalinised granitoid masses cemented by
quartz and tourmaline. The outer zone encloses a core of similarly altered granitoid
fragments and tourmalinised metaargillites, and these are also cemented by quartz
and tourmaline. These breccias are virtually identical to those from Bolivia that have
been described by Sillitoe et al. (1975). The Wheal Remfry example contains very lit-
tle cassiterite. There is the possibility that the tin in such deposits largely moved
beyond the zone of intense brecciation and locally, at any rate, was emplaced in frac-
tures collectively forming closely sheeted vein systems and stockworks. These are
chiefly characterised by marked tourmalinisation of the metasedimentary wall rocks,
and these vein systems have been exploited at the small Parka mine and other open-
cast and underground mines of the district. Material I collected from one of the sites
consisted of a vein of quartz and cassiterite in a host consisting of highly tour-
malinised and somewhat brecciated metasediment in which small crystals of rutile
were much in evidence. The cassiterite in the vein occurred as aggregates of finely
zoned cassiterite, of orange-vermilion hues not displayed by any other recorded Cor-
nish cassiterites, but reminiscent, in colour, of certain cassiterites I have seen from the
Mexican volcanic deposits! It is also relevant that ore from the same geologic environ-
ment, and from the same locality, also contains wood-tin. Thus, one is forced to the
conclusion that in central Cornwall one has an example of what may well be sub-vol-
canic mineralisation similar to the Bolivian type. No evidence of volcanic deposits of
about the same age as the tin deposits under review occur in the area, but the por-
phyry dykes there, which are about the same age as the breccias, may well have orig-
inally been channels along which magmatic material travelled and reported eventu-
ally as volcanic deposits, which were subsequently removed completely by denuda-
tion.

In Ronddnia, Brazil, the Morro Potosi hill is composed of an exogreisen contain-
ing cassiterite, stannite and other sulphides. Its apex consists of an inverted breccia
cone, the gneissic fragments of which are cemented essentially by topaz, quartz, cas-
siterite and pre-cassiterite wolframite. This very rich stanniferous cone is surely a Pre-
cambrian hydrothermal breccia, but of a type differing significantly from those
described above.

Collapse stanniferous breccias appear to be rather rare. Taylor (1979, p. 172) men-
tions that the White Crystal orebody at Ardlethan, Australia, “has many features
suggestive of a collapse breccia, that is, large vugs and brecciated marginal zones
where replacement via fractures is clearly seen — — -,

Yeap (1978) has described two stanniferous collapse breccia ore bodies in granite
which occurred at the Yap Peng Mines, Sungai Besi, Selangor, Malaysia, and had been
exploited. Yeap visualises the breccias as having been formed as follows: Marble was
invaded by a granite magma which crystallised centripetally forming a carapace that
was locally microclinised, tourmalinised and silicified. Ascending hydrothermal fluid
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collected at two sites under the roof. Fracture occurred, the entrapped fluid escaped
and the roof collapsed. Later the fallen fragments were silicified and sericitised and
then quartz, beryl, cassiterite, arsenopyrite, pyrite, sphalerite, and chalcopyrite were
deposited as a cement. Then kaolinisation and further sericitisation occurred and this
was followed by the replacement of some feldspars by rhodochrosite and rhodonite,
the deposition of chalcedony and opal, and a little fluorite and pyrite.

Yeap (1978, p. 375) claims that these breccias developed in a mezozonal environ-
ment. This I do not believe as the bodies show all the features of a high-level genesis.

5. Deposits Associated with Greisenised and/or Albitised Country Rocks

Greisen deposits are now divided into endogreisens (occurring within what is gener-
ally regarded as the genetically related granitoid) and exogreisens (occurring in the
granitoid-invaded host).

Greisen consists essentially of quartz and sericite and within the granitoids it is the
product of alteration of the feldspars and biotite.

Greisenisation and/or albitisation takes place within and in the close vicinity of
granitoid cusps and also within minor granitoid intrusives (porphyry dykes, pegmatite
and aplite bodies). The greisen-quartz-association found in these geologic environ-
ments provides a wide variety of distribution patterns which have been collected by
Rundquist et al. (1971) and which have been reproduced in a simplified form by
Taylor (1979, pp. 58—60). In some fields, for example in the Southwest of England
and Rondonia, greisen deposits are distributed in a pattern which appears to stem
from their development at the intersections of two sets of planes of preferred
mineralisation (Fig. 9).

In some fields, as for example in Czechoslovakia and North Queensland, the
uppermost parts of cusps have been subjected to massive greisenisation with atten-
dant albitisation and microlinisation, and over such cusps greisen-bordered vein-
swarms may occur. Within the greisen of the cusps, which may locally contain dissemi-
nated cassiterite, closely-sheeted cassiterite-bearing veins may also be present.
Figure 10, after Shcherba (1970) provides a general picture of the scene.

In addition to the rather complex situation described above, in some tin-fields
such as those of the Southwest of England and Southeast Asia, greisen is almost solely
confined to the borders of veins which are commonly impounded within the apices of
granitoid cusps, for example at St. Michael’s Mount and Cligga in Cornwall and at
Mawchi Mine (Burma), or to the fringes of veins haloing a granitoid body as at Red-
moor, Cornwall. These veins are commonly rather narrow and may contain, in addi-
ton to cassiterite, such minerals as wolframite, topaz, apatite, stannite and other sul-
phides. Their strike length is often of modest dimensions and their extension in depth
is generally 200 m or less. In addition to the cassiterite in the vein proper, some may
be disseminated in the greisen which may be further modified by the addition of such
minerals as chlorite, fluorite, topaz and zinnwaldite. Occasionally the status of the
cassiterite in such vein-swarm deposits may be relegated to that of a by-product with
wolframite being of major importance. This is so at Hemerdon (Devon, England)
where the greisen-bordered veins plus their host rock constitute a deposit of 45 Mt
grading 0.17 % WO; and 0.025% (Mining Journal, 1979, p.485). In Wicklow, Ireland,
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greisen-bordered vein swarms contain scheelite in economically interesting concen-
trations, accompanied by sulphides which include stannite. But the tin content is of
no value.

Such greisen-bordered vein swarms may display a degree of primary zoning. At
Cligga, Cornwall, the portions of the veins nearest the source consist solely of tour-
maline and quartz. Further from the source they contain cassiterite, wolframite, stan-
nite and a number of other sulphides. In the deeper parts of the granitoid cusps these
veins give way to others containing chalcopyrite, sphalerite, pyrite, chlorite, etc.,
indicating reverse zoning.

Greisen veins may also occur in marble, and excellent examples have been
described by Yew (1971) from the eastern Kuala Lumpur area (Malaysia). They are
bordered by sericite, generally banded and multi-mineralic (Fig. 11). They contain
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cassiterite, wolframite, scheelite, beryl, helvite, tourmaline fluorite, chlorite and a
number of sulphides. Their texture and mineralogy vary markedly over short strike
lengths. They are markedly telescoped and so might reasonably also be placed in

Group 9 of my classification.

Stanniferous bodies containing albite but no mica are known, but they are of min-
imal economic importance and rare. Such a body occurs at Levant Mine (Cornwall).

syo00qAbojoag/ew welbalay//.sdny
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Fig. 11 a—f. Illustrating symmetrically crustified veins in marble (a—c) and asymetrically crustified
veins in marble (d—f). Locality: a, ¢ Galian Berjuntai, Kg. Pandan, b, d, e, f Hock Ann Mine No. 1,

Kg. Pandan, Malaysia (after Yew, 1971)
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It is an irregularly shaped replacement body, occurring within a granite tongue where
mineralising agents from a feeder channel were impounded. Jackson (1979, p. 222)
notes that the “mineralisation comprises disseminated cassiterite, sulphides (pyrite,
chalcopyrite, arsenopyrite) and massive cassiterite and sulphides associated with
intense alteration, albite, quartz, chlorite, tourmaline and fluorite.

A variation of the theme is to be found in the Greenbushes tin-field, Australia.
Cassiterite, apart from occurring in pegmatites, “also occurs in foliated greisenous
rock — — — which, in depth, passes into compact, banded albite-rich rock with quartz,
tourmaline and cassiterite” (Liddy, 1977, p. 53).

Taylor (1979) should be consulted for a comprehensive account of the complex
stanniferous massive greisen-albite assemblages. Here it must suffice to mention the
East Kemptville tin deposit of Nova Scotia, discovered in 1978, which falls into this
category. It contains estimated reserves of 56 Mt grading 0.15% Sn (Mining Journal,
1984, p. 242). Whilst cassiterite occurs in the Davies Lake pluton in argillized,
sericitized, silicified granites and albitites, economic concentrations are restricted to
greisens and greisenised granitoid rocks. Associated with the cassiterite are pyrite,
pyrrhotite, chalcopyrite, sphalerite, tetrahedrite, chalcostibite (?), arsenopyrite,
molybdenite, stannite and bismuthinite (Chattergee and Strong, 1984).

Finally, while small greisen type deposits will continue to be mined in Southeast
Asia and elsewhere by underground methods, but more particularly by opencast
means, especially where the host rock is soft, they are of slight interest to large mining
companies. The latter would only be interested in a deposit, asTaylor (1979) so rightly
suggests, exceeding 40 Mt, grading about 0.2% Sn (60% recovery) or one, such as
Hemerdon, that contains recoverable cassiterite and wolframite that might yield
about the same profit. Such large deposits are attractive exploration targets, and the
recent success at East Kemptville suggests that there may be similar deposits
elsewhere awaiting discovery.

6. Stanniferous Veins Other Than Those of Group 5§

Stanniferous veins other than greisen-related ones are known, and when they form a
closely sheeted vein system or a stockwork, they collectively constitute a deposit that
might be worth exploiting in either a selective or non-selective manner. The stannifer-
ous quartz-tourmaline veins, which may halo tourmaline-breccias fall into this categ-
ory in Cornwall. So also do simple quartz/cassiterite veins that occur in sandstone
which have been exploited in several localities in Belitung, for example at Teba. As
might be expected, the only wallrock alteration of this inert host is a slight colour
change near the veins.

Veins of this type often occur close to or in contact with major lodes. Thus, in the
underground mine of the Menglembu Lode Mining Company Limited, in the
Kledang granitoid range (Malaysia), two types of ore occurrence have been recog-
nized, the first consisted of parallel quartz/cassiterite veins with which were
associated cassiterite-rich wallrocks, while the second was an earlier closely sheeted
system, about 4 m wide, composed of exceedingly thin veins. According to Ingham
and Bradford (1960, p. 123) this latter type “was known locally as ‘streaky bacon’ ore
and carried cassiterite, brown biotite, tourmaline, pyrite, magnetite, chlorite and
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muscovite. The veinlets cut straight through crystals of feldspar and biotite, without
apparently displacing the portions of the penetrated crystals and without causing any
recognizable alteration of them. There was no sign of a zone of mineralized granite on
either side of each veinlet”.

At Wheal Coates, St. Agnes, Cornwall, the Towanrath Lode, which is from c. 0.6
to 3.7 m in width, consists of quartz with locally rich pockets of cassiterite, and is
hosted by non-calcareous metasediments. In its hanging wall, there is a very rich
stockwork of veinlets filled with white clay and cassiterite (Jones, 1925, p. 72).

Numerous other vein systems have been exploited for their tin content. For
instance, I have cited a number of Malaysian examples (Hosking, 1973, pp. 371—
373).

Finally, during the underground search for lodes, veinlets occurring in exploratory
crosscuts or drill core may, by their mineralogical character, trace metal content, and
their tendency to increase in concentration as a lode is approached, provide an impor-
tant aid to exploration.

7. Lodes of the Cornish Type

Lodes in the type region, Cornwall, are spatially, and one supposes genetically related
to a Carbo-Permian polyphase batholith whose original surfaces were characterised
by a marked topography consisting of distinct ridges with undulating crest lines. Por-
phyry dykes are abundant and they and the tin-bearing lodes tend to strike approxi-
mately parallel to the ridges. The lodes and dykes provide some interesting spatial
relations, shown in Fig. 12a.

These early lodes post-date the dykes, greisen-bordered vein swarms, tourmaline-
breccias, and their related vein systems. Associated with them are major wrench
faults, which strike at about right angles to the tin lodes. The wrench faults are some-
times barren, and sometimes contain a late mesothermal assemblage of galena, sphal-
erite, siderite, etc.. Whilst some of these faults post-date and disrupt the tin lodes,
others clearly pre-date them. I think the lodes originated by the generation of frac-
tures between pairs of wrench faults, and the mineralogical and textural complexity
of the lodes is due, to no small degree, to them being repeatedly reopened as a result
of continuing activity along the wrench faults. However, the lodes which are generally
steeply dipping, have also been subject to normal and occasionally other forms of
faulting. As a result of repeated movement, the texture of the lodes is often complex,
but generally each displays locally either a banded and/or brecciated texture
(Fig. 12b). The wallrocks may be ornamented by vein systems which may be so dense
and mineralised that they can be mined with the lode proper.

Individual lodes may have strike lengths of several kilometres (for example, the
Great Flat Lode is about 5 km long), and they may be mineralised for dip lengths of
1,000 m or more (Dolcoath Main Lode, for example, was worked for copper and tin
to a vertical depth of the order of 1,000 m). Some of the lodes are 15 m wide, and in
the presently operating Geevor Mine the average width is from 0.45 to 0.6 m.

The mineralogical development of the lodes has resulted from the ascent into the
open faults of a succession of mineralising agents whose character varied with time.
Where within a fault a given mineral was deposited doubtless depended on a number
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Fig. 12a. Diagrams illustrating Cornish relationships between lodes/veins and elvans
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Fig. 12b. Some fundamental lode/vein structures (after Hosking, 1969)

of factors, but temperature was probably the most important. Cassiterite was depo-
sited in the deeper horizons and this was followed by chalcopyrite and iron-rich sphal-
erite in a higher zone which considerably overlapped the tin zone. Later, in a still
higher zone, which overlapped the copper one, galena and sphalerite were deposited.
Each zone tended to spread over a greater strike length than the one beneath it
(Fig. 13a). Furthermore, the zones in lodes which crossed the granite/country rock
contact were usually much flatter than the neighbouring contact. The Cornish primary
zoning pattern is only one of a number of types which have been reported. Some of
these I have described elsewhere (Hosking, 1979, pp. 34—41). Due particularly to
Pliocene marine planation, many of the Cornish lodes have lost some of their higher
primary zones, and the zonal pattern has been modified in a way that deceived the
miners of the last century by the development of secondary zones caused by deep oxi-
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Fig. 13a. Longitudinal section of Dolcoath Mine Lode, Cornwall, England

dation which commenced during the Mesozoic when arid conditions prevailed
(Fig. 13b). In some instances tin is found solely in lodes in the country rock (essen-
tially noncalcareous metasediments and intercalcated metabasites), while in others it
is confined to lodes in the granite. In still other lodes, tin may occur both within gra-
nite and within country rock.

It is also relevant to note that certain lodes show distinctly telescoped characteris-
tics. The presence of woodtin in some lodes and the nature of the tourmaline-breccias,
collectively serve to suggest that the mineralisation was of a fairly high-level type.

Of course many minerals other than those noted above were deposited in the tin
lodes and Figure 14 provides a general paragenesis of the Cornish deposits. This table
is a compromise, and many more species, albeit often in small amount, occur in the
lodes. Electron probe investigations have recently located species in them which had
hitherto been overlooked. The table also provides something about the nature of the
wallrock alteration associated with the lodes. Within the lodes, concentrations usually
occur in well defined shoots. However, the pattern of distribution of tin in the shoots
is complex and is not really understood. A number of factors apart frorh temperature
and chemical control the distribution, size, and shape of the shoots. These include
changes in dip and strike of the lode, and impounding features such as faults, dykes
and granite/metasediment contacts. Many of the shoots exploited during the last
hundred years provided ore grading c. 1% Sn. Of course, both considerably richer
and considerably poorer ones have been exploited.

rCONTACT
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Lodes similar to the Cornish ones are known elsewhere, for example at P.C.C.L.
mine in Pahang, Malaysia. There, the lodes, which are in metasediments overlying
granite, are only zoned in that the upper horizons are somewhat richer in copper.

8. Replacement (Metasomatic) Deposits That Cannot Be Satisfactorily Placed in
Any of the Other Groups

In that part of my classification that is concerned with primary deposits I have
endeavoured to keep genetic considerations to a minimum. However, I have placed
in this group those skarn-free deposits that I consider to have been formed by replace-
ments effected by hydrothermal mineralising agents derived from granites. They are
epigenetic with respect to their host rock. Stanniferous skarns have also been formed
in this way but I have placed them in an earlier group although the division between
some of them and some of the metasomatic deposits noted below is somewhat diffuse.
Others, especially Hutchinson (1981, pp. 81—97), hold that a number of deposits I
include in this group are “synsedimentary and were formed by chemical precipitation
from exhaled metalliferous hydrothermal brines near fumarolic vents on ancient sea
floors”. I think that particularly in Canada stanniferous bodies are to be found that
may well have been generated in the way Hutchinson suggests, and these I have
placed in Group 11 of this classification.

Deposits falling into this present group may be divided into two sub-groups,
namely those of small or moderate size and those of large size. Examples falling into
each sub-group are briefly mentioned.

Small or Moderate Size Replacement Bodies

Carbonas is a Cornish word, which has been accepted for irregularly shaped bodies
of stanniferous, highly-altered granite. A number of them have been recorded from
mines in the Lands End peninsula of Cornwall. They are connected to normal lodes
by one or more feeder channels. Figure 15 provides an example of a carbona. It
lacked clearly defined walls, consisted of tourmaline, cassiterite, fluorite, pyrite and
chalcopyrite, and occurred at the junction of the north-south striking barren fault and
east-west veins. I think that the orebody developed as a result of ore-forming agents
being impounded beneath a granite that was an earlier phase than the host. At Sungai
Besi (Malaysia) a number of stanniferous carbonas developed in the granite just
below a marble cover, and one was an extremely rich deposit although its extent down
dip was only about 30 m.

Small replacements which have been exploited occur in the metamorphic rocks
near to the granites in Cornwall. Thus, at Grills Bunny Mine, Botallack, a flat-dip-
ping, metabasalt-pelite horizon locally contains four exposed flat, lenticular bodies,
varying in thickness from 1 to 4 m. Each one “consists of an upper 0.3—1 m thick bed
of tourmaline-quartz-cassiterite (thin sections of which indicated its origin by replace-
ment) and a lower less than 1 m thick zone of chloritised amphibolite containing dis-
seminated cassiterite (Jackson, 1979, p. 222).
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Fig. 15. The Great Carbona of St. Ives Consols Mine

In mid-Cornwall, associated with a plexus of quartz-tourmaline-cassiterite veins in
the Parka Mines, are lenticular replacements of cassiterite and quartz which are 2—
3 m thick x 15 m x 20 m. These made the small mine a viable proposition (Collins,
1912).

In the Rooiberg field (South Africa) tin mineralisation occurs as “fracture-ore-
bodies”, and replacement ore-bodies. The latter, occurring in quartzite, can be sub-
divided into pocket ore-bodies and bedding ore-bodies. Leube and Stumpfl (1963,
pp- 398—401) note that the pockets occur either on the steep fractures or in the
quartzites up to 6 m on either side. They are connected to the steep fractures (the
feeder channels) by very thin, usually unmineralised fissures. They usually vary in
diameter “from a few inches to about 20 feet”, but on rare occasions they may reach
30 m. They are usually concentrated in groups. “In some places the pockets are lined
up closely one behind the other forming pipe-shaped ore-bodies up to 200 feet in
length and 15 feet in diameter”. In addition, “impregnation and replacement bodies
occur parallel to the stratification forming sheetlike ore-bodies of varying but gener-
ally limited extension of not more than 50 feet and a width of up to 3 feet”.
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Pockets in all stages of development are encountered. The most primitive consist
solely of a ring of tourmaline and all the pockets display an annular structure. The
well-developed pockets are often surrounded “by an outer ring of red quartzite fol-
lowed by an inner ring of white, highly silicified quartzite. The centre of the pockets
is commonly formed of tourmaline, sulphides (mainly pyrite) and, in places, also
feldspar. The centre is surrounded by rings composed of cassiterite or carbonates”.
(Leube and Stumpfl, 1963, p. 400) (Fig. 16).
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FLAT FRACTURE

TOURMALINE +
EXFOLIATION

RED QUARTZITEX
CASSITE RITE

IMPREGNATION
12 INCHES

TWRMfLINE
CASSITERITE

LITTLE IMPREGNATED
Sn IN QUARTZITE

FLAT DIPPING
FRACTUR

VERY RED RING
OF QUARTZITE

CASSITERITE
TOURMALINE
.FeS2.CHALCOPYRITE

CARBONATE

[E—
12 INCHES

RED QUARTZITE GHALCOPYRITE CARBONATE

TOURMALINE

WHITE QUARTZITE

| S——
12 INCHES

CARBONATE WITH
CLUSTERS OF,
TOURMALINE

12 INCHES

CHLORITE WITH
TOURMALINE

SCHEELITE CLUSTERS
RED RING

[ I

12 INCHES

Fig. 16. Drawings of pockets in A 3 Rooiberg
Mine (after Leube and Stumpfl, 1963)
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Large Replacement Bodies

Essentially there are two types of large replacement bodies, namely pipes and
stratiform/stratabound bodies.

Amongst the known stanniferous pipes, only some fall, beyond doubt, into the
classification group under discussion. Some, such as the much branched and zoned
pipes of the Potgeitersrus field (South Africa) can only be placed here if they are
regarded as epigenic. Others such as the breccia pipes of Bolivia and the Beatrice
skarn pipe of Malaysia also fall into other groups. In Malaysia, however, some twenty
or thirty other stanniferous pipes have been examined on the west side of the Kinta
Valley and only the Beatrice Pipe qualifies on mineralogical grounds to be classified
as a skarn deposit. The remainder contain cassiterite with a variety of sulphides. In all
of them calcite and dolomite form the chief non-metallic gangue (Willbourn, 1931/
32). I think that the pipes are replacement bodies which probably developed in the
vicinity of intersecting feeder channels that possibly overlie high-spots of the underly-
ing granitoid. They, unlike the Beatrice Pipe, have proved only of slight economic
importance.

In eastern Australia there are many well-documented pipe-shaped tin deposits
(Taylor, 1979, p. 166) and some of these may be rightfully placed in the present clas-
sification group. However, the reconstruction of the development of a given pipe is
often difficult so that it is not always easy to decide how to classify it. Taylor remarks
that some so-called pipes are not, in fact, pipes at all, the ore deposit having “ac-
quired a pipe-like shape due to mining restrictions, grade restrictions or post-minerali-
sation faulting”. He cites the so-called pipes of the Wild Cherry Mine in the Albury-
Ardlethan province as examples of pseudo-pipes (Taylor, 1979, p. 167).

From an economic point of view by far the most important ore-bodies falling into
this group are the stratabound/stratiform deposits occurring in Tasmania, and in par-
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Fig. 17. Cross section of the Renison Mine area, Tasmania (after Newnham, 1973)
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Fig. 18. Cleveland Mine, Tasmania, Cross section “Qa”, looking North-east (after Cox and Glas-
son, 1967)

ticular those of Renison Bell, Cleveland and Mt. Bischoff. Figure 17, 18, and 19, pro-
vide broad details of the geology of the three mines. In each case ascending mineralis-
ing agents have probably migrated from buried granites. At Mount Bischoff these
agents caused marked greisenisation of the porphyries “with the formation of topaz,
tourmaline, muscovite and cassiterite pseudomorphing primary feldspar”. They also
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Fig. 19. Generalized section across Mt. Bischoff (after Groves and Solomon, 1964)

caused “selective replacement of the dolomite bed — — — by iron sulphides, talc,
quartz, carbonate and cassiterite, and the filling of tension fractures throughout the
area” (Groves and Solomon, 1964).

At Cleveland the Lode Bed was originally a finely layered calcareous shale which
was later folded and faulted. “Cassiterite, wolframite, fluorite, tourmaline, sulphides,
chlorite and further dolomite and quartz were introduced into the Lode Bed which
acted as a permeable channel-way and chemically reactive host for mineralising solu-
tions” (Cox and Glasson, 1967, p. 11). In 1966, before production commenced at
Cleveland, indicated and inferred ore reserves totalling approximately 3 Mt of aver-
age grade 1.02% Sn and 0.43% Cu were established.

At Renison Bell both fault-confined and stratabound ore bodies occur. Of the
faults, only the Basset-Federal structure contains economic mineralisation. It is a lode
of the Cornish type containing, in addition to sulphides and a variety of non-metallic
gangue minerals, fine-grained cassiterite which occurs both in the latter and the sul-
phides.

The stratabound deposits have developed locally within three major carbonate
beds in the succession. In these three beds “the primary carbonate is a manganiferous
dolomite or pistomesite, usually well bedded and becoming coarsely crystalline and
sideritic adjacent to the sulphide ore bodies” (Newnham, 1973, p. 2). The “ore bodies
invariably lie adjacent to mineralized fault zones which are regarded as the feeder
channels”. “Sulphides typically form 60—75% of the rock and consist of pyrrhotite
with minor inclusions of pyrite, chalcopyrite and arsenopyrite. Gangue is composed
of secondary quartz, carbonate, fluorite, tourmaline, talc and chlorite”. “Cassiterite
is included in both sulphides and gangue minerals, and has an average 50— 100 mic-
rons grain size. Typical No. 2 and No. 3 horizon ores average 1.3 and 1.8 per cent tin
respectively” (Newnham, 1973, p. 5).

All these three Tasmanian deposits have supported or are supporting major tin-
mining operations. Unfortunately stanniferous deposits of the type described above
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and of comparable tonnages and grade do not appear to have been discovered outside
of Tasmania, except at Dachang, China.

9. Telescoped, Mineralogically Complex Deposits (Largely Xenothermal or
Sub-Volcanic)

Of the sub-volcanic deposits falling into this group the best documented are those of
Central and South Bolivia (see, for example, Kelly and Turneaure [1970] and Sillitoe
et al. [1975]) where they are of major economic importance. They occur as lode sys-
tems in and around high-level late Tertiary stocks of intermediate composition
(Fig. 8). Locally they are associated with somewhat earlier porphyry tin deposits, but
seem to have developed by mineralising agents which had a deeper source than those
responsible for the porphyry tin deposits.

The lodes are often considerably branched and often display quite a complex pat-
tern both in plan and section. The lodes usually have a complex character with band-
ing, brecciation, colloform, and replacement textures locally much in evidence. Their
mineralogy is complex characterised by the not uncommon presence of wood-tin, tin
and silver sulphosalts (stannite, teallite, cylindrite, ruby silver, etc.). This complexity
is due to telescoping as a result of deposition near the surface. An indication of the
mineralogical complexity is provided by Table 2 in which the sequence of vein miner-
als in certain xenothermal deposits of Central Bolivia is presented.

In view of the conditions under which these deposits were formed, it might be reason-
able to expect that if zoning occurs at all it would be the lateral type that was domi-

Table 2. Sequence of vein minerals in the xenothermal deposits of central Bolivia (After Turneaure,
1960, 577)

Stages 1 2 3 4 5
Llallagua q, (tm). bm, cs, frk, po, sl, (st), mc, (asp), sd, sl
(wf), (ap).  asp. (cp)- Py, sd. Py, W (?)

Huanuni q, tm, cs. (tl), sl, st, py, mc, sd.
(ap), (f1). po, asp. (cp). sd.

Morococala q, tm, cs. tl, pa, sl, (st). py, (mc), sd, sl,
(tz). (asp). sd. (py)-

Potosi q, py, cs, (asp), (wf), st, (cp). td, (sl), fo, rs, aln.
(bm). (mt), ad. (gh).

Oruro q, py, cs, (asp). (s), (cp),  td, ad. fo, gl, kn, dk,

st frk. aln, (q),
(mc).

ad -andorite frk —franckeite sd -siderite

aln - alunite gl —galena sl —sphalerite

ap - apatite kn -kaolinite st —stannite

asp —arsenopyrite mc — marcasite td —tetrahedrite

bm - bismuthinite mt - matildite tl —teallite

cp - chalcopyrite po - pyrrhotite tm — tourmaline

cs —cassiterite py - parite tz —topaz

dk - dickite q -—quartz wf —wolframite

fl -fluorite 1s —ruby silber wv —wavellite

fo -lead sulphosalts
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nant. However, Turneaure (1960, p. 583) makes the following pertinent remarks:
“Vertical zoning, marked by a consistent change in mineralogy with depth has not
been clearly demonstrated in the (xenothermal) deposits of Central Bolivia, but some
semblance of vertical zoning is noted in the tin-silver deposits of Potosi and Oruro.
Lateral zoning, of the regional type, so well illustrated by the ore deposits of North-
ern Bolivia — — — is not evident in the mineralised belt of Central Bolivia, but lateral
zoning on a local scale is suggested by mineral distribution at Llallagua and
Huanuni”. The vertical zoning to which he refers is indicated at Potosi, for example,
by the occurrence of silver above tin and of cassiterite above stannite. Concerning lat-
eral zoning Turneaure states (1960, p. 588) that at Llallagua the tin-bearing zone “is
partly surrounded by one in which several low-grade sulphide veins have been
explored”, and at Huanuni, also, a tin zone is surrounded by one in which sulphides
are dominant. Finally in order to emphasise the economic importance of these
xenothermal Bolivian lodes it can be said that their ore shoots are of about the same
size as those of the Cornish lodes. Turneaure (1960, pp. 583—584) notes that in Cen-
tral Bolivia numerous ore shoots in major lodes have stope lengths of 200 to 300 m,
and that the San Fermi shoot, with a maximum stope length of 700 m, was undoubt-
edly one of the greatest tin shoots ever to be discovered.

Somewhat similar deposits are known in volcanic environments elsewhere, and
those in the Ashio mine provide a good example (Nakamuara, 1970, pp. 231—246).

Locally within the porphyry multi-metal deposit of Mount Pleasant, New
Brunswick, stanniferous ore occurs which shows some lateral zoning, and consists
essentially of cassiterite, stannite, and a considerable number of other sulphosalts and
sulphides, and so is distinctly xenothermal in character (Hosking, 1963).

In Malaysia a number of telescoped deposits are known. One of the most interest-
ing is the Manson Lode in Kelantan. It is associated with limestone, indurated shale,
phyllite, meta-acid volcanic rock, tuff and quartz porphyry dykes, all of which may be
of Permian age. The nearest outcropping granite is about 9 km away. The area is pat-
terned by faults in a complex way and it is thought that the lode itself is a mineralised
shear zone that has been repeatedly reopened. The lode contains, in addition to cassit-
erite, stannite and a wide variety of other sulphides which include cinnabar (Hosking
et al., 1970 and Hosking, 1973). It is not surprising to find this xenothermal body in a
geologic environment in which volcanics and porphyry dykes are much in evidence
and it may be that the ore deposit and the igneous units are of about the same age.

In the western tin belt of Malaysia a number of complex and distinctly telescoped
stanniferous veins occur, that are not in volcanic settings (Hosking, 1973, pp. 374—
379). Doubtless they developed at a fairly high level, and I think they must be genet-
ically related to a very late-phase of the wide-spread Triassic granite or even to a Cre-
taceous granitoid which does not happen to outcrop (see Hosking, 1974, pp. 3839
and Fig. 9).

Telescoped stanniferous bodies are not uncommon throughout the world and
further testify to the probability that most primary tin deposits have developed at
rather modest depths; the large Precambrian pegmatites are possibly the only major
exception.
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10. Deposits of the Mexican Type (Epithermal or Fumarole)

Deposits of this group occur in Mexico, Bolivia, Argentinia, Nevada and New Mexico
(U.S.A.), and Eastern U.S.S.R. (Maly Khingan). Probably the wood-tin in the Alas-
kan gold placers were derived from the same type of deposit (Mulligan, 1975, p. 48).

Although some of these deposits have been worked by opencast and underground
methods in a small way they are of only slight economic importance.

The deposits of Durango, Mexico, indicate the major characteristics of the group.
They occur in a belt of rhyolites and in the same belt silver deposits are found, but at
a lower level than the tin ones, and since the rhyolites are underlain by basalts, ande-
sites and dacites, it is in these that the silver deposits are generally situated.

According to Ypma and Simons (1969), the tin deposits are apparently confined to

a rhyolite which possesses steeply-dipping flow banding and which seems to be an
intrusive stock or dyke rather than a true extrusive. This tin host rock possesses a chill-
ed margin consisting of a very dense breccia (Fig. 20). In it the mineralisation is con-
fined to vein, disseminated and breccia deposits.
Individual veins are small and any one vein would be regarded as significant were it,
say, 0.2 m wide, 30 m long and 15 m deep. The veins are steep-dipping and generally
occur near the top of the intrusive. The grade of ore in these bodies varies from 2—
10% SnO;.

In the vicinity of the veins both syngenetic and epigenetic disseminations of cassit-
erite are found, the former being associated with fayalite and zircon and locally reach-
ing concentrations of 0.1—0.15% Sn.

The breccia type of mineralisation may be quite extensive and stopes up to 25 m
wide, 8—10 m high and 100 m long have been excavated in it. Ore grade is about
0.4% Sn and apparently “the tin values are confined to a fine stockwork of veinlets”.

=] massive rnyolite tiow t
chilied margin 53
505 rnyorite with vert'zal tiow banding

T3 granuiar s.licitiea rhyolite

0% precciated rhyolite

CZ71 vein type tin deposit

E=1 stoped out disseminated tin ore s i _$°m.

Fig. 20. N-S section through the Esperanza breccia type deposit (southern half of the figure) and a
regular vein deposit (at northern end of section). Note the massive rhyolite cap, chilled margin, and
possibly funnel shaped outline of the breccia pipe. Durango, Mexico (after Ypma and Simons, 1969)
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These deposits appear to have developed just beneath a roof of rhyolite with horizon-
tal flow banding.

Both the vein and breccia ore contain specularite and SnO, which occurs as ‘nor-
mal’ cassiterite and wood-tin. In addition to these major components, native bismuth,
mimetite, and antimony (up to 1.0%, and perhaps as iron-antimony-oxide) are of
common occurrence. Non-metallic associates are tridymite, quartz, chalcedony, opal,
sanidine, white mica, zeolites, and fluorite, and these minerals are also present in the
rhyolite vesicles.

The cassiterite in the breccias is much finer than in the veins and difficult to
recover unless flotation is employed. However large tonnages of breccia ore may be
present in Mexico and elsewhere.

11. Stanniferous Massive Sulphide and Massive Iron Oxide Deposits

This group has been introduced primarily to accomodate those large stanniferous
deposits that are stratabound and consist largely of sulphides with interbands of detri-
tal grains of gangue minerals. Although they are not confined to Canada, a number
of excellent, much investigated examples occur there. In some of these Canadian
deposits the tin concentration is only of nuisance value, but at Sullivan and Kidd
Creek, where the deposits are mined primarily for their base metal content, tin is
recovered as an important by-product. At present they are Canada’s only demestic
sources of tin, and together they produce about 360 t of metal annually.

As Mulligan (1975, p. 50) notes “many (of the deposits of this group) are under-
lain by or grade stratigraphically downwards into zones of lower grade pyritic or pyr-
rhotite-bearing ‘disseminated’ or ‘vein’ ore that is obviously not ‘stratabound’ ”. They
are often considerably deformed and metamorphosed.

Mulligan (1975, p. 50) points out that this group may be sub-divided into volcanic-
stratabound and sedimentary-stratabound. Deposits of the volcanic sub-group are
generally “associated with rhyolite or other alkali-siliceous rocks interbedded with
more basic volcanic rocks, and thought to mark the end-stage of basic-intermediate-
acid volcanic cycles”. In Canada many of these deposits, such as those of “Kidd Creek
and South Bay are near margins of sedimentary depositional basins, and the sedimen-
tary-stratabound deposits like Manitouwadge (but not Sullivan) are commonly in
sedimentary depositional basins surrounded by volcanic rocks” (Mulligan, 1975,
p- 50). He also notes that in the Canadian sedimentary-stratabound assemblages
iron-formation is often represented, and is much in evidence at Manitouwadge. He
also notes that some sulphide deposits grade laterally into iron-formation, and he
suggests that the iron oxide deposits may be the shallower water equivalents of the
massive sulphides. The iron-formation deposits, in addition to the massive sulphide
ones, may be stanniferous. That of Grandesburg is a case in point.

I think that these massive Canadian deposits and others in a closely similar geolog-
ical setting, are genetically different from those stratabound stanniferous deposits
which have been described earlier and which I believe to be replacement deposits. I
agree with Hutchinson (1981, p. 87) that there is compelling evidence for believing
that the Canadian-type deposits are synsedimentary and that they were formed in
much the same way as the Sullivan deposit was generated. Hutchinson states that the
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deposit in question “was formed by sea floor exhalations of metalliferous hydrother-
mal brine from a fumarolic vent, now marked by the discordant footwall breccia zone,
followed by the precipitation of the stratiform massive sulphides on the surrounding
sea floor. — — ——The presence of cassiterite as a minor, but locally enriched mineral in
the Sullivan ores is compelling evidence that tin, like iron, zinc, lead and silver was
mobilised from the footwall rocks by this fluid, transported upwards towards the seaf-
loor, and precipitated, by cooling, Eh and pH changes, both in the feeder fractures
just beneath the seafloor and on the seafloor itself above the vent”.

In the Eastern Tin Belt of Southeast Asia (Hosking, 1977) particularly in
Trengganu and Belitung, there are a number of concordant and distinctly stanniferous
iron oxide deposits, and some of these pass laterally, or in depth, into bodies which
are essentially sulphidic. A good example is the Selumar deposit of Belitung which has
been locally exploited because of its tin content. While the mineralogical character of
some of these deposits, together with their geometry and geological setting, provide
some reason for classifying some as skarn deposits and others as metasomatic replace-
ments, they may have been generated in much the same way as the Canadian deposits
noted above. However, it is premature to make dogmatic statements concerning the
genesis of the Asian deposits because they have not been adequately investigated. I
can still conclude, as I did some years ago (Hosking, 1979, p. 30) “that the geneses of
these iron/tin deposits of Southeast Asia are still matters of uncertainty, and it is at
least probable that from the point of view of genesis, a number of different types
exist. It is uncertain at this stage if any of them are strictly comparable to the €ana-
dian deposits noted above”.

12. ‘Ancient’, Variously Modified, Stanniferous, Sedimentary Deposits

I cannot do better than to record much of what I wrote about this group a few years
ago (Hosking, 1979, pp. 30—31) and to add something of relevance that has come to
light lately. “Because until comparatively recently, there was little evidence of ‘an-
cient’ stanniferous sedimentary deposits, of which ancient tin placers are members,
such deposits were not usually provided for in classifications of tin deposits. I think it
is likely that such deposits are considerably less rare than one used to believe to be the
case, and that we have not recognised some of them because regional metamorphism
and/or the heat and chemical components derived from neighbouring invading
magma have so modified them by effecting remobilisation, recrystallisation, etc., that
they have lost much of their original identity”.

“The difficulty in recognising the true identity of such deposits is made particu-
larly clear by considering the data relating to the ‘schists stanniferes’ of the
Isergebirge district of Poland which have been provided by Mulligan (1975, pp. 51—
52). According to Mulligan these stanniferous bodies occupy a stratigraphic zone sev-
eral metres thick in a series of ancient crystalline chlorite schists intruded by Hercy-
nian granites. The zone extends intermittently for some 14 kilometres. It consists of
chlorite-garnet schists believed to have resulted from metamorphism of originally
argillaceous and limy sedimentary rocks. Cassiterite, accompanied by sulphides and
secondary iron-rich chlorite, which is thought to have developed from garnet and
biotite by hydrothermal processes, occurs in quartz veins in schist”.
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“Because of the complex association, and the confinement of the zone to a
specific stratigraphic horizon, it is concluded that the mineralisation could not have
been introduced by normal hydrothermal processes. The deposit is believed to be a
placer enriched in iron and other heavy elements”.

The problem of establishing whether a given deposit is, or is not an ancient stan-
niferous placer, has recently been highlighted by Matthews (1982), who discusses a
deposit in South Goias (Brazil). This deposit, which I have seen, is probably a single
tin-bearing horizon that has been exploited on the northern and southern limits
respectively of a westward plunging anticline, composed of closely-banded Upper
Precambrian paragneisses. Matthews (1982, p. 467) observes that at one of the mines
“Encruzilhada there is no marked hydrothermal alteration at surface. The cassiterite
is fine-grained and disseminated —in a — 0.1 —1 m thick — continuous schist band inter-
calated with lighter coloured more arenaceous muscovite-bearing schistose horizons”.
Matthews remarks that although the deposit has been considered to be a fossil placer
it is, in his view, “not very logical to suppose that the cassiterite” which occurs as
euhedral crystals “was deposited in what, before granitisation, must have been a thin
argillaceous horizon in a well-bedded packet of arenaceous and argillaceous sedi-
ments”. Matthews concludes that the tin deposits may be directly related to granitisa-
tion (which resulted in the generation of granite gneiss in the core of the dome) and
which caused “remobilisation, transport and redistribution of tin — on a wide scale —
and lithological and local structural features in the paragneisses determined the
geometry of the existing deposits™.

Matthews’ view of the genesis of the deposit echoes similar views which were
advanced long ago by the Swedes to account for some of their base metal deposits. If
it is correct, then perhaps another group should be added to this classification to
accomodate such deposits.

Matthew’s work certainly supports my contention that it is probably more difficult
to assign a given deposit to this group than to any of the others. Although it has been
my aim to erect a classification that is as free as possible from genetical considera-
tions, of necessity one would have to investigate the origin of a given deposit before
placing it in this group.

13. ‘Modern’ Placers

‘Modern’ placers are by far the most important sources of tin.

Members of the group may be further classified according to whether they are
residual, eluvial, colluvial, or alluvial. The latter may be sub-divided according to the
nature of the site of accumulation (fluviatile, lacustrine, estuarine, marine). They may
also be classified according to whether they are submarine or terrestrial. A further
classification of the placers in general may be founded on mineralogical considera-
tions.

For the purposes of this paper it must suffice to present a pictorial classification of
the stanniferous placers (Fig. 21). Whilst it is out of the question to discuss the nature
of the placers in any real detail in this paper, it is pertinent to make the following
observations:
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(1) Of the various types of placer the alluvial members (on-shore and submarine) are
the most important sources of tin.

(2) Using conventional bucket dredges, submarine ore to about 50 m below sea level
can be recovered.

(3) The grade of ore worth recovering by large dredges may be at least as low as
0.08 kg Sn m™. However, what constitutes an economic grade will depend on such
considerations as the size of the cassiterite grains, the matrix in which they occur
and the depth of overburden.

(4) In order to maximize the results of exploration, evaluation and exploitation,
major efforts must be made to establish the genesis of any deposit. That means
considering its development from the time when its cassiterite was first released
from the primary parent. In many instances the developmental history of such a
deposit is quite complex as Fig. 22 shows. Whenever possible detailed studies
should be made in order to establish the distribution pattern of the cassiterite in
the placer. I know of economically viable stanniferous horizons in certain placers
that were ignored until this was done.

(5) Finally, all the mineral species in the placer must be established and an assess-
ment must be made of the amount of each mineral of value (monazite, zircon,
xenotime, ilmenite, etc.) likely to be present in the crude concentrate recovered.
It is also important to realise that by making separate concentrates of the by-pro-
ducts the mining operation will be more profitable, albeit, largely by the
increased recovery of cassiterite which ensues.

References

Adam, J.W.H., 1960. On the geology of the primary tin deposits in the sedimentary formation of
Billiton. Geologie Mijnb., 39, 405—426.

Agassiz, J., 1954. Géologie et pegmatites stanniféres de la région Mumba-Numbi, Kivu (Congo
Belge). Comité National du Kivu. Bruxelles.

Aubert, G., 1969. Les coupoles granitiques de Montebras et d’Echassiéres (Massif Central Frangais)
et la genése de Leurs Mineralisations en étain, tungsténe, lithium et beryllium. Memoires du
Bureau de Recherches Géologiques et Minieres, No. 46 (345 pages).

Bean, J.H., 1969. The iron-ore deposits of West Malaysia. Econ. Bulletin 2, Ipoh, Geol. Surv., W.
Malaysia.

Bernard, C., 1865. An introduction to the study of experimental medicine (English translation).
MacMillan and Co. N. York. 1927.

Beveridge, W.I.B., 1955. The art of scientific investigation. The Scientific Book Club, London.

Blockley, J.G., 1980. The tin deposits of Western Australia. Mineral Resources Bulletin 12, Geol.
Surv. Western Australia (184 pages).

Bradford, E.F., 1961. The occurrence of tin and tungsten in Malaya. Proc. Ninth Pacific Sci. Con-
gress, 1957, 12, 378—398.

Burt, D.M., 1977. Mineralogy and petrology of skarn deposits. Rendiconti Societa Italiana di
Mineralogia e Petrologia, 33, (2), 859—873.

Chatterjee, A.K. and Strong, D.F., 1984. Rare-earth and other element variations in greisens and
granites associated with East Kemptville tin deposit, Nova Scotia, Canada. Trans. Instn. Min.
Metall. (Sect. B: Appl. earth sci.), 93, B59—70.

Collins, J.H., 1912. Observations on the West of England mining region. Trans. R. Geol. Soc.
Cornwall, 14, 1912.

Cox, R. and Glasson, K.R., 1967. The geology and mineralisation of Cleveland Mine. Reprint from
symposium ‘The geology of Western Tasmania’, held at the University of Tasmania, Nov. 1967

(11 pages).



syo00qAbojoag/ew welbalay//.sdny

48 Worldwide

Emmons, W.H., 1940. The principles of economic geology. McGraw-Hill, N. York.

Gilmour, P., 1962. Notes on a non-genetic classification of copper deposits. Econ. Geol., 57, 450—
455.

Groves, D.I. and Solomon, M., 1964. The geology of the Mt. Bischoff District. Publication 142,
Dept. Geology, University of Tasmania, Hobart.

Haapala, I., 1966. On the granite pegmatites of the Perédseindjoki-Alavus area, South Pohjanmaa,
Finland. Bull. Comm. Geol. Finlande, No. 224.

Holmes, A., 1965. Principles of physical geology. Nelson (1288 pages).

Hosking, K.F.G., 1963. Geology, mineralogy and paragenesis of the Mount Pleasant tin deposits.
Can. Mining J., 84, 95—102.

Hosking, K.F.G., 1964. Permo-Carboniferous and later primary mineralization of Cornwall and
South-west Devon. Hosking, K.F.G. and Shrimpton, G.W. (eds.). Present views of some aspects
of the geology of Cornwall and Devon. Blackford Ltd. Truro, Cornwall, 201 —245.

Hosking, K.F.G., 1965. The search for tin. Mining Mag., 113, 261—275, 368 —383, 448 —481.

Hosking, K.F.G., 1969. The nature of the primary tin ores of the south-west of England. Pre-print
prepared for the 2nd Technical Conf. on Tin. Intl. Tin Council, 1969, Bangkok.

Hosking, K.F.G., 1970a. The nature of the primary tin ores of the Southwest of England. A second
technical conference on tin, Bangkok, 1969. 1.T.C., 1155—1243.

Hosking, K.F.G., 1970b. Aspects of the geology of the tin fields of Southeast Asia. A second tech.
conference on tin, Bangkok, 1969. I.T.C., 39—179.

Hosking, K.F.G., 1973. Primary mineral deposits. In Gobbet, D.H. and Hutchison, C.S. (eds.),
Chapt. 11 of ‘Geology of the Malay Peninsula’, Wiley-Interscience, N. York, 335—390.

Hosking, K.F.G., 1974. The search for deposits from which tin can be profitably recovered now and
in the foreseeable future. Fourth world conference on tin, Kuala Lumpur, 1974., 1.T.C. 21—-76.

Hosking, K.F.G., 1975. The search for tin deposits. Intl. Tin Council, London.
Hosking, K.F.G., 1979. Tin distribution patterns. Geol. Soc. Malaysia, Bulletin 11, 1—70.
Hosking, K.F.G., Leow, J.H.; Chin, L.S.; Wong, Y.F., 1970. The nature and significance of the
Manson Orebody, Ulu Ketubong, Kelantan: an interim report. Malayan Scientist, 5, 32—41.
Hunter, D.R., 1973. The localisation of tin mineralization with reference to South Africa. Minerals
Sci. Engng., No. 1, 53—77.

Hutchinson, R.W., 1981. Lode tin deposits of exhalative origin. Pp. 81—106 of ‘Complex tin ores
and related problems’. Tech. Publication No. 2 of SEATRAD Centre, Ipoh, Malaysia, 81 —97.

Ingham, F.T. and Bradford, E.F., 1960. Geology and mineral resources of the Kinta Valley, Perak,
Federation of Malaya. Geol. Surv. District Memoir 9.

Ishihara, S., 1977. The magnetite-series and ilmenite-series granitic rocks. Mining Geol., 27, 293—
305.

Jackson, N.J., 1979. Geology of the Cornubian tin fiels - ‘a review’. Geol. Soc. Malaysia, Bulletin
11, 209—237.

Jacobson, R. and Webb, J.S., 1946. The pegmatites of Central Nigeria. Geol. Surv. Nigeria Bulletin
17 (61 pages).

Jones, W.R., 1925. Tin fields of the world. Mining Publications Ltd. London (423 pages).

Kelly, W.C. and Turneaure, F.S., 1970. Mineralogy, paragenesis and geothermometry of the tin and
tungsten deposits of the Eastern Andes, Bolivia. Econ. Geol., 65, 609 —680.

Kwak, T.A.P., 1983. The geology and geochemistry of the zoned, Sn-W-F-Be skarns at Mt. Lindsay,
Tasmania, Australia. Econ. Geol., 78, 1440—1465.

Kwak, T.A.P. and Askins, P.W., 1981. Geology and genesis of the F-Sn-W (Be-Zn) skarn
(Wrigglite) at Moina, Tasmania. Econ. Geol. 76, 439—467.

Leube, A. and Stumpfl, E.F., 1963. The Rooiberg and Leeuwpoort tin mines, Transvaal, South
Africa. Econ. Geol. 58, 391—418 and 527—557.

Liddy, J.C., 1977. The tin deposits and potential of Australia. Australian Mining Journal, 17—54.

Lindgren, W., 1933. Mineral Deposits. McGraw-Hill, New York.

Matthews, P.F.P., 1982. Tin mineralization in Central Goias, Brazil. Mining Mag., 461 —467.

Mining Journal, 1979. Hemerdom reserves doubled. Mining Journal, London, 292, 485—487.

Mining Journal, 1984. East Kemptville update. Mining Journal, London, 303, 242—243.

Mulligan, R., 1975. Geology of Canadian tin occurrences. Geol. Surv., Canada Econ. Geol. Rept.,
28 (155 pages).



syo00qAbojoag/ew welbalay//.sdny

K.FEG. Hosking 49

Nakamura, T., 1970. Mineral zoning and characteristic minerals in the polymetallic veins of the
Ashio copper mine. In Tatsumii, T. (ed.) ‘Volcanism and Ore genesis’, Univ. Tokio Press,
Tokyo, 231 —246.

Newnham, L.A., 1973. Geology of the Renison Bell Tinfield. Unpublished account (6 pages).

Reed, B.L., 1982. Tin greisen model. Pp. 55—61 of ‘Characteristics of Mineral Deposit Occurrences’,
compiled by R.L. Erickson. Open file Report 82—795, U.S.G.S.

Roberts, J.S., 1983. Controls of tin mineralization with special reference to the Rooiberg Tin Mines.
Re-print of paper presented at the 15th G.F.S.A. Geological Colloquium (15 pages).

Roe, F.W., 1951. The geology and mineral resources of the Fraser’s Hill area, Selangor, Perak and
Pahang, Federation of Malaya, with an account of the mineral resources. Mem. Geol. Survey
Dept. Fed. Malaya, 5 (138 pages).

Rundquist, D.V.; Denisenko, V.R. and Pavlova, 1.G., 1971. Greisen deposits. (In Russian)
NEDRA Publishing House, Moscow (328 pages).

Schuiling, R.D., 1967. Tin belts around the Atlantic Ocean: some aspects of the geochemistry of tin.
Pp. 531—547 of “A technical conference on tin: London.” I.T.C., London.

Shcherba, G.N., 1970. Greisens. International Geological Review, 12, 114—151, 239—254.

Sillitoe, R.H.; Halls, C. and Grant, J.N., 1975. Porphyry tin deposits of Bolivia. Econ. Geol., 70,
913—-927.

Sohnge, P.G., 1963. Genetic problems of pipe deposits in South Africa. Proc. Geol. Soc. S. Africa,
66, 19—72.

Strauss, C.A., 1954. The geology and mineral deposits of the Potgietesrus tinfields. Mem. Geol.
Surv., South Africa, 46 (252 pages).

Taylor, R.G., 1979. Geology of tin deposits. Elsevier Scientific Publishing Co., Oxford (543 pages).

Turneaure, F.S., 1960. A comparative study of major ore deposits of Central Bolivia. Econ. Geol.
55,217 —254 and 574—606.

Willbourn, E.S., 1931. The Beatrice mine, Selibin, F.M.S., Mining Mag., 45, 338—341 and 1932,
Mining Mag., 46, 20—24.

Yeap, E.B., 1978. Hydrothermal tin-bearing breccia of the Yap Peng Mine, Sungai Besi, Selangor,
Peninsular Malaysia. Pp. 367—375 of ‘Geology and Mineral Resources of South-east Asia’. Pub.
A.LT., Bangkok.

Yew, C.C., 1971. The geology and mineralization of the eastern Kuala Lumpur area, West Malaysia.
Unpub. B.Sc. (Hons) Thesis, Dept. of Geol., Univ. Malaya (111 pages).

Ypma, J.M. and Simons, J.H., 1969. Genetic aspects of the tin mineralization in Durango, Mexico.
A second technical conference on tin, Bangkok. International Tin Council (Pre-print).



syo00qAbojoag/ew welbalay//.sdny

1 Worldwide
1.2 The Problems of Tin Metallogeny

Guo Wenkurt

Abstract

On the basis of the spatial and temporal distribution of tin deposits in the world and
their relation to different kinds of igneous rocks, the sources of tin are discussed
according to the available tin abundance in meteorites and ultramafic, mafic and fel-
sic rocks in combination with the siderophile habit of tin. It is proposed that tin is
derived from the mantle rather than from the crust.

It has been estimated that the gross production of tin metal of the world was
roughly around 10 million t up to 1980. Of this, about 54 % was produced from South-
east Asian countries such as Thailand, Malaysia and Indonesia and South America,
mainly Bolivia, whereas the remaining 46 % was from more than 40 separate regions
located in different continents of Oceania, Africa, Europe, North America, Latin-
America as well as the other parts of Asia (Taylor, 1979). Several larger tin deposits
in East Asia are located east of longitude 105°, up to north Kamchatka (Yakutia) of
the U.S.S.R. and down to South China (Fig. 1). China plays a rather important part
in the world tin production. The works on particular tin deposits of China by Meng
and Chang (1935) and Hsieh (1963) have been repeatedly cited by a few geologists
abroad up to the eighties, e.g. Lehmann (1982). Since the founding of the People’s
Republic of China, especially in the last seven years, remarkable progress has been
made in the field of tin prospecting, exploration, mining and study.

In China, there are both placer and hypogene tin deposits. In ancient time, tin was
mined predominantly from placers; later, placer mining was replaced gradually by
hypogene tin excavating. At present, the amount of tin produced from hypogene
deposits is far more than that from placers. The hypogene tin deposits are of great var-
iety and associated with varied metals. Temperature of major metallization ranges
generally from 150° to 550°C. Four common types have been recognized, i.e. (1) peg-
matite (360—620°C); (2) contact metasomatic (340—550°C); (3) porphyry, includ-
ing xenothermal, (100—500°C) and (4) hydrothermal veins (250—500°C), usually
300—400°C. A characteristic feature is the occurrence of two or three types of
deposits within a single tin district or two or three types of orebodies within a single
deposit. Some districts and deposits show deposit zoning and orebody zoning respec-
tively. In other districts, different types of deposits may be superimposed upon one
another.

! Institute of Geology, Chinese Academy of Geological Sciences, Beijing
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Spatially, tin deposits may occur in different geotectonic units such as craton,
shield, platform, fold-belt, continental margin and island arc (Jones, 1920). Tin
deposits in different geotectonic units are characterized by different types and sizes.
The deposits present in relatively stable units, such as the craton and shield of Africa
and North America, are mostly of pegmatite type and lesser in size, whereas the
larger deposits of types other than pegmatite are usually located in fold-belts and/or
continental margins. Therefore, the latter geotectonic units are the main sites of pro-
ductive tin deposits.

Temporally, there are five metallogenic epochs as follows:

(1) Proterozoic, including tin deposits in Africa (Pelletier, 1964), DGR, Brazil, North
Territory and Western part of Australia, Eastern Sayan in the U.S.S.R., Kangdian
axis of China and probably part of Bolivia;

(2) Caledonian, such as southern part of South Africa, northwest Tasmania of
Australia and part of China;

(3) Hercynian, including most deposits in Europe, Queensland and New South Wales
in Australia, Central Asia and Kazakstan in the U.S.S.R., Eastern Canada and
Northeast China;

(4) Mesozoic, examplified by tin provinces of the Far East, Lesser Khingan (Ichek-
son et al., 1959) and Yakutia in the U.S.S.R., Bolivia and South China and the tin
belt from western Yunnan of China through Burma, Thailand to Malaysia;

(5) Cenozoic, represented by some deposits in Peru, Bolivia, Mexico and Shihot-
Alin in the U.S.S.R. and Japan.

The number of deposits formed in the Mesozoic and Cenozoic exceeds half the
total number of deposits formed in all the five metallogenic epochs. Therefore,
Mesozoic and Cenozoic are the major metallogenic epochs for tin. Of them, Mesozoic
is most important in tin metallization (Ichekson et al., 1959). Such associated metallic
elements as lead, zinc, silver and antimony seem to increase with time.

Most of the hypogene tin deposits appear to be related, both in space and in time,
to granitic rocks including plutonic, hypabyssal, subvolcanic and even volcanic phases
of such varieties as granodiorite, quartz monzonite, common granite and the granite
associated with the Bushveld stratiform complex (Pelletier, 1964). Among them, the
silica-oversaturated, high alumina and alkali-rich granite shows an intimate relation
with tin deposits. Many large tin deposits occur inside, proximal or occasionally distal
to satellitic bodies of or cupolas above big granitic batholiths in regional metamorphic
regions, and stocks along fractures and anorogenic small intrusives. The tin content of
granite is highest at the late stage of magmatic evolution. In addition, these tin-rich
granites are also rich in “incompatible elements” such as fluorine, lithium, boron, and
caesium. Granites with a higher content of fluorine and lithium are usually in associa-
tion with metallization in Sn-W-Mo (Bailey, 1977). The metallization of tin often lags
about twenty million years behind the consolidation of the intrusive body concerned.
The lag time tends to vary with depth of intrusion. This probably implies the relation-
ship between the evolution of magmatic fractionation and the metallogeny of tin.

The Gejiu ore district may be used to illustrate this time span between granite and
tin metallization. In the Gejiu ore district, there are several granitic intrusive bodies
of which the representative and well studied ones are Longchahe, Malage and
Laochang. The Longchahe intrusive mass is of porphyritic biotite granite with some
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xenoliths of granodiorite near the margin. Its average Rb-Sr age (from eight samples)
is 147 £ 3 Ma. It contdins Ti 0.182%, F 0.15%, K 4.7% and Sn 4ppm. So far no
economic tin deposit has been found in association with the Longchahe intrusive
mass. Also made up of porphyritic biotite granite, the Malage intrusive body contains
Ti0.175%,F0.26 %, K 4.87 % and Sn 10 ppm. The Rb-Sr isochron dating of nine sam-
ples gives an age of 90.4 = 6.3 Ma. At the contact of the Malage granite with Triassic
limestone there exist productive skarn tin deposits. The Laochang granite body is a
highly albitized and K-feldspathized equigranular granite containing Ti 0.022%, F
0.377%, K 5.517 % and Sn 20 ppm. The Rb-Sr isochron dating of seven samples gives
an age of 81.0 + 4.9 Ma. A large tin and polymetallic deposit occurs in association
with the Laochang igneous body. A detailed study of Rb-Sr isotopes shows the initial
87Sr/8Sr values of the three granitic intrusives to be more or less consistent. It is there-
fore believed that they are the products of magmatic differentiation and evolution
from a co-magmatic source at different periods and different stages, although the dif-
ference of the ages of petrogenesis is about 70 Ma (Wu Qinsheng et al., 1984). Potas-
sium feldspathization of the granite usually marks the beginning of tin metallization.

Although tin deposits are distributed over every continent of the world (Taylor,
1979), they are usually confined to certain tin provinces or tin belts. In these, it is not
uncommon that tin deposits of different metallogenic epochs occur next to one
another or are superimposed at the same site, as exemplified by the deposits in
Bolivia. This leads to the formulation of the concept of geochemical inhomogeneity
of tin in the crust and metallogenic heritage.

Based on a great amount of information, Lehmann (1982) argues against the con-
cept of geochemical heritage of tin, i.e., the assumption of a primary crustal tin ano-
maly in tin provinces (Pollard et al., 1983). On the contrary, he suggests that the con-
trolling factor for the generation of tin granites is a special bulk distribution coeffi-
cient of tin, probably dependent on the oxygen fugacity of the melt resulting from
crust remelting (Lehmann, 1982). This suggestion gives support to the argument that
tin originates from the continental crust (Hutchison and Chakraborty, 1979), a rather
popular concept in the circle of Chinese tin geologists.

On the other hand, the relationship between tin deposits and mafic or ultramafic
rocks has also been repeatedly noticed by many geologists. The deposits of cassiterite-
silicate type in the south coastal region of the Far East of the U.S.S.R. are not in
direct association with granite, but are often related to basic dykes or intrusive diorite
bodies (Radkevich et al., 1974). Other Russian information shows that the tin content
in ultramafic rocks may be rather high. For example, the tin content of lherzolite
reaches 3.8 ppm; harzburgite, 2.0 ppm; dunite, 0.6 ppm; eclogite, 1.4 ppm and fortu-
nite, 1.9 ppm (Stemprok, 1977). In addition, there is also information about high to
very high tin contents in magnesian and calcic skarn minerals (Nekrasov, 1971). In
China, there are many skarn deposits of which the important ones are tungsten,
molybdenum, bismuth and tin deposits in the Nanling region. Among various skarn
minerals, hornblende has the highest tin content (6577 ppm), the next is garnet (1525
ppm), followed in order by muscovite (535 ppm), vesuvianite (318 ppm), epidote (305
ppm), magnetite (224 ppm), protolithionite (95 ppm), and pyroxene (92 ppm). The
tin content of other skarn minerals such as feldspar, quartz and carbonates is all less
than 5 ppm (LiuYingjun et al., 1983). From the foregoing, it is obvious that tin metal-
lization began at the stage of the crystallization of anhydrous silicates, attaining calmi-
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nation at the stage of the crystallization of hydrous ferro-magnesian silicates and
gradually decreased in intensity until the final deposition of carbonate minerals. Such
a process of tin metallization is, to a great extent, consistent with that of porphyry and
hydrothermal vein type of tin deposits.

The recent discovery of cassiterite-sulphide orebodies both in faults and in brec-
cias within the ultramafic and mafic complex in northern Guangxi, though unex-
pected, is very interesting. The cassiterite there contains chromium, nickel, cobalt,
titanium and copper instead of the niobium and tantalum commonly found in granite-
associated cassiterite.

The tin deposit occurs here both at the contact zone or in the inner part of an elon-
gated ultramafic intrusive body along a N-S trending anticline 1 km east of a major
anticlinorium intruded by a granite body dated at 780—909 Ma by the zircon U-Pb
method and 322—448 Ma by the K:Ar method on biotite. In the ultramafic body
there are three petrological phases — hornblende peridotite, amphibolite and
diabasegabbro. All the rocks are altered to variable degrees. Therefore, most of the
rock-forming minerals have turned into serpentine, tremolite, actinolite, talc, chlo-
rite, clinozoisite and epidote. In the less altered part, however, pseudocrysts of
olivine and common hornblende can be found. Probably owing to the tectonic effect,
rocks at the western margin of the ultramafic body are foliated, and locally there
occur schistose tremolitite and chloritite. At its contact with country rocks, a layer of
biotite schist is observed everywhere. The age of the ultramafic intrusion is supposed
to be older than the emplacement of the granite.

According to the occurrence of orebody and the association of ore minerals, four
types of tin ore may be identified, viz. (1) cassiterite-quartz-tourmaline-sulphide ore
at the contact of the ultramafic igneous body; (2) cassiterite-sulphide ore at the con-
tact; (3) cassiterite-sulphide ore within the ultramafic mass, and (4) vein ore of cas-
siterite-asbestos association within the ultramafic body.

Of significance are types 3 and 4, whose tenor of tin is much higher but the size is
rather smaller than types 1 and 2. The orebodies occur in the northwest trending joints
of tremolite serpentine formed from the alteration of hornblende peridotite. The
boundary between the orebody and the country rocks is fairly sharp. The wall rocks
surrounding the orebody are highly altered, accompanied by the generation of fibrous
tremolite, fibrous serpentine, chlorite, carbonates and the introduction of sulphides.
The nearer to the orebody, the more the fibrous minerals. In direct contact with the
vein orebody are white fibrous serpentine and talc filling in the joint fissures.

The ore of the massive cassiterite-sulphide type consists of such minerals as cassit-
erite, pyrrhotite, pentlandite, chalcopyrite and sphalerite. Sometimes cassiterite is
included in the sulphides, suggesting its deposition in a stage earlier than the sul-
phides. The common associated vein minerals are talc, serpentine, chlorite, actinolite
and tremolite.

The ore of cassiterite-asbestos vein type is composed chiefly of cassiterite and loc-
ally of minor chalcopyrite and pyrrhotite. Sometimes the orebody occurs as a nest
consisting of single cassiterite whose tenor of tin may attain 50—60 % . There are two
kinds of cassiterite. Under the condition of less asbestosized alteration, the cassiterite
of the ore is grey in colour and very fine grained, occurring either as aggregates or as
separate minute euhedral slender prisms with a grain diameter of 0.01 mm *, while
under the condition of highly asbestosized alteration, the cassiterite is light pink and
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coarse grained, occurring as either crystal stocks or tetragonal dipyramidal coarse
grains of diameter 1—2 cm.

A preliminary study of the tin geochemistry of the country rocks suggests that the
metallization of the deposit might have resulted from the leaching of tin out from the
ultramafic rocks. Fifteen samples from both the hanging and the foot walls of the ore
vein give tin contents of 10—200 ppm, averaging 60 ppm. Five samples from the
asbestos vein, after sorting out coarse cassiterite, give tin contents of 20—60 ppm,
averaging 38 ppm. Farther from the orebody, the rocks are richer in tin. Several sam-
ples 80—100 m away from the orebody contain tin values of 60—450 ppm, averaging
165 ppm.

In this tin district, the whole spectrum of rocks seems to be rather rich in tin, e. g.,
granite, 11—17 ppm; schist, 19.5 ppm (19 samples); and ultramafic rocks, 20.5 ppm
(22 samples).

A strange fact is that this district is impoverished in elements generally associated
with tin metallization in granite terrains such as Li, Be, Nb, Ta, W, Bi, Mo, etc. On
the contrary, it shows a background value fairly high in Ni, Cr, Co, and V, which are
commonly not in affinity with granite. During the tin metallization, lithophile ele-
ments remained almost unchanged whereas chalcophile elements increased a great
deal. The tin metallization of this district is a special case which deserves due consider-
ation.

All these facts, together with the tin deposit associated with the Bushveld
stratiform complex (Pelletier, 1964) and the tin-mineralization present at the Atlantic
mid-ocean ridge (Evans, 1980), lead us to consider the possibility of an oceanic crus-
tal source of tin.

The known tin-bearing minerals amount to more than fifty species belonging,
separately, to eight different classes, i.e., oxide, hydroxide, sulphide, sulphosalt, sili-
cate, borate, alloy and native tin. Minerals of the first six classes are found in tin
deposits or tin-bearing polymetallic deposits. Minerals of the last two classes, though
only of mineralogical or byproduct significance, can indicate peculiar tin occurrence
in nature. There is a group of alloy tin minerals including both named and unnamend
ones (Fig. 2). The significant tin-copper alloy minerals and lead-bearing tin-copper
alloy minerals have been found in trap rocks of the U.S.S.R. and in kakortokite of
Greenland (Karup-Moller, 1978). The main named alloy tin minerals are atokite, stan-
nopalladinite, niggliite, paolovite and rustenburgite, etc., all of which occur in
ultramafic rocks. Metallic tin has been found in basalt, dolerite (Stemprok, 1977) and
lunar rocks. Such occurrences of tin probably imply that in ultramafic and mafic rocks
tin can combine with copper and/or precious metallic elements intrinsic in these rocks
to form alloy minerals under anhydrous, reductive and volatile-free conditions.
Native tin may occur under the strong reductive condition during the formation of
lunar rocks. '

In addition, mineralizations of tin, copper and zinc have been reported in Pro-
terozoic (700 Ma) spilitic metavolcanics in Democratic Germany. Tin-bearing
polymetallic deposits have also been found in a Lower Palaeozoic spilite-keratophyric
volcano-sedimentary complex in China. These two examples shed light on the events
of fossil metallization of tin at spreading axes of ancient oceanic crust.

The data of tin abundance of different rocks collected by different geologists from
different territories in different periods fluctuate considerably (Table 1). This might
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Pt Pd
1. Atokite (Pd,Pt);Sn 2. Niggliite PtSn

3. Paolovite Pd,Sn 4. Unnamed Pd; Pt,Sn,

5. Unnamed Pd;Cu,Sn, 6. Unnamed Pd; PtCuSn,

7. Unnamed Pd, PtCuSn 8. Stannopalladinite (PdCu);Sn
9. Unnamed PtPdSn 10. Unnamed Pt; Pd;Sn,

11.Unnamed Pd;CuSn 12.Unnamed Pt,Cu,Sn,

Fig. 2. Triangular diagram showing occurrence of various alloy tin minerals

result either from unrepresentative sampling and analytical methods with inadequate
accuracy or from inhomogeneity of tin content of the crust. As for the tin content of
meteorites, it is certain that nickel-iron meteorites and iron meteorites have much
higher tin contents than chondrite and silicate meteorites. A record shows that nickel-
iron meteorites contain tin up to 100 ppm (Heide, 1957) while iron meteorites contain
tin ranging from 0.20 ppm to 7.72 ppm (Wedepohl, 1969). There are two average val-
ues for the tin content of iron meteorite, i.e., 6.70 ppm (Winchester and Aten, 1975)
and 2.00 ppm (Onishi and Sandell, 1957). All these values surpass the tin contents of
ultramafic, mafic (Durasova, 1967) and intermediate crustal rocks (Wedepohl, 1969).
Some even surpass the average value of tin content of granite. The variation in tin con-
tent of different meteorites indicates the siderophile habit of tin. The frequent exis-
tence of tin-magnetite orebodies in tin deposits of fold-belts is a manifestation of this
conclusion. In the tin district of north Guangxi mentioned above, a tentative group
analyses of geochemical data on minor elements in twelve samples from hornblende
peridotite reveals the intimate relationship among the elements Sn, Ti, V, Cr and Co,
implying that tin is intrinsic in the ultramafic rocks and has not been contaminated by
other sources (Ma Hong, 1985). In other Precambrian tin deposits associated with
granitoids in the tectonic unit of the Kangdian axis, the REE of the granitoids has
been systematically analysed. The chondrite-normalized REE patterns are inclined to
the right or towards the heavy REE. It is thus supposed that the source of ore might
have originated from the mafic rocks in the deep crust (Jin Mingxia, 1985). In the
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Table 1. Abundance of tin in different rocks
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I. Iron Meteorites 0.20—7.72 ppm (Wedepohl, 1969)
Average 6.70 ppm (Winchester and Aten Jr., 1957)
2.00 ppm (Onishi and Sandell, 1957)
II. Nickel-Iron Meteorites 100 ppm (Heide, 1957)
III.  Troilite 15 ppm (Heide, 1957)
IV.  Chondrite 0.07—2.40 ppm (Wedepohl, 1969)
1.00 ppm (Vinogradov, 1962)
Average 1.00—0.50 ppm (Onishi and Sandell, 1957)
V. Silicate-Meteorites 5.00 ppm (Heide, 1957)
20.40 ppm (Heide, 1957)
Total Abundance of Tin in 20.00 ppm (Rankama and Sahama, 1950)
Meteorites
VI.  Granitic Rocks, Average 3.50—3.60 ppm (Wedepohl, 1969)
VII. Intermediatee Igneous, Average 1.30—1.50 ppm (Wedepohl, 1969)
VIII. Mafic Rocks 0.90—1.20 ppm (Durasova, 1967)
IX.  Ultramafic Rocks 0.35—0.50 ppm
Continental Crust, Average 2.30 ppm (Durasova, 1967)
Crust, Average 2.10 ppm

well-known Gejiu Deposit, the lead isotopes of galena in association with the tin ore
have been studied in greater detail. They suggest that the lead was derived from both
the crust and from the mantle, but predominantly from the crust. The lead isotopic
components relevant to magmatism, when plotted, are concentrated in a narrow area
where lead isotopic components indicate island arc and marine sediments types (Wu
Qinsheng et al., 1984). The results show that at least part of the ore materials origi-
nate from the mantle. Therefore, the inference that the tin source is the mantle rather
than the crust seems to be quite reasonable.

Being variable in valence (Sn**, Sn**), with rather a high charge and activity in
ionic state, tin is therefore unlikely to be held in the crystal structures of minerals crys-
tallized during early magmatic crystallization stages. Tin seems to have remained in
the melt till late stages of crystallization ranging from ultra-silicic to ultramafic vari-
eties (Haapala and Kinnunen, 1982; U Khin Law et al., 1983). It could then combine
with relevant elements and, under favourable reductive or oxidizing conditions, form
the different above-mentioned tin-bearing minerals. In tin prospecting, apart from
emphasizing the geological survey of felsic igneous areas, regions with oceanic extru-
sions and intrusions of ultramafic and mafic rocks are also potential targets deserving
of attention.
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1.3 Genetic Modelling of Greisen-Style Tin Systems

PJ. PoLLarp, R.G. TayLor, and C. Curs!

Abstract

The general features of the greisen systems include the occurrence of lenticular to
massive alteration zones contained within cuspate protruberances from the apical
zones of late stage geochemically specialised granitoids. The systems consist of an
upper outer zone of minor barren pegmatite development, often associated with fine
grained pegmatitic granite. The mineralisation occurs as irregular, to massive, or
sheet-like bodies with the zone immediately below the contact extending for some
10—100 m. The bodies are essentially zones of fluorine rich sericitic-silicic alteration
with associated cassiterite. The mineralised zone merges downwards into highly
altered granite dominated by feldspathic types of alteration which in turn grade into
mildly altered “fresh” granite.

The postmagmatic nature of the alteration has led to the development of a model
of mineralisation resulting from the upward passage of post magmatic fluids which
leach tin from the lower feldspathic horizon and precipitate cassiterite in the sericitic
zone. This model currently holds dominance over concepts which invoke fluids
derived from unspecified deeper sources ultimately concentrating in structural traps
beneath the pegmatite, and models which favour processes of magmatic fractional
crystallisation/melt diffusion.

Major questions that require solution before acceptance of any current modelling
include:

1) What is the significance and origin of the pegmatitic marginal zones? These are
early crystallising components and suggest consistent specialised melt-hydrother-
mal conditions.

2) Why are the early formed pegmatitic components usually devoid of cassiterite?

3) How are the postmagmatic mineralising fluids evolved, and why should they con-
sistently occupy the apical region?

4) Why do postmagmatic fluids normally fail to cause any alteration within the over-
lying thin zone of pegmatite?

5) How do postmagmatic fluids form the frequently well developed curving lensoid
zones which mirror the apical contact shape?

6) Why do the curving lensoid bodies frequently become smaller and more dispersed
with depth?

! Department of Geology, P.O. James Cook University, Queensland, Australia, 4811
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7) Why do the systems generally exhibit a total lack of structural control via major
brittle fracture systems?

8) Why is the lower feldspathic zone (“Leaching Zone”) consistently more anomal-
ous in tin and related volatile elements than the underlying granite?

Consideration of these points suggests that a theory of an early magmatic
preconcentration of the ore elements within apical melt zones, followed by an essen-
tially in-situ development of mineralisation during late stage crystallisation, would
resolve many of the problems.

Introduction

Tin mineralisation associated with acid magmatism occurs within several different
environments of granite emplacement (Mitchell and Garson, 1976; Sillitoe, 1974;
Taylor, 1979a). In plutonic-dominated environments, tin mineralisation shows a pro-
nounced tendency to occur within or adjacent to roof zones of intrusives (Hosking,
1969, 1970; Taylor, 1979a). Tin deposits are frequently associated with dome or cusp-
like features on the batholith roof, and this feature is utilised extensively in prospect-
ing (Hosking, 1962; Taylor and Steveson, 1972; Beer et al., 1975). Detailed mapping
of granitic complexes frequently demonstrates that tin mineralisation is spatially
related to specific minor phases of the granitoids, which themselves often occupy a
high level in the igneous complex (Groves and McCarthy, 1978; Kozlov, 1978).

The ultimate characteristics of individual tin systems are strongly influenced by
their structural environment, such that evolving fluids are dispersed along faults and
fractures where brittle fracture predominates, or are “contained” within the
granitoids where permeable release zones are not available (Fig. 1). Most systems lie
between these extremes, but the “contained” systems offer the best opportunity to
observe fluid evolution closest to the point of origin.

The contained systems are characterised by substantial hydrothermal alteration
occurring within apical regions of granitoids. In most cases they are related to cusps

MARGINAL PEGMATITE
("STOCKSCHEIDER")

I cresen N \/ Fractures

Fig. 1. Structural types of tin systems (after Baumann, 1970)
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of specific minor phases, whilst in other examples they relate to portions of the upper
endocontact zones of large intrusions.

General Features of Greisen-Style Tin Systems

The general features of greisen-style tin systems include the occurrence of lenticular
to massive alteration zones associated with cusps on the upper surface of late-stage,
geochemically specialised granites. The system consists of an upper and outer zone of
minor, barren pegmatite development, often associated with fine grained pegmatitic
granite.

The mineralisation occurs as irregular, massive or sheet-like bodies immediately
beneath the contact, and extending downwards for some 10 to 100 m. The mineralised
bodies are essentially zones of fluorine-rich, sericitic-silicic alteration with associated
cassiterite * sulphides. The mineralisation grades downwards into a zone of
feldspathic alteration (albitisation, microclinisation), which in turn grades into
“fresh” granite.

It should be noted that there is no generally accepted definition of greisen sys-
tems, and similar configurations occur within feldspathic and boron-dominated tin
systems (Zalashkova and Gerasimovskii, 1974; Taylor, 1979b).

Morphology and Problems Associated with Massive-Disseminated Ore Zones

Ore zones in contained greisen systems are usually located beneath the upper contact
of the intrusion, particularly within local high points (cusps, domes) on the granite
surface (Fig. 2). In detail, the ore zones are often overlain by a series of pegmatites
and/or pegmatitic rocks which are developed as a contact facies.

Despite the broad scale similarities, the general form of massive mineralisation
varies widely. Systems are depicted (Fig. 2) ranging from massive * root zones to len-
soidal sheets. The latter are frequently curved, often irregularly stacked, with lenses
becoming smaller with depth. The arcuate lenses invariably mirror portions of the
overlying granite roof.

While there is little doubt that the above general patterns exist, it is crucial to any
genetic modelling that the shape and distribution of ore zones be accurately defined.
Several problems are encountered in achieving this objective.

a) Problems with Massive Systems

Within the literature, there are no detailed accounts of massive greisen systems, and
upon inspection it is often apparent that they are not massive sensu stricto. The
amount and intensity of alteration is variable, and there are frequently substantial
areas of relatively unaltered granite. The distribution of tin values is similarly uneven,
and normally undocumented in other than a broad sense. There is no distinction made
between alteration and infill mineralogy, and features such as veining or infill vug dis-
tribution are not recorded.
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(A)

B cresen VEIN

GRANITE PORPHYRY EXPLOITED
( B ) 0 200m
| |
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SCHNOD HUB

Fig. 2 A, B. Shape and distribution of greisen zones; A) curving, stacked, lensoidal systems
(Cinovec, after Baumann, 1970); B) massive system with roots (Hub, Schnod and Vysoky Kamen
stocks, after Baumann et al., 1974)

Occasionally, the mining method results in excavation patterns which distort the
true shape of the total distribution of alteration/mineralisation. Selective mining oper-
ations only highlight areas of high grade distribution, while bulk mining obscures the
presence of low grade and/or barren regions.

b) Problems Associated with Sheeted Systems

Most of the above problems are equally true at smaller scales within sheeted systems,
and this is well illustrated at the Zaaiplaats tin mine (South Africa). The mining pat-
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Fig. 3. Distribution of massive greisen zones within the Lease Granite, Zaaiplaats mine, South
Africa. Black shading corresponds to mine excavations, however both feldspathisation and greiseni-
sation extend beyond the ore limits, i.e. this does not represent the true pattern of alteration/
mineralisation

tern (Fig. 3) depicts areas of flat, lensoidal greisen immediately below the granite con-
tact which are regarded as massive ore.

However, inspection of the mining faces clearly demonstrates that the individual
lenses are composed of irregularly distributed “fresh” granite, altered granite, vugs
and tin values. It is also apparent from casual inspection that areas between and adja-
cent to the stopes are composed of similar material, although both alteration and
mineralisation are less pervasive. A general impression is therefore gained that the
entire region below the contact is irregularly altered/mineralised, and the existing pat-
tern of mineralisation simply reflects economic criteria.

This problem is also encountered in interpretation of drilling results within these
systems. The temptation to join high grade zones or intense alteration between holes
frequently results in apparently well-defined, lensoidal patterns (Fig. 4). Although
these reflect a general truth, they are usually not an accurate picture of the real dis-
tribution.
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Fig. 4 A,B. Lensoidal patterns derived from A) intense alteration (Knotel, after Baumann et al.,
1974) and B) grade (Anchor, after Groves and Taylor, 1973). Although true in a general sense, such
patterns are not an accurate reflection of the actual distribution of alteration mineralisation

Problems Associated with Fluid Access

Perhaps the most serious problem relating to genetic interpretation of contained
greisen systems is the question of the source and access of hydrothermal fluids respon-
sible for alteration/mineralisation. The problem of fluid access is rarely considered,
and the collection of relevant data is currently inadequate. Close detail is required to



syo00qAbojoag/ew welbalay//.sdny

P.J. Pollard, R.G. Taylor, and C. Cuff 65

Fig. 5. Partially greisenised miarolitic, fine grained granite, Lease granite, Zaaiplaats mine. The
general texture of a network of coarser miarolitic material within fine grained granite is ubiquitous
within the upper region of the Lease granite. Greisenisation overprints earlier feldspathic (albitic)
alteration

accurately define the distinction between alteration and infill. This is a problem which
relates both to scale and mineralogy.

The mineralogical problem presents severe difficulties in that the infill mineralogy
is frequently identical to the alteration mineralogy. Without careful observation, this
obscures sites of fluid activity. This is especially true at the small scale where dispersed
miarolitic cavities occur within totally altered granite. This is illustrated in a partially
altered specimen in Fig. 5 where small infilled cavities are readily recognised, how-
ever with increasing alteration or smaller vug size, this recognition becomes increas-
ingly difficult.

At a larger scale, massively brecciated rock presents similar problems, for exam-
ple totally silicified rock fragments with a predominantly silica infill. Many seemingly
homogeneous mineralised bodies are heavily disguised breccias. Similarly, although
the more obvious features of fluid access zones (veins, stockworks, etc.) are present,
their distribution and detailed relationships remain undocumented.

Prior to testing of genetic models concerning fluid access, a rigorous examination
of textures of alteration/infill zones is required. There are clearly some .massive
greisen zones which are controlled by large scale brittle fracturing (brecciation, vein-
ing), for example the pipe- and vein-like ore-bodies in many such deposits (Plimer,
1974). Equally, there are some massive greisen zones which show extensive evidence
for the presence of vug infill, but which lack evidence of brittle fracture fluid access.
These appear to represent the in situ development of hydrothermal fluids during late
stages of crystallisation.
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It seems probable that many massive greisen systems may contain both brittle frac-
ture and crystallisation components, and the proportions and distribution of these
need to be clearly established.

Problems Associated with the Development of Pegmatite/Marginal Facies Zones

Despite the very strong association of unusual marginal facies zones with massive
greisen systems, their nature and origin has received very little attention. In fact there
is confusion concerning almost every aspect of their petrogenesis.

Within the current data base it is difficult to accurately define their morphological
characteristics. However several variations on a major theme are apparent on a
broader scale. The majority of pegmatites occur as layers located immediately at the
upper granite contact, particularly in localised apical high spots.

The pegmatite zone varies considerably in size and extent. Some large scale
developments reach thicknesses of several metres (Strauss, 1954) whilst others are on
the scale of centimetres (Groves and Taylor, 1973). Lateral persistence of the pegma-
tite layer is usually unrecorded, but it is noted that within the smaller scale examples
the pegmatite development is often irregular and impersistent.

In some cases the pegmatite layer may be repeated several times within the first
few metres. In other examples the pegmatite component forms a fine to coarse
grained network within granophyric textured granite.

Some systems contain a mixture of the above components. At Zaaiplaats, an
upper, layered facies is associated with pegmatitic granite which grades downwards
into miarolitic granite hosting the mineralisation (Fig. 5).

Within large, well developed pegmatite facies, the entire zone is characterised by
widespread and frequently abrupt mineralogical and textural variation. In detail, the
pegmatite facies is often internally layered, with individual layers of quartz-feldspar,
quartz, feldspar, and fine grained granite. Individual layers are sometimes vuggy. An
example of this textural complexity is shown in Fig. 6.

Individual crystals within the pegmatite facies are often oriented perpendicular to
the layering. Large, euhedral quartz crystals, and branching, plumose alkali feldspars
are common, apparently nucleating on the upper surface of the layer. Similar features
in porphyry molybdenum systems have been interpreted to result from inward crystal-
lisation from the upper surface of the intrusion (Shannon et al., 1982), and plumose
feldspars similar to those in the pegmatite facies are produced frequently in experi-
mental studies on the effects of supercooling in magmas (Lofgren and Donaldson,
1975).

The petrogenesis of the pegmatite facies is seldom critically evaluated, and the
contribution of direct crystallisation from the magma, or from emerging hydrother-
mal fluids has not been closely studied. The majority of textural features in the pegma-
tite facies are consistent with a direct magmatic crystallisation model, however the
minor occurrences of vugs and open space filling texture suggests a contribution from
emerging hydrothermal fluids. There is little direct evidence for the formation of the
pegmatite facies via metasomatic replacement of pre-existing material.
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Fig. 6. Detail of pegmatitic facies at contact between tin bearing Lease Granite and overlying
granophyre — Groenfontein mine, South Africa (Redrawn from Strauss, 1954)

Relationships Between Pegmatite Facies and Mineralisation

The pegmatite facies appears to be the earliest crystallising component in greisen sys-
tems, and is noteable for the general absence of cassiterite mineralisation. Massive,
greisen-style mineralisation occurs below the pegmatite zone, and is characterised by
major metasomatic/hydrothermal alteration. Despite the proximity of these two com-
ponents, the pegmatite facies is usually unaffected by greisen-style alteration. This
critical timing relationship is rarely carefully examined, however several examples are
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known where the pegmatite facies is partially overprinted by the greisen-style altera-
tion/mineralisation, for example at Zaaiplaats (Strauss, 1954), Sadisdorf (Baumann,
1970) and Penfeunteun (Charoy and Weisbrod, 1974).

The implication of this relationship poses some major problems, as it suggests that
the earliest evolution of a volatile-rich magmatic/hydrothermal component is not
associated with significant cassiterite mineralisation. This phase also contains only
minor base metal and sulphur components. Further research is required to develop
base data and hypotheses which may help to resolve this situation, since it could con-
tain important genetic implications.

Problems Concerning Broad Scale, Vertical Alteration Zoning in Greisen Systems

Vertical zonation within tin greisen systems is commonly reported, and is also appar-
ent in related W, Mo and Ta-Nb systems (Syritso and Chernik, 1967; Zalashkova and
Gerasimovskii, 1974; Smirnov, 1976; Kozlov, 1978; Ontoev, 1978; Xu Keqin et al.,
1980). Within tin systems, the intensity of greisenisation diminishes downwards, how-
ever details concerning the lower portions of the system are less well understood. -
Zones of pervasive feldspathic alteration (albitisation, microclinisation) commonly
occur beneath the main greisen zone, with a tendency for microclinisation to predomi-
nate in the deeper levels. The zone of feldspathic alteration is often underlain by rela-
tively unaltered biotite granite (Beus and Zalashkova, 1964; Shcherba, 1979; Smir-
nov, 1976; Kozlov, 1978; Ontoev, 1978).

Details of the size, shape and extent of these deeper alteration zones are poorly
documented. Ontoev (1978) reports a depth of 450 m to the biotite granite zone, but
places the albitised zone beneath the microclinised granites. Stemprok and Sulcek
(1969) however report abundant albitisation to a depth of 730 m at Cinovec. Concep-
tual models for southern China deposits (Xu Kegqin et al., 1980) do not indicate bio-
tite granite at depth.

Despite the general features outlined above, it seems there is considerable confu-
sion concerning the size, shape, vertical and lateral extent of various feldspathic facies
beneath massive greisen systems. Similarly, the definition of unaltered granite is con-
fused. For instance, pervasive alteration has recently been reported occurring within
all members of a major suite of tin-bearing granites on the Herberton tinfield,
Australia (Pollard et al., 1983), and this alteration includes microclinisation, albitisa-
tion and greisenisation. The relationship between this type of regionally distributed
alteration and the alteration zones occurring beneath massive greisen deposits is
unknown, and it seems likely that this broad scale alteration is present in many other
tin-bearing batholiths (e.g. Martin and Bowden, 1981; Charoy, 1979). Understanding
of both the broad scale and localised alteration patterns is crucial to petrogenetic
interpretation of fluid evolution, and there is a need for clearer international defini-
tion of terminology, together with well controlled three dimensional studies.

The timing relationships between alteration stages seem consistent (Pollard, 1983)
with an early development of feldspathic alteration being overprinted by greisenisa-
tion within the massive greisen systems. A similar relationship has been reported on a
pervasive, regional scale (Pollard et al., 1983).
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The development of alteration zoning in massive greisen systems indicates wide-
spread interaction with late- to post-magmatic fluids. The derivation and factors con-
trolling fluid distribution constitute a major, unresolved problem. Within the current
data base there seems to be little evidence to relate the strong vertical zoning with any
major, underlying brittle fracture feeder system. This lack of fracture control suggests
an essentially in situ development of fluids within the upper portion of the crystallis-
ing granite.

The understanding of broad scale vertical alteration zoning in greisen systems is
confused. It seems that while there is general aggreement concerning the upper por-
tions of the alteration system, the deeper levels are less well documented. The lack of
spatial data, and of close consideration of factors concerning fluid evolution and per-
meability control are major impediments to genetic modelling.

Problems Associated with Genetic Modelling

Current concepts concerning the derivation of the ore-bearing fluids responsible for
the development of massive greisen systems are varied (Stemprok, 1979), and directly
reflect many of the problems discussed above.

The leaching-reprecipitation model has received widespread support (Korzhinsky,
1964, Beus, 1962) and envisages that hydrothermal fluids evolve from a crystallising
pluton, and ascend towards the apical regions. The zone of feldspathic alteration re-
presents a region where tin is taken into solution, with precipitation occurring in the
upper zone of massive greisen development. This model is attractive conceptually, but
faces many unresolved problems.

This model conceives that fluids emerge from regions below the feldspathic zone
by a loosely specified crystallisation process, and traverse essentially solid granite to
consistently produce the characteristic geometry of the massive greisen systems. Deri-
vation of fluids from deeper levels poses several problems. The lower, feldspathic
zone is essentially late- to postmagmatic in origin with very little evidence of major
brittle fracture controls to provide the essential permeability required for pervasive
alteration. Notwithstanding the problems of fluid access to the upper, greisenised reg-
ions, it is also difficult to envisage why they should not cause widespread alteration in
transit to the feldspathic zone, and why alteration/precipitation should occur with
such consistent geometry only in the apical zones.

The derivation of the tin content of the greisen zone via leaching within the
feldspar zone (Aktanov, 1971) also poses many problems, and is difficult to prove. The
case is based largely upon the concept that feldspathic replacement and associated alt-
eration of primary tin-bearing minerals must result in tin being released into solution.
The concept is also based largely upon the observation that the tin content of the
upper massive greisen zones and associated rocks is considerably higher than tin con-
tents within the lower feldspathic zones. However, it should be noted that the tin con-
tent of the feldspathic zones is usually relatively high (Stemprok and Sulcek, 1969)
and well in excess of the content of both the underlying biotite granites and the
associated granitic suite. It could equally be argued that the feldspathic zone is an
area of tin enrichment. Clearly, there are many problems requiring clarification
before this model can be accepted.
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The postmagmatic nature of alteration in massive greisen systems has also led to
suggestions that the fluids are channelled into the apical configuration by major frac-
ture systems, with fluids emenating from very deep sources (Stemprok and Sulcek,
1969). This model faces similar difficulties to those discussed above. The fluids are
required to precipitate in a consistent position, and the existence of major fluid-bear-
ing fault systems beneath massive greisen zones requires verification.

Given the current constraints, models which involve mechanisms to produce early
concentration of appropriate volatiles within the apical zone have many advantages.
One concept has been to envisage the evolution of an immiscible fluid phase during
early crystallisation, which rises to collect within the apical zone (see Stemprok,
1979). This model faces several difficulties in that the fluids need to reach the apical
position before substantial crystallisation has occurred, whereas the postmagmatic
nature of the majority of the alteration (i.e. replacement of granite) suggests fluid
evolution at later stages of granite crystallisation. Whilst there is textural evidence for
fluid immiscibility on a small scale during late stages of crystallisation (Fig. 5), there
are few data to suggest large scale fluid accumulation in structural traps beneath
unbroken roof rocks (i. e. large sheet-like zones of hydrothermal infill/precipitation).

Another mechanism for producing the early concentration of volatile and ore ele-
ments within the apical zone is through concentration at the magmatic stage via essen-
tially magmatic processes (Cuff et al., in prep.), i.e. the production of a stratified
melt. This concept contains considerable advantages in that it becomes relatively easy
to rationalise the major features of the system. Within this model, crystallisation of
the apical portion results in localised fluid evolution at late stages of crystallisation,
giving rise to intense autometasomatic replacement. The shape and distribution of the
ore zones would reflect a balance between crystallisation and the process controlling
melt stratification. Production of curved, lensoid alteration zones parallel to the roof
could easily be envisaged by this process.

Processes which produce stratified magmas, including diffusive transfer and ther-
mogravitational diffusion (e.g. Hildreth, 1979) are not well accepted, and examples
of vertical stratification have only recently been documented in detail (Hildreth,
1979; Volkov and Garbacheva, 1980). Since rates of diffusion in volatile-rich magmas
are poorly known, the validity of this model remains speculative, and further detailed
study is required.

Conclusions

The current status of genetic modelling of massive tin-greisen systems can only be
regarded as unsatisfactory. The situation is hampered by lack of detailed observations
upon greisen systems, especially with reference to the problems of mineralogical and
textural evolution of the granites, and the mechanisms of fluid release and fluid trans-
fer. Many of the problems require close examination of field evidence, especially
detailed studies of the distribution of alteration and mineralisation within both mas-
sive ore zones and associated host rocks. The lower limits of the system also require
sharper definition, and the processes of leaching versus volatile accumulation require
clarification.
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The melt stratification concept is consistent with both the broad scale and detailed
textural features, and has the potential to produce systems of the appropriate
geometry. However, considerably more research directed towards the major problems
of greisen systems is required before current hypotheses can be critically evaluated.
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1.4 Models of Grades and Tonnages of Some Lode Tin
Deposits

W.D. Menzie!, B.L. Reep?, and D.A. Singer!

Abstract

Descriptive and grade/tonnage models have recently been built for many types of
deposits. Such models consist of descriptions of mineralogy, host rocks, ore textures,
controls, alteration, geochemical signatures, age, and tectonic settings, together with
statistical models of grades, tonnages, and contained metal of deposits of each type.
The models are used to identify areas that may contain undiscovered deposits of given
types, to convey to non-geologists an idea of the importance of such deposits, and to
test and refine classifications of mineral deposits.

Descriptive and grade/tonnage models have recently been built for five types of
primary tin deposits: rhyolite-hosted such as in Mexico; hydrothermal lodes such as
in Cornwall, England, and the Herberton district, Queensland; replacement (or
exhalative?) such as Renison Bell, Tasmania; skarn such as at Lost River, Alaska; and
greisen such as in the Erzgebirge. Analyses of frequency distributions of tonnage, con-
tained metal, tin grades and the relationships between these variables show that the
deposits fall into four well-defined domains that have definite geological characteris-
tics. Rhyolite-hosted , or Mexican, deposits contain a median of 4 t of tin and have a
median grade of 0.4 % Sn. Hydrothermal lode deposits have the highest grades. Half
of such deposits have grades over 1.0% Sn, and the majority contain more than
1,000 t Sn. Large hydrothermal vein deposits contain more than 50,000 t Sn. Replace-
ment (or exhalative?) deposits contain the largest amount of tin (median = 40,000 t).
They are only of slightly lower grade (median = 0.80% Sn) than the hydrothermal
lodes. Greisen or stockwork deposits have larger tonnages than replacement
deposits, but contain less tin (median = 25,000 t). They are also of much lower grade
(median = 0.3% Sn). Though grades and tonnages are available for only four skarn
deposits, they appear to be more like greisen deposits than replacement deposits
when compared using grades, tonnage and contained tin.

Although these individual models of primary tin deposits must be regarded as pre-
liminary because of the relatively small number of deposits upon which they are built,
they clearly demonstrate differences among types and provide basic information that
can be useful in making decisions about exploration strategy, land classification, and
tin supply.

1 U.S. Geological Survey, 345 Middlefield Road, Menlo Park, California 94025, USA
% U.S. Geological Survey, 4200 University Drive, Anchorage, Alaska 99508, USA



syo00qAbojoag/ew welbalay//.sdny

74 Worldwide

Introduction

Descriptive and grade/tonnage models have recently been built for many types of ore
deposit (Cox, 1983, a, b, and Singer and Mosier, 1983 a, b). Such models consist of
descriptions of the mineralogy, host rocks, ore textures, controls, alteration,
geochemical signatures, ages and tectonic settings, together with associated statistical
models of grades and tonnages. While some data on the grades and tonnages of tin
deposits have been published (Taylor, 1979), descriptive and grade/tonnage models
have not been built. This paper presents preliminary grade/tonnage models of five
types of primary tin deposits: rhyolite-hosted, greisen, hydrothermal, skarn, and car-
bonate replacement (exhalative?). Descriptive and grade tonnage models are useful
for evaluating exploration strategies, estimating future supplies of resources, assess-
ing undiscovered resources and for testing and refining classifications of ore deposits.

Building Grade/Tonnage Models

The first step in constructing a grade/tonnage model is to identify a set of well-
explored deposits of the type one wishes to model. A correct classification of the
deposits is important because differences in the grades and tonnages of different types
usually will be apparent. For example, Figures 1 and 2 show tonnages and grades of
fluorine-rich Climax type, and fluorine-deficient porphyry molybdenum deposits
(Singer et al., 1983; Menzie and Theodore, 1983). These plots show that the fluorine
rich granite-hosted porphyry molybdenum deposits have larger tonnages and higher
average grades than the low-fluorine quartz monzonite-hosted deposits. The process
of building grade/tonnage models is usually iterative and during the course of building
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the model, deposits which are incorrectly classified may be identified as statistical
out-liers.

Because grade/tonnage models are used to represent undiscovered deposits, it is desir-
able that the data in the models include past production, reserves and resources at a
uniform cut-off grade. Although this ideal is rarely met completely for any model, it
is important to understand the nature of the data used so that the causes of unusual
results can be identified.

The second step in building the model is to analyze the data statistically. This
involves fitting distributions to the observed grades and tonnages and testing the cor-
relations of the grade and tonnage. In order to build a grade/tonnage model for a
deposit type which is mined for two commodities, one must investigate the distribu-
tions of three variables: deposit tonnage and two commodity grades. Three sets of cor-
relations must be investigated: the correlations of tonnage with each grade and the
correlation between the grades. For most deposit types, the frequency distributions of
grade and tonnage can be modelled by lognormal distributions. That is, if histograms
are made of the logarithms of grades or tonnages of deposits, most of the plotted his-
tograms will have the bell shape of the Gaussian, or normal distribution. When the
logarithms of tonnage and average grade are plotted against each other, they fre-
quently show a wide scatter that indicates the tonnages and grades are not correlated.
For a few deposit types a significant correlation of tonnage and grade does exist, but
for most deposit types investigated to date (Singer and Mosier, 1983 a, b) tonnage and
grade are independent. Logarithms of the grades of two commodities are also likely
to be statistically independent unless the commodities occur in the same or closely
linked minerals; then, in most cases they will be significantly correlated. For example,
lead and silver are correlated in sedimentary exhalative deposits (Menzie and Mosier,
1983).
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Grade/tonnage models are usually presented as a series of plots, one for tonnage,
with additional plots for each grade, and a listing of those correlation coefficients that
are significant. To make the plots, data for each variable are sorted from smallest to
largest and the proportion of the deposits that are as large as each deposit are calcu-
lated. The logarithms of tonnage or grade of deposits are plotted versus the calculated
proportion. The mean and standard deviation of the logarithm of tonnage, or grade,
and a table of areas of the normal curve (Arkin and Colton, 1963) are used to fit a
curve to the observed data points. The curves usually have a backward “S” shape. If
the size of the sample is small, the individual data points will plot above the fitted
curve. This is an artifact of the method of plotting individual values and the effect
diminishes with increasing sample size. The fitted curve provides the basis for estimat-
ing grades and tonnages of undiscovered deposits. The mean of the variable in
logarithms can be determined from the curve by taking the logarithm of the median
tonnage (50 % value), and the standard deviation of the variable in logarithms can be
determined by dividing the absolute value of the difference between the logarithms of
the 50 and 90 % values by 1.28, the number of standard deviations between the 50th
and 90th percentiles of a normal distribution.

Preliminary Grade/Tonnage Models of Some Primary Tin Deposits
Rhyolite-Hosted Deposits

Rhyolite-hosted tin deposits generally occur as discontinuous veinlets of cassiterite
and wood-tin in flow-dome complexes composed of alkali-feldspar rhyolite. Most
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veins contain cassiterite, specular hematite, and varying amounts of cristobalite,
fluorite, tridymite, opal, chalcedony, beudantite/mimetite, adularia, durangite, and
zeolite minerals. The veins are commonly 0.1 to 10 cm wide and rarely extend more
than 75 m along strike or down dip. The tin is generally considered to be derived from
the rhyolite in which it occurs, principally during degassing and attendant vapor
phase alteration as the rhyolite solidified, cooled, and fractured. Many rhyolite-
hosted deposits lie in the mid-Tertiary volcanic province of the Sierra Madre Occiden-
tal located in central and north central Mexico. A few occur in middle Tertiary rhyolite
terranes in the western United States, such as those in New Mexico’s Black Range.

The grade/tonnage model of rhyolite-hosted deposits was built with data on
reserves of 131 deposits from Aquascalientes, Durango and Zacatecas, Mexico
{Bracho Valle, 1960 and 1961). Though some of these deposits have produced, data on
production was not available. Analysis of the distributions of the tonnages and tin
grades of these deposits indicates they can be fitted by lognormal distributions, and
examination of the correlation of grades and tonnages indicates they are positively
correlated (correlation coefficient r = 0.36). Such a correlation is unusual and may be
an artifact of the way the data were collected.

Figure 3 presents the plot for tonnage, and Figure 4 the tin grade. These figures
show that 80% of rhyolite-hosted tin deposits have between 230 and 3,900 t of ore
and that 80% of them have grades between 0.14 and 1.04 % Sn. The curves, together
with the correlation, may be used to calculate the probability that an undiscovered
rhyolite-hosted tin deposit will possess at least a given grade and tonnage. Using stan-
dard statistical procedures for correlated variables (see Netter and Wasserman, 1974,
399—401) there is a 5% chance that an undiscovered rhyolite-hosted tin deposit will
contain more than 2014 t of ore and also have a grade greater than 0.86% Sn.
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Table 1. Deposits used to construct the replacement, tin skarn, greisen tin and hydrothermal tin
lodes grade/tonnage models. Location codes: AUNS — New South Wales, Australia, AUNT - North-
ern Territories, Australia, AUQL - Queensland, Australia, AUTS - Tasmania, Australia, BLVA -
Bolivia, BRZL - Brazil, CNNS - Nova Scotia, Canada, CZCL - Czechoslovakia, GRBR - Great
Britain, INDS - Indonesia, MLYS — Malaysia, USAK - Alaska, United States. Deposits are listed
for largest to smaller tonnage

Replacement Deposit Carn Brea-Tincroft GRBR
Deposit Location Dolcoath GRBR
Renison Bell AUTS Kelapa Kampit INDS
. Basset GRBR
Mount Bischoff AUTS Krunk CZCL
. rupka
Queen Hill AUTS Grenville GRBR
St. Dizier AUTS
Aberfoyle AUTS
Cleveland AUTS Mawchi BRMA
Razorback AUTS Levant GRBR
Skarn Deposits Irvinebank AUQL
Deposit Location Wheal Kitty-Penhalls GRBR
; South Crofty GRBR
Lost River USAK Herberton AUQL
Moina AUTS Royal George AUTS
Plf‘f}ades AUQL Stannary Hills AUQL
Gilliam AUQL Killifreth GRBR
Greisen Deposits Watsonville AUQL
Deposit Location Mount Wells AUNT
Ottery Lode AUNS
Altenberg GRME Mount Paynter AUNS
East Kempville CNNS Mowbray Creek AUQL
Hub CzCL Coolgarra District AUQL
Cinovec CZCL Mount Nolan District AUQL
Ardle‘than AUNS Emuford District AUQL
Potosi BRZL Nymbool District AUQL
Coal Creek USAK Bakerville AUQL
Anchor AUTS . Adventure Creek AUQL
Archer AUTS Maranboy AUNT
Cista CZCL Dargo Range District AUQL
Prebuz CzCL Glenlindale District AUQL
Hydrothermal Vein Deposits Brownsyi!le AUQL
Deposit Location Hales Siding AUQL
Emu Creek AUQL
Pahang MLYS Gurrumba District AUQL
Wheal Jane GRBR Silver Valley AUQL
Carocoles BLVA Conrad Lodes AUNS
Mount Wellington GRBR Bloodwood Creek AUQL
Geevor GRBR Gundle AUNS

Replacement (Exhalative [?]) Deposits

Although the genesis of replacement, or exhaltive (?), tin deposits has been debated
in recent years, many characteristics of the deposits are not in dispute. The deposits
are stratabound bodies of cassiterite and sulphide minerals, that replace carbonate
rocks. The deposits are associated with faults that, depending upon interpretation,
were either paths for movement of synsedimentary hydrothermal brines (Hutchison,
1979, 1981 and 1982; Plimer, 1980), or alternatively were paths for the migration of
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magmatic aqueous fluids related to the intrusion of underlying granites (Patterson et
al., 1981; Patterson, 1982). The most common ore minerals in these deposits are pyr-
rhotite, arsenopyrite, cassiterite, chalcopyrite, ilmenite and fluorite. Minor minerals
include pyrite, sphalerite, galena, stannite, tetrahedrite and magnetite. The best
known examples of this type are the Renison Bell, Cleveland and Mt. Bischoff
deposits, Tasmania. Replacement deposits also occur in the Dachang and Gejiu ore
fields, People’s Republic of China. Each of these fields contains a number of deposits,
not all of which are replacement tin deposits. Although no official reserves or
resources are available, the Changpo-Tongkeng deposit, a replacement deposit in the
Dachang field, may contain 35 to 50 Mt of ore with a grade of 0.7 to 1.0 % . This would
exceed the announced reserves, resources and past production for Renison Bell.

The grade/tonnage model of replacement, or exhalative (?), tin deposits is built
with data for six deposits from Tasmania (Table 1). The data for individual deposits
include, where applicable, past production, reserves and resources. Sources of data
include Newnham (1975), Govett and Robinson (1980), Roskill (1981), Ranson and
Hunt (1975), Knight (1975), Ingram (1977) and the Mining Magazine. It cannot be
determined if the resources were calculated at the same cut-off grade, but they were
calculated within a few years of each other under presumably similar economic condi-
tions. Though the number of deposits used to build the model is small, lognormal dis-
tributions fit moderately well observed tonnages and grades. Tonnage and grade are
not significantly correlated (r = 0.26). Figure 5 presents the plot for tonnage which
shows that 90 % of the deposits contain at least one million tonnes of ore, half of the
deposits contain 5.2 Mt or more and 10 % contain at least 27 Mt. 90% of the deposits
have grades of at least 0.55% Sn, half of the deposits have grades of 0.80% or more
and 10% of the deposits have grades of at least 1.2% Sn (Figure 6).
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Tin Skarn Deposits

Tin skarn deposits occur at or near the contacts of carbonate rocks and, generally,
leucogranites. Most major skarn is developed within 300 m of the pluton and may be
controlled by open fractures and felsic dykes. Ore minerals include cassiterite, scheel-
ite, sphalerite, pyrrhotite, magnetite, pyrite, chalcopyrite, arsenopyrite and fluorite.
Skarn formation is multistage and the mineralogy is complicated by repetitive phases
of replacement. Commonly, massive — granular skarn is composed of garnet, ves-
uvianite, magnetite, pyroxene and fluorite. A distinctive laminar (“wrigglite”) magne-
tite-fluorite-vesuvianite skarn may be present — such as described at Moina, Tasmania
(Kwak and Askins, 1981) and Lost River, Alaska (Dobson, 1982). Associated granites
may be greisenized near their margins. In many cases the commercial viablility of tin
skarns is presently limited because tin is not present as an economically recoverable
metal. Much tin may be trapped within silicate structures (garnet, malayaite,
amphibole, helvite, etc.) or occur as non-recoverable exsolution blebs of cassiterite in
magnetite.

Four skarn deposits with reported tonnages and grades were used for the present
study (Table 1). Sources of data include Taylor (1979), Govett and Robinson (1981),
and Northern Miner. Normally a grade/tonnage model would not be built with so few
data, but in the process of building the present models, it became apparent that the
skarn deposits have grade/tonnage as well as mineralogical characteristics that are dis-
tinctly different from replacement (exhalative) deposits. While replacement and skarn
tin deposits are approximately of the same size (Figures 5 and 7), skarn deposits are
lower grade than replacement deposits (Figures 6 and 8).
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Greisen Deposits

Tin greisen deposits consist of disseminated cassiterite and cassiterite-bearing vein-
lets, lenses, pipes and breccias in greisenized granite (Reed, 1982). The deposits are
associated with late phases of specialized biotite and/or muscovite leucogranites.
Lodes are preferentially located in or near apical portions or along the margins of
granitoids. Fractures and faults may be important ore controls. Ore and associated
minerals, which commonly are zonally arranged, include cassiterite, molybdenite,
arsenopyrite, beryl, wolframite, bismuthinite, base-metal sulphides, sulphostannates,
quartz, fluorite, topaz, tourmaline, calcite and pyrite. Alteration is varied and, in
granites, ranges from incipient greisen (muscovite * chlorite, tourmaline and fluor-
ite) to massive greisen (quartz-muscovite-topaz * fluorite and tourmaline) in which
no original textures are preserved. Well known greisen deposits include the Anchor
deposits, Australia, the classic massive greisen deposits in the German Democratic
Republic and Czechoslovakia and the East Kempville deposit in Nova Scotia.

The grade/tonnage model of greisen deposits is based on data from eleven
deposits in six different countries (Table 1). Only a few have been producers; for
those deposits, the estimates of tonnage and grade are based upon past™production,
reserves and resources. Estimates for unmined deposits are based upon reported
reserves and resources. Sources of data include Ingram (1977), Taylor (1979), Laz-
nicka (1973), and Mining Magazine. Ninety percent of these deposits contain at least
0.87 Mt, half contain at least 7.0 Mt and 10% contain at least 57 Mt (Fig. 9).
Figure 10 shows that 80 % of these deposits contain between 0.17 and 0.54 % Sn. Log-
normal distributions appear to adequately fit the observed tonnages and grades; ton-
nage and grade are not significantly correlated (r = —0.32) in the greisen deposits.
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Hydrothermal Lodes

Hydrothermal, or Cornish type, lodes are fissure fillings or replacement lodes that
form in or near multiphase, specialized biotite and/or muscovite leucogranites. The
lodes tend to occur within or above the apical portions of the granite cusps. Local con-
trols include variations in vein structure, lithological and structural changes and inter-
sections of veins with other veins, dykes or cross-fauits. Mineralogy of the lodes is
extremely varied; cassiterite may be accompanied by wolframite, arsenopyrite,
molybdenite, hematite, scheelite, beryl, galena, chalcopyrite, sphalerite, stannite,
and/or bismuthinite. Ore minerals may be zonaly arranged (see Hosking, 1969).
Rocks adjacent to the lodes are usually hydrothermally altered; sericitization (greisen
development), tourmalization, silicification, chloritization and hematitization are the
commonly recognized types of alteration. The classic lodes of Cornwall and those at
Herberton are examples.

The grade/tonnage model of hydrothermal lodes is based on data from forty-three
deposits, or in some cases, districts (Table 1). Data include eight deposits from
Cornwall, nineteen “districts” from the Herberton area, eight deposits from
elsewhere in Australia, and one deposit each from Malaysia, Bolivia, Indonesia,
Czechoslovakia, and Burma. The imprecise definition of what constitutes a deposit
arises because many of the lodes were mined by a number of operators during the sec-
ond half on the nineteenth century. Consequently, because properties changed hands
and merged, records for individual deposits were rarely kept or are ro longer avail-
able. Thus, data on the deposits and districts in the model consist mainly of recorded
past production, though for some deposits, especially those still operating, reserves
are also included. Sources of data include Bawden (1929), Blake (1972), Dines
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(1956), Govett and Robinson (1980), Ingram (1977), Laznicka (1973), Norman and
Trangcotchasan (1982), Taylor (1979), annual reports of the Queensland Department
of Mines, and various copies of the Queensland Government Mining Journal, Mining
Magazine and Mining Yearbook.

The fit of the observed grades and tonnages of the hydrothermal lode deposits to
lognormal distributions is not good. Deposit grades are slightly peaked; too many
deposits have grades between 1.25 and 1.5% Sn. This is probably the result of
inadequate records for earlier mined deposits. The distribution of deposit tonnages
appears to be slightly bimodal (Fig. 11). This is probably the result of mixing data
from Australia, where both small and large deposits are reported, with data from
other areas, where there appears to be a tendency to report grades and tonnages of
only larger than average deposits. For example, if data were available for the many
small deposits from Cornwall, they would plot in the portion of the curve presently
dominated by Australian deposits. Tonnages and grades are not significantly corre-
lated (r = 0.18) in this model. Ninety percent of the hydrothermal lodes have at least
12 kt, half of them have at least 240 kt and ten percent have at least 4.5 Mt of ore (Fi-
gure 11). Figure 12 shows that ninety percent of these deposits have grades of at least
0.7% Sn, half have grades of at least 1.3% and 10% have grades as great or greater
than 2.3% Sn.

Uses of Grade/Tonnage Models

During the last ten years grade/tonnage models have been used increasingly to convey
to non-geologists an idea of the importance of undiscovered deposits in land classifica-
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tion, mineral exploration strategy, and estimates of long term resources available.
Grade/tonnage models can provide a basis for quantifying undiscovered resources
which commonly are ignored unless they are estimated in a quantitative manner.

Classification of lands involves placing individual tracts into a category that per-
mits certain uses and prohibits others. A decision-maker faced with a land use deci-
sion asks geologists to delineate areas that may contain undiscovered deposits, pro-
vide grade/tonnage models of the types of deposit present and estimate the number
of undiscovered deposits of each type that may be present. A mineral economist can
use this information, together with assumptions about commodity prices, the amount
and efficienty of exploration and the cost of producing the minerals, to estimate the
value of lands under different classifications (Singer, 1975).

Delineation of tracts of land that may contain undiscovered mineral deposits is
accomplished by comparing the characteristics of descriptive deposit models with
geological information from the area being assessed. Grade/tonnage models are built
with data for well explored deposits. Estimates of the number of undiscovered
deposits present in the tracts may be made by subjective probability or multivariate
statistical models. Examples of these types of mineral assessment are given by Singer
and Ovenshine (1979), and Menzie et al. (1983).

The use of grade/tonnage models in formulating exploration strategy can range
from strategic decisions of what type of deposits will be the most profitable for explo-
ration, to tactical decisions such as estimating the likely outcome of a particular ex-
ploration programme. Figure 13 shows, for each of the five primary tin deposit types,
domains defined by the mean plus and minus one standard deviation of the
logarithms of grade and contained metal. Each domain should contain approximately
45 percent of deposit of its type. Figure 13 indicates that, if other factors such as loca-
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Fig. 13. Grade and contained tin domains for five types of primary tin deposits. Domains are
defined by the mean plus and minus one standard deviation of the logarithms of grade and contained
metal

tion, mining costs and probability of discovery are equal, replacement deposits are,
by virtue of their higher grades and economically extractable tin content, more attrac-
tive exploration targets than skarn deposits.

Fig. 13 can also be used to gain perspective on questions of national mineral supply.
For example, the United States, which has a few discovered rhyolite-hosted skarn and
greisen deposits, is more likely to effect its national supply of tin by encouraging exp-
loration for additional greisen, or replacement deposits rather than rhyolite-hosted
deposits. The part of the Seward Peninsula (Alaska) Paleozoic carbonate terrane that
is cut by the Late Cretaceous tin-granite belt could well host replacement tin deposits.
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1.5 Exploration Strategies for Primary Tin Deposits

C. PremoL’

Abstract

Primary tin deposits are becoming an increasingly attractive exploration target, par-
ticularly for well capitalized, and technologically advanced expoloration companies.
The exploration procedures for such tin deposits are rather different from the ones
utilized for other mineral deposits; although they are still tentatively known they are
developing fast.
The paper briefly reviews exploration targets, field techniques and costs in the
search for hard-rock, possibly low-grade, tin resources.

Purpose

With the inevitable depletion of alluvial tin deposits in SE Asia and the progressively
lower grades of the Bolivian tin mines, the interest worldwide is increasingly focussing
on the exploration of new tin resources amenable to modern, low-cost mining. Large,
low grade, primary tin deposits can be a target for such exploration projects and
under certain conditions these deposits can compare favourably with deep alluvial
mining whether on-shore or off-shore (Taylor, 1979; Rich, 1980).

Unfortunately comparatively little is known of exploration and mining for primary
tin, particularly in tropical rain forest conditions. For instance, although Indonesia,
Malaysia and Thailand have supplied more than 60 % of the western world’s tin, hard
rock mining has yielded barely 2% of the recorded production.

When a major company has decided to include tin in its exploration portfolio (and
an encreasing number of them are presently doing so) the first problem consists in
defining the minimum grade and tonnage required to support a large tin mining oper-
ation at the projected tin prices. Figure 1 gives the tonnages and grades of several
major primary tin deposits of the western world. Various authors have recently prop-
osed a target scale in the order of 40—60 million t of ore at a head grade of at least
0.20% Sn and a projected recovery of 60% . However the presently depressed world
tin consumption suggests that only higher grades will be economic in this century,
probably of the order of 30—40% Sn depending on available infrastructure, mining
and benefication costs. In any case these targets would mean a recoverable resource
of at least 60,000 t of tin. If we project a mine life of 20 years we obtain a projection

! International Mineral Research, 16/3-5 St. Neots Avenue, Potts Point, Sydney, Australia 2011
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Fig. 1. Tonnage and grade of some major primary tin deposits of the Western World. The clustering
of the Bolivian deposits to the left of the graph indicates a serious ore reserve problem in this country

of 3,000 ty" of tin or about 2% of the present western world’s tin production (see
Fig. 2). This represents a comparatively new and challenging exploration target for
which, at present, little case history exists.

The prime objective of a company which decides to explore for primary tin is to find
such an orebody at a minimum cost and within a minimum time-frame.

Fig. 2. Past and projected tin production in Market Economy Countries. The dashed areas represent
a period of probable phasing-out of high-cost producers
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Procedures

Several countries around the world (and particularly certain developing countries)
present the rare combination of overall geological favourability and a propitious
investment climate (Hutchison and Taylor, 1978; Bettencourt et al., 1981; Suensilpong
et al., 1983). This combination makes a commitment to exploration for major primary
tin deposits an acceptable risk venture. Obviously the exploration strategies approp-
riate to the different countries vary considerably and, with few exceptions, it is a pre-
requisite to start with carefully prepared negotiations with the various governments.
The mining code, the fiscal regime, and above all the willingness of the various gov-
ernments to encourage or even permit foreign investments in this field is all impor-
tant.

Geologically the type of primary tin deposit that could come within the grade-ton-
nage parameters mentioned and, above all, be amenable to low-cost, bulk mining
either by underground or opencast methods, are:

1. Subvolcanic hydrothermal deposits of stockwork type (also called ‘porphyry tin’ by
some authors, e.g. Sillitoe et al., 1975).

2. Greisen-type deposit (in all its numerous subtypes) and limestone replacement
deposits.

3. Pegmatite-type deposits.

These three broad types of deposits are essentially defined in function of the depth of
emplacement of the tin-bearing granites (see Fig. 3).

Only the first two types of deposit are economic and realistic for mining, the third
type still belongs to the sub-economic resource class. Each of these three types of tin
deposit tend to have rather distinctive orebody geometry, mining byproducts and ton-
nage-grade curves. Obviously these factors must be carefully considered before decid-
ing on any new major exploration development.

The tonnage-grade curve of major tin deposit types (see Fig. 4) is particularly sig-
nificant. Obviously these curves largely depend on the mining methods selected. Trad-
itionally the hydrothermal vein system’ deposits have been the most attractive exploi-
tation targets. This has sometimes generated much necessary development capital for
more costly bulk exploration methods, but more often hopelessly exhausting the
potential for very large, if low grade, tin resources. On the contrary large, pegmatitic
tin deposits have been shown to be particularly difficult to be selectively mined (other
than in their superficial, weathered part) and the raising of their development capital
has proved, at least in the market economies, invariably a slow and difficult opera-
tion.

Methods

The exploration methodology for large, low grade, tin deposits is still in its infancy.
The model orebody, although large by tin standards, is still one order of magnitude
smaller than, for instance, porphyry copper deposits (see Fig. 5).

Its identification requires highly sophisticated methods, particularly in tropical
rain forests conditions prevailing in the majority of the most potential tin provinces of
the world (see Fig. 6).
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Fig. 4. Possible grade-tonnage curves for three main types of large, primary tin deposits

Fig. 5. Comparison between size and geometry of disseminated Cu and Sn mineralizations. (A):
porphyry Cu system (From Lowell and Guilbert, 1980), (B): massive greisen Sn system (freely
adapted from Shcherba, 1970, and other authors)
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Fig. 6. World’s stanniferous areas (adapted from Sainsbury, 1969)

The obvious need to develop new methods for discovering blind tin deposits that have
no surface expression has resulted in the formulation of the modern ‘regional’
approach to exploration. Given the highly potential greisen model (Shcherba, 1970),
‘cupola detection’ plays a prominent role in the exploration for primary tin orebodies.

It is only very recently that the search for large, low grade tin deposits was started,
by developing regional statistical methods which take into account what is known of
the geometry of large tin deposits, their relationship to granite bodies, and other fac-
tors. Figure 7 summarizes the modern methods used in tin exploration from recon-
naissance through evaluation.

A typical exploration sequence for primary tin (see Fig. 8) may involve several
different techniques.

As a regional exploration tool, remote sensing has been widely used. LANDSAT
interpretation has proved helpful. For instance, the recently discovered Potosi Hill
greisen tin deposit in Rondonia has a faint LANDSAT expression. Various other
remote sensing techniques are useful in the exploration for primary tin deposits, par-
ticularly when coupled with an airborne geophysical survey; these methods however,
are more applicable for the definition of broadly favourable areas (tin granites) rather
than direct target identification.

Geochemistry invariably plays a major role in any exploration programme for
primary tin deposits. Its role is twofold; first, rock geochemistry for the identification
of tin granites (Ishihara et al., 1979; Plimer, 1980), and secondly, soil or stream sedi-
ment sampling for direct target identification. In stream sediment geochemistry, a
polymetallic approach is advisable, particularly for remote or little explored areas; in
Brazil for instance, several alluvial tin and gold provinces are known to overlap. Sev-
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Fig. 7. Criteria in the selection of exploration methods for primary tin deposits

eral pathfinder elements for primary tin mineralizations have been recognized and are
gaining widespread acceptance. Significantly there are different pathfinder elements
depending on whether the tin deposit is sought in hydrothermal, greisen or pegmatitic
environments.

Other and more sophisticated geochemical methods are increasingly used in ex-
ploration for primary tin deposits; identification of detrital indicator minerals (tour-
maline, topaz, lithium mica, etc.), anomalous tin content in common resistates
(ilmenite, magnetite, etc.), microchemistry of individual cassiterite grains, etc.

Technologically advanced laboratories, possibly equipped with X-Ray Fluores-
cence (XRF) and Inductively Coupled Plasma (ICP) facilities are becoming essential
in modern tin exploration. Most systematic geochemical surveys must be preceded by
thorough and imaginative orientation surveys. This is particularly true for new or little
explored areas.

Geophysics has so far proved less useful for the identification of either tin'granites
or individual tin deposits. However, several methods based either on the magnetic
susceptibility or the spectrometric signatures of the tin granites have been tested at
regional level both in SE Asia and in Australia, with encouraging results (Webster,
1984; Yeates et al., 1982). This is obviously a field of great potential which has seen sig-
nificant development in the last few years.

At the evaluation stage tri-dimensional sampling of a tin deposit requires special
precautions. Several tin specialists have pointed out the unusual difficulties in grade
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Fig. 8. Normal exploration and development sequence for large, primary tin deposits

assessment of tin deposits by drill hole intersections (Hosking, 1979). Here automatic
data processing, although unquestionably a very valuable tool in ordinary cir-
cumstances, can at times be utterly misleading as it tends to reduce the all-important
role of personal experience and shrewd guesswork as to whether the tin deposit being
drilled can be economically developed or not. At this stage some emphasis is gener-
ally given to exploratory underground development in order to obtain large and truly
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representative samples for metallurgical test work: invariably a very important aspect
in exploring and developing a primary tin orebody.

It has been noted that primary tin deposits, particularly large, low grade ones, are
essentially geological objects which may have only an attenuated geophysical and
geochemical expression and highly erratic assay data. Furthermore, their case history
is very limited and they can be plagued with an uncommon number of development
problems. Hence the person responsible for making decisions on their exploration
must have an above-average knowledge of ore geology, resource management and
mineral economics.

Exploration Costs

Exploration costs for primary tin deposits can vary considerably. Each country has its
own legal and logistic problems and a very different cost structure. Here analogies are
not very applicable. In countries with abundant man-power a ‘hybrid’ exploration
strategy can be developed. The regional exploration strategy and targets can be
selected utilizing the most sophisticated state-of-the-art, whether plate tectonics,
advanced metallogenetic criteria, airborne geophysics, computer modelling, etc. On
the other hand the actual, and indispensable ground work on the selected areas can
be successfully carried out by numerous but unsophisticated prospectors who have
been trained in elementary tin prospecting techniques. After all, tin is the second
metallic commodity, immediately after gold, which has traditionally been explored
for, worldwide, by individual prospectors.

Estimating overall costs for regional exploration campaigns for primary tin
deposits is difficult, and costs tend to escalate quite dramatically in tropical rain forest
conditions. For the Market Economy Countries it has been calculated that to success-
fully reduce a general area of interest from 5,000 km? to a mineralized area of 1 km?
or less may require from 3 to 5 years and costs between 2 M and 20 M U.S. dollars.
These costs can be significantly reduced should the exploration start at the evaluation
stage rather than ‘concept generation’ stage (Bailly, 1972; Rongfu et al., 1983).

Several possibilities to evaluate newly found prospects or old, and possibly misun-
derstood tin mines, do exist in several countries in Latin America or S.E. Asia.
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2 Australia

2.1 The Western Tasmanian Tin Province with Special
Reference to the Renison Mine

L.A. Newnuam!

1 Introduction

Tasmania is the dominant tin producing state in Australia, with current production
coming from two major underground tin mines situated in the Western Tasmanian tin
province. i

Most of the tin deposits in this province occur either as replacement deposits in
Lower Palaeozoic sediments adjacent to Upper Palaeozoic granites or to a lesser
extent within these granites themselves. Small alluvial deposits are also developed
from material derived from the granites.

Due to the complex nature of their geology, exploration for these types of deposit
in Western Tasmania is difficult and because of their depth and mineralogically com-
plex nature, expensive high technology mines and treatment plants are required to
extract the tin.

This paper provides a brief description of the geology of the Western Tasmanian tin
deposits, together with a more detailed description of the Renison deposits, followed
by some generalised comments on exploration methods and problems encountered in
searching for deposits of this kind.

2 Western Tasmanian Tin Province
2.1 Location and History

The State of Tasmania consists of a group of islands lying off the South-East corner of
the main Australian continent. It lies at the Southern end of a 3,500 km long
geosyncline which runs the full length of the East Coast of Australia (Fig. 1).

The majority of Australia’s tin deposits lie within this geosynclinal trough.

Exploration for mineral deposits only commenced in Tasmania in the second half
of the nineteenth century. During that period exploration teams, working in virtually
uninhabited country, discovered the outcrops of several tin deposits all of which are
shown on Fig. 2.

A major mine was established at Bischoff and smaller mines were initially
developed on the other deposits during this early period. However most of these oper-

! Gold Fields Exploration, Burnie, Tasmania, Australia 7320
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ations were closed down by 1930, and it was not until the 1960’, that major new mines
were developed on the Renison and Cleveland deposits.

2.2 Regional Geology

All of the tin deposits of Western Tasmania lie in a 20 km wide 200 km long trough of
Palaeozoic sediments and volcaniclastic sediments, wedged between two blocks of
Proterozoic rocks. This trough runs up the West Coast of Tasmania and curves along
the North Coast where it is terminated by a major cross cutting faulted graben struc-
ture.

The sedimentary succession, which is about 5 km thick, is represented by a wide
range of sediments including conglomerate, sandstone, chert, shale, greywacke and
carbonates (dolomite and limestone). A minor component of lavas and tuffaceous
material within these sediments was derived from a coeval belt of island-arc vol-
canism which occupied the eastern half of the trough.

Minor ultramafic bodies were emplaced into the sedimentary pile in the Upper
Cambrian.

During the Upper Palaeozoic, the region underwent a period of strong tectonic
deformation which resulted in broad folding and severe faulting of the sedimentary
pile, accompanied by the intrusion of several significant granite bodies. Only minor
sedimentation and igneous activity occurred in Western Tasmania after this major
period of tectonism and plutonism.

The land form was extensively modified by Pleistocene glaciation.

2.3 TheTin Deposits

The major tin deposits are shown on Fig. 2. All the deposits are primary, located
either in granite or sediments.

Major operating tin mines are located at Renison and Cleveland. A third major
deposit is located at Bischoff but active mining ceased there in the 1920%.

A large deposit is located at Zeehan but is currently not mined. Smaller deposits
at Mt. Lindsay, Razorback, St. Dizier and Heemskirk have all produced small
amounts of tin but are not producing at present.

In addition to the above, there is a large number of smaller primary and alluvial
deposits, too numerous to represent on this figure.

The total tin content of these deposits is estimated as 60 Mt of 0.9% tin. This
figure is the sum of past production and present reserves and does not include an esti-
mate of additional mineralisation which may be found in the future.

The individual deposit sizes are graphically represented in Fig. 3. Again these data
indicate the original size of the deposits and is the sum of past production and present
reserves.
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Fig. 3. Western Tasmanian Tin Mines. Deposit Sizes

A very brief description of each of the main deposits follows:

Bischoff

Tin was discovered at Bischoff in 1871 and in the period between 1873 —1942 approx-
imately 56,000 t of tin were produced (Groves et al., 1972).

Recent drilling in the vicinity of the former mine has established a possible
resource of 6.1 Mt of ore of average grade 0.49 % tin (Collins and Jennings, 1982).

The deposits occur within a folded and faulted sequence of Cambrian sediments
which have been intruded by an Upper Palaeozoic swarm of granitic dykes (Groves et
al., 1972).

Three main types of tin mineralisation are recognised: stratabound sulphide-cassit-
erite deposits which replace dolomite beds; fault or fissure filling quartz-sulphide-cas-
siterite bodies; and cassiterite-sulphide deposits within altered quartz-feldspar dykes.

Cleveland

The Cleveland primary tin deposits, which lie a short distance to the South West of
Bischoff, were first discovered in 1893 but large scale mining was not commenced
until 1968. Since then the deposits have produced 24,600 t of tin and 9,592 t copper
from 5.5 Mt of ore (Cox and Dronsecka, this volume).

The orebodies are stratabound and were formed by the hydrothermal replacement
of carbonate units within a steeply dipping Cambrian carbonate-chert sequence.
Mineralisation is predominantly of pyrrhotite-pyrite-chalcopyrite-stannite and cassit-
erite (Cox and Dronsecka, this volume).
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Mzt. Lindsay

The Mt. Lindsay primary tin deposits occur midway between the Cleveland and Reni-
son deposits.

They were discovered about 1909, but have only produced several hundred tonnes
of tin from a series of shallow underground and surface workings. Reserves are small,
although a potentially large tonnage of refractory low grade mineralisation also exists
in this region.

The mineralisation occurs in a series of parallel, steeply dipping skarn bodies.
These skarns, which are typically 10—30 m thick, several hundreds of metres long
and deep, were formed by the metasomatic effects of hydrothermal fluids rising from
an underlying granite. The skarn bodies are zoned in a rather complex manner
(Kwak, 1982), but most of the cassiterite occurs in localised assemblages of pyrrho-
tite-magnetite-amphibole mineralisation.

Renison

South of Mt. Lindsay are the large Renison tin deposits. These are discussed in more
detail later in this paper.

Razorback

A few km south of Renison are the Razorback tin deposits. These deposits were
mined on a small scale in the first instance by shallow tunnels and more recently by
open-cut methods. The mine is currently closed and reserves are small. The minerali-
sation occurs predominantly as replacement bodies in an ultramafic sill, and to a les-
ser extent in fault zones and as minor veins and disseminations in conglomerate.

The mineralisation in the ultramafic replacement bodies is a pyrite-pyrrhotite-
talc-cassiterite assemblage, deposited when hydrothermal fluids rose along fault struc-
tures from an underlying granite, extensively altering the ultramafic rock to talc and
depositing sulphides and cassiterite.

Zeehan

The recently discovered tin deposits at Zeehan occur within an older silver-lead-zinc
mining field which was discovered in 1882 but exhausted by about 1913. Guided by
extensive geophysical and geological surveys, recent deeper drilling beneath some of
these old workings has succeeded in defining 7 Mt of ore of grade 0.7 % Sn in several
deposits of complex and variable mineralogy (Skey, 1983).

The deposits occur in a folded and strongly faulted sequence of Cambrian and Pro-
terozoic (?) sediments and volcanics, and are generally considered to be hy-
drothermal replacement deposits, which may have originated from an underlying or
adjacent granite.
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Mineralisation is variable but is basically a complex mixture of sulphides (pyrite
and phyrrhotite, sphalerite, galena and chalcopyrite), and gangue minerals (carbo-
nates and quartz). Tin occurs dominantly as fine cassiterite with some minor stannite.

Mining operations have not yet commenced on these deposits.

Heemskirk

A variety of small tin deposits occurs within the southern margin of the multi-phase
Upper Paleozoic Heemskirk Granite.

Approximately 300 t of tin were produced between 1880 and 1940 from many
small workings. No mining is currently in progress and reserves are small, probably
less than 1 Mt of ore of grade 0.6% Sn.

The mineralisation occurs both in quartz-tourmaline-topaz dykes and veins, and
in sulphide rich pipe-like bodies (Roberts, 1984). The former type is generally of
small, discontinuous bodies in which the tin occurs as coarse cassiterite.

The latter pipe-like bodies are more complex both in their shape and mineralogy,
which typically consists of a mixture of pyrite, sphalerite and chalcopyrite with tin
occurring both as fine cassiterite and stannite.

St. Dizier

The St. Dizier deposits lie 20 km north-west of Zeehan near the northern margin of
the Heemskirk Granite.

They were discovered in 1877 and mined in a small way by shallow open-cut
methods. No mining has taken place now on this property for many years.

The deposits which occur in a faulted, steeply dipping Cambrian-Precambrian car-
bonate bed adjacent to an Upper Palaeozoic granite, consist of several discontinuous
lenses of magnetite and minor iron sulphides.

It is thought that the carbonate bed was extensively altered to serpentinite by the
intrusion of the granite and that the tin was emplaced within this serpentinite during
a later phase of metasomatism.

The tin occurs both as cassiterite and as a complex tin-iron-manganese hydroxide.

Reserves are estimated as 1 or 2 Mt of ore of grade 0.6% Sn.

3 The Renison Deposits
3.1 History

The Renison orebodies were discovered in 1890 both in alluvial and gossan forms.

Small scale mining of the gossanous or leached outcrops continued until 1920
when the only tin bearing material remaining was massive iron sulphides from which
it was difficult to recover the tin. However, these problems were overcome in the
1930’s and small scale open cut and underground mining of the cassiterite-massive pyr-
rhotite bodies continued.
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Extensive exploration in the 1950’s and 1960’s successfully outlined substantial
reserves and a large scale underground mining operation was commenced in 1967.

To date, approximately 10 Mt of ore have been mined for the production of
80,000 t of tin. Reserves are estimated as 17 Mt of ore of grade 1.1% Sn.

3.2 Geology

The orebodies occur within a strongly faulted, gently folded sequence of Lower
Palaeozoic sediments and minor volcanics, which was intruded during the Upper
Palaeozoic by a granite (Patterson et al., 1981).

The basic stratigraphy of the Renison Mine is shown in Fig. 4. It consists of a thick
sequence of quartzites and shales overlain by a metre thick dolomite which in turn is
overlain by 50 m of shale, then 20 m of dolomite, then 30 m of hematitic chert and
volcaniclastic sediments, then a further 20 m of dolomite, then finally a very thick
sequence of silt-stone, mudstone and mafic volcaniclastic sediments. All of the above
units are conformable and probably of Cambrian age.

In the Upper Palaeozoic, probably Devonian, the sediments were folded into a
broad North-West trending anticline and extensively faulted. One major fault system
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developed along the eastern flank of the anticline, whilst another important set of
faults was developed across the anticlinal axis. Most, if no all, of this faulting is nor-
mal or strike-slip faulting.

Following this deformation phase, a granite was intruded into the area. It outcrops
several km south of the mines, and lies 1,000 m beneath the surface in the vicinity of
the major orebodies.

A typical cross section through the mine is shown in Fig. 5. A wide zone of thermal
metamorphism, characterised by the presence of fine brown tourmaline, has been
developed in the hornfelsed sediments adjacent to the granite.

3.3 Mineralisation

Three styles of mineralisation are of economic importance in the mining operation:

a) dolomite replacement bodies
b) fault infillings
c) breccia zones

The mineralisation for all three types is considered to have originated in the under-
lying granitic bodies and migrated in several phases into the sedimentary sequence
along the abundant fault zones, at a temperature of between 300—350°C (Patterson
et al., 1981).

When these hydrothermal fluids contacted the thin dolomite beds in the sequence,
they replaced them by a process of microfracturing induced by gaseous overpressures
developed during the reaction of hot fluids with dolomite.

Elsewhere the mineralisation was deposited in large quantities within fault zones,
and within brecciated sediments.
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Table 1. Renison Ore Mineralogy

Dolomite Replacement Fault Infilling Breccia
Pyrrhotite Pyrrhotite Arsenopyrite
Pyrite Pyrite
Arsenopyrite
Chalcopyrite
Talc Quartz Quartz
Quartz Tourmaline
Cassiterite Cassiterite Cassiterite

The mineralogy and hence the treatment characteristics of the three styles of
mineralisation vary considerably. The main components of each type are shown in
Table 1. The replacement bodies tend to be of very massive pyrrhotite with lesser
amounts of quartz and talc. The tin in these bodies occurs as cassiterite and is typically
in the size range of 0.05—0.20 mm. The fault infilling orebodies normally are more
siliceous and accompanied by a more complex sulphide assemblage of pyrite, pyrrho-
tite, arsenopyrite and chalcopyrite. The tin in the faults is present as both cassiterite
and minor stannite. The cassiterite grain size is typically in the 0.01—0.10 mm size
range. The breccia zone mineralogy is more siliceous again, consisting of quartz and
tourmaline with the sulphides arsenopyrite and pyrite only constituting 5—10% of
the rock. Tin is present only as cassiterite which tends to be reasonably coarse in the
0.10—0.20 mm size range.

The sizes of the individual orebodies vary considerably. The stratabound replace-
ment deposits can range from bodies of a few thousand tonnes up to massive sheets
of pyrrhotite measuring 300 m down dip, 200 m along strike and from 5—20 m thick.
The fault infilling bodies occur mainly scattered along the large fault system
developed on the eastern limb of the anticline. This fault system is variably
mineralised over a strike length of 2,000 m, a dip length of 1,200 m, and varies in
width from 4—30 m.

3.4 Resource Extraction

The Renison mining method is a highly mechanised underground cut and fill system
of ore extraction, accessed by a network of ramps or declines. All mining and ore
haulage is undertaken by large scale rubber tyred diesel equipment (Goodman et al.,
1982).

The ore is treated on site in a high technology mill by a sequence of heavy media
separation upgrading followed by sulphide flotation, gravity recovery of cassiterite,
flotation recovery of cassiterite and final upgrading in an acid leach (Goodsman et al.,
1982).

Approximately 74 % of the cassiterite is recovered into a 50 % concentrate which
is freighted by road and sea to smelters in Australia and Malaysia.

The current production from the mine is summarised in Table 2. Production is
limited to 60 % of capacity by the existing over supply of tin on world markets.
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Table 2. Renison Mine 1984

Tonnes Mined : 500.000

Grade : 1—0% tin

Mill Recovery : 74 %

Tin Produced : 3.800 tonnes

Reserves : 17 Million tonnes
at1—1% tin

Workforce : 500

4 Exploration Methods

The Western part of Tasmania is quite mountainous, heavily vegetated, cold, and has
a high rainfall. These factors combine to make exploration for further tin deposits
both difficult and expensive.

Exploration normally consists of a co-ordinated programme of geological map-
ping, geophysical and geochemical surveying followed by core drilling.

Because of the high rainfall, the water table is high and therefore weathering is not
deep. This is a considerable benefit to mapping and geophysical surveys.

Most of the deposit styles sought respond to a wide range of geophysical
techniques such as magnetics, electromagnetics and induced polarisation. Hence all
these methods are widely used.

Geochemical methods, mainly by soil sampling, are also widely applied but with
varying degrees of success.

Core drilling is perhaps the most widely used method of tin exploration in Tas-
mania. The combined amount of drilling undertaken by all tin exploring organisations
in the area would be in the vicinity of 30—40,000 m per year.

Exploration in the region is expensive. Access is difficult and wages are high.
Remote areas are today normally accessed either by helicopter or by road.

5. Conclusions

Western Tasmania is the site of one of the world’s major primary tin provinces. The
deposits are difficult to locate, expensive to mine and complex to treat but through
the appication of modern exploration, mining and metallurgical methods, the area
has become a substantial contributor to the market, further deposits will be located
as a result of the substantial exploration effort currently taking place in the region.
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2.2 The Cleveland Stratabound Tin Deposits, Tasmania,
Australia: A Review of Their Economic Geology,
Exploration, Evaluation and Production*

R. Cox! and E.V. DrRONSEIKA®

Abstract

The tin field of western Tasmania, Australia, contains several large stratabound tin
deposits associated with massive iron-sulphides in bedded carbonate host-rocks of
Upper Proterozoic to Early Cambrian age. Past and present producers include Mt
Bischoff, Renison and Cleveland. They all are closely associated, both spatially and
temporally, with altered high-level granitic stocks and/or quartz porphyry dykes,
emplaced on major faults/lineaments. These stocks and dykes form a late phase of the
Late Devonian Meredith Granite pluton.

The Cleveland deposits were explored during 1962—1964 by geological mapping
and an evolving series of diamond drilling programmes. A detailed evaluation fol-
lowed during 196466, involving underground exploratory development, comparative
sampling, bulk sampling and metallurgical testing, and further diamond drilling. The
deposits were brought into production in February 1968 with ore reserves (indicated
plus inferred) totalling 2.85 Mt averaging 1.02% Sn, 0.43% Cu.

Since 1968, the Cleveland Mine has been Australia’s second largest tin producer.
Production to June 1984 has totalled 5.5 Mt ore yielding 24,000 t Sn and 9,592 t Cu.
Continued exploration has led to the delineation of new reserves, such that the origi-
nal reserves (measured plus indicated) are now estimated to have been 10.3 Mt
averaging 0.78% Sn, 0.33% Cu (using a cut-off grade of 0.35% Sn), of which 5.7 Mt
averaging 0.71% Sn, 0.32% Cu remained at May 1983. Mining is by sub-level open-
stoping using tackless diesel equipment with decline access to all levels. Milling is by
crushing, heavy-medium separation, grinding, sulphide flotation, gravity separation
and tin flotation.

The Cleveland tin-copper deposits occur within the Tasman Fold Belt of Eastern
Australia in a N-S trending eugeosynclinal trough (the Dundas Trough) which
developed in western Tasmania during the Cambrian. Regionally the unfossiliferous
metasedimentary/volcanic sequence in the mine area occurs at the base of and in the
western portion of the Dundas Trough. Following strong deformation during the
Early-Middle Devonian Tabberabberan orogeny, a number of high-level granitic plu-

! Consultant Economic Geologist, Roy Cox & Associates Pty. Ltd., Brigalow Place, Westleigh,
N.S.W. 2120, Australia

2 Project Geologist, Cleveland Tin Ltd., Luina, Tasmania, 7321, Australia

* This chapter was prepared in October 1984; the Cleveland Mine has been closed since 1987
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tons were emplaced during the Late Devonian. The Cleveland Mine is located 4 km
north of the northern margin of the largest of these plutons, the Meredith Granite.

The Cleveland deposits are stratabound, occuring as a series of subparallel tabular
orebodies of pyrrhotite-pyrite-cassiterite-stannite-chalcopyrite mineralisation within
a well-layered carbonate-chert-shale unit (Halls Formation). This unit conformably
overlies a turbidite greywacke-shale unit (Crescent Spur Mica Sandstone) and is in
turn overlain by a spilitic basalt-pyroclastic unit (Deep Creek Basic Volcanics). The
sub-vertical orebodies, which strike NE, attain a maximum thickness of 30 m and a
maximum strike length of 550 m. Along strike the tin-sulphide mineralisation passes
into unaltered carbonate beds. These stratabound deposits are closely associated,
both spatially and temporally, with a plumbing system, the locus of which is occupied
by a pipe-like body of quartz porphyry surrounded by a W-Mo-Bi quartz vein
stockwork deep in the central footwall (Crescent Spur Mica Sandstone) portion of the
mine sequence.

The metal zoning and wall-rock alteration patterns indicate the mineralization is
essentially post-deformation and emanated from a central plumbing system. The
stratabound deposits formed by metasomatic replacement of carbonate beds by hy-
drothermal solutions derived from a late phase of the Meredith Granite.
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1 Introduction

The Cleveland Mine (latitude 41° 28’S, longitude 145° 24’E) is situated at Luina in the
mountainous rain-forest of northwestern Tasmania (Fig. 1).

Although the gossans of the outcropping Cleveland deposits were discovered in
1898, seventy years elapsed before the deposits were successfully brought into produc-
tion in 1968. For the past sixteen years they have been Australia’s second largest tin
producer.

This paper reviews their exploration, evaluation and production, together with
their economic and mining geology as presently understood.

The authors thank Aberfoyle Limited and Cleveland Tin Ltd. for permission to
present this paper, Ms Janice Mackie for typing the text and Mr Greg Cayzer for draft-
ing the figures.

2 Economic Geology
2.1 Regional Setting

The western Tasmanian tinfield contains several large stratabound sulphide-cassiterite
deposits (Renison, Cleveland, Mt Bischoff) in finely-bedded carbonate host-rocks.
These deposits occur in a narrow (25—45 km wide) north-trending eugeosynclinal
trough, the Dundas Trough (Fig. 1), which developed during the Cambrian period by
crustal displacement between two areas of Proterozoic basement. During the Early to
Middle Devonian the Lower Palaeozoic sediments and volcanics infilling this trough
were folded and faulted as a result of the Tabberabberan Orogeny. A number of high-
level, late-tectonic granite plutons were emplaced as a final phase during the Late
Devonian (Solomon, 1981).

The major stratabound sulphide-cassiterite deposits are all closely associated,
both spatially and temporally, with altered granitic stocks, cupolas and/or quartz-por-
phyry dykes (Groves et al., 1972; Collins, 1981; Newnham, 1975; Patterson et al.,
1981), which were emplaced along major faults/lineaments.

At the Cleveland Mine, stratabound sulphide-cassiterite bodies and stockwork W-
Mo-Bi mineralisation are closely associated with a sub-vertical, pipe-like body of
altered stanniferous quartz-porphyry located 4 km north (in plan) of the northern
margin of the Meredith Granite, the largest granite pluton in western Tasmania
(Fig. 1).

The post-Tabberabberan has been mainly a period of denudation, leading to the
erosion and deep-dissection of the pre-Carboniferous rocks.

2.2 Mine Stratigraphy

The stratabound tin deposits at Cleveland Mine (Figs. 2 and 3) occur as a series of
sub-parallel tabular bodies of sulphide (pyrrhotite-pyrite-chalcopyrite-stannite) — cas-
siterite within a 100—200 m thick, well-layered carbonate-chert-shale unit known as
Halls Formation (Cox, 1968a; Cox and Glasson, 1971). Eleven lenses of mineralisa-
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tion are presently known. Along strike some of these lenses have been observed to
pass into pure, laminated micritic limestone composed mainly of calcite, authigenic
quartz, chert and clay. Unlike the Renison and Mt Bischoff stratabound deposits, this
limestone has low iron, magnesium and manganese contents; it is not dolomitic (Col-
lins, 1981).

Halls Formation conformably overlies a +350 m thick turbidite greywacke-shale
unit, known as the Crescent Spur Mica Sandstone Formation (Cox and Glasson,
1971), composed of poorly-sorted, fine to medium grained micaceous greywacke with
interbedded siltstone, mudstone and shale. The greywacke beds, generally 10—20 cm
thick, show graded bedding.

Halls Formation is overlain by a +200 m thick spilitic unit, the Deep Creek Basic
Volcanics Formation (Cox and Glasson, 1971), composed predominantly of massive
and locally pillowed spilitic basalt with interbedded pyroclastics, volcaniclastic
greywacke, tuffaceous shale and chert.

Evidence from graded bedding in the greywackes and indentation marks in the
pyroclastics in the mine area (Cox, 1968a; Cox and Glasson, 1971) clearly shows the
way-up of the stratigraphy with the volcanics being younger than the greywackes. This
contradicts Collins (1981).

The unfossiliferous sedimentary-volcanic sequence of the mine area is probably
equivalent to the Crimson Creek Formation of Early Cambrian age in the Renison
area (Newnham, 1975; Patterson et al., 1981).
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2.3 Mine Structures

Within the Cleveland Mine area the stratigraphic sequence strikes northeast (Fig. 2),
dips subvertical (Fig. 3) and faces east. The oldest unit, the Crescent Spur Mica
Sandstone, occupies the core of a regional anticline whose subhorizontal axis is
located to the northwest of the mine. Further to the northwest the Crescent Spur
Mica Sandstone is in faulted contact with serpentinised ultramafics of the Cambrian
(?) Heazlewood River Complex (Figs. 1 and 2).

An analysis of the macroscopic and microscopic structures reveals a complex struc-
tural history of folding and faulting related to the Tabberabberan Orogeny (Cox and
Glasson, 1971; Ransome and Hunt, 1975; Collins, 1981).

Small-scale folds are well-developed in the finely-layered rocks of Halls Forma-
tion, particularly the mineralised beds, shales and cherts, and in tuff/chert horizons
within the Deep Creek Basic Volcanics (Cox, 1968a).

The mine sequence is cut by three major series of faults:

(1) a series of sub-parallel axial plane faults, striking northeast and dipping steeply
northwest, particularly evident in the upper levels of the mine (Cox and Glasson,
1971),

(2) a series of sub-parallel reverse faults, striking northeast and dipping 40° —50°
southeast, and ’

(3) numerous post-mineralisation normal faults, striking northwest and dipping sub-
vertically.
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2.4 Intrusives

The Meredith Granite, located 4 km south of Cleveland Mine (Fig. 1), is a large plu-
ton of equigranular and porphyritic biotite adamellite/granite outcropping over
approximately 300 km?. A contact metamorphic aureole, composed mainly of albite-,
epidote-, and hornblende-hornfels, extends up to 2.5 km (in plan) from the contact.

Primary tin mineralisation occurs as cassiterite in quartz-tourmaline greisen veins
within the granite and in hydrothermally-altered quartz-feldspar porphyry dykes
intruding the country rocks at Cleveland, Mt Bischoff and Renison.

2.5 Mineralisation
2.5.1 Orebodies

Eleven lenses of stratabound sulphide-cassiterite mineralisation are presently known
at Cleveland Mine, of which eight have been stoped. The tabular lenses, up to 550 m
in strike length, 30 m in width and 800 m dip length, occur sub-parallel and ‘en’eche-
lon’ to each other, increasing in depth to the southeast (Figs. 2 and 3). They are sub-
vertical and have been divided into two groups (Ransome and Hunt, 1975). The foot-
wall group comprise three relatively thick lenses (Henry’s, Lucks, Khaki) which have
strike lengths of less than 200 m. The hangingwall group (Halls Lenses A, B, C, D,
etc.) are thinner but persistent over greater strike lengths.

Each lens is conformable with the bedding of the host-rock, and consists of inter-
layered mineralised beds and chert. The footwall and hangingwall of each lens, as well
as contacts between interlayered chert and mineralised beds, are sharp. The
mineralised beds display fine compositional banding representing original bedding
(Cox and Glasson, 1971; Collins, 1981).

In addition to the stratabound deposits, tin also occurs at Cleveland Mine in an
altered cassiterite-bearing quartz-feldspar porphyry plug or dyke surrounded by a
tungsten-molybdenum-bismuth mineralised quartz-fluorite vein stockwork. This
mineralisation, known as the Foley Zone (Dronseika, 1983) is presently not economic
to mine.

2.5.2 Ore Mineralography

The mineralised beds of the stratabound deposits consist mainly of fine to medium
grained quartz, siderite, tourmaline, fluorite, chlorite, amphibole and sulphides (10—
40% by volume). The chief sulphide minerals are pyrrhotite, pyrite and marcasite,
with lesser amounts of chalcopyrite, arsenopyrite, stannite, sphalerite, tetrahedrite,
chalcocite and covellite (Cox and Glasson, 1971).

Tin is present chiefly as cassiterite (about 90% of the total tin), which occurs as
subhedral to euhedral grains 0.02—0.7 mm across, with minor amounts of stannite/
iso-stannite which occurs mainly as exsolution rims (up to 0.2 mm thick) around ear-
lier sulphides.
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Fig. 4. Cleveland Mine: Longitudinal Section. Lens B and Foley Zone

The fine compositional layering of the mineralised beds shows a strong between-
laminae variation in mineral composition. Cassiterite is preferentially developed in
quartz-rich laminae, and chalcopyrite in sulphide-quartz-rich laminae (Cox and Glas-
son, 1971).

2.5.3 Spatial Distribution

The constituent minerals of the mineralised beds within each orebody show distinct
spatial distribution patterns centred about the top of the Foley Zone, as exemplified
by Halls Lens B (Fig. 4). As a result of these mineral patterns, each orebody also
shows distinct metal zoning for tin, copper and zinc. The mineralised beds pass later-
ally into unaltered carbonate beds.

2.5.4 Controls

The stratabound tin-copper deposits at Cleveland Mine show strong stratigraphic con-
trols of mineralisation on a wide range of scales, from macroscopic to microscopic.

The metal zoning and spatial distribution patterns of ore and gangue minerals indi-
cate strong structural controls of mineralisation related to a central plumbing system,
the locus of which is the Foley Zone in the footwall Crescent Spur Mica Sandstone.
The core of this zone is occupied by a cassiterite-bearing quartz-feldspar porphyry
body (Dronseika, 1983).
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2.5.5 Age

The stratabound porphyry and stockwork mineralisation at Cleveland Mine are
closely associated, both spatially and temporally, with a high-level, granitic body
forming a late phase of the Meredith Granite. Although the mineralisation and
quartz-feldspar porphyry dyke have not been directly age dated, the Meredith Gran-
ite has been dated by both the K-Ar and Rb-Sr methods at 350 Ma (McDougall and
Leggo, 1965; Brooks, 1966).

2.6 Wallrock Alteration

An elliptical zone of sericitization of wallrocks, elongated northeastwards and
measuring approximately 1,000 m by 500 m in plan, surrounds the Cleveland deposits
(Cox, 1968a; Cox and Glasson, 1971). Within this zone the detrital feldspars of the
footwall greywackes and the albites of the hangingwall spilitic lavas show progressive
alteration from the margin inwards. The locus of this alteration halo is the plumbing
system for the hydrothermal solution which formed the Foley Zone and the
mineralised beds of the stratabound sulphide-cassiterite deposits.

Biotite alteration of the greywackes in the mine area increases with depth (Collins,
1981) but it is not certain whether this is related to the mineralisation or is a contact
metamorphic effect related to the underlying Meredith Granite.

2.7 Genesis

A detailed analysis of all the presently available factual data relating to the economic
and mining geology of the Cleveland Mine indicates that the stratabound sulphide-
cassiterite deposits most probably originated from the metasomatic replacement of
limestone beds by hydrothermal solutions, of low to moderate salinity and initially
low CO, content (Collins, 1981), derived from a high-level, late-tectonic granitic
source related to the Late Devonian Meredith Granite.

3 Exploration
3.1 Geology

The Aberfoyle group secured the Cleveland leases in September 1961 and com-
menced an initial phase of exploration comprising detailed geological mapping of sur-
face outcrop and old open-cuts at 1:480 scale. The main objective of this programme
was to define the lithologic/structural framework within which the outcropping sul-
phide-cassiterite mineralisation is localised, and to outline drill-targets.

Mapping and surveying were aided in the rugged, heavily-forested terrain by cut-
ting grid lines across the prospect area at 30 m line centres. Gridding was sub-
sequently extended, during 1964 —1966, at 150 m line centres, for a total strike length
of 6 km to facilitate regional mapping at 1:1,200 scale (Cox, 1968a). Outcrop is gener-
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ally poor and vegetation cover thick. Soils are thin and soil profiles poorly developed
on the youthful topography, characterised by 25°—35° slopes.

During the exploration period, 1962—1966, a total of 67 km of traverse line were
cut, pegged, surveyed and geologically mapped. Of these 34 km were traversed with
a magnetometer to aid geological mapping. In the prospect area detailed geochemical
soil sampling and self-potential (S.P.) surveying were undertaken, on 6 km and 13 km
of traverse line respectively, to delineate mineralisation and assist the definition of ini-
tial drill targets (Cox, 1968a).

3.2 Dirilling

Surface diamond drilling commenced in March 1962 to test the stratabound sulphide-
cassiterite deposits in depth and along strike from the shallow old workings (of the
1908 —1914 period). The initial drill holes confirmed the geological interpretation and
stratigraphic/structural controls of mineralisation, so additional drilling was underta-
ken. This first drilling programme, consisting of 46 holes totalling 3,690 m over a
strike length of 610 m and to a maximum vertical depth of 120 m, was cdmpleted by
July 1963 (Cox and Glasson, 1969).

Although encouraging tin-copper values had been intersected in 44 of the 46 drill
holes, the results indicated that the geological structure was complex and correlation
of drill intersections was in many cases speculative. Thus the inferred resource, tenta-
tively estimated at approximately 1.5 Mt averaging 1% Sn, 0.3% Cu, had a relatively
low order of reliability.

4 Evaluation
4.1 Underground Testing

In order to more fully evaluate the complex geology of the stratabound deposits and
to upgrade the confidence limits that could be assigned to the tin and copper grades
obtained from sampling diamond drill core (AXT-size), a programme of underground
exploratory development and comparative sampling was undertaken during the
period April 1964 to October 1965 (Cox, 1968a; Cox and Glasson, 1969).

An adit was driven into the steep hillside at 396 m above sea-level to intersect the
stratabound deposits which were then tested by 908 m driving and cross-cutting over
a strike length of 410 m, and by 36 underground diamond drill holes totalling 950 m.
Drives were developed along the footwall contacts of Halls Lens A and Henry’s Lens.
Eight cross-cuts were driven through Halls Lenses A and B at 37 m intervals along
strike for the comparative sampling programme (Cox, 1968b) which involved:

336 groove samples over 249 m in 8 cross-cuts
318 channel samples over 230 m in 8 cross-cuts
72 bulk samples over 96 m in 8 cross-cuts
346 split core samples over 215 m on 21 cross-sections
756 groove samples from development drives.
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The prime objectives of this programme were achieved:

(1) the nature of the complex geological structures was better appreciated, thus
allowing geological interpretation of drilling results and ore reserve tonnage esti-
mates to be completed with a high degree of confidence, and

(2) the use of comparative sampling methods yielded closely checking average results
from groove, channel, AXT-size split core and bulk sampling for both tin and cop-
per content of ore. These results (Cox, 1968b) indicated that ore reserve grade
estimates based on assays from AXT-size exploration drill holes and/or groove
sampling would be reliable within acceptable, practical limits.

In addition, the underground exploratory development provided valuable oppor-
tunities to obtain material for metallurgical research and testing; to investigate the
nature of ground conditions for mine planning; to determine density factors for ore
and waste; and to study and analyse variations in width, grade, mineralogy and inter-
nal waste (chert content) of the orebodies.

Following completion of a revised geological interpretation, in January 1965, total
indicated ore reserves and inferred resources were upgraded to 1.95 Mt averaging
1.01% Sn, 0.43% Cu in April 1965.

4.2 Deep Drilling

Between February 1965 and March 1966 a programme of deep diamond drilling was
undertaken to further test the deposits in depth and to increase ore reserves. Sixteen
additional holes totalling 3043 m were completed to a maximum vertical depth of
300 m below surface outcrop. This programme confirmed the geological interpreta-
tion and allowed inferred resources to be increased.

4.3 Final Feasibility

Final feasibility studies commenced in March 1966 based upon total indicated
reserves and inferred resources of 2.85 Mt averaging 1.02% Sn, 0.43 % Cu. These esti-
mates were based upon 135 mineralised intersections in 98 diamond drill holes (total-
ling 7683 m) and 908 m underground exploratory development; they comprised 1.495
Mt indicated ore and 1.355 Mt inferred ore (Cox and Glasson 1969).

Metallurical design and operating studies were completed, utilising results
obtained from the bulk sampling and pilot-scale testing. The mill was designed to treat
250,000 tonnes per year (t/y) by crushing, heavy-medium separation (to remove inter-
nal waste and wallrock dilution), grinding, classification, sulphide flotation and grav-
ity concentration. Cassiterite recovery from the complex sulphide ores was estimated
at 60 % . Copper recovery was estimated at 70 %, producing a copper concentrate by-
product containing 21 % Cu and 6% Sn (as stannite).

Various mining methods and design layouts were extensively investigated before
selecting mechanised sub-level open stoping by overhand benching, with access by
adits and decline to all working faces. Wallrock dilution was estimated at 12% (by
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weight), giving mining reserves of 3.2 Mt averaging 0.91% Sn, 0.38% Cu, sufficient
for 12.8 years at the planned mining and milling rates.

Cleveland Tin N.L. was incorporated on 8 June 1966 to develop the deposits for
production. A new town, Luina, was built to house the work-force. The mine was
brought into production during February 1968, and officially opened on 29 March
1968.

5 Production

Since the commencement of production in 1968 the Cleveland Mine has been
Australia’s second largest tin producer. Total mill throughput to June 1984 has been
5,504,000 t for the production of 24,600 t Sn and 9,592 t byproduct copper. During
this period ore reserves have been depleted by 4.6 Mt averaging 0.86% Sn, 0.35%
Cu, the balance of 0.9 Mt reflecting wallrock dilution in the mill-feed.

Continuing exploration during the production period has resulted in further
increases in ore reserves for the stratabound deposits. The original undiluted
resource, using a 0.35% Sn cut-off grade, is now estimated to have beé€n approxi-
mately 10.3 Mt averaging 0.78 % Sn, 0.33 % Cu of which 5.7 Mt averaging 0.71% Sn,
0.32% Cu remain. In addition, recent drilling of the Foley Zone porphyry and
stockwork deposits has delineated further (presently subeconomic) resources of 3.0
Mt averaging 0.28 % WOs3, 0.05% Sn, 0.02% MoS; using a 0.2 % WOs; cut-off grade
(Dronseika 1983).

5.1 Mining

Mining is by open stoping using trackless diesel equipment with access above level 7
by adits into the hillside and to all other levels (no’s. 8—26) by a 3.5 km long decline
(at 1 in 9 grade) in the footwall Crescent Spur Mica Sandstone (Buckland 1980). The
vertical interval between levels is approximately 20 m.

Narrow high-grade orebodies of 1—3 m width are extracted by shrinkage stoping.

Ore and waste rocks are generally strong and competent and require little ground
support. Rock bolts, with or without steel-mesh, are used as required. Stope-walls are
self-supporting and stope-fill has not been used to date. A surface crown-pillar and
stope rib-pillars have enhanced general mine and stope stability.

Mine ventilation is downcast fresh air through the decline, with upcast through the
stopes aided by exhaust fans.

Mine equipment consists of three 3-boom jumbos for development, three 2-boom
jumbos for stope drilling, five front-end loaders, seven 40 t trucks and two 25t
trucks.

A programme of grade control and blending of ore from three stockpiles helps
reduce the amount of heavily-diluted ore going to the mill to achieve a consistent mill-
feed.
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5.2 Milling

Installed mill capacity was increased to 450,000 ty’ during the 1970’ but International Tin
Council production quotas have reduced the current throughput to about 210,000 ty’
yielding 950 t Sn in concentrates. Throughput has been reduced further to 100,000 t§’.

Milling is by crushing (primary jaw crusher and secondary cone crusher), heavy-
medium separation (ferrosilicon at S.G. 2.95), grinding (by rod mill), sulphide flota-
tion, gravity concentration and tin flotation (Robinson 1980).

After grinding the circuit feed contains 10—20% sulphides which must be
removed to facilitate gravity separation of cassiterite from lower density gangue min-
erals. Chalcopyrite and stannite are removed by differential flotation to produce a
copper concentrate containing 20—25% Cu and 2—4% Sn.

The gravity separation involves cyclone, spiral classifier, hydrosizer, tables and
vanners. The slime fraction (minus 106 micron) passes to a tin flotation section. The
final flotation concentrate at 35—40% Sn is combined with the gravity concentrates
before filtering and bagging for sale. The saleable product contains 50—55% Sn.
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3.1 An Evaluation of Reconnaissance and Follow-up
Geochemical Surveys to Delineate Favourable Areas for
Tin Mineralization in the Northern Canadian Cordillera

S.B. BarLantyne and D.J. ELtwoon!

Abstract

The application of regional reconnaissance multi-element geochemistry is evaluated
for delineating areas with tin potential. This approach is supported by a detailed fol-
low-up geochemical exploration strategy which led to the discovery of previously
unknown granite-hosted tin mineralization.

In the Canadian Cordillera of northern British Columbia and adjacent Yukon,
stream water and sediments were sampled at a regional scale as part of the Uranium
Reconnaissance Program. During this helicopter-supported survey, 4,400 locations
were sampled at a density of approximately one site per 13 km®. Computer-generated
contoured maps of U, F, Mo, W, Zn and Sn were produced at 1:1,000,000 scale to
investigate their distribution and abundance in the 62,000 km? area. This suite of ele-
ments is considered indicative of Sn-W mineralization hosted in or associated with gra-
nites. The map highlighted stream geochemistry patterns which delineated terrains of
“specialized” granites. The multi-element regional geochemical anomalies not only
outlined known occurrences of Mo, W, Zn and Sn in the Omineca Crystalline belt, but
also demonstrated that portions of the Surprise Lake batholith were greatly enriched
in this suite. '

Using a subset of the regional data (362 samples), two anomalous catchment
basins within the batholith were selected for assessment of their tin potential. One
drainage system showed a Sn-W-F elemental association while the other displayed an
atypical Sn-Zn-F relationship. A detailed follow-up mixed-method sampling pro-
gramme was conducted. Stream waters and sediments were sampled, heavy-mineral
concentrates (HMC) were panned from stream sediments, and size fraction analyses
of these media were performed. Stream water and sediment results confirmed the
magnitude of the regional anomalies and the elemental associations. The areal dis-
tribution of anomalous HMC coincided with the results for various fractions of unpan-
ned sediment and showed greater contrasts over background. For example, in the
stream drainage system anomalous in Sn, W and F, the Sn contents in the -500, -250
and -177 micron mesh fraction of HMC ranged up to two times, five times and eleven
times greater than in the same fractions of unpanned sediments. The W content con-
trast was comparable, ranging up to 21 times greater in the -177 micron mesh fraction.
Compared with samples collected from background areas, Sn in HMC from the
stream drainage anomalous in Sn, Zn and F showed greater contrast in the finer frac-

1 Geological Survey of Canada, 601 Booth Street, Ottawa, Ontario, K1A OE8, Canada
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tions ranging from four times in the -2 mm mesh fraction to nine times in the -250 mic-
ron mesh fraction. No increase in Zn contents was observed in HMC compared to
unpanned stream sediments. Analyses of different size fractions helped define pros-
pecting areas within the catchment areas. Magnetite, cassiterite and gadolinite were
identified in HMC.

Within the Sn-W-F anomalous drainage system, fractured and/or shear-related
mineralization was discovered. It consisted of cassiterite-wolframite in quartz veins
and veinlets, quartz-arsenopyrite veins and quartz-fluorite veins in altered granite.
The mineralization within the Sn-Zn-F enriched drainage system is more complex. It
consists of a network of fractures, veins and replacement bodies thought to have
formed near the apex of the granitic body. Cassiterite was found in two mineralized
zones. It occurs in massive quartz-sericite-cassiterite-beryl greisen and underlying
replacement bodies of biotite-magnetite-sphalerite with minor cassiterite. Fluorite
and kasolite were found in the peripheral alteration zones which could account for the
consistent F-U anomalies measured in the streams.

The careful evaluation of regional reconnaissance stream geochemical data and
subsequent detailed follow-up survey results have proven that a multi-method, multi-
element approach to exploration can facilitate the discovery of tin mineralization.

Purpose

Tin, now a so-called “strategic element”, has until recently not been actively explored
for in Canada. As relative newcomers in the search for tin deposits, we present an
evaluation of multi-element, multi-method regional reconnaissance geochemical data
for an area of the northern Canadian Cordillera. This approach delineated areas with
tin potential. It is supported by an example of a detailed follow-up geochemical ex-
ploration strategy which led to the discovery of previously unknown granite-hosted
tin-tungsten mineralization.
Specific objectives of this investigation are:

(1) to examine the regional geology in terms of tin metallogeny and current lithotec-
tonic evolutionary models for the Canadian Cordillera,

(2) to consolidate regional reconnaissance stream sediment and water data for the
4,400 sample sites in the 62,000 km? area in the form of computer-generated ele-
ment distribution maps to facilitate interpretation,

(3) to evaluate the distribution and abundance of the suite of elements (U, Mo, W, U,
Sn, F) thought to be indicative of “specialized” tin granites in terms of known
mineral occurrences or deposits,

(4) to enhance anomalies without known sources by producing computer generated
elemental-associated maps at a greater scale to define drainage system anomalies
and pathfinder elements for specific targets,

(5) to access this strategy by choosing two anomalous drainage systems within the
regional data subset and complete a practical detailed follow-up stream survey,

(6) to use the methods developed in the follow-up and interpret studies to define
specific prospecting targets,
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Fig. 1. Location of study area and some major tin occurrences

(7) to discover the mineralization and/or alteration which have given rise to the
specific anomalies,

(8) to document this overall approach and to suggest that it is a viable exploration
strategy in the northern Canadian Cordillera.

Location

In the northern Canadian Cordillera, approximately 1,200 km NNW of Vancouver
and centered about latitude 60°N, lies the 62,000 km? survey area (Fig. 1, 2). It is
covered by 1:250,000 scale NTS (National Topographic Series) map sheets 104N,
1040 and 104P in northern British Columbia and NTS map sheets 105B and 105F in
southern Yukon Territory (Fig. 3).

Situated on the western edge of the survey area and approximately 180 km south
of Whitehorse (the main service center and capital of the Yukon) lies the town of Atlin
(population 400). Juneau, Alaska is situated approximately 150 km southwest of
Atlin, British Columbia (Fig. 2).

Maintained gravel roads (Alaska highway, South Canol Road, Stewart-Cassiar
highway, Atlin, B.C., highway # 7) provide the major access to and transect the sur-
vey area. Light aircraft use the three gravel airstrips in the area. Float-equipped light
aircraft provide access to the numerous lakes, however, most of the region is only
accessable via helicopter.
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Fig. 2. Tectonic belts of the Cordilleran Orogen. Study area is outlined

Physiography and Climate

The study area is characterized by long northerly to northwesterly trending high
mountain ranges often containing icefields, snowfields, and glaciers. Broad alluvial
valleys or rolling upland plateaus separate the ranges. Similar-trending major lake sys-
tems are outlined in black in Fig. 2 and 3. Run-off from the survey area eventually
reaches the oceans via the Yukon River to the Bering Sea, the Liard River to the Mac-
kenzie River and the Beaufort Sea, and the Nakina-Taku Rivers to the Pacific. Most
streams and creeks selected for sampling during the regional survey reconnaissance
have headwaters in alpine elevations and flow rapidly over a short distance to lakes
or rivers in the wooded low-lying areas. Tree-line is generally below 1,067 metres but
forest cover is often interrupted by patches of swamp and muskeg in poorly drained
areas. Higher elevations usually exhibit good bedrock exposure which also can be
seen in incised streams, stream valleys and canyons.

In NTS map sheet 104N elevations, above sea level, range from 683 m at Atlin to
2,100 m at Paradise Peak south of Atlin (Fig. 3). Similarly, in NTS map sheet 104P,
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Fig. 3. Simplified distribution of Cretaceous-Tertiary granitoid intrusions within the study area
(after Tipper et al., 1981). Shading is the same as on Fig. 2. Stanniferous plutons are cross-hatched.
Study area is outlined

1,500 m maximum relief from plateau or plain to mountain range can be found. In
NTS map sheet 105F in the Pelly Mountains, peaks reaching 2,400 m elevations yield
the maximum elevations.

Precipitation ranges in the western position of the study area from about 28 cm
annually at Atlin to about 76 cm annually in the Cassiar Mountain Ranges in the east.
About one half of the precipitation falls as snow which may persist in the mountains
until the middle of June and after mid-September.

Glacial, fluvioglacial and post-glacial erosion and deposition modify local topo-
graphy often resulting in spectacular features. These include eskers and esker com-
plexes, kames and kettles, shorelines of glacial lakes, terraces, abandoned deltas,
drumlinized till, hummocky terrain, moraines and outwash deposits, hanging valleys,
and eratics. Most valleys are drift-covered to some extent. Examples of thick boulder
and/or basal till (50 m) are evident in the north-western portions of NTS 104N (Ait-
ken, 1959) and in the north-eastern portion of NTS 104P (Gabrielse, 1963) on the low-
lying Liard Plain (Fig. 2b). All of these examples of the effects of continental glacia-
tion are due to the extensive advances of the Cordillera ice sheet, Cassiar Lobe, dur-
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ing the McConnel advance or are remnants of at least two older glaciations (Hughes
et al., 1969). In the study area, the main ice-stream flowed northwest along the Teslin
Suture zone —Teslin River system and the Atlin Lake valley, while in the eastern por-
tion of the survey area an eastwardly flow is noted (Aitken, 1959; Gabrielse, 1963,
Hughes et al., 1969). However, because of the complexity of these Wisconsin age gla-
cial deposits, advances, stagnation and retreats have occurred in many directions.

Alpine glaciation has also altered the topography. In the southwestern corner of
NTS map sheet 104N, Atlin, British Columbia, glaciers are still active today. Alpine
glacial features as evidenced by deep cirques, cirque lakes, cleaver ridges, spurs and
horns, have had a pronounced effect on increasing bedrock exposure throughout the
region. Much of the alpine glaciation is thought to have taken place prior to the last
continental ice sheet advance (Aitken, 1959; Gabrielse, 1963, 1969).

Previous Work
Geology

In the area covered by the regional reconnaissance geochemical survey, general geol-
ogy investigations and descriptions of the mineral deposits may be found in reports
and 1:250,000 scale maps by Aitken (1959), Gabrielse (1963, 1969), Mulligan (1969),
Poole et al. (1960), and Tempelman-Kluit (1977). Recent geological compilation maps
at 1:1,000,000 scale and the tectonic assemblage map of the Canadian Cordillera at
1:2,000,000 scale have been modified and used as the geologic base in this paper
(Gabrielse et al., 1980; Souther et al., 1979; Tipper et al., 1981). Important new reg-
ional geologic-tectonic concepts relevant to the survey area have been described by
Abbot (1981), Monger (1977), Monger and Price (1979), Monger et al. (1982, 1983)
and Tempelman-Kluit (1979).

Geochemistry

As part of the Uranium Reconnaissance Program, geochemical orientation surveys
were initiated in the Atlin area (Fig. 2) in 1976 (Ballantyne et al., 1978). Reconnais-
sance stream water and stream sediment sampling surveys were then conducted as
part of the continuing Regional Geochemical Reconnaissance Program. The Federal
Government Uranium Reconnaissance Program provided funding for the survey area
within the Yukon Territory. For the area within adjoining British Columbia the survey
was jointly sponsored and funded by the Province of British Columbia and the govern-
ment of Canada under an agreement within the Uranium Reconnaissance Program.

Within a year from sample collection the survey results were published as single
element maps at a scale of 1:250,000. They were accompanied by computer-generated
raw data and summary statistics files for each of the map sheets. The data were also
made available on magnetic tape.

Geological Survey of Canada Open File Reports 517 (1978) and 561, 562, 563, 564
(1979) originally contained stream sediment results for a routine element suite (Zn,
Cu, Pb, Ni, Co, Ag, Mn, Fe, Mo, U) and in some cases the additional elements (Hg,
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W). Also included in the survey were stream water data (U, F and pH determina-
tions).

All reconnaissance sediment samples are archived at the Geological Survey of
Canada. Interpretation of the data (W, Mo, U, F) indicated that the area could also
have tin potential. Archived samples for NTS map sheet 104N were subsequently
analysed for tin and the data published in a revised addition of Geological Survey of
Canada Open File report 517 (1979). Recently archived samples for NTS map sheets
105F and 105B have also been analysed for tin but results are not yet published at
1:250,000 scale. However, the authors have included in this paper the newly acquired
tin data at a scale of 1:3,000,000.

The mineral industry is continuing to use the reconnaissance geochemical survey
data in follow-up exploration programmes. As a result, many new mineral occur-
rences have been found or known mineral occurrences have been re-assessed within
the context of current mineral deposit genetic models. Result of their work may be
found in mineral claim assessment reports or in various publications by the British
Columbia Ministry of Energy, Mines and Petroleum Resources or the Yukon Depart-
ment of Indian and Northern Affairs, Geology Section.

Methods of Study — Sampling, Analytical Procedures and Computer Processing
Regional Geochemical Reconnaissance

The survey was conducted in 1977 and 1978 during the months of July and August: the
snow in the upper elevations had melted by this time and high water levels in the
streams had returned to normal. The survey area is rugged and remote, and most of
the stream sample sites were visited by helicopter. In areas with road and lake access
sampling was conducted by ground crews. Silt- and clayrich sediment and water sam-
ples were routinely collected by the contract crews at each of the 4,409 sites in the
approximately 62,000 km? area. The sample density was approximately one sample
per 13 km? or on average one sample every 2 km of stream drainage. The sediment
samples were air dried in the field and then sieved to obtain the minus 117 micron
mesh fraction. This fraction was then ball-milled to about 60 microns and analysed for
Zn, Cu, Pb, Ni, Co, Ag, Mn, Fe, Ba, Mo, W, Hg, U and Sn. The water samples were
analysed for U and F and pH was determined.

More information about survey methodology, analytical methods, quality control
and monitoring of data may be found in the GSC Open File reports (1978 —1979).

Tin Analytical Method

In map sheet 104N (Atlin), tin was determined in regional stream sediment samples
by a method which was only slightly modified from that described by Welsch and Chao
(1976). A 1.0 g sample is heated with NH,I in a modified pyropot furnace for 15
minutes at 500°C. This reaction, which converts the tin in the sample to Snly, is done
in a 25 by 200 mm test tube. After cooling, the residue is leached with 20 ml of a solu-
tion which is 5% V/Vin HCl and 6 % W/Vin ascorbic acid. After leaching, the sample
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is cooled to room temperature and 5 ml of 4 % W/V trioctyloposphine oxide in methyl
isobutyl ketone (MIBK) are added. The test tube is capped and shaken for 60 sec-
onds. The solvent layer is then transferred to a small tube and centrifuged. The tin in
the solvent layer is then determined by atomic absorption spectroscopy using a nitr-
ous-oxide acetylene flame at 2,863 A.

For map sheets 105B (Wolf Lake) and 105F (Quiet Lake) the regional stream sed-
iment samples were analysed for tin by an XRF method. Approximately 2—5 g of
about 60 micron powder was pressed into a pellet by a hydraulic press. The pellet was
then analysed for tin using an X-ray fluorescence spectrometer.

Detailed stream sediment samples were analysed for tin by both methods of
analysis and the results were found to be reasonably comparable. Tin values from
detailed survey samples quoted in this paper were all determined by the XRF method.

Detailed Survey

The follow-up survey included stream water sampling, stream sediment sampling and
heavy mineral panned concentrate collection. Unfiltered waters were analysed for
uranium and fluorine by the same methods used for the regional survey. Results were
similar to those of the regional survey and all the resampled regional anomalies were
confirmed. Detailed stream sediment samples were sieved into three size fractions:
minus 500 to plus 250 microns, minus 250 to plus 177 microns and minus 177 microns.
Each fraction was then ball-milled to approximately 60 microns thus ensuring a
homogenous sample for the analyses. Bulk 4—5 kg composite sediment samples were
collected from accumulations in potholes and from behind boulder and cobble rubble
in the stream bed. By volume, they evenly filled a conventional gold pan. After
screening to remove gravel and after careful washing to remove the clay and silt, the
residue was separated by conventional gold panning techniques into heavy mineral
(approximately 70 %) and light mineral concentrates by drying and sieving to comple-
tion the minus 2 mm to plus 500 micron fraction, the minus 500 to plus 177 micron
fraction and the minus 177 micron fraction. Examination and mineral identification of
the important minerals was completed before each fraction was ball-milled to approx-
imately 60 microns and analysed.

Computer Processing
Reconnaissance: Element Distribution Maps

Computer generated contoured maps assisted in the interpretation of the regional
reconnaissance analytical data. Various element values were contoured and plotted at
a scale of 1:1,000,000 on an Applicon colour plotter. In the production of these maps,
a regular grid, 1,600 m square, was laid over the irregularly spaced data points. Grid
values were then computed in two steps. In step one, a value was assigned to the
center of each grid cell containing one or more data points. Grid cells containing
more than one data point were assigned the average of the contained analytical val-
ues; grid cells containing one data point were assigned the analytical value of that
point. In step two, a new value was computed for each grid cell by averaging the
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Fig. 4. Distribution of fluorine in stream waters. Cretaceous-Tertiary granitoids are outlined; stan-
niferous plutons are outlined in bold. White areas indicate no data

weighted values from the values of the five nearest cells assigned in step one. Weight-
ing was by an inverse distance function 1/d cubed. Finally, the maps were produced
by contouring this regular grid using contours levels based on percentiles from the
original data set. Contours were not plotted in areas greater than four km from a
data point. Figures 4, 5, 6, 7, 8 and 9 are black and white versions of the original
1:3,000,000 scale colour maps. They were produced from grids prepared in the same
way as the colour maps and plotted on film using an Optonics laser plotter. This
method of contouring regional data filters out minor irregularities and allows ready
appraisal of major regional geochemical trends and patterns. The maps give a clear
regional overview by emphasizing particular geochemical signatures which may be
associated with productive terrains.

The element distribution maps portray data for molybdenum, tungsten, zinc and
tin in stream sediments and uranium and fluorine in stream waters. This suite of ele-
ments is used to define areas which clearly show that the single element distribution
maps reflect bedrock geochemistry related to “specialized granitoids”.
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Fig. 5. Distribution of uranium in stream waters. Granitoids are outlined as on Fig. 4. White areas
indicate no data
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Fig. 6. Distribution of molybdenum in stream sediments. Granitoids are outlined as on Fig. 4.
White areas indicate no data
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Fig. 7. Distribution of tungsten in stream sediments. Granitoids are outlined in Fig. 4. White areas
indicate no data
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Fig. 8. Distribution of zinc in stream sediments. Granitoids are outlined in Fig. 4. White areas indi-
cate no data
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Fig. 9. Distribution of tin in stream sediments. Granitoids are outlined in Fig. 4. White areas indi-
cate no data

Regional Three-Element-Maps

When outlining targets worth prospecting within a reconnaissance survey area, it is
useful to look at the associations between the various analytical variables. The
authors found that associations between three elements could be shown by plotting
them all on the same map, two as symbols and one contoured. These three-element-
maps were plotted in colour at a scale of 1:250,000 with one element plotted as blue
squares, another as red circles and a third as coloured contours. The size of the symbol
was proportional to the data value. The point at which the symbol changed size was
based on percentiles of the data being plotted. The contours were again done from a
regular grid, which was prepared from the analytical variable as for the reconnais-
sance maps. Figures 10 and 11 are enlarged black and white versions of a portion of
the original three element colour map of NTS 104N, Atlin, British Columbia. The
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Fig. 10. Distribution of tin and tungsten in stream sediments and fluorine in stream waters in the
Surprise Lake batholith area, Atlin, British Columbia

number of symbol sizes and contour levels have been reduced to improve readability.
Figure 12 shows an enlarged portion of Figures 10 and 11. It contains almost as many
symbol sizes and levels as the original colour version. The combination of the circles
and squares at each sample site along with the underlying contouring allows easy vis-
ual comparison of the three elements at and between each sample site. Many users do
not have access to sophisticated data processing. However, this application of multi-
element plotting is shown to be an effective way to manipulate sample site data and
summary statistics to define element associations and anomalies. Examples of enrich-
ment, depletion and apparent zoning are shown by the distinctive stream geochemis-
try for the two illustrated drainage systems located within the Surprise Lake
batholith, Atlin, British Columbia.
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Fig. 11. Distribution of tin and zinc in stream sediments and fluorine in stream waters in the Surprise
Lake batholith area, Atlin, British Columbia
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Fig. 12. Detailed enlargement of part of Figures 10 and 11, showing the distribution of zinc, tin and
tungsten in stream sediments



syo00qAbojoag/ew welbalay//.sdny

144 Canada

Geology
Regional Tectonics and Structural Setting

The study area lies within the Cordilleran Orogen of Western Canada and is outlined
in terms of the major regional geologic belts in Figure 2.

Current tectono-stratigraphic views for this region emphasize its complex nature
in terms of a tectonic mosaic composed of separate structural blocks perhaps far-
travelled exotic terrains and fragments that accreted by a variety of processes to the
margins of North America during Mesozoic and early Cenozoic time (Monger and
Price, 1979; Monger and Davis, 1982; Monger et al., 1982, 1983; Jones and Silverling,
1982). Within the study area the dominant structural style produced during accretion
is thrust faulting at the Teslin Suture zone (Fig. 2) and later modification by strike-slip
faulting along the Tintina fault (Fig. 2). In Late Cretaceous and/or Early Tertiary time
approximately 450 km of dextral movement occurred along the Tintina fault (Tempel-
man-Kluit, 1980).

Stanniferous plutonism in relation to the concept of a “tin belt” (Sainsbury et al.,
1969) can now best be descriped in terms of a collision model. It is important to under-
stand the granitic intrusive events in terms of lithotectonic terrains.

It has been proposed that in the early Mesozoic, suspect terrains were amalgam-
ated and subsequently accreted to the ancient continental margins of North America
during an initial collisional event in Jurassic time (Coney et al., 1980). The continent
had moved westwards into offshore Paleozoic arc systems (Tempelman-Kluit, 1979).
The back-arc marginal basin collapsed and was driven up and over the leading edge
of the continent at the Teslin Suture zone (Fig. 2). As a result of tectonic overlap,
loading by allochthonous terrains and compressional thickening east of the Teslin
Suture zone, the Omineca Crystalline Belt was formed as a major metamorphic-
plutonic welt (Monger et al., 1982, 1983; Tempelman-Kluit, 1979) (Figs. 2, 3). Farther
west, amalgamation of other allochthonous terrains in late Jurassic time led to a sec-
ond collision with the new continental margin in Cretaceous time. This resulted in a
second high-grade metamorphic and plutonic belt, the Coast Plutonic Complex
(Monger et al., 1982, 1983) (Figs. 2, 3).

West of the Teslin Suture zone and east of the Coast Plutonic Complex, lies the
Intermontane Belt (Figs. 2, 3) which in the study area is predominantly made up of
Cache Creek Group Upper Paleozoic rocks of the AtlinTerrain (Monger, 1975). These
sub-greenschist metamorphic facies rocks are separated by the Teslin Suture zone
from the more highly metamorphosed tectonic melange of sheared and tectonically
interleaved cataclastic, volcanic, intrusive and carbonate rocks of the Omineca Crys-
talline Belt (Tempelman-Kluit, 1979; Abbot, 1981). The AtlinTerrain is generally com-
prised of Upper Paleozoic chert, pelite, carbonate, volcanic and ultramafic rocks,
Mesozoic granitic intrusions such as the Surprise Lake batholith, and minor late
Mesozoic or early Tertiary and Pleistocene volcanic rocks (Monger, 1975).
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Geology and Tin Metallogeny of the Survey Area

In the evaluation of the tin potential, our major focus must be the Cretaceous and Ter-
tiary granitoids as outlined in Figure 3. As a result of the collisions, post tectonic
plutonism “welded” the tectonic belts and allochthonous terrains together. Although
granitoid age dates are few, some conclusions concerning depths and times of
emplacement can be drawn from the available data.

Omineca Crystalline Belt

In NTS 105F (Fig. 3), the post tectonic Quiet Lake batholith situated in the south-
western corner of the map sheet is composed of medium- to coarse-grained equi-
granular, biotite quartz monzonite. The Big Salmon batholith and Nisutlin batholith,
lying in a northwest to southeast trend across the map sheet, are composed of por-
phyritic, medium-grained, biotite quartz monzonite (Tempelman-Kluit, 1977). These
three granitic bodies have yielded K/Ar age determinations of about 95 Ma, mid-Cre-
taceous (Tempelman-Kluit, 1977; Tempelman-Kluit and Currie, 1978).

From 130° west longitude and straddling the border of NTS map sheets 1040 and
104P (Fig. 3), the Cassiar batholith and related stocks trend north-northwest transect-
ing NTS map sheet 105B. Since the Cassiar batholith is not deformed it provides evi-
dence for prior to mid-Cretaceous northeastward thrusting from the Teslin Suture
zone (Monger et al., 1982). It is a cross-cutting, post-tectonic, generally coarse-
grained equigranular, biotite quartz monzonite yielding K/Ar ages of about 100 Ma
(Abbot, 1981). In contrast, related stocks show more textural variation and give K/Ar
ages of 72.4 + 2.5 Ma (Cooke and Godwin, 1984; Panteleyev, 1980).

To the south and west of the Cassiar batholith, in NTS map sheet 105B, lies the
Seagull batholith, a tin granite (Fig. 3), dated at 100 = 2.8 Ma (Mato et al., 1983).
The Seagull batholith commonly contains miarolitic cavities and tourmaline in veins,
veinlets and spots. It shows compositional variation from biotite granite to quartz
monzonite with textural variations from coarse-grained, equigranular, to porphyritic
phases. Abbot (1981, p. 42—43) has suggested that the coarse-grained phase of the
Seagull batholith is essentially identical to biotite quartz monzonite of the Cassiar
batholith lying to the east, but it has been emplaced at a higher level.

The Seagull granites and related outliers host tin occurrences (Abbot, 1981, p. 43
and 145—146; Mato et al., 1983) but perhaps of greater importance to the tin metal-
logeny of the area are the related skarns (Dick, 1980; Layne and Spooner, 1983).
Numerous and varied tin-bearing silicate mineral assemblages are found within the
skarns. These include andradite garnet, malayaite and/or cassiterite-bearing skarn
and the rare occurrence of the Ca-Sn-B mineral, nordenskitldine (Dick, 1980; Layne
and Spooner, 1983).

Also of note is the Parallel Creek batholith situated in the south-eastern corner of
NTS map sheet 1040 (Fig. 3). Like the Seagull batholith to the north, it lies east of
the Teslin Suture zone and west of the margin of the main granitic body of the area,
the Cassiar batholith (Fig. 2, 3). It has been K/Ar dated at 78 + 4 Ma (Wanless et al.,
1970).
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The Parallel Creek batholith ranges in composition from biotite granite to quartz
monzonite and texturally from equigranular, medium-grained to coarsely megacrystic
phases. Similar to the Seagull batholith, it too is locally tourmaline-bearing and
miarolitic.

The Parallel Creek batholith is classified as a tin granite because of its relationship
to tin-bearing garnet skarns (Mulligan, 1969, 1975). In an associated roof pendant the
senior author and L.A. Dick discovered and recognized (Dick, 1980) “wrigglite”
skarn (Kwak and Askins, 1981; Taylor, 1979) or “ribbon rock” (Sainsbury, 1969; Dob-
son, 1982) as described for deposits in Australia and Alaska respectively. In thin sec-
tion, the skarn contains rare cassiterite, disseminated arsenopyrite and mainly, rhyth-
mically alternating layers of vesuvianite, magnetite, fluorite and white mica. The only
sample analysed contained 13.8% F and 0.082% Sn.

The Omineca Crystalline Belt contains other Cretaceous toTertiary batholiths and
stocks (Fig. 3).

The Intermontane Belt

In the study area, between the Coast Plutonic Complex and the Omineca Crystalline
Belt (the two major metamorphic-plutonic welts of the Canadian Cordillera) lies the
relatively tectonically undisturbed Intermontane Belt (Figs. 2, 3). However, in NTS
map sheet 104N situated to the west of the Teslin Suture zone and east of the Coast
Plutonic Complex, the Atlin region is also underlain by Cretaceous to Tertiary
granitoids (Fig. 3).

In the context of this paper the most important granitic complex is the Surprise
Lake batholith situated northeast of the town of Atlin (Fig. 3). The batholith cross-
cuts the regional trend and occupies about 800 km?. It is cut in two by a down faulted
block of Atlin terrain comprised of Paleozoic Cache Creek rocks.

A sample from within the batholith yielded a K/Ar age of 75.4 + 2.5 Ma and six
samples collected from granitic phases relating to the Adanac molybdenum deposit on
the western edge of the batholith gave an average age of 70.6 + 3.8 Ma (Christopher
and Pinsent, 1982).

The Surprise Lake batholith is a complex, multi-textured, biotite granite to
leucocratic granite. The textures include quartz-feldspar porphyries to crowded por-
phyry, medium- to coarse-grained inequigranular, coarse-grained equigranular and
fine-grained equigranular types. Schlieren and miarolitic cavities are locally numer-
ous, however, tourmaline is notably absent. It was originally designated as a tin gran-
ite because of the cassiterite reported in bulk gold placer concentrates and the high
tin content (up to 41 ppm Sn) in granitic material (Mulligan, 1975). More recent work
by Ballantyne and Littlejohn (1982) identified new granite-hosted occurrences
associated with uranium mineralization and compared whole rock and trace element
lithogeochemical data with other tin-granites in the world. These findings (Littlejohn
and Ballantyne, 1983) and results reported in this paper clearly define the Surprise
Lake batholith as a tin granite.

North of the town of Atlin and west of the Surprise Lake batholith (Fig. 3) is the
Fourth of July Creek batholith designated by Aitken (1959) as being part of the Coast
intrusions. It is composed mainly of granodiorite and quartz monzonite and appears
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to be zoned. In places it is a fairly uniform, medium-grained, biotite-hornblende dior-
ite. The Coast intrusions have been assigned a Jurassic age by Aitken (1959) but
hornblende from granodiorite of the Fourth of July Creek batholith yields a K/Ar age
of 110 + 4 Ma while biotite gives an age of 73.3 + 2.6 Ma (Christopher and Pinsent,
1982). Clearly more dating is required for the granites in the Atlin district.

South of the Surprise Lake batholith are situated the Mount McMaster stock and
the Mount Llangorse batholith, both of quartz diorite. Aitken (1959) also grouped
these bodies with the Coast intrusions.

Coast Plutonic Complex

To the west of the Intermontane Belt lies the Cretaceous and early Tertiary granitoid
rocks of the Coast Plutonic Complex. These predominantly granodioritic to quartz
monzodioritic plutons mark the second suture zone formed during the second colli-
sion of North America with outboard allochthonous terrains (Monger et al., 1982).

Since the Coast Plutonic Complex generally lies outside the study area (Figs. 2, 3)
it is not necessary to discuss it further here. It should be noted however that in the
Coast Plutonic Complex most deposits associated with intrusions are copper skarn
deposits or porphyry copper-molybdenum deposits (Sinclair, 1986).

Economic Geology and Mineral Deposits

Placer gold was discovered in 1874 on McDame Creek in NTS map sheet 104P (Ga-
brielse, 1963), but near Atlin (Fig. 3), in NTS map sheet 104N, even more important
placer gold discoveries were made in 1898 (Aitken, 1959).

Within the study area, mineral exploration increased after 1942 when the construc-
tion of the Alaska highway transected the region.

Several gold quartz veins are presently being mined near the town of Cassiar, in
NTS map sheet 104P. Except for continued placer mining at Atlin, the Cassiar Asbes-
tos deposit, discovered in 1950, is the only active mine in the region.

However, a wide range of genetic types of mineral deposits and occurrences have
been found and recently a renaissance of mineral exploration for Mo, W, U, Sn, Pb-
Zn-Ag and Au has taken place. Some major discoveries have been made since the
release of results from regional reconnaissance geochemical surveys (GSC Open File,
1978 and 1979).

Many of the region’s important but presently uneconomic deposits are granite-
related or -hosted. A recent review by Sinclair (1986) discusses northern Canadian
Cordillera Mo, Wand Sn deposits but we will only draw attention to those lying within
the study area. Molybdenum porphyry deposits of note include Adanac (NTS 104N)
(Christopher and Pinsent, 1982; White et al., 1976) and the Casmo and Cassiar molyb-
denum deposits (NTS 104P) (Panteleyev, 1980; Saydam, 1983; Woodcock, 1980).

Important tungsten-molybdenum deposits comprised of stockworks, skarn and
hornfels-hosted mineralization include Logtung (NTS 105B, 1040) (Noble et al.,
1984) and Mount Haskins — Mount Reed (NTS 104P) (Woodcock, 1980). Tungsten
skarns are also known to occur in NTS map sheets 105F and 104N.
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Granite-related tin mineralization in the district is generally of two main types
namely, quartz and/or greisen veins and tin-bearing skarns. Descriptions of the tin
mineralization may be found in Abbot (1981), Dick (1980), Layne and Spooner
(1983), Littlejohn and Ballantyne (1983), Mato et al. (1983), Mulligan (1969, 1975),
Mulligan and Jambor (1968) and Sinclair (1984). Some minor tin as stannite and cas-
siterite is also present in the Cassiar District lead-zinc-silver replacement/vein
deposits in the area (Mulligan, 1969, 1975).

In Figures 2 and 3 we have illustrated that the Seagull and Parallel Creek tin gran-
ites have been emplaced east of the Teslin Suture zone in the Omineca Crystalline
belt. Our and other workers’ investigations have shown that these granites are what
we will now define as “tin-fluorine-boron” geochemical types.

Lying west of the Teslin Suture zone in the Intermontane Belt, the Surprise Lake
batholith tin-granite can be defined as a “tin-fluorine” geochemical type where boron
is notably absent. The tin-granites of this part of the Canadian Cordillera have many
similarities with the tin-granites of the Seward Peninsula, Alaska (Hudson and Arth,
1983). The role of a co-existing volatile phase in more highly evolved residual granitic
magma has been considered in Ballantyne and Littlejohn (1982), Ballantyne et al.
(1983), Littlejohn and Ballantyne (1983) and Mato et al. (1983). The enriched volatile
nature of the Seagull and Surprise Lake batholiths begs comparison with the Seward
granites but as yet models seeking to explain the difference between the two different
geochemical types of tin-granites (Sn-F-B versus Sn-F) have not been resolved.

Uranium mineralization is also granite-hosted in the region. The Surprise Lake
batholith is greatly enriched in radioactive elements (Ballantyne and Littlejohn,
1982). It also shows a high heat generation (Jessop et al., 1984) and thus exhibits fea-
tures comparable to the high heat production tin-granites of southwest England
(Durrance et al., 1982).

Occurring in all map sheets in the study area are base metal skarns and lead-zinc-
silver veins and/or replacement deposits. They are often spatially related to intrusions
with which they are probably genetically related (Abbot, 1984; Mulligan, 1969).
Important examples are the Atlin-Ruffner deposit (NTS 104N) located northeast of
Atlin and hosted within the Fourth of July Creek batholith (Aitken, 1959) (Fig. 3)
and the Silvertip-Rancheria deposit (NTS 1040) hosted in Paleozoic limestone and
argillites on the west side of the Cassiar batholith (Mulligan, 1969). Also in the local-
ity and probably of the same type is the newly discovered Midway deposit situated
approximately at the corner of NTS 105B, 1040 and 104P.

We have given only a brief description of the economic mineral potential of the
study area. However, the region hosts a variety of mineral occurrences many of which
are related to granitic intrusions. This will become more evident in the following
interpretation of the regional reconnaissance geochemical survey.

Reconnaissance Geochemistry
Fluorine

The map for fluorine in stream water (Fig. 4) shows that reconnaissance hy-
drogeochemistry can be used to outline fluorine-enriched granites. The maximum
fluorine content measured for the 4,379 water samples is 2,300 ppb. Since high
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fluorine values have been shown to be indicative of geochemically “specialized” gran-
ites (Tischendorf, 1977; Tauson et al., 1978; Tischendorf et al., 1978), elemental dis-
tribution maps of this type can be used to distinguish those granitoids which are
geochemically distinct from similar age “normal” granites of the region.

Anomalous fluorine patterns for tin-granites occur in streams draining Surprise
Lake, Seagull and Parallel Creek batholiths. Other fluorine anomalies related to gran-
ites are usually associated with W-Mo porphyry deposits (Logtung) or Mo-porphyry
stocks which intrude the Cassiar batholith (Casmo).

Uranium

The distribution of uranium in stream water (Fig. 5) demonstrates that hy-
drogeochemistry is an effective tool when assessing relative uranium enrichment in
granites. The maximum uranium concentration measured for the 4,363 water samples
is 42 ppm.

Strong (1981) discussed the fact that more differentiated felsic plutons often form
granophile Sn-W-U-Mo ore deposits. The uranium elemental distribution map
(Fig. 5) can be used to indicate the geochemical “specialization” of granite batholiths
or stocks in the region.

From measurements of stream water the tin-granites (Surprise Lake and Seagull
batholiths) are anomalous in uranium, whereas, the Parallel Creek batholith has low
uranium contents. Uranium in stream water anomalies also overlap some of the Mo-
porphyry stocks.

Boyle (1982) noted, from an experiment to determine the amount of labile
uranium in intrusive rocks, that samples from the Adanac Mo-porphyry deposit and
rocks of the Surprise Lake batholith contained by far the most readily available labile
uranium as compared to other Canadian Cordillera intrusive rocks measured. There-
fore, the intense uranium anomaly associated with the Surprise Lake tin-granite is
directly related to the proportion of labile uranium (Boyle, 1982) and the uranium
mineralization and high radioactive element contents of the host-rocks (Ballantyne
and Littlejohn, 1982). Our investigations have shown that within the Surprise Lake
batholith the uranium minerals kasolite, metazeunerite, and beta-uranophane are
often spatially associated with zones of hydrothermal alteration and tin mineraliza-
tion.

Molybdenum

The molybdenum in stream sediment (Fig. 6) shows distinctive patterns which are in
part due to its more limited dispersion in the surficial environment as compared to the
hydrogeochemical patterns displayed for fluorine and uranium in stream waters. The
maximum concentration for molybdenum in 4,409 stream sediment samiples is
70 ppm. However, most molybdenum anomalies are found to be above 10 ppm.

The Surprise Lake batholith is drained by streams highly anomalous in Mo.
Anomalies are associated with known molybdenum occurrences. For example, west
of the Surprise Lake batholith, the small anomaly associated with a stock marks the
location of the Adanac Mo-porphyry deposits. In comparison, the other two tin-gran-
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ites east of the Teslin Suture zone are reflected by subdued molybdenum contents in
stream sediment.

The distinct anomaly relating to the Logtung W-Mo deposit is associated with the
small stock west of the Seagull batholith on the border of NTS map sheets 1040 and
105B.

Other granite-related molybdenum anomalies are either associated with known
porphyry Mo systems or the source is yet unknown. Most anomalies east of the Cas-
siar batholith and west of the Tintina fault are underlain by carbonaceous black
shales.

Tungsten

The tungsten stream sediment (Fig. 7) shows limited dispersion in the surficial envi-
ronment. This is partially due to the heavy and resistant characteristics of the minerals
scheelite and wolframite but perhaps more importantly to the relatively short distance
they travel from source. Tungsten minerals have been “dumped” at slope breaks and
thus spatially mark specific drainages as being enriched in tungsten. The maximum
tungsten concentration measured for the 4,406 sample sites is 800 ppm; most sam-
ples, however, contained less than 6 ppm (Fig. 7).

The tungsten anomalies are in most cases associated with known tungsten skarns
(NTS 105F) or W-Mo porphyry deposits such as Logtung (NTS 105F and NTS 1040
boundary). But not all geochemical anomalies are exclusively attributable to previ-
ously known occurrences. For example, anomalies found within the Surprise Lake
tin-granite are due to newly discovered wolframite mineralization which is often spa-
tially associated with tin occurrences. To the west, the distinct anomaly near the
Adanac Mo-porphyry deposit is partially derived from the Black Diamond Tungsten
(quartz-wolframite) deposit (Aitken, 1959, p. 72). In this area scheelite-cassiterite-
bearing skarns have also been discovered by the senior author. These occurrences help
to explain the high concentrations of wolframite, scheelite and cassiterite in the placer
gold concentrates recovered from the Atlin placers.

The Seagull batholith tin-granite also shows tungsten enrichment but the Parallel
Creek batholith does not indicate tungsten “specialization”.

Zinc

The zinc in stream sediment (Fig. 8) also shows a distribution pattern which in some
cases depicts anomalies which are granite-related. The maximum zinc concentration
measured for the 4,409 stream sediment samples is 2,900 ppm. Most granite-related
anomalies generally are above 168 ppm zinc, the 90th percentile of the total data set.

The elements U, Mo, W, and F may be considered as pathfinder or ore elements
associated with “specialized” or “rare metal” granitoids (Strong, 1981; Tischendorf,
1977; Tauson et al., 1978; Tischendorf et al., 1978). Zinc, on the other hand, is not
commonly considered as being enriched in leuco-granites or felsic plutons. As a
result, the origin of the zinc anomalies within the Surprise Lake tin-granite will be
considered further.
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Anomalous levels for zinc in stream sediments associated with the Seagull
batholith tin-granite may generally be explained by zinc-rich skarns which are often
found far from the intrusive contact (Abbot, 1981, p. 43; Dick, 1980). The Parallel
Creek batholith tin-granite also has zinc-rich skarns spatially related to the
“wrigglite” skarn which could account for the moderate anomalies in the area.

Other zinc anomalies related to the Cretaceous-Tertiary granites in the area may
be explained by lead-zinc-quartz veins hosted within the granites (Abbot, 1984; Mulli-
gan, 1969). No base metal-tin lode deposits are known to occur in the study area.

Tin

In the study area, the combined stream sediment data for tin are not as complete as
for the previously discussed elements (Figs. 4, 5, 6, 7, 8). The elemental distribution
map for tin (Fig. 9) shows distinctive patterns and anomalous concentrations con-
fined to specific granitic bodies. The maximum tin concentration measured for the
2,675 stream sediment samples is 520 ppm. This sample which was collected within
the Surprise Lake batholith drainage system deserves a closer examination.

It is important to note that although numerous tungsten anomalies were outlined
in NTS map sheet 105F (Fig. 7) the tin levels are generally much more subdued (less
than 11 ppm Sn).

In NTS map sheet 105B distinct tin enrichment and specific anomalies are
associated with the Seagull batholith. These anomalies are readily explained by the tin
mineralization described by Abbot (1981), Dick (1980), Layne and Spooner (1983),
and Mato and others (1983). Other tin anomalies east of the Cassiar batholith, which
generally do not coincide with mapped granitic bodies, have not yet been explained.

The western portion of the Surprise Lake batholith shows definite tin enrichment
as compared to the eastern portion. It also has distinct anomalies within it. Our find-
ings and interpretation of two of these anomalies are presented in this paper.

Conclusions

The single element distribution maps (Figs. 4, 5, 6, 7, 8, 9) have shown how multi-
method (stream water and stream sediment) reconnaissance geochemical data can
characterize geochemical enrichment and depletion, define background concentra-
tions, and establish anomalous patterns and zonation over a vast area within the
Canadian Cordillera.

As compared with other granites of similar age in the region, the tin-granites out-
lined by surficial geochemical methods exhibit varying degrees of “specialization” as
indicated by associated anomalous results. The reconnaissance survey not only iden-
tified “specialized” granites and known occurrences of Mo, W, Zn and Sn from the
Omineca Crystalline Belt, but also demonstrated that portions of the Surprise Lake
batholith in the Intermontane Belt are also greatly enriched in this suite of elements,
particularly tin.

Coincident multi-element anomalies over a granitic body probably reflect the
mineralizing processes within the granite or at least its geochemical “specialization”
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in these elements. Therefore, these maps have indicated that the Surprise Lake
batholith should be assessed for its tin potential.

Regional Interpretation: Three Element Maps

A subset, of reconnaissance water and sediment data, from streams which drain the
Surprise Lake batholith and proximal country rocks, was chosen for closer evalua-
tion. Reconnaissance survey data had demonstrated that anomalous U, F, Mo, W, Zn
and Sn was located in drainages within the selected area. Figures 10 and 11 illustrate
elemental association maps for up to 362 sample sites. The elemental association Sn-
F-W (Fig. 10) and Sn-F-Zn (Fig. 11) are plotted to show three different geochemical
measurements and/or anomalous concentrations at each sample site. This allows easy
visual comparison of data from other regional sample sites and drainages.

The content of fluorine in stream water less than the 50th percentile or 170 ppb
are shown as white areas on both maps. Distinct fluorine in water anomalies are
restricted to specific drainages (Figs. 10, 11).

Tin in stream sediments greater than the 90th percentile are illustrated by
diamond symbols, and tungsten and zinc are depicted by square shaped symbols on
Figures 10 and 11 respectively.

These elemental association maps define drainages and sample sites which have
coincident element anomalies. Figure 10 illustrates that the Horse Creek drainage has
coincident Sn-F-W anomalies at most sample sites. By comparison, Horse Creek
shows no Zn anomalies (Fig. 11).

The second drainage chosen for closer examination is situated south of Weir
Mountain. This drainage displays a greater than 75th percentile fluorine in water ano-
maly and minor Sn-W and Sn-Zn anomalies at some sites. To the north of Weir Moun-
tain a coincident Sn-W with no Zn-F anomaly is found (Figs. 10, 11). Explanation for
anomalous Sn-F-W (Fig. 10) and Sn-F-Zn located west of Trout Lake (Fig. 11) can be
found in Ballantyne and Littlejohn (1982).

Element anomalies situated on the west side of Surprise Lake are not discussed in
this paper because of contamination and disrupted drainage pattern due to placer
gold mining activity. However, cassiterite, wolframite and scheelite concentrations
are found in the placer heavies from these drainages.

Figure 12 is a detailed enlargement of the area outlined around Surprise Lake,
Horse Creek and Weir Mountain as shown in Figures 10 and 11. It contains 70 recon-
naissance stream sediment sample sites. The concentration levels chosen for Zn-Sn-W
are based on the total data used to construct Figures 10 and 11. On this elemental
association map, Zn and W are depicted as symbols and Sn is contoured.

The Horse Creek drainage system shows a distinct underlying tin anomaly and
increasing anomalous tungsten concentrations downstream. Zinc concentrations are
relatively minor.

The Weir Creek drainage system, south of Weir Mountain, shows a strong but spa-
cially minor tin anomaly centered at a confluence. A zinc anomalous sample is coinci-
dent with the tin enrichment and tunsten and zinc anomalies surround the periphery
of the anomaly (Fig. 12).
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Regional Conclusions

These computer-generated maps have utilized the reconnaissance survey stream data
to define elemental associations and to target anomalous drainages for further explo-
ration. On the basis of anomaly contrasts (Sn-F-Wvs Sn-F-Zn), Horse Creek and Weir
Creek drainages were selected for detailed follow-up geochemical sampling surveys.

Detailed Follow-Up Survey
Horse Creek Study Area

Figures 13a and 13c show the stream sediment concentrations of tin and tungsten at
the regional sample sites. The detailed follow-up survey included size fraction
analyses of stream sediment material; these data are presented for tin and tungsten in
Fig. 13b and 13d respectively.

By comparing the tin contents in the minus 177 micron fraction of regional
(Fig. 13a) and detailed (Fig. 13b) stream sediments, the greatest enrichment within
the Horse Creek drainage is located where it meets Surprise Lake. Horse Creek is
relatively fast flowing and it is at the mouth at the major break in slope that tin would
appear to be dumped in anomalous concentrations. Examination of Figures 13c and
13d shows that the magnitude of the anomalous regional tungsten sample at the
mouth of Horse Creek was not repeated in the detailed stream sediment minus 177
micron fraction.

The crossed hammer symbol in the diagrams marks the location of mineralization
discovered to date. Tin and tungsten levels reported for the coarser sized fractions in
Figures 13b and 13d indicate that samples for the two tributaries draining the
mineralized zone have generally higher contents of Sn and W than samples on the
main Horse Creek drainage. They more specifically show the prospect area especially
in the case of the Sn concentration.

Heavy mineral panned concentrate sampling of the stream sediment material was
also conducted at suitable locations within the drainage system. Wherever possible
sites were selected so that direct comparisons with an unpanned sediment sample
could be made. The contents of tin and tungsten in four size-fractions of detailed
heavy mineral concentrates (HMC) are reported in Figure 14. The areal distributions
of anomalous HMC are coincident with the results obtained for the various size frac-
tions previously reported for the unpanned sediments (Fig. 13) although they show
greater contrast over background.

The most anomalous tin HMC sample is located on the main Horse Creek drain-
age immediately below the tributary draining the mineralized zone (29, 31, 252, 422
ppm Sn). The tin contents in the 500, 250 and 177 micron fractions of HMC ranged up
to 2 times, 5 times and 11 times greater than in the same fractions of unpanned sedi-
ment collected at this site. The tungsten contrast was equally large, ranging up to 21
times greater in the minus 177 micron fraction at the same site (340 ppm vs 16 ppm).

Evaluation and interpretation of the detailed follow-up stream sediment data con-
firmed the elemental association of Sn-W and generally the magnitude of the
anomalies of the regional data. Analysis of different size fractions helped to define
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Fig. 14. Concentration of tin and tungsten in four size fractions of detailed heavy mineral panned
concentrates, Horse Creek study area. The values at each site are in order of their grain size from
coarse to fine

prospecting areas within the catchment area. Since all sites are not suitable for HMC
sampling, supplementary unpanned sediment sampling helped to define and confirm
anomalous results.

Further assessment of the Horse Creek drainage system has led to the discovery
of previously unknown tin-tungsten mineralization which may in part explain the
anomalous data reported for this study. Mineralization relating to fractures and shears
or both consists of (a) quartz veins and veinlets, (b) quartz-fluorite veins, (c) cassit-
erite-wolframite in quartz veins and veinlets, and (d) quartz-arsenopyrite replace-
ments and veins. The cassiterite and wolframite were found to be generally fine-
grained and restricted to the borders of quartz veins in altered, bleached to rusty gra-
nite or fractures. The extent and economic significance of the occurrences have not
been thoroughly investigated.
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Fig. 15. Concentration of tin, tungsten and zinc in regional stream and lake sediment samples, Weir
Mountain study area. Values at each site represent tin, tungsten and zinc in that order. Insufficient
material for analysis is represented by “ns”. Area covered by Fig. 16 is outlined

Weir Mountain Study Area

Figure 15 shows the stream sediment — lake sediment contents of Sn, W, Zn at reg-
ional sample sites. The greatest enrichment of Sn on Weir Creek is at a confluence
downstream from Cariboo Creek. The sample site yielded concentrations of 120 ppm
Sn, 20 ppm W, and 285 ppm Zn in sediments. Within the Weir Mountain study area
outlined in Figure 15 the next highest tin valve is 34 ppm. It should also be noted that
the W anomalies reported on Figure 15 are of a much lower order than the response
shown for Horse Creek (Fig. 13c). Samples anomalous in Sn and Zn are relatively
restricted and only a few tributaries would appear to be responsible for the results.
Therefore, during the detailed follow-up survey, HMC samples were collected
upstream from the enriched Sn-Zn regional sample on Weir Creek.
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Fig. 16. Concentration of tin in four size fractions of detailed heavy mineral panned concentrates,
Weir Mountain study area. The values at each site are in order of their grain size from coarse to fine.
Insufficient material for analysis is represented by “ns”. Mineralized zones are indicated

The contents of tin in four size fractions of detailed heavy mineral concentrates
are reported in Figure 16. This sampling clearly shows Cariboo Creek to be the source
of the tin in the Weir Creek drainage.

Using the sample from Weir Creek collected just above the confluence of Cariboo
Creek the contrast is 4, 5, 9, and 8 times greater for the various fractions. The finer
fractions appear to yield the greatest contrast. Compared to the anomalous regional
unpanned sediment sample containing 120 ppm Sn and 285 ppm Zn, Zn contents of
the various size fractions of HMC collected showed very little enrichment ranging
from 191—333 ppm.

Generally, the magnitude of the tin levels in anomalous samples collected in the
Weir Creek study area are comparable to those reported at Horse Creek. ‘

Mineral identification of the HMC from Cariboo Creek showed the presence of
magnetite, two different colours of cassiterite and gadolinite, a yttrium-iron-beryl-
lium silicate which has a specific gravity similar to cassiterite.

Mineralized zones A and B (Fig. 16), located on both sides of Creek and on Weir
Mountain, were discovered as a result of the detailed follow-up investigations. The
minerals identified in HMC samples were important in the identification of previously
unknown tin-bearing zones.
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On Weir Mountain, which can be considered to lie near the apex of the batholith,
a system of fractures and vein-like bodies occurs within the sheared and/or silicified
highly altered granite. Zone A is the best exposed and most altered part of the hy-
drothermal system which consists of an upper zone of (a) barren quartz veins and
veinlets, (b) vuggy and honey-combed massive quartz, (c) quartz greisen with purple
fluorite; a middle zone of (a) massive quartz-sericite-cassiterite-beryl greisen, (b)
greisen sheeted veins with and without fluorite and dasolite; and finally a lower zone
of magnetite-sphalerite-galena-biotite replacement veins with minor cassiterite. Some
pods of sphalerite contain up to 26 % Zn in hand specimen. It is the greisen zones and
replacement veins which account for the two different colours of cassiterite found in
the “heavies” of Cariboo Creek.

Zone B which leads up to Weir Mountain consists of altered and sheared granite
containing fluorite, kasolite and wulfenite, minor quartz veins as well as magnetite-
sphalerite-galena-biotite replacement veins with minor cassiterite.

Mineralized zones outside of the Weir Mountain system are characterized by
quartz-fluorite veins, quartz-wolframite veins and classic quartz-wolframite greisen
bordered veins.

The mineralization found to date at Weir Mountain and its perimeter readily ex-
plains the Sn-Zn-F and minor W elemental associations found in the regional stream
sediment and water data, and the heavy mineral response of the detailed follow-up
study.

Implications for Future Work

This report has documented the use of multi-element, multi-media regional recon-
naissance geochemical stream data to identify potentially tin metalliferous areas in
the northern Canadian Cordillera.

Single element reconnaissance maps of U, F, Mo, W, Zn and Sn were used as an
interpretive aid to better geochemically define “specialized”, enriched, or
mineralized granitoids. Regional elemental association geochemical maps (three ele-
ments) were used to aid in the more detailed examination of potential exploration
areas or drainage systems. Anomalies worthy of detailed follow-up surveys were
defined within the Surprise Lake batholith, Atlin, British Columbia.

A complementary stream sediment and heavy mineral concentrate survey utilizing
various size fractions of the two methods was conducted in an anomalous Sn-F-W
drainage net. Interpretation of results and ground investigations led to the discovery
of previously unknown tin-tungsten mineralization.

A heavy mineral concentrate survey utilizing varying size fractions helped to
define a Sn-F-Zn anomaly found on another drainage system. Geochemical and
mineralogical analyses of the heavy mineral concentrates led to the discovery of tin
and tin-zinc mineralization.

The economic significance of these two different tin occurences awaits further
investigations. In the district, the many other geochemical anomalies outlined within
the regional reconnaissance survey should also be assessed and evaluated. The
approach illustrated in this paper was a successful geochemical exploration strategy.
However, as we in Canada are relative new-comers in the search for tin deposits the
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authors feel that other successful case histories will be forthcoming as the true poten-
tial of this metalliferous region of the Cordillera is explored in the future.
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3.2 The Geology and Mineralogy of the JC Tin Skarn,
Yukon Territory, Canada

G.D. Layne and E.T.C. Spooner!

Abstract

The JC deposit is a stanniferous skarn related to a ridge-like lobe of the mid-Cretace-
ous Seagull Batholith. Skarn replaces Mississippian carbonate sediments of the Yukon
Cataclastic Complex along an elongate contact zone with a known strike length of
850 m. Tin mineralization was discovered at JC in 1977 and subsequent drilling has
outlined estimated geologically inferred reserves of 1,250,000 t grading 0.54% Sn
with a cut-off grade of 0.30%.

The skarn displays a complex zoning in stable mineral assemblages which can be
divided into several stages: (I) andradite + hedenbergite * calcite, (IIA) Fe-
amphibole + fluorite + quartz = magnetite + cassiterite, (IIB) Fe-amphibole +
fluorite + quartz * pyrrhotite *+ chalcopyrite + sphalerite, (IIT) epidote + quartz +
calcite + axinite + malayaite, (IV) biotite + fluorite + quartz + cassiterite * arse-
nopyrite with associated vein minerals including beryl, tourmaline and danalite, (V)
Late stage chlorite + calcite + pyrite/marcasite.

The predominant mineral residence of tin in the early skarn stages is as tin-bearing
silicates, stanniferous andradite (stage I), stanniferous Fe-amphibole (stages IIA and
IIB) and malayaite (stage III), although tin as cassiterite occurs with quartz-magne-
tite-Fe-amphibole rocks in stage ITA. In stage IVtin occurs predominantly as cassiter-
ite, both in narrow (1—2 cm) veins and in massive biotite-fluorite-quartz zones. The
stage IVtin mineralization, in particular, is localized above the actual contact between
skarn and intrusion.

Both JC and stanniferous skarns in Tasmania, Australia (Moina and Mt. Lindsay)
show a well-evolved mineral assemblage zonation and an association with a porphyri-
tic, partially altered lobe of the related intrusion.

Introduction
Very few detailed descriptions of tin-bearing skarns are available in the literature. The
best studies include those on Moina (Kwak and Askins, 1981) and Mt. Lindsay

(Kwak, 1983) in Tasmania and Dobson’s (1982) study of the skarn at Lost River,
Alaska. Recently a number of stanniferous skarns, including the JC skarn, have been

! Dept. of Geology, University of Toronto, Toronto, Ontario, Canada M5S 1A1
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discovered in the Seagull Batholith area of the south-central Yukon Territory [Dick
(1980), Yukon Geology and Exploration 1979—80 (1981), Layne and Spooner (1983)].-

The JC deposit is located on the southwest flank of the Seagull Batholith approxi-
mately 29 km N of the Alaska highway and 35 km NW of Swift River, British Co-
lumbia (Fig. 1A). Several vein-type tin deposits are also associated with the batholith
and four of these have been described by Mato et al. (1983).

Cominco Ltd. and Dome Mines Ltd. have been joint venture owners and explor-
ers of the property since 1977. Diamond drilling, totalling 3,822 m in 33 holes on the
JC skarn zone between 1979 and 1982 has produced estimated inferred reserves of
1,250,000 t, grading 0.54 % Sn with a cut-off grade of 0.30% Sn.

Regional Geology

Mato et al. (1983) divide the mid-Cretaceous leucogranites of the Seagull Batholith
into two textural types. The first is coarse-grained (3—10 mm) and seriate textured,
and the second fine-grained and porphyritic.

The porphyritic type characteristically contains large phenocrysts of rounded
quartz and angular Alk.-feldspar up to 10 mm in length. Both leucogranites are com-
monly fluoritic and the batholith frequently contains miarolitic cavities or spheroidal
clots of black tourmaline. The fine-grained porphyry is more common to the north-
west, where the batholith appears to be more shallowly eroded. Contacts between the
porphyry and the coarse-grained leucogranite appear gradational over several m and
grain-size variations are especially noticeable within 50 m of the upper or outer con-
tacts of the batholith (Mato et al., 1983). It would appear, from these observations,
that the fine-grained porphyritic phase represents a marginal or contact zone of the
batholith.

YUKON TERRITORY

Ross River
B

oWhitehorse

Fig. 1a. The Seagull Batholith area of
the south-central Yukon territory.

200 o 200 Shaded portion corresponds to the map
SCALE F—— area of Fig. 1b

Watson Lake
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Fig. 1b. Simplified regional geology of the Seagull Batholith area (after Poole, 1956) showing the
location of the JC prospect

The batholith as a whole displays pervasive jointing, comprising N-S and E-W
trending vertical fractures, and less pronounced sub-horizontal fractures. In many
cases this jointing is also evident in the overlying country rock.

Both the northeast and southwest flanks of the Seagull Batholith are largely over-
lain by Mississippian rocks of the Yukon Cataclastic complex (Fig. 1B). Abbott (1981)
gives the following description of the Cataclastic complex in this area:

“Most mappable units appear to be part of a uniformly dipping stratigraphic sequ-
ence with few folds, but rock units lack lateral continuity and have knife-sharp tec-
tonic contacts. The complex is an intensely sheared sequence of lenses or “fish” with
little stratigraphic integrity.”

As a result, stratigraphic relations between the many sedimentary and lesser vol-
canic units of Mississippian age in the Seagull Batholith area are largely unknown.

Many locally mappable carbonate units are present within the sequence. Most are
less than 50 m thick and are comprised of white siliceous marble and interlayered,
often highly sheared, nodules and bands of chert. Coral and crinoid fossils from sev-
eral of these units have tentatively been dated as Early to Middle Carboniferous (Ab-
bott, 1981). As with other units, the lateral continuity of the carbonate horizons is dif-
ficult to establish and the actual number of discrete carbonate horizons is uncertain.

Local Geological Relationships
At JC a lobe of the Seagull batholith granite has intruded a thick sequence of Missis-

sippian quartzite containing a 30— 35 m thick carbonate horizon. The carbonate hori-
zon strikes ESE (110—120°), dips shallowly (23°) to the south and is in contact with
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the granite along a narrow elongate zone, also striking approximately ESE. It is this
contact zone which appears, from diamond drilling, to be the locus of skarn formation
in the protolithic carbonate horizon. Figure 2 is a map of the surface geology of the
JC deposit and Figure 3 shows the general nature of the skarn to granite contact along
the A-B cross-section.

The skarn horizon and the underlying intrusion are both disrupted by a series of
at least five near-vertical faults, trending approximately 30° and dipping steeply (85—
90°) to the east or west. This fault set manifests itself as deep gulleys in the quartzite
cliffs in the south part of the map area and faults are commonly filled with dykes of
amygdaloidal basalt, the youngest rock in the JC area. A second set of faults, trending
roughly E-W, is recognized in the eastern half of the map area (Fig. 2).

. The larger E-W fault in the extreme northeast corner of the map (Fig. 2) is part of
a major lineament which is visible on air photographs for several km to the east and
west of JC. A major 30° fault several hundred m to the east of the JC map area forms
a similar, N-S trending lineament.

Estimation of the direction and distance of movement along these faults has been
hampered by a lack of sufficient geological markers. The relative age of the two fault
sets is also indistinct, although both post-date the skarn formation. The intrusion itself
does not outcrop in the JC map area but has been intersected by a series of 23 drill
holes within the boxed area of Figure 2. The drill information is contoured in Figure 4
to show the top of the granite. The intrusion appears as a fairly uniform ridge-like
body with a domal cross-section. The disruption of the intrusion by several of the 30°
faults is also quite evident, as broad kinks or bends in the contours. In Figure 5 empir-
ical corrections have been applied to remove the effects of fault movement and the
data have been slightly smoothed. The granite now appears as a continuous ESE-strik-
ing ridge with a domal cross-section similar to that in Figure 3. This appearance is
emphasized in three-dimensional transect plots of the same data in Figure 6 and 7.

The rock of the intrusive ridge seems typical of the fine-grained porphyritic
leucogranite described from the rest of the Seagull Batholith by Mato et al. (1983)
and Abbott (1981).

It commonly contains rounded quartz augen and Alk.-feldspar euhedra up to 10—
15 mm in diameter in a finer-grained (1mm) groundmass of quartz and Alk.-feldspar,
occasionally as a granophyric intergrowth, with lesser plagioclase and about 5% black
biotite. Below the JC skarn, the intrusion almost invariably contains narrow subverti-
cal fractures filled with tourmaline and accessory quartz, fluorite, pyrite and arse-
nopyrite. These fractures have a yellowish alteration selvedge of variable width (usu-
ally a few cm). The colouration appears to be the result of sericitic alteration of the
biotite and feldspars. Remnant Alk.-feldspar phenocrysts often appear replaced by a
yellow talcose material. Concentrations of fluorite from 2—25% and more intensely
sericitized rock are frequently encountered in the upper few m of the intrusion.

—»

Fig. 4. A Contour map of the top of the JC granite. Contour interval is 25 feet. This and subsequent
contour and transect plots produced using the SURFACE 1II plotting programme (Sampson, 1978).
Marginal grid units are in feet. B Posting of drill collar locations for holes used to produce Fig. 4A.
Marginal grid units are in feet
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Fig. 5. Contour map of the top of the JC granite. Same data used for Fig. 4A, but corrected for the
effect of faulting and smoothed to make contours more uniform. Marginal grid units are in feet

A single deep drill hole showed that, at about 73 m below the upper contact of the
intrusion, the overall grain size and the number of quartz and feldspar phenocrysts
began to increase gradually until, at the bottom of the hole (138 m), the rock com-
prised a crowded porphyry, with greater than 40% phenocrysts in a groundmass of
2—3 mm grain size.

The contact between skarn and intrusion is generally quite sharp. Only one short
intersection of “endoskarn” (calc-silicate alteration minerals within the intrusion) has
thus far been encountered by drilling.

The unreplaced carbonate protolith comprises both sparry crystalline marble and
a siliceous marble. The latter contains narrow irregular interbeds of chert or fine-
grained quartz. These interbeds, generally 1—2 cm in width, produce a characteristic
differentiated weathering pattern in outcrop (Fig. 8A).

The sparry marble is quite massive, seldom displaying any remnant sedimentary
structures, and occurs as uninterrupted beds, several m thick, or as narrow irregular
interbeds in the siliceous marble. Similarly, the siliceous marble appears either as dis-
crete beds or as interbeds or lenses within the sparry marble. Due to the discontinu-
ous exposure of the carbonate protolith, it is not apparent whether these two litholog-
ical subdivisions of the horizon occur as stratigraphically continuous beds, or repre-
sent intercalated lenses.
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Fig. 6. Three-dimensional transect plot of granite top for same data as Fig. 5. Viewed from 225°
azimuth, 15° elevation

Both overlying and underlying the carbonate horizon is a thick sequence of very
fine-grained quartzite and argillaceous quartzite. The overlying quartzite is known to
be at least 200 m thick at JC and is pervasively fractured in the same manner as the
roof of the batholith. ,

Contact metamorphism of the carbonate protolith has, in part, produced a silice-
ous, fine-grained, finely-banded rock termed “calc-silicate” (Fig. 8B). The bands
often appear pale pink or green in colour due to the presence of tiny (10 u) crystals
of garnet (grossularite) or pyroxene (diopside) in parts of the rock.

Some of the calc-silicate rock may also contain quite large (5—10 mm) grossular
garnets in irregular elongate bands, which appear to mimic original argillaceous
bands in the siliceous marble (Fig. 8C). Wollastonite is also present locally. Remnant
pods of siliceous marble within the calc-silicate rock and the banded texture strongly
suggest that it is the contact metamorphosed equivalent of the siliceous marble.

The major effect of the contact metamorphism on the purer calcite marble
appears to have been simple recrystallization to a 0.5 to 1 mm grain size.

Fig. 7. Three-dimensional transect plot of granite top for same data as Fig. 5. Viewed from 330°
azimuth, 15° elevation
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Fig. 8. (A) Siliceous marble showing the differentiated weathering pattern of the cherty layers; (B)
Calc-silicate rock with banding after original siliceous layers; (C) Garnetiferous calc-silicate with
elongate garnets mimicking original siliceous or argillaceous layers in siliceous marble; (D) Polished
slab showing garnet-rich stage I skarn (pale grey) partially replaced by Fe-amphibole of stage IT
(dark grey). Both stages are traversed by a quartz-beryl-cassiterite vein of stage IV
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Contact metamorphosed carbonate rocks containing calc-silicate minerals, par-
ticularly if they are relatively coarse-grained, are often referred to in the literature as
“skarnoids”. This term is generally used to describe rocks that, although they are
skarn-like in appearance and mineralogy, a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>