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ABSTRACT

Most of the important mineral deposits in the southern
part of the Bolivian tin belt are vein and disseminated ore
systems associated with acid igneous eruptive complexes of
Tertiary age. Evidence from geological, fluid inclusion and
stable isotope studies suggest a genetic model involving an
initially shallow magmatic supply of heat, fluid and ore
compenents in the porphyry- and breccia-filled volcanic vents.
Patterns of early pervasive rock alteration and dispersed ore
mineral deposition were controlled by mixing of the high-
temperature fluid with cool dilute water of probable meteoric
origin. Later, as hydrothermal act%vity declined at the high
level, the major vein structures were formed and tapped the
deeper magmatic source. Hydrothermal circulation and ore
deposition.were then confined to the veins, which cross-cut
the earlier patterns of pervasive alteration and mineralization.

K-Ar dating of the complexes shows that their ages fall
into two groups. The northern group (north of Potosi) give
ages of approximately 19 Ma to 23 Ma, while the southern group
give 12 Ma to 17 Ma. The ages of the northern group overlap
with previously published ages for the southernmost batholiths
of the northern tin belt showing that there is not, as pre-
viously'believed, a major time break between them. The data
show tha£ the various metal associations of the eruptive
complexes are not consistently related to their age, but
appear 10 depend on the level in the crust at which the
deposits were formed. This suggests that the metal zonation
displayed by the tin belt as a whole, from tin-tungsten in thec
north to tin-silver-lead-zinc in the south, reflects the depth
of formation of the deposits and hence the variation in the

level of ecrosion, rather than changes in magma composition.
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CHAPTER 1

REGIONAL GEOLOGY AND MINERALIZATION OF THE CENTRAL ANDES

1.1. The Morpho-Tectonic Units

The Cordillera of the Andes runs the length of South America,
bounded on the west by the Pacific ocean and on the east by the
Precambrian shields of Guyana, Brazil and Argentina. The width
across strike varie§ from about 100 to 500 km. The widest part
is the central section described here, and here also there is a
change in the direction of strike of the major structures from
roughly northwest-southeast to north-south. I shall refer to the
central Andes loosely as incorporating the Cordilleras in southern
Peru, Bolivia, northern Chile and northwestern Argentina.

Within this zone rocks ranging in age from Precambrian to
Recent are exposed. There is evidence that the entire width of the
Andes is here underlain by a Precambrian crystalline basement.
There are also very extensive terrains made up almost exclusively
of Lower Palaeozoic sedimentary formations; However, the out-
standing structural and morphological features, as well as many
of the major rock units, are the result of orogenic activity
which began in the Triassic and continued to the present. T
shall follow most other workers in this region in using the term
Andes when referring to the Cordillera in the geographic sense,
and Andean when referring to the post-Palaeozoic orogeny.

Six morpho-tectonic units can be recognized throughout the
length of the central Andes (Audebaud et al., 1976; Ahlfeld,

19723 Turner, 1970).

They are shown in Fig. 1.1.
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a) The -Coastal Zone. This is best displayed in southern
Peru. It is a massif of Precambrian rocks which extends from the
coast for about 80 km inland to the edge of the Coastal batholith.
The extension of this zone southward into Chile is generally
obscured by younger rocks; however, intermittent outcrops are
present in northern Chile and it is well exposed farther south.

b) The Western Cordillera. This follows the main axis of
sedimentation, volcanism and plutonism of the Andean orogen.
It now forms the highest elevations of the Andes, reaching to
over 6000 m altitude, and its crest is marked by a chain of young
strato-volcanoes, some of which are still active.

¢) The Altiplano. South of the region of Cuzco in central
Peru, the single chain of the Andes is divided into two Cordilleras
by the Altiplano intermontane basin. It is filled with continental
clastic sediments eroded from the flanking ranges in the process
of uplift during the Andean orogeny. It extends southward as far
as northern Argentina, and the present day surface is a high-
level plateau at an elevation of about 4000 m,

d) The Eastern Cordillera. This is composed predominantly
of Palaeonic sedimentary rocks though it owes its morpho-tectonic
identity to the Andean orogeny. They form deeply incised plateau-
like terrain, only moderately elevated above the Altiplano.
Where the sedimentary rocks are intruded by Andean plutons, there
are rugged mountain chains.reaching altitudes of over 6000 m,
as in the Cordillera Real in northern Bolivia and the Cordillera
Vilcabamba in Peru.

e) The Sub-Andean Zone. This is a well-defined belt of

marine and continental sedimentary rocks of the Andean orogeny,



h

lying between the Eastern Cordillera and the DBrazilian Shield.

It was unaffectcd by the earlier phases of Andean movenments, but
was strongly deformed during the Flisceney so that a tight en-
echelon fold pattern and parallel high angle reversc faults were
produced. These control the present-day tlopography, which comprises
a series of parallel ranges of modcerate elevation, deeply incised
by the easterly-flowing drainage.

{£) The Brazilian Shicld. The Prcecambrian rocks are not exposed
along the eastern border of the Andes. They underlie the lowlands
cast of the Sub-Andean zone (the Beni and Chaco platforms of
Bolivia) but are covered with young clastic sedimentary rocks and
alluvium.

The present-day structure of the crust beneath the central
Andes has been partly investigated by seismic and gravity surveys
(James, 1971a; Ocola et al., 1971). The continental crust thickens
very rapidly eastward from the Chile-Peru trench, increasing from
about 11 km in the ocean to 30 km along the coast and reaching
a maximum of over 70 km bencath the crest of the Westcern Cordillera.
The thickness decreases more gradually towards the craton, mecasuring
50—55 km under the Eastern Cordillera. The gravity data indicate
a filling of over 10 km of sedimentary rocks in parts of the
Altiplano basin. Fig 1.2 shows a schematlic cross-seclion across
the region. The central Andes are presently underlain by an active
Benioff zone, the configuration of which is under investigation.
Active underthrusting of oceanic lithosphere i3 apparcntly taking
place down to depths of 300 km beneath tha Eastern Cordillera
(swift and Carr, 1973; Stauder, 1973).

The morpho-tectonic units retained their scparate identitics
throighout the Andean ovogeny, and the stratigraphy of the Andoan

rocks can largely be interpreted in terms of verticnl relative
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FIG.1.2 CENTRAL ANDES —SCHEMATIC CROSS SECTION
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movement between them. However, the boundaries which delineate
them almost certainly follow structural features of the basement
which were reactivated in the Andean orogeny. The overall struc-
tural pattern is thus influenced by inherited basement structures,
and superimposed purely Andc%n structures. Some of these involve
the basement, while some were restricted to the Andean cover rocks.
The general geology of the central Andes has been described
by numerous workers. Among the most useful papers are the
following: for southern Peru; Audebaud.et al., (1976); for Bolivia,
Ahlfeld and Branisa (1960), Ahlfeld (1972), Schlatter and Neder-
iof (1966), Megard et al;, (1971); for northern Argentina, Turner
{1970), Mon (1976); for northern Chile; Segerstrom (1967), and
Ruiz et al., (1965). Only a brief feview of the tectonic and:
igneous evolution will be given here.

1.2. Tectonics and Magmatism

The tectonic evolution and thc magmatism of the central Andes
is related to the subduction of the Nazca plate, of Pacific ocecanic
crust, beneath the western edge of the South American continent
(Fig. 1.3 ). The present rate of spreading of the Nazca plate
castward from the East Pacific Rise is about 6 cm/yr, and it
has been ‘estimated that some 5000 km of oceanic lithosphere have
been consumed beneath the Andes since the Cretacecus alone ( Larson
and Pitman, 1972). The rise into the crust of the enormous volumes
of calc~alkaline magma so produced is regarded as one of the most
important mechanisms of Andean tectonic evolution (James, 1971b) .

A qetailcd synthesis of the relationship between the tectonic
evolution of the Andean orogen and the history of plate interaction
is not possible; however,; a considerable amount of information

is now available on the time-space pattern of magmatism, as well as
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limited information on some important chemical and disotopic
chavracieristics of the igneous rocks,. Since most of the important
mineralization in the central Andes is associated with lgneous
vocks, the metallegeny of the region must be considered in {he
light of thiz still very incomplete data, as well as in relation

to the overall {cctonic setting.

1.2.1. Pre-Andenn tectonics and moagmatism

The tectonic evolution and magmatic history of the pre-Andecan
Palacozoic and Precambrian basement is relatively poorly known.
in his plate tectonic model for the evolution of the central Andes,
Jamoes (1971b) described the Palaeczoic sedimentary rocks as continon-
tal~shelf depesits which had accumulated under essentially quiecscent
conditions on an 'Atlantic-type! (Dewey and Bird, 1970) continental
margin. However, this appears to be something of an oversimplifi-
cation, andrit is now clear that there was a complex history of
deformation and calc~alkaline magmatism during the Palacozoic,
especially in the southern part of the region in northern Argentina
and Chile. In that region the stratigraphic record indicates a
north-west trending continental margin which migrated to the west,
away from the Brazilian shield, during the Palzseozoic. Parallel
belts of graniﬁic plutons and metamorphic rocks define successive
orogenic zonas. The main plutonic episodes have bcen‘dnted as
Cambrian, Upper Ordovician-Lower Devonian, and mid-Carboniferous
in age, and correspond with regional unconformities in the
sedimentary succession. There was a general westward migration
of Palacozoic plutonic activity with time,and the plutons in
the basement en the Chilean side of the Cordillera are mig-

Carbonifercus to Upper Permian in age (Clark et al., 1976).
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Farther to the north, in Delivia, there are regional
unconformities in the Palacozoic sedimentary succesgsion which
correspond with these to the south, but deformation was less intense,
metamorphiegm almost absent, and there are no igneous rocks older
than Triassic. Some of the granitic plutons of the Cordillera.

Real in the northern Eastern Cordillera in Bolivia give Triassic
apparent ages (Clark and Farrar, 1973). They can not readily be
fitted intc the sequence of westward-migrating belts of Palaeozoic
plutonism outlined above for the region to the south. They arec
however, of critical importance in any interpretation of the metallo-
geny of the central Andes éince they have important tin-tungsten
deposits associated with them which constitute the earliest phase

of mineralization in the well-defined north-south trending Bolivian
tin belt. Tin deposits associated with acid magmatism were formed

in this belt in a number of apparentily discrete pulses from Triassic
to Upper Miocene time. If, as discussed below, the Andean orogeny
was initiated by the beginning of eastward subduction of the Nazca
plate in the Upper Triassic, the problem then is to explain the
generation and emplacement of these tin-bearing Upper Triassic
batholiths, which took place over 300 km inland from the trench,
before, or at the same time as the beginning of volcanism in the
coastal region. Subsecquent emplacement of tin-bearing igneous rocks
in the tin belt during the Miocene can be more readily fitted into

a coherent pattern of Andean-magmatic cvolution,

In southern Peru there were periods of tectonic activity in
the Uppper Ordsovician and Devonian-Carboniferous time, but magmatic
activity was minimal, There was however, important volcanic activity

{(the Mitu group) and emplacement of granitic plutons in the Eastern
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Cordillera in the Permian.{ L.ancelot et al., 1076). The geo-
chronelogical data for the igneous rocks ef the Eastern Cordillera
in southern Peru, Bolivia, and northern Argentina are summarized in
Fige 1.k,

1.2.2. Andean tectonics and magmatism

The beginning of the Andean orogeny is generally taken to be
marlkked by the subsidence, marine transgression and volcanic activity
which began in the coastal regions in the Upper Triassic (James=,
1971b; Clark et al., 1976). However, thé evidence of widespread
calc-alkaline magmatic activity in the coastal region of Chile
and in the Eastern Cordilléra in Peru and Argentina during the
Permian, and in the Western Cordillera of Bolivia in the Triassic,
suggests a more complex picture. Whiie it may be more realistic xo
consider that the Andean orogen first became active in the Permian
(Sillitoe; 1976), the difficulty remains in relating the Permian
and Triassic magmatic activity of.the Eastern Cordillera to the
initiation of eastward subduction of the Nazca plate beneath theo
Andes. This problem is discussed further, in the context eof the
metallogeny of the region, in Chapter 6. From the Upper Triassic
onward, the tectonic and magmatic evolution of the central Andean
orogen has been relatively simple. Outstanding characteristics
include: the entirely intrawcontinéntal setting with the develop-
ment of extreme crustal thickness; the dominance of vertical tectonic
movement with relatively little crustal shortening; the predominance
of continental sedimentation and sub-aerial volcanism, especially
in the post~Cretaccous period; and the predominance of a tensional
tectonic regime, with the formation of major longitudinal horst and

gfahcn structures, which existed during much of the development of
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Fige lele Major igneous provinces of the Bastern Cordillera
of the central Andes, with localions of relevant age

data

Peru., Data reported in Lancelot et al. (1976)
1. San Ramon, 252 + 18 Ma (Rb:Sr)
2

2. Villa Azul, 251 Ma (K-Ar)
2

~—

3. Machupicchu, 246 + 10 Ma (Rb:Sr)

L. Quillabamba, 257 + 5 Ma (U:PDb)

.,

5. Coasa, 238 + 11 Ma (U:Pb)

Bolivia, the northern tin belt, K-Ar data reported in Clark
and Farrar (1973) and Evernden et al. (1977)
6. Sorata, 180 Ma
7. Zongo, 150 to 211 Ma
8. Taquesi, 199 Ma
9. Illimani, 26 Ma
10. Quimsa Cruz, 26 Ma, and 23.8 + 1.6. Ma

11. Santa Vera Cruz, 22.8 + 0.7 Ma

Bolivia, the southern tin belt, K~Ar data reported in Chapter 5
12. San Pablo-Morococala, 22.7 + 0.4 Ma
13. Morococala igﬁimbrite, 6.1 + 0.1 Ma
14, Llallagua, 20.5 + 0.4 Ma
15. Colquechaca, 22.1 + 0.4 Ma
16. Los Frailes ignimbrite, 7.3 + 0.2 Ma
17. Kari-Kari batholith, 21 Ma
18. Cerro Rico stock, Potosi, 13.5 + 0.3 Ma
‘19. Tasna, 16.0 + 0.3 Ma
20. Chorolque, 15.8 + 0.3 Ma
21. Chocaya, 13.4% + 0.2 Ma
22. Tatasi, 15.3 + 0.3 Ma

Argentina, Data weported in Sillitoe (1976 and 1977)
23. Pancho Arias, 15.& + 0.3 Ma (K-Ar)
24, Inca Viejo, 15.0 + 0.2 Ma
25, Aguilar, 123-133 Ma (Rb:Sr).

.



the orogen, although back-arvc spreading and the development of
marginal ocean basins did not take place. Many of these charac-
teristics, including the great vertical uplift which took place
particularly in the late Tertiary, can perhaps be explained

as the results of distension of the continental crust by the
rise of enormous volumes of calc-alkaline magma (James, 1971b;
Gough, 19733 Sillitoe, 1976).

The tectonics of the region have been deminated by the
parallel development of a series of reiatively well-~defined
linear zones. The zones run parallel to the overall trend of
the orogen and have great‘linear extent. They can be distinguished
from each other in particuiar by their history of relative ver-
tical movement and differing igneous activity. Although this
linear zonatien is the most obvious feature, the orogen is also
divided by rather poorly definad transverse boundaries into a
series of tectonic scgments which cross-~cui the longitudinal
continuity (Sillitoz, 1974). The boundaries between scgments

_are generally marked by changes in geology and geomorphelogy

but not by well-defined lincaments or fault zones (Fig. 1.3).
Adjacent segments commonly show distinct differences in the
time-space pattern of igneous activity, suggesting a sub-crustal
control on the segmentation. In soﬁe cases however, distinct
pulses of magmatism do not correspond with otherwise recognisable
segment boundaries (see Chapter 5) suggesting that the dis-
.tinction betwoen scegments did not exist throughout the entire
period of Andean evolution. The breakdown of the major lincar
zoncs into short segments is particularly recognisable in the

history of igrneous activity in the Western Cordillera where, for
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example, prescnt day volcanism is restricted Lo well.defined
sections of limited length. Both the linear zonation and the
cross~-strike segmentation are reflected in the pattern of
metqllogenf of the Andes, as discussed below.

‘From the Upper Triassic onward, the magmatic activity has
been particularly concentrated in what is now the Western Cordillera,
although it has taken place to a lesser extent farther east, in
the Altiplano and Eastern Cordillera. Almost all of the igneous
rocks are calc-alkaline in character, although there are minor
alkaline high-level intrusions in the eastern part of the Eastern
Cordillera in Peru, Bolivia and Argentina (Stewart et al., 1974;
Ahlfeld, 1972; Clark et al., 1976). Age dating of the igneous
rocks is still fragmentary, although certain sections have been
studied in some detail (Farrar et al., 1970; Clark et al., 1976).

Major igneous activity began in the coastal region in the
Triassic to Lower Jurassic. Enormous volumes of andesite and
keratophyre were erupted, and these were accompanied by intrusions
of tonalite and granodiorite which marked the beginning of
formation of the Coastal Batholith., The batholith extends for over
a th;usand kilometres through the western Andes from Equador to
southern Chile (Gansser, 1973). In the central Andes it is made
up of a series of disconnected composite plutons which intruded
the pre-Andean rocks of the coastal zone, and the oldest Andean
sediments and veolcanics to the east, in what is now the western
flank of the Western Cordillera., Many of the plutons of the bath-
olith pass upward into centered sub-volcanic complexes, or are
roofed by what are interpreted as the effusives of the same magma

chamber. The composite plutons show a distinct basic to acid
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compositional trend with time, from gabbro to adamellite,
though granodiorite and tonalite are the dominant rock types
(Cobbing and Pitcher, 1972b). In northern Chile the oldest
plutonics of the batholith are Lower Jurassic in age, though
the oldest ages so far measured in southern Peru are Middle
Cretaceous. Farrar et al., (1970) showed that in northern Chile
there is a distinct trend in the ages of the plutonic rocks, and
that intrusion seems to have taken place in distinct pulses with
little activity between them. The locus of ‘intrusion appears to
have migréted eastward with time, starting on the coast in Lower
Jurassic and reachiﬁé 120 km inland in the Upper Eocene. Farther
east the plutonic rocks are covered by younger volcanic formations
of the high Western Cordillera. 1In Péru a similar trend is apparent.
The bulk of the batholith seems to be made up of rocks of Cretaceous
age, but there is a distinct belt of Tertiary plutons and small
high-level stoqks in the eastern flank of the Cordillera to the
east of the main axis of the batholith (Stewart et al., 1674).
Despite this general trend, it is clear that plutonic activity
has taken place in the same relatively narrow zone of the
Western Cordillera over a very long period of time, possibly
from the Lower Jurassic to the Pliocene.

Noble et al., (197&) described the episodic nature of
Cenozoic igneous activity and tectonics in the Peruvian Andes,
and their findings probably apply. throughout the region.
Following a major period of igneous activity in the Cretaceous,
there was a general decline in activity tﬁrough the early Ter-
tiary. A relatively weak pulse in the Upper Eocene was followed

by a quiescent period. This ended in the Lower Miocene when there
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was another major pulse. A relatively high level of activity
was maintained from then on, through Pliocene and Recent time.

Considering the region as a whole, the Cretaceous activity
was particularly concentrated in the Western Cordillera. There
was little activity in the Cretaceous or Lower Tertiary in the
Eastern Cordillera in Peru and Bolivia. However in the Lower
Miocene there was a sudden "breakout" of magmatic activity toward
the east, so that during the Miocene and Pliocene there was both
plutonic and volcanic activity in the Western Cordillera, the
Altiplano and in the Eastern Cordillera (Clark et al., 1976).

In Peru there is a belt of Lower Miocene or younger plutonic
rocks running through the Western Cordillera to the east of the
Coastal batholith. They include the Cordillera Blanca batholith
to the north of Lima and numerous smaller high-level stocks
farther south. Similaf high~level plutons are found in Chile,
and together they are of particular importance because of the
_numerous mineral deposits which are associated with them. There
was also andesitic volcanism in the Western Cordillera during
this period and it extended eastward onto the Altiplano. In
Bolivia there are important andesitic volcanic centres of Lower
Miocene age in the western and southern Altiplano (Ahlfeld, 1967),
and some of the volcanics of the Cordillera de Lipez, which runs
east-west across the Bolivian Altiplano near the Argentina frontier,
are also of this age. In the Eastern Cordillera of central Bolivia
'there is a well-defined Lower Miocene igneous province which
forms a southward continuation of the Triassic plutonic province.
Its northern part is made up of high-lcvel_plutonics (the Illimani

" stock, Quimsa Cruz batholith, and Santa Vera Cruz stock) while
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farther soufhthere are volcanic and sub-volcanic centers and
also the Kari-Kari batholith (Fig. 1.4). To the south of this
there is an Upper Miocene province of volcanic and sub-volcanic
centers. Some aspects of the geology, mineral deposits and
geochronology of this region are the subject of this thesis and
are discussed in detail below.

In Bolivia the Miocene igneous activity was followed by a
period of erosion. There was a'renewal of volcanism after this
in the Eastern Cordillera, with the eruption of extensive
ignimbrite sheets. Small alkalic plutens were emplaéed in the
Eastern Cordillera in Peru, Bolivia, and northern Argentina at
this time also, while volcanic activity continued in the Altiplano
and Western Cordillera. In northern Chile and Argentina the
systematic eastward migration of magmatic activity, and the
Miocene~Pliocene '"breakout'" have been particularly well documented
by detailed.geochronological work along a transect across the
orogen between latitudes 26'degrees and 29 degrees south (Clark
et al., 1976). Discrete episodes of magmatic actiVity have been
dated, each pulse of activity was confined to a relatively narrow
longitudinal belt lying to the east of the preceding one. During
the.Hiocene there was an abrupt eastward spread so that igneous
activity took place over a very wide zone during the Miocene-Lower
Pliocene. The eastward migration»of magmatic activity with time in
this region is illustrated in Fig. 1.6. In the Upper Pliocenc,
following the 'breakout" period, there'was a contraction of
igneous activity back towards the west. Volcanism continued in
the western Altiplano and Western Cordillera, first with major

rhyolitic ignimbrite eruptions, and then with the development of
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andesitic strato-volcanoes alowig the crest of the Cordillera,
but igneous aclivity virtually ceased in the eastern Altiplano
and Eastern Cordillera.

Farther north, in the segments containing the tin belt, thc
timing of igneous activity is less well documented particularly
in the Western Cordillera. Apart from the major problem posed
by the Triassic batholiths of the Cordillera Real, a broadly
similar pattern is evident. Plutonic and volcanic activity began
on the coast in the Lower Jurassic and migrated gradually castward
in the Western Cordillera, The Lower Miocene "breakeout'" is well
represented by the sudden beginning of ignecous acﬁivity across
the Altiplano and in the tin belt in the Eastern Cordillera,
starting in the Lower Miocene and csntinuing until the Pliocene.
After the Pliocene ignimbritic volcanic episode there was a
retreat of volcanism back to the Western Cordillera.

The fluctuations in the general intensity of igneous and
tectonic activity may be related to variations in the rate of
subduction of the Nazca plate beneath the Andes. The general
increase which took place at about the beginning of the Miocene
can be recognised in a number of other circum-Pacific regions and
may be the result of increased rotation of the Pacific plates in
general, The "breakout" of igneous activity which was so well
developed in parts of the central Andes apparently corresponded
with the beginning of a period of very rapid spreading at the
East Pacific Rise (Noble et al., 1974; Herron, 1972).

The plutonic rocks of the central Andes range in composition
from gabbiro to granite. In the Coastal batholith tonnlite is

probably the predominant rock type, with large volumes of granodiorite
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and adamellite (Jenks and llarris, 1953; Cobbing and Pitcher,
1972b). Farther to the east, the batholiths and sub-volcanic
plutons of the Eastern Cordillera are predominantly granodior-
ite and adamellitejn composition (Turneaure and Welker, 1947;
Ahlfeld, 1967). The earlier volcanics of the Western Cordillera
are mainly andesites, with a trend towards dacitic and
rhyolitic composition with time; although, as noted above

the most recent strato-volcanoes are again andésitic in
composition. Basalts are present among the older volcanics

but are rare in the younger volcanic terrain. Andesific
volcanics are found in the Altiplano, and the older volcanics
in the Eastern Cordillera in Peru and Argentina are andesitic
also. In the yoﬁnger volcanoes gnd sub-~volcanic eruptive
complexes of the Eastern Cordillera, andesites are not common
and the predominant rock-types are dacite and rhyodacite.

Important chemical and isotopic datahave been obtained
by Clark and his co-workeré (Clark et al., 1976) for igncous
rocks from the transect across the orogen betweenllatitudes
26 degrees and 29 degrees south. Some important features of
the chemistry of a wide range of plutonic and veolcanic rocks
of all ages are as follows:

a) The calc-alkaline volcanic and plutonic rocks of all
ages show essentially similar chemical characteristics when
compared with igneous rocks of the western Pacific island arcs.
The only important differences are that the Andean rocks
appear io be significantly enriched in Sn and Mo.

b) There is a well-defined castward trend of increasing
nlkalinity;

c) Therec is a marked eastward increase in the potash index,
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and appliication of the empirical potash index to depth re-
lationszhip of Dickinson and Hatherton (1967) and Dickinson
(1970) indicates that the inferred depth of magma‘generation
corFGSpondé closely with the known depth to thé present-day
Benioff zone.

d) There is no systematic spatial trend in the concentra-
tion of most of the minor clements, and the levels of Cu, Zn,
Pb, Mo, 7i and 3Sn are the same for volcanic rocks of similar
silica content right across the orogen. As discussed below
there is no zonation of mineralization in this region, unlike
the regions to the north. Copper deposits are found here right
across the orogen from the coastal region to the Eastern
Cordillera,; and there are no Andean tin deposits.

e) Analysis of the chlorine and fluorine content of the
rocké has not shown any systematic trends with time or space,
nor has it shown a relationship between halegen concentration
and the degree of mineralization in a given pluton. Analysis
of the hydrothermal biotites from some of the porphyry copper
deposits has shown a strong enyrichmeni in F but not in Cl.

£) The initial strontium isotope ratios of igneous rocks
of all ages give a restricted overall range from 0.7022 to
0.7077. The older plutons (Jurassic) give variable ratios from
0.704:2 to 0.7059. However from the mid~Cretaceous onward the
rocks show a systematic age-dependent increase in the ratio,
from 0.7022 1o 0.7077. On the basis of this data a mantle
origin for the magmas is preferred, with only little contaﬁina~
tion by crustal material. The progressive change in the ratio

with time is inferred to be the result of changes in the source



material with respect to the degree of melting and phase=~

equilibrium relationships during partialimelting, and also

to the increasing addition of material rich in Sr.
Unfortunately, comparable data are not yet'available for

the igneous rocks of the segments of the Andes which show a

4 well-defined zonation in the metals contained in mineral deposits,

and in particular for the segments which contain the tin

province. There is however a suggestion, from very limited data,

that the rocks of the segments containing the tin belt are

enriched in potash relative to rocks of similar age and

distance from the trench in the regions to the south. This

would appear to correspond with the dip of the present-day Benioff

zone, which is much deeper under tge segments containing the tin

belt than under the regions to the south (Clark et al., 1976).

1.3 Mineralization

The distribution of mineral deposits and the metallogeny of
various parts of the central Andes have been discussed by
numerous workers. Important compilations and interpretations
have been made for various parts of the region including the
following: central Peru (Peterson, 1965); Bolivia (Ahlfeld,
1967; Ahifeld and Schneider-Scherbinra, 1964; Turneaure, 1971);
Chile (Ruiz et al., 1965) and Argentina (Stoll, 1964; Angellini
et al., 1970). In addition, the metallogeny of the central
‘Andes as a whole has been discussed by Stoll (1965), Sillitoe
(19728, 1976), and Clark et al., (1976). Some of the most impor-
tant fecatures of the mineralization and metallogeny of the region

will be briefly revieved here, a more detailed discussion of the
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geology, mineralization, and geochrbnology of the Bolivian tin
belt is given in later Chapters.

1.3.1. Pre-Andean mineral deposits

Pre~-Andean mineral deposits. are sparsly distributed and
of relatively little economic importance. The only well-developed
pre-Andean metallogenic provinces are those of the Eastern
Cordillera in northern Argentina, and the Cordillera Real in
Bolivia, if the Triassic plutons there are considered to be
Pre-Andean,

In the Sierras Pampeanas of Argentina there are widespread
minor occurrences of tin and tungsten vein mineralization and
rare-metal (Be, Li, W, Ta, U) pegmatites associated with the
Palaeozoic granitic plutons. Tin and tungsten mineralization
developed in ‘both the Upper Ordovician-Lower Devonian and the
Mid-Carboniferous plutonic episodes. In central and southern
Bolivia the very extensive Palaeozoic terrain of the Eastern
Cordillera contains no mineral deposits (or igneous rocks)
except those that are attributed to the Andean orogeny. In the
north there are important fin-tungsten deposits, and also gold
and aﬁtimony and ocurrences of molybdenum, lithium and beryllium
associated with the granitic plutons of the Cordillera Real. The
question as to whether these plutons represent the earliest magmatic
activity of the Andean orogeny or not has been discussed above,
Although they are distinct both in time and space from the
mineralization of the Sierras Pampeanas, the dcposits do represent
a continuation or resurgence of tin metallogeny in the Eastern
Cordillera in general, and mark the beginning of tin metallogeny

in the Bolivian tin belt in particular.
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1.5.2. Andean mineralization

The distribution of mineralization and the relationships
betlween the metallogeny and the tectonic development of the
orogen has gcen discussed in some detail by Siliitoe (1976}, who
pointed out that the relatively simple geological evolution of
the region, together with the great variety of well exposed
mineral deposits, makes this a type~areca for the study of
continental margin metallogeny along a cdnvergent plate boundary.

The outstanding feature of the distribution of mineralization
is the presence of a series of well-defined metallogenic pro-
vinces {(in which the mineralization is related mainly to igneous
activity) which run parallel with the trend of the oregen and
correspond broadly with the linear fectonic zones described
above. The nmetal provinces are systematically zoned, with respect
to their metal content, across the orogen. The distribution of
the metal provinces is shown in Fig. 1.7.

In the mest general terms, there is a belt of iron deposits
(contact metasomatic) in the coastal zone of Peru and Chile; this
is sqcceeded to the east by a broad belt of copper deposits in
the Western Cordillera. There are also some important silver-
producing districts within the Western Cordillera. The copper
province is succecded on the east by a copper-lead-zinc-silver
province which occupies tﬁe eastern flank of the Western Cordillera
and the Altiplano, especially in Peru, There is also a province
of "red-bed" type copper deposits in the Altiplano. In Bolivia
these are succeecded to the east by the tin-tungsten-bismuth-
.SilVCF province of the Eastern Cordillera {the 'Dolivion tin

beltt). In detail, the time-space pattern of mineralization js
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much more complex, and reflects regional and local geochenical
variations, variations in ore~forming environments, and the
effect of variations in post-ore erosion levels. For example,
within the general copper province of the Western Cordillera
there are a variety of deposit types whose distribution

reflects the above factors. They include copper-gold and silver
vein deposits which are associated with the Jurassic-~Cretaccous
batholiths; stratiform disseminated copper deposits associated
with volcano~sedimentary sequences of Jurassic, Cretaceous and
early Tertiary age; copper-bearing breccia pipes associated

with the roofs of Tertiary granodiorite plutons, and the porphyry
copper-molybdenum deposits whose agrs range from Palaeocenc to
Pliocene and which are found in association with both small stocks
and larger plutons, generally towards the eastern side of the
Cordillera.

The distribution of mineralization also reflects the lateral
segmentation of the orogen. Thus, the Andean tin~tungsten province
is restricted to a sharply-defined section of the Eastern Cordillera,
almost entirely in Bolivia, which spans two otherwise recognisable
tectouic segments (Sillitoe 1974, 1976; Fig. 1.5). In the regions
teo the sohth, the copper province extends eastward into the
Eastern Cordiilera and Andean tin deposits are absent. Porphyry
copper deposits {such as Farellon Negro and Famatina) are found
in the Eastern Cordillera in northern Argentina. Other examples
of the segmentation of the metallogenic provinces are documented
by Sillitoe (1976). Possible mechanisms for the lateral zenation
and overall development of the metallogenic provinces are discussed

in Chapter 6.
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CHAPTEDR 2.

GEOLOGY OF THE BOLIVIAN TIN BELT AND SUB-VOLCANIC TIN DEPOSITS

2.1, General Geology and Mineralization

The geological evolution of the céntral Andes has been
outlined in Chapter 1. In this section a more detailed description
is given of the geology of the Eastern Cordille}a in Bolivia,
and in particular the geology of its Andean igneous rceccks and
associated mineral deposits.

2.1.1.Geoloqy

The Cordillera is an clongated massif lying between the
Altiplano intermontane basin to the west; and the Sub-Andecan
foothill zone to the east (Fig. 2.1). It is made up largely of
Lower Palacozoic sedimentary rocks, mainly shale and sandstone
of Ordovician, Silurian and Devonian age. The rocks are strongly
folded and faulted but only very weakly metamorphosed. There
are a number of synclinal structures containing remnants of the
Cretaceous and in some cases Tertiary epicontinental and
continental sedimentary rocks. These once probably formed .a thin
cover over much of the region, but have since been largely
removed by erosion.

The important mjneral deposits are all associated with
Andean igncous rocks although some major vein systems are
located partly or entirely in the sedimentary rocks. Local
variations in the geology of the sedimentary rocks have important
controlling effects on the local distribution of mineralizatien

in some areas(e.g., Turncaure and Welker, 1947), but on a

regional scale the sedimentary rock types are relatively uniform
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and there are no variations in Lhe tlype or siyle of
mineralization which can be attributed io regional.variations
in the geology of the sedimentary rocks.

During the Andean orogeny.the Cordillera had a complex
history of deformation, igneous intrusion, volcanism and uplift.
It is separated from the Altiplano by a well-defined fault
zone (the coniri fault) and from the Sub-Andean zone by a
broad complex belt of deformation. The strilke of the northern
part of the Cordillera is roughly northeast-southwest but in
the region between 17 and 18 degrees souih lafitude the strike
changes to north-south,., The change corresponds with a somewhat
hypothetical transverse tectonic zone known as the Arica Elbow
Line (Radelli, 1966; Schlatter and Nederlof, 1966). This line
divides the Cordillera into two distinct physiographical scctions
and probably reflects deep crustal structures, although there
is little evidence at the surface for a transverse fault zone
(Turneaure, 1971). It has exerted no marked influcnce on the
age distribution of Andean igneous activity. The general geology

and mineralization of the Cordillera will be discussed in
terms of these two sections for convénience, but as discussed
further in Chapter 5, there is no distinct geological boundary
between them,

A, The northern section

In the northern section the Palaeozoic terrain is more
elevated and deeply eroded than to the south. The Andean igncous
rocks are all plutonic, and comprise a number of batholiths

and stocks which form the cores of high, ice-covered mcuntain

masgifs. These can be divided into three groups (Fig.2.2).
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FIG. 2.2. THE NORTHERN TIN BELT, LOCATION MAP
{ After AHLFELD ond SCHNEIDER- SCHERBINA, 1964 )
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The northernmost ranges are the Cordilleras de Apolobamba and
Munecas. The former contains a quartz monzonite stock of
unknown age (Avila, 1975) while the presence of igneous rocks
has not been confirmed in the latter.

The next range to the south is the Coridllera Realj; it
contains from north to south: the batholiths of Yani, Sorata,
Zongo (Chucura) and Mururata-Taquesi. The Illimani stock is
generally included on physiographic grounds although it is
chronologically distinct. The'Yani batholith' is relatively low
lying but the others form very high mountain massifs separated
by deep gorges eroded in the Palaeozoic sediments. Potassium-
argon ages of 60.5 Ma (Cordani,.1967) and 71 Ma (Robertson, 197k)
have been measured for the Yani batholith, but because of the
deep level of erosion they cannot be accepted as definitive and
are almost certainly uplift or cooling ages. The Sorata, Zongo
and Mururata-Taquesi batholiths all give»Triassic to Jurassic
ages (Clark and Farrar, 1973; Avila, 1975), but the Illimani
pluton gives Miocene ages (Cordani, 1967; Robertson, 1974).
These plutons are much less deeply eroded, and the K-Ar ages
can be accepted with greater confidence.

| South of the Illimani stock, and separated from it by the
gorge of the La Paz river, is the Cordillera Quimsa Cruz, Its
core is a 45 km long batholith which gives Miocene K-Ar ages.
Immediately to the south of this there is another small pluton
in the Cordillera Santa Vera Cruz whiéh also gives Mioccne
K=Ar ages, and which marks the southern termination of the

northern section of the tin belt.

There is little published data on the petrography or
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geochemistry of these plutons. They are all composcd mainly of
granodiorite, adamellite, and tonalite, with biotite as

the mafic minecral, There are some more potassic phases with
muscovite present, especially in the Yani pluton. The rock
textures are both equigranular and‘coarse porphyritic. The
plutons arc steep-sided except for their eastern contacts which
dip more gently, and they are not interconnected at shallow
depth. They have distinct aureoles of contact metamorphism

in the surrounding Palaeozoic sediments, and the northernmost
batholiths, especially the Yani, are surrounded by regionally

metamorphosed terrain (Turneaure and Welker, 1947).

B. The southern section

Here the Cordillera is chh wider than in the north. The
Palaeozoic sedimentary rocks were less strongly eievated, and
instead of a single prominent mountain chain, they form a
series of broad plateau-like blocks which are separated by
river valleays cut less deeply than those which separate the
massifs of the northern region. The Andean igneous rocks form
small isolated porphyry stocks or larger eruptive complexecs.
There is also one plutonic body in the southern region, the
Kari-Kari batholith near Potosi, and there are extensive sheets
of ignimbrite and tuff (Fig. 2.3). The geochronology of igneous
activity is discussed in detail in Chapter 53; however, it has
long becn recbgnised that the volcanic and sub-volcanic rocks
of the southern part of the tin belt are younger than the
plutonics of the north, and that the ignimbrites are the youngest
of all, and were erupted after a period of ecrosion had affected

the other igneous rocks (Ahlfeld and Branisa, 1960; Ahlfeld, 19067).
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THE SOUTHERN TIN BELT, LOCATION MAP
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The history of uplift is complex, and several different
erosion surfaces have been recognised iﬁ the Cordillera
(Rutland et al., 1965). There was a very long period of
erosion between the folding of the Cretaceous-continental and
cpicontinental sediments and the beginning of igneous activity
in the Miocenec. The Andean eruptive complexes rest with sharp
angular unconformity on the surface which resulted from this
period of erosion, but elsewhere it has been destroyed during
later uplift, and newer surfaces have developed. Although the
chronology of uplift is not well understood, it is probable
that the eruptive complexes were formed at very much lower
elevations and that most of the uplift which has brought the
Cordillera to its present altitude (4000-5000 m) took place
later.

The Andean igneous rocks can be divided into three ¢groups:

a) Small high-level stocks and eruptive complexes. These
are found scattered at intervals down the length of the Cordillera,
from Oruro in the north almost to the Argentina border in the
south., All of the important tin deposits are associated with
these (Fig. 2.3). They range in character from purely volcanic
complexes at which no intrusive rocks other than dykes are
recognisable, to small stock-like bodies of intrusive porphyry
and breccia (Fig. 2.4). The essentially volcanic types, such as
Tatasi, Chocaya, and Colgquechaca, consist of acid lavas, lava
domes, and pyroclastics whigh rest unconformably on the older
sedimentary rocks, They cover tens of square kilometres. The
rocks are generally quartz-porphyries ranging in composition

from rhyolite to dacite. They usually have an extensive zone
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F1G.2.4. SCHEMATIC CROSS-—SECTIONS.
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of hydrothermal alteration in the cenler, which may measgure a
kilometre cr more in diameter. In other'cases, such as Chorolque,
Potosi and Oruro, volcanic rocks partly surround and are in
contact with a central intrusive stock of porﬁhyry, which
apparently fills the vent from which the volcanics were erupted.
Erosion has partly removed the overlying volcanic superstructure
at these centers. The stocks are typically about onc km in diameter
at the surface, and conical in vertical section, narrowing with
depth., The Cerro Rico stock at Potosi is an extreme example;

it narrows downward to form two small dyke-like bodies in the
deepest levels of the mine. The stock was emplaced at about the
level of the regional erosion surface. The lower part cuts
Palaeozoic sedimentary rocks while the upper part is in contact
with unfolded Miocene lacustrine sediments, tuff and breccia
(Fig. 2.10). Many of the other stock-like bodies were probably
emplaced in a similar position, and their characteristic conical
shape may be a result of rapid widening of the original vent
where it passed upward from the relatively competent folded
Palgeozoic sedimentary rocks into poorly consolidated pyroclastics.
Most of the stock-like bodies are made up partly or largely of
breccia, both igneous and hydrothermal. The original textures

and composition of the igheous rocks are commonly obscured by
intense pervasive hydrothermal alteration, but where unaltered
rock is preserved it is usually a quartz-latite porphyry. In

some cases, for example Llallagua, San Pablé, and Isca-Isca,
erosion has completely removed any volcanic superstructure

which may have been present, léaving a stock of porphyry and

breccia in contact with the older sedimentary rocks (Fig. 2.4).
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The Salvadora stock at Liallagua is the most important of
these, it contains what has bcen the most productive of the
Bolivian tin decposits. The stock is about one kilometre in
diameter at the surface and narrows with depth. The surrounding
rocks are Palaeozoic shales and sandstone,_The stock is made
up of xenolithic and brecciated porphyry. There appear to have
becn several pulses of porphyry intrusion, and these were
followed by explosive hydrothermal brecciation which is an
outstanding feature of this and some 6f the other stocks.
A more detailed description of the breccias is given below.

There are a number of localities where only dykes of
altered quartz-porphyry are found, cutting the Palaéozoic
sedimentary rocks, and without any larger igneous body exposed
nearby. Some important mineral deposits are found in this
setting, including Huanuni, Tasna, Santa Fe and Morococala.
These are probably cases where a larger stock failed to reach
the surface before crystalliziné completely. There is usually
evidence, such as widespread thermal metamorphism or a very
extensive vein system, for the existance of a larger igneous
body at depth.

b) The Kari-Kari batholith.
This is a complex body of granodiorite porphyry, about 30 km
in length, located near Potosi. It is the only relatively
plutonic mass in the southern part of the tin belt, although
it is undoubtedly a very high-level intrusive and is
apparently in contact with its own extrusives in places. Tt
probably owes its exposure to ‘the localized uplift of a block

"of the Cordillera. It gives a Lower Miocene K-Ar age and, as
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discussed in Chapter 5, it was apparently emplaced during
a distinct earlier pulse of igneous activity to that which
formed the nearby highly mineralized Cerro Rico stock. There
are a number of minor tin and bése—metal deposits associated
with the Kari-Kari pluton.

c) Volcanic rocks not associated with the mineralized
eruptive complexes.
These fall into two groups: The volcanics in the Potosi region,
such as the Agua Dulce and Canteria formations, and the very
extensive ignimbrite sheets of the Morococala and Los Frailes
formétions (Fig. 2.3). The former are mainly garnet and
cordierite-bearing rhyolitic welded tuffs, although andesites
are also reported (Turneaure, 1660). They are spatially
associated with the Kari-Kari batholith, and as discussed in
Chapter 5, they have an identical K-Ar age. They are thus
closely associated with the emplacement of the batholith and
may be its extrusive equivalents. The &ounger ignimbrites
are dacitié in composition. They were probably much more
extensive originally, having been partly removed by erosion.
At Santa Fe’, the Morococala ignimbrite can be seen to uncon-
formably 6ver1ie the mineralized vein systems.

2.1.2. The mineral deposits

A. The metallogenic province

The Eastern Cordillera in Bolivia contains a well-defined
metallogenic province which is'loosely referred to as the
Bolivian tin belt, although large quantities of other metals
are also produced including gold, antimony, tungsten, bismuth,

copper, lead, zinc, and silver. The ores are epigcenetic
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hydrothermal, mainly of vein-type, but there is potentially
important 'porphyry' tin mineralization as well. In some

cases only tin is produced from individual deposits, in others
mixed ores are mined.

The province extends from near the Peruvian border in the
north, throughout the length of Bolivia, and terminates in
northern Argentina (Fig. 2.1). Its western boundary is
transitional with a province of tin-free epigenetic lead-zinc-
silver-copper deposits which are associated with mainly
andesitic igneous rocks in the Altiplano (Ahlfeld, 1967). To
the east there are essentialiy no ignecous rocks or mineralization
in the eastern part of the Cordillera.

Most of the primary mineral deposits within the province
are assumed to be genetically associated with Andean igneous
activity, although in some cases there are no exposed igneous
rocks in the vicinity of a deposit. In some cases these are
vein-type deposits which are assumed to be related to a buried
igneous body, but there are also a number of stata-bound
'manto-type' deposits in Palaeozoic sedimentary rocks which,
it has been suggested, may be fossil placers (Schneider and
Lehmann, 1977).

Mineralization is associated both with the plutonic
rocks of the northern part of the Cordillera and with the
eruptive complexes and small high-level intrusives of the
southern part. The age of mineralization thus ranges from
Triassic to Upper Miocene. A detailed discussion ofage as a
factor in the metal zonation agd distribution of deposit types

is given in Chapter 5. The major fcatures of metal zonation



within the province are as follows:

a) Tungsten occurs predominately iﬁ the north, particularly
in the Cordillera Real and Quimsa Cruz. There is also gold
mineralization associated with the northern plutons.

b) The most important tin deposits are in the central
part of the province from the Cordillera Quimsa Cruz to Potosi.

c) The southern part of the province contains a predominance
of antimony and lead-zinc deposits. Where tin deposits are
present they are also rich in antimony, silver, and lead and
zinc.

Superimposed on this reéional zonation are more localised
zonal patterns which vary in scale from the district-wide
zonation of tin-tungsten and antimony around the individual
batholiths of the Cordillera Real, to the zonation of metals
within individual eruptive centers or veins. As discussed
further in Chapter 5, it is probable that the broad regional
zonation 1is partly a function of the regional depth of
erosion, while the more localised zonal patterns reflect
complex factors in the ore-forming environments around igneous
centers, or within individual hydrothermal channelways.

B. The wmineral deposits of the northern section

The deposits of the northern section are associated with
the plutonic igneous recks (Fig. 2.2), There is little information
‘about the depositis in the Cordillera Apolobamba and Cordillera
de Munecas, although both tpngsten-tin and lead~-zinc mineralization
has been found in the latter. The deposits of the Cordillera
Real, Quimsa Cruz and Santa Véra Cruz are relatively well

known and have been described in some detail (Turneaure and
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Welker, 1947; Ahlfeld and Schneider~Scherbina, 1964). The
Sorata and Yani batholiths are sparscly mineralized and the
types of mineralization present are characteristic of a deeper
level of formation than the deposits elsewhere in the region.
There are some spodumene- and columbite~bearing pegmatites
in the Yani batholith, and minor tin, tungsten and
molybdenum~bearing veins and pegmatites in the metamorphosed
sedimentary rocks near the contacts of both plutons. Farther
out, at distances.of up to 10 or more km from exposed igneous
rocks, there are veins with lead, antimony, and gold
mineralization. This zonation of lead and antimony around the
batholiths, at considerable distance from the contact, is
characteristic of the northern part of the tin belt.

In the remainder of the Cordillera Real there are both
tin and tungsten vein deposits within, or close to the contacts
of the batholiths. These deposits are very numerous, but with
one or two exceptions such as the Milluni and Chojlla mineé,
they are small. At Milluni the major vein is 1600 m long and
2 m wide. It cuts shales and arenites at a distance of over
_4000 m from the nearest granodiorite contact exposed at the
surface (part of the Zongo batholith). The mineralization
consists of pyrite, fine grained cassiterite, sphalerite,
chalcopyrite, and arsenopyrite. Other veins in this region,
closer to the intrusive contacts or within the plutons,
generally consist of pearly quartz, cassiterite, wolframitic
and tourmaline, with later chlorite,.sidcrite and sulphides,
and the wall-rocks are tourmalinized and chloritized. They

are in many respects similar to the tin veins of Cornwall.
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At Chojlla thewolframite bearing veins are associated with
tongues of greisenizaed micropegmatitic granite which intruded
hornfels and quartzite near the contact of the Mururata-
Tagquesi batholith. The numerous veins are arranged en-cchelon
in a zone approximately 300 m long, and have been exploited
over a vertical extent of 400 m. They are typically about

one m wide, and have a complex mineralogy, dominantly quartz,
wolframite, tourmaline and arsenopyrite. In the deep levels
the veins were invaded by cassiterite-bearing micropegmatite
during the early hydrothermal stage; this was followed
throhghout the system by a later polymetallic stage of Sn,
Bi, Zn, Pb, and Ag minerallzation (Ahlfeld and Schneider-
Scherbina, 1964).

The Cordillera Quimsa Cruz is the most highly mineralized
district of the northern section of the province, with a large
number of small deposits scattered round the contacts of the
pluton. It also contains the two most important tin deposits
of the section, Viloco and Caracoles. The latter is one of
the largest and most profitable of the Bolivian tin mines.

It is a very extensive complex vein system within a lobe of

the Quimsa Cruz granite-granodiorite pluton. The veins contain
quartz, cassi{erite, sphalerite, chalcopyrite and arsenopyrite
with some late carbonates. The wall-rocks are chloritized and
kaolinized. The mineral assemblage and wall-rock alteration
suggests a moderate temperature of ore deposition, in contrast
to Viloco where the veins contain mainly quartz and cassiterite
with depositional temperatures of over 100°c (measured from

fluid inclusions by Kelly and Turneaure, 1970). The Viloco



veins are in hornfelsed shales and sandstones close to the
Qranite contact, and some of the largest of them have been
mined over a vertical interval of more than 500 m and a
length of.1600 m. Tungsten mineralization is also present around
the margins of the Quimsa Cruz batholith, but it is only of
minor importance. There does not appear to be a consistent
zonal relationship between tin and tungsten with respect to
the contacts of the pluton (Turneaure and Welker, 1947).
There are some small tin vein deposits associated with the
granodiorite stock in the Cordillera Santa Vera Cruz, the
southernmost pluton of the northern section of‘the tin belt.
They are similar in character to the deposits of the Quimsa
Cruz though none are of economic importance.

C. The mineral deposits of the southern section

In this section of the tin belt the deposits are mainly
associated with the Andean sub-volcaniq eruptive complexes
which occur scattered down the length Qf the Cordillera from
Oruro southward (Fig. 2.3). Most of the major tin deposits
of Bolivia are in this section. Some of the eruptive complecxes
con¥ain important deposits of silver and lead-zinc with only
minor tin (e.g., Colquechaca and Tatasi), and Tasna is a major
bismuth producer. There are also a large number of small lead-
Zzinc and antimony deposits in the Palaeozoic rocks which show
no obvious relationship to igneous rocks. However, the presence
of granodiorite and lamprophyre dykes in the general area where
these veins occur suggests thal this mineralization is also
related to Andean igneous activity. These, and the minor tin

and basc-metal veins associated with the Kari-Kari pluton, will
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not be discussed further.

On the basis of their major metal associations the
important depesits can be subdivided into three groups; tin,
tin~-silver, and tin-zinc (Turneaure, 1971). A more fundamental
subdivision can be made on the basis 6f their geological setting,
as outlined in section 2.2.1 and Fig. 2.#. This‘cmphasiscsA
the relationship between the minceralogy and metal contenti of
the vein ores, and the geological setting in which they occur.
Four general types can be recognized,

a) Deposits in essentially volcanic complexes where no
intrusive rocks are presént:”the mineralization is in veiné
wvhich cut a broad zone of pervasive hydrothermal alteration
in the volcanics, and in some cases eXtend downward into the
underlying sedimentary rocks. The ores are sulphide~rich and
carry important amounts of silver, 1lead and zinc, in addition
to tin, which may only be present in minor amounts. Disseminated
mineralization is not well developed in the zone of alteration.
Included in this type are the deposits at Colquechaca, Chocaya,
and Tatasi.

b) Deposits in volcaniec-intrusive complexes in which
erosion has partly removed the volcanic superstructure and
exposed the intrusive rocks in the vent: the veins are usually
within the intrusive 'stock' but may extend outward into the
surrounding volcanic and sedimentary rocks. The vein ores are
of predominantly quartz-cassiterite type though with a greater
or lesser amount of paragenetically younger sulphides, which
may include silver mineralization. In most cases there is

Awidosprcad disseminated and veinlet sulphide and cassiterite



mineralization in addition to the vein ores. Included in this
type are Chorolgue (tin only), and Potoéi and Oruro which are
two of the most important of the tin-silver deposits.

c¢) Deposits associated with an intrusivc.stock of porphyry
and breccia with no extrusive rocks present: these include
Llallagua, the San Pable stock, and Isca-Isca. The veins are
either mainly in the altered stock, as at Llallagua, or mainly
external to it, as in the other two cases. The vein mineralization
consists of an early quartz-cassiterite stage (with some
wolframite at Llallagua and Isca-Isca) followed by sulphide
mineralization, predominantlf iron sulphides. Tin is generally
the only metal present in economic amounts. Disseminated
cassiterite and sulphides may be widespread in the altered
igneous rocks and in some cases approaches economic grades.
Some of the deposits of this type, and the type described in
b) above, have been termed 'porphyry tin' deposits (Sillitoe
et al., 1975).

d) Deposits in the Palaeozocic sedimentary rocks at which
there are no igneous rocks at all, or only minor dykes: these
include Colquiri, Huanuni, Santa Fe and Morococala, and Tasna.
The type of mineralization in the veins is quite varied.
Colquiri has a fluorite ~-sulphide~ cassiterite mineralization
rich in sphalerite; at Huanuni only tin is produced from
predominantly quartz-cassiterite vein systems; Santa Fe and
Morococala are sulphide-cassiterite vein systems in which
most of the sulphide is pyrite and only tin is produced; Tasnn
is sulphide mineralization riéh in bismuth and copper with a

little tin. In most of these deposits the veins occur within
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a wide areca of altered and hernfelsed sedimentary rocks; this,
together with the presence of dykes and hydrothermal breccia
bodics, suggests that there is a larger .igneous mass at no
great depth.

The distinction between these deposit types rests on the
level in the crust at which they formed. The first three types
can be considered to represent progressively deeper erosion of
sub-volcanic eruptive complexes, although there is no direct
evidence that the isolated stocksy such as San Pablo and the
Salvadora at Llallagua, ever had a volcanic superstructure.

The last type are almost certainly genetically related to
high~level plutons which did not reach the surface. This does
not imply that any one mineralized system is vertically zoned
through the full range of mineralization types, although several
do show pronounced vertical zoning (e.g., Potosi) from base-metal
and silver sulphide-rich mineralization in the upper parts of
the vein system, to quarti-cassiterite in the lower parts. In
mosi cases the vertical range of economic mineraiization is
relatively limited, and the mineralogical differences hetween
the deposit types reflect differences in the level at which the
deposits were formed. Lateral zoning of the mineralization is
also pronounced in some cases, and this is discussed further in

section 2.3«

2.2, Detailed Studies of the Geology and Mineralization of

Selected Deposits

2.2.1. Introduction

The general geology of many of the sub-volcanic deposits

has been described previously. Among the most important of these
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are descriptions of Oruro {Campbell, 1942; Chace, 1948; Koslowski
and Jaskolski, 1932; Lindgren and Abbott, 1931; Turneaure, 1960)
Llallagua {Gordon, 1944; Samoyloff, 193%; Turncaure, 1935);
and Potosi (Evans, 1940; Jaskolski, 1933; Lindgren and Crevelling,
19283 Turnecaure, 1960). These descriptions have been concernecd
primarily with the structure and mineroclogy of the vein systems,
although Turneaure (1935, 1960) discussed other aspects,
including rock alteration and brecciation, in some detail.
Although the minefalization has long been recognized as being
typical, indeed providing a 'type example' of ore depositition
associated with shallow magmatic activity (Buddington, 1935;
Lindgren, 1933; Rark and McDairmaid, 1964) little detailed modern
work has been done. Considering the economic importance of the
deposits their geology is rather poorly known. This is largely
due to their geographical and political inaccessibility.

In this section I shall describe the major geological
features, and the results‘of petrographic and geochemical
studies of some of the important mineralized eruétive complexes.
Except where referred to as having been described by previous
worlcers the observations and interpretations are my own. This
is not intended to be an exhaustive description of all aspects
of the geology of the deposits, but rather to provide sufficient
information, when combined with the fluid inclusion data, on
wvhich to base a coherent model of the evolution of the ore-forming
systems, The emphasis is on studies of the Chorolquc deposit as
there is very little previous informétion about jit, and because
it has provided some of the most important information gained

in this study.



2.%.2, Chorolauc

A.. Regional setting

The Chorolque depesit is located in the southernmost
part of the tin belt at 20055' south, 66003' west, near the
town of Atocha which is on the Bolivia~Argentina railway
(Fig. 2.3). Although it is the oldest of all the operating
tin mines of Bolivia (production started in 1870), there is
no published information on the geology of the deposit apart
from an early note by Roberts (1901) and a very brief description
by Ahlfeld and Schneider-Scherbina (1964) and my own description
in Sillitoe et al., (1975). The deposit produces tin alone,
though in the past there has been a very small production of
tungsten, bismuth, and lead-~zinc ore from small peripheral
veins.

The district is underlain by folded Ordovician shales
which were eroded to a relatively flat surface before the
beginning of Andean igneous acfivity, and later elevated to form
a high plafeau with a present altitude of about 4000 m. Andean
eruptive complexes rest on this surface, and they and the
Palaeozoic basement rocks have been deeply incised by river
valleys. Chorolque is one of a group of six mineralized
complexes which occur in this distirict. Four of these lie on
a northwest~southeast line (Ubinq, Tasna, Chorolque, Isca-Isca)
which is prﬁbably related to a deep structural feature. They
show some common characteristics in that they are relatively
deeply eroded compared with the other two complexes, and have a
tin-tungsten-bismuth mineral association. The other two

(Chocaya and Tatasi) are relatively weakly eroded volcanic
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complexes and their mineralization is a sulphide assemblage rich
in silver and lead-zine with subordinaté tin., It scems probable
that these two groups of deposits are sceparated by a major
northwest-southcast trending fault along whicﬁ the northeastern
block, containing the more deeply eroded complexes, has been
elevated relative to the southwestern hlock.

B. Rock types

The Chorolque complex consists of a central vent occupied
by a mass of porphyry and breccia. It is partly surrounded at
the surface by acid pyroclastics and lavas, while bencath these
it cuts the Palaeozoic sedimentary rocks. The vent is roughly
circular, and about one km in diameter at the surface (Fig. 2.5).
It seems to narrow with depth, although its sub-surface shape
is poorly defined. It is filled with hard altered rocks which
form a very steep triangular peak whose summit is about 5600 m
above sea level, and about 1600 m above the unconformity between
the Palaeozoic sedimentary rocks and the volcaniecs flanking
the vent (Plate 1). The flanks of the mountain have been deeply
eroded by glacial action which produced cirques in which the
extrusive igneous rocks have been completely removed, exposing
the contact between the vent and the sedimentary rocks. On the
ridges between the cirques, the extrusives have been partly
preserved, resting unconformably on the underlying Palacoczcic
(Fig. 2.6). Surface exposure of the rocks of the vent is
excellent, but much of the contact region and the flanking
extrusives are covered by moraine. The mine workings are all
taking place within the vent ak present. There are four main

entrance adits at different levels. Two of these enter directly



FiIG.2.5. CHOROLQUE, GENERAL GEOLOGY.

[+] H o
..; » .,I.:: ]
o .-"

° N
°
o
@ 1a-Sol
o Sou-..'oo
o T ~F
IS - B .
prdd

° \\a\\\\‘

]
° Veto Ty
o ] Cm-t_\boruzg folon Ccrro
oo i Chorolte <
o : o o\+ £ +/ +
o
' A +/ 7]
M /A  Mina Sicte
: ‘o

Cerro Espiritu

Sontu
o 1000
SCALE (m)
i
3
LEGEND
TERTIARY
“ AcidLovasond - o O] Quaternary Moraine
i Pyroclastics ol
++1‘ Intrusive Porphyry [:] Poloesraic
and breccio Sedimeniary Rocks
/f Main Vein Structures ¥ Mine Ertronce 5 Rood



Nw - Centrol vent, borren quortz- . 3-.5
tourmclina olitared breccio ond
porphyry, with tin mineratization
in later velins only.

Sericitic and
mineralized
z0ne

intensa gsericite olteration of
volcanics, with dispersed
suiphide and cassiterite minerolization

Weok sericitic \
efterotion ‘

breccio ond [ID principal veins
porphyry

*
Late Tertiary
pyroctostice

Ordovicion [:I shale ond siltstene

FiG26. CHORQLQUE, GEOLOGICAL CROSS-SECTION

.ES



into the vent rocks; one (the Fiero Unu adit) traverses
Palacozoic sediments underlying the extrusives hefore entering
the vent rocks, while the fourth (Chimborazo adit) traverses
extrusive igneous rocks above the unconformity before entering
the vent rocks. The Fiero Unu and Chimborazo adits provide
excellent continuous exposurce of the rocks flanking the vent,
and of the contact region itself. Inside the vent there are
very extensive mine workings which provide good exposure.

All of the iéneous rocks of the complex are altered to
a greater or lesser degrce. In the case of the rocks filling
the vent, their original texture and composition(is almost
completely obscured. The flanking extrusives have in general
retained their primary macro-textures although they have under-
gone some degree of mineralogical alteration throughout their
extent. The alteration is discussed in detail in section 2.3.2.C
below.

The extrusives are quartz-porphyries; they were originally
composed of quartz, feldspar, and biotite phenoc;ysts, in a
very fine-grained alteredmatrix, Lithic fragments, including
sedimentary rock, are common. The phenocrysts (especially
quartz) are broken into angular fragments, The micro-textures
of the matrix are obscured by alteration and weathering, making
the distinction betiween pyroclasitcs and lavas difficult, but
a pyroclastic origin is favoured because of the fragmental
textures, uniformity of rock type, and the apparcnt absence of
internal contacts within the extrusi?e part of the complex. A
typical example of relatively'unaltercd rock is shown in

Plate 2A. The approximate mineralogical composition is as follows:



Quartz phenocrysts, 20%.

Feldspar phenccrysts, 30%.

Biotite phenocrysts, 10%.

Matrix, .0%.

Accessories

(%1
S}
.

Brbken angular fragments up

to B mm across.

Mai nly K-feldspar {(sanidine),
partly altered and weathered

to clay-quartz intergrowvth.

Some completely altered grains
show ghost zoning indicating
former plagioglase. Subhedral
grains up to 5 mm.

Lath-shaped pseudomorphs up to

5 mm long. Competel; replaced

by chlorite, rutile, and opaques.
Very fine-grained to glassy, dark,
cloudy, rich in clay and stained
with Fe oxides.

Apatite, zircon, occasional

cordierite and garnet.

These rocks can be classified as qartz-latites , based on the

American Geological Institute descriptive classification of

igneous rocks.

The rock that fills the central vent is mainly hard,

massive, intensely altered breccia. It is composed of angular

to subrounded fragments of black or dark grey fine-grained

rock, in a pale grey, fine-grained matrix (Plate 2). The

fragmnents range in size from tens of centimetres across down

to a few millimetres. They were apparently wmainly igneous rock,

and they contain large quartz grains, probably relict phenocrysts,

set in a matrix of finely intergrown tourmaline and quartsz,



Fragments of altered sedimentary rock are also prescnt. The
matrix of the breccia Is composed of a fine—grained intergrovth
of quartz and tourmaline. Relict fine altered rock fragments

can often be scen, and therc afe commonly relict quartz
phenocrysts. It is not clear whether the breccia was originally
of igncous or explosive hydrothermal origin. Relict igneous
guartz phenocrysts are common in the matrix of hydrothermal
breccias in some of the other Bolivian deposits, so their
presence can not be taken as diagnostic of an originally maguatic
breccia matrix. There are, however, parts of fhe vent which

are composcd of intensely al%ered quartz-porphyry with no breccia
textures.

The contact between the vent and the surrounding scdimentary
rocks is sharp, but the contact with the extrusives is indistinct.
It may be a gradational contact which has been further obscured
by intense alteration. A few narrow pebble-dykes have been found
in the volcanics and sediments around the vent. They are composed
of rounded fragments of altered igneous and sedimentary rocks
in an altered, clay-rich matrix.

The sedimentary rocks which surround and underlie the
complex are shales and siltstones. They are stirongly towrmalirnized
and silicified close to the venl. Elsewhere they have a well-
developed cleavage but are otherwise unmetamorphosecd.

C. Alteration tvpes

The hydrothermal alteration which has affected the igncous
rocks at Chorolque can be divided into four main types on the

basis of the predominant secondary silicate minerals which have

been developed. They are gradational wilh cach other, and their



zonal relationships are discusscd in section 2.3.2.D. below.

a) Quartz-tourmaline alteration

The rocks that fill the vent are completely altered to a
quartz~tourmaline assemblage throughout their entire exposure.
The. only other minerals which are.everywhere present are
rutile and accessory zircon, Occasional grains of altered
cordierite have been found, and in places there are sulphides
and cassiterite (Plate 3}.

The proportions of quartz and tourmaline vary somewhat.

The darker rocks and breccia fragments are tourmaliﬁe-rich
relétive to the lighter material. In places the rock is almost
completely flooded with secondary quartz with little tourmaline,
but in general the grgin size and textures of the quartz-
tourmaline rock vary little except close to the contact with

the extrusives. Here there is a gradual decrease in grain size
of thé secondary quartz-tourmaline intérgrowth, the amount of
secondary quartz decreases, and the original porphyritic texture
of the rock becomes more apparent. The precise pésition of the
contact is impossible to determine. The contact with the
sédimentary rocks is sharp, although the intense quartz-
tourmaline alteration extends outwards into the sediments for

a few tens of metres. No vertical change in the texture or
composition of the vent rock is evident although it is exposed
over a vertical interval of 2000 m. Its overall uniformity

and intensity éf alteration is remarkable. The quartz in these
rocks éccurs in the following forms:

i) Relict igneous phenocrysts. These are usually reccognizable

even in the most intensely altered rocks. Their shape is outlined



by a zone rich in fluid and solid inclusions which separates
them from the surrounding overgrowth of sccondary quartz (Plate 3A).

ii) Overgrowths of secondary quartz surrounding phenocrysts.
The extent of the secondary overgrowth depends on the intensity
of alteration.

iii) Granular intergrowth of anhedral quartz, or intergrown
quartz and tourmaline. Where the alteration is intense, i.e.,
throughout most of the vent, the quartz is relatively coarse-
graiueq and in pléCQS has coalesced into large 'lakes's, In the
transition zone with the extrusives, the granular quartz is much
finer grained, and there is 1ittle or no secondary overgrowth
in the phenocrysts.

The tourmaline is black in hand specimen, in thin-section
it is green to brown and strongly pleochroic, suggesting a
schorlycomposition. It is scattered through the rocks as lath-
shaped grains, radiating sprays, or forms a dense intergrowth
{(Plate 3B). As with quartz, its grain-size varies with the
intensity of alteration. Rutile is also common; its distribution
is patchy, and clusters and aggregates of grains probably mark
former biotite phenocryst sites. In some areas there are also
patches of very clear, coarse grained, inclusion-free quartsz,
intergrown with very fine tourmaline necdles. Sulphides are
commonly associated with this, and it is probably a later stage
of quartz-tourmaline growth which filled open spaces in the
altercd breccia. The tourmaline in this material is much paler
in colour, sometimes almost colourlegs and non-pleochroic,
suggesiing a more dravitic coﬁposition. Tourmaline alteration

extends outward into the sedimentary rocks surrounding the vent,



The amount of iutroduced quartz secms to be small and
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limited to veins and veinlets, but tourmalinzation is intense
close to the vent, vhere the rocks are converted to a dense
black hornfels.

b) Sericitic alteraticn

The characteristic mineral.of this assemblage isvfine~
grained white mica (sericite), but secondary tourmaline and
minor secondary quartz are almost always pfesent as well. This
type of alteration is found in the extrusive rocks surrounding
the vent, hut not within the vent itself, or in the sedimentary
rocks. Where fully developedy it has resulted in the complete
conversion of the rocks to an assemblage of quartz (in part
residual, in part secondary), sericite, and tourmaline, with
accessory rutile, sulphides, zircon and apatite (Plate 3A).
Even where mineralogical élteration is complete, the primary
porphyritic texture of the rock is partly preserved. Feldspar
phenocryst sites are distinguishable as masses of almost pufe
sericite with a little intergrown guartz and &n some cases
t;urmaline. Biotite phenocrysts are pseudomorphed by sericite
and/or tourmaline with much rutile and opaques. The matrix is
generally a fine sericite-quartz intergrowth, often with scattered
larger tourmaline grains. The relative proportions of tourmnline
and sericite are variable and zoned with respect to the vent
contact (see below), Of the feldspars, plagioclase was most
susceptible to alteration and is usually completely replaced,
but unalterecd relicts of sﬁnidine are common in the outer part
of the sericitic zonc. The sericite in these rocks gives sharp

muscovite X-ray diffraction peaks. The tourmaline is pale and
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weakly or non-pleochroic, suggesting a dravitic composition.
The sedimentary rocks uynerlying the volcanics show little evidence
of secondary sericitization.

¢) Chloritic alteration

Chloritic alteration affects all of the extrusive rocks
beyond the limits of sericitic alteration. It is characterized
by the replacement of biotite by chlorite plus rutile. There
are no underground exposures of these rocks; surface sanmples
show argillization of the feldspars aﬁd matrix, but this is
probably a supergene effect. A propylitic alteration assemblage
with epidote, albite and carbonate was not developed.

d) Argillic alteration

Argillic alteration of probable hypogene origin is generally
not well developed at Chorolque. However, in the Chimborazo
adit, there is an extensive zone in the contact region between
the vent and the extrusives where the rocks are strongly
argillized. They contain much tourmaline as a replacement of
biotite and feldspar phenocrysts, some sericite, and much
sulphide. The argillization appears to have been superimposecd
on earlier tourmalinizatiop, and consists of replacement by
clay minerals of previously unaltered feldspar phenocrysts
and fine-grained rock matrix. It is not clear whether the
argillization accompanied the sulphide mineralization,. or if
the sulphides remained stable during a late-stage argillizmation
of an earlier sericite-tourmaline-sulphide assemblage. The
former case scems more probable. Hypogene argillic alteration

is also found in the outer parts of the alteration envelopes

‘adjacent to some of the mineralized veins which cut the extrusive
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rocks distant from the vent.

D. Alteration zoning

Chorolque has a particularly well-developed lateral zonation
of hypogene alteration types. The general zonal patiern is shown
in Figs. 2.6 and 2.7. The central vent has undergone intense
qqartz-tourmalino alteration throughout its entire exposed vertical
and horizontal extent. In the surrounding extrusives there is
an annular zone of sericitic alteration. At the surface the
sericitic zone is best developed ovef a distance of about 400 m
cutward from the vent margins. The alteration-zone contacts
are transitional, with much tourmaline associated with sericitization
near the vent but decreasing outward. Beyond about 400 m from the
vent, the intensity of sericitization declines. Up to about
600 m the biotite phenocrysts are sericitized but alteration of
feldspar progressively decreases. The transition to chloritic
alteration is at about 600 m. Chlorite.takes the place of sericite
as the alteration product of biotite, and there is little or
no hypogené alteration of feldspar beyond the sericitic zone.
The zonal pattern is best developed in the ignecous rocks
(Fig. 2.7). In the sedimentary rocks there is very strong
tourmalinzation close to the vent. Farther out, tourmalinization
is associated with sulphide veinlets for a distance of several
hundred metres from the contact, but there is little sericitization.
As discussed below, most of the important mineralized veins
are within the vent. They do not have distinct alteration
envelopes in the quartz-tourmaline altered wall-rocks, although
there was some introduction of.a new generation of quartz and

pale tourmaline. llowever, on the western side of the complex a
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number of vein structures run outward from the vent, traversing
first sericitized and then chloritized extrusives (Fig. 2.5).
They have well-developed wall-rock alteration envelopes of
several metres width, Where the veins traverse sericitized
rocks, the largest of them has a quartz-tourmaline envelopc.
Where they traverse chloritized rocks they have sericitic and
argillic alteration gnvelopes. These relationships suggest that
the pervasive alteration preceeded the development of the vein
structures, and tﬁis is gsupported by fluid inclusion data which
is reported in Chapter 3.

E. Mineralization and metal Zoning

All production of tin at Chorolque at the present time comes
from a system of veins within the quartz-tourmaline altered
vent rocks. One or two veins extend beyond the vent into the
surrounding extrusives, and there are a number of minor veins
farther out, both in the extrusive and sedimentary rocks, which
have produced a little tungsten, bismuth, and lead-zinc in the
past (Ahlfeld and Schneider-Scherbina, 1964). A éeneraliZQd plan
of the vein system is shown in Fig. 2.5. Most of the veins strike
roughly southwest-northeast. In vertical section the veins within
the vent dip steeply toward the center. They are generally
lodes, onem or less in width, made up of a series of narrow sub-
parallel fractures vhich branch and incorporate slices of wall-
rock, In some cases there is only a single major fractiure. The
vein filling is made up almost entirely of quartz, with volumetri-
cally minor cassiterite. Sulphides a;e almost completely abhsent
except at the extremities of éhe veins near the vent cantacts.

Veins outside the vent are, however, rich in sulphides. There
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is generally a little late-stage kaolinite. The vein filling
was deposited in open fractures; and the textures are commonly
crustiform with open vugs remaining. In places there are
spectacular drusy cavities lined with large quartz crystals.
Cassiterite deposition was clearly late in the paragenetic
sequence, and took place after most of the quartz had been
deposited. It is black in colour, almost opaque, and very fine
grained. A little wolframite is sometimes present, and gold
had been reported.'The major veins have been exploited over a
vertical interval of about 800 m. Many of them do not outcrop,
or at least do not contain economic concentrations of cassiterite
at the surface. Their downward extension below the lowest mine
vorkings has not been fully explored, but the tin content is
reported to decrease, although the veinlstructures do continue,
at least for a distance of 100 m or so. Thus, the main cassiterite-
bearing interval of the structures straddles the level of the
unconformity between the ﬁalaeozoic sedimentary roacks and the
extrusives. In addition to the major veins, there are many
minor cassiterite-bearing quartz-filled fractures throughout
the vent and some of these are heing worked on a small scale
almost to the summit of the Cerro, so that the total vertical
range of known cassiterite deposition approaches 2000 m.

In the contact region of the vent, and in the sgrrounding
rocks, there are numerous minor veins which centain sulphides.
In addition there is stronyg veinlet and disseminated sulphide
mineralization exposed in the sedimentary rocks in the Fiero
Unu adit on the south side of the vent, in the.nltcrcd extrusive

rocks in the Chimborazo adit on the north side, and elsewhere at
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the surface. Thus sulphide-rich mineralization, including
mineralization unrelatéd to major vein structures, is present
in an annular zone around the vent which corresponds roughly
with the zone of sgericitic altération. The rocks of the vent
itself are almost devoid of sulphides, either disseminated or
vein-controlled.

In this study the rocks of the FieroUnu and Chimborazo
adits were systematically sampled by the writer, and the
analytical results illustrate the particularly well-developed
zonation of metal-sulphide mineralization aroﬁnd the vent. The
samples were taken from the galls of the adits at 80 m intervals.
Each sample comprises a number of small chips taken at random
over an area of a few square metres, adding up to a total
weight of 1 to 2 kilograms. The material sampled includes
dissemminated and veinlet mineralization ohly. There are no
major vein structures in the areas sampled outside the vent,
and tﬁe vein structures within the vent were deliberately not
sampled. The distribution of metals revealed by the sampling is
thus considered to be independent of the geometry of any of the
major veln structures. The samples were prepared by routine
crushing and grinding procedures, with semi-~quantitative
analysis on the Direct Reading Emission Spcctograph by staff
of the Applied Geochemistry Research Group, Imperial College.
The data (smoothed by 3-point moving average analysis) is
presented in Fig. 2.8, It shows very clearly the way in which
disseminated and veinlet mineralization is distributed in the
rocks surrounding the vent, and that the quartz-tourmalinc

altered vent rocks arec essentially barren, except where cut by
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the major vein siructurcs. There was evidently little dispersion
of tin within the wall-rocks adjacent to the major veins.

In the peripheral =zone of sulphide mineralization, pyrite
is the predominant mineral species prescnt, especially in the
outer part of the zone at distances of about 200 to 500 m from
the vent contact. In the Fiero Unu adit, magnetite and hematite
accompany the pyrite in veinlets, breccia zones, and disseminatec
in the sedimentary rocks beyond 500 m from the contact. Ar-
senopyrite, pyrrhétite and chalcopyrite increase towards the
vent as do the geochemical values for tin, bismuth, lead, zinc
and silver. Tin is present as bolh stannite and cassiterite.
Close to the vent contact the metal values and total sulphide
content decline sharply. In the Fiero Unu adit on the south
side, the intensely tourmalinized rocks in the contact region
and the gquartz-tourmaline altered vent rocks themselves are
virtually barren of sulphides, although in the northern contact
region in the Chimborazo adit, thé sulphide-rich zone in the
extrusives does extend inward into relatively st;ongly tourmalinized
rocks in the centact region.

Where disseminated pyrite is present in the vent rock it
is accompanied by clear, inclusionfree quartiz intergrown with
fine tourmaline needles, similar to that found in the vein
margins. This quartz is quite distinct from that of the quartz-
tourmaline alteration assemblage, and it and the pyrite appcar
to haye beecn deposited as later-siage infilling of open spaces
in the previously altered vent rocks;

The distribution of mineralization outlined above suggests

a distinctly bimodal time~sequencé of mineral deposition at
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Chorolque. The close association of sulplhiide mineralization

and sericitic alteration in the zone peripheral to the vent
suggests that they are contemporaneous. The gradational

nature of the alteration inward into the quartz-tourmaline vent
rock suggests further that the alteration of the vent, the
alteration of the surrounding rocks, and the deposition of the
veinlet and disseminated sulphide mineralization were all
broadly contemporaneous, and that the absence of dispersed
mineralization in.the vent reflects unsuitable physico-chemical
conditions for ore-mineral deposition in that region during the
quartz~tourmaline alteration~stage. The major quartz-cassiterite
veins cut across this zoned pattern of alteration and mineralization,
and thus appear to have begun forming at a somewhat later time
when alteration was largely complete. This is born out by the
fluid inclusion data which is discussed in Chapter 3. There is
no significant relative zonation of metals in the early dispersed
mineralization around the vent, and Cu, Sn, Bi, As, Ag, Pb and
Zn were all deposited in very much the same regién. There is,
however, a distinct zonation in the later vein mineralization,
with tin giving way outward to tungsten, then bismuth, then lead
and zinc, progressively further from the vent.,

2.2.3. Llallagua

A. Regional setting

The geology of the Llallagua deposit has been previously
discussed by Turncaure (1935) with additional informatien by
Gordon (194h), Samoyloff (193%4), Turncaure (1960), Ahlfeld and
Schneider-Scherbina (1964), and Sillitoc et al., (1975).

The deposit is located at the southern end of the Morococala
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plateau (Fig. 2.3), which is an elevated block of Palacozoic

- sedimentary rocks partly overlain by a sheet of

ignimbrite, The Palacozoic rocks are shales, greywacke and
quartzite which are strongly folded on northwest-southeast

axes. The Llallagua deposit is a cemplex system of veins,
mineralized breccia, and disseminated mineralization within

a small isolated porphyry stock (the Salvadora stock). It was
intruded into the axis of an overturned anticline in the
Silurian-Devonian sediments, and has previodsly been interpreted
as a porphyry-filled volcanic vent from which the volcanic
superstructure has been erod;d away (Samoyloff, 193%4; Turncaure,
1935, 1960). A previous potassium-argon age determination on the
stock gave a date of 9.4 Ma (Evernden, 1951). However, the results
of a more detailed geochronological étudy which make up part of
this thesis are not consistent with that déte, and a Lower
Miocene age is preferred, as discussed in Chapter 5. The
ignimbrite sheet which overlies much of the Mcrococala plaieau
to the north of Llallaguahas given ages of 7.8 Ma (Evernden,
1961) and 6.1 Ma (this study) and it is clearly the product of
a quitc separate igneous event which took place after the region
lhad been substantially eroded.

B. Rock types

The Salvadora stock is oval in plan, measuring 1730 by 1050 m
at the surface, but it narrows with depth to mcasure about 1000
by 700 m in the lowest levels of the mine (700 m below surface,
Fig. 2.9). The contact with the surrounding sedimentary rocks is
sharp. There are a number of éorphyry dykes, and also lobes of

breccia, extending out into the sedimentary rocks.
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Although strong pervasive hydrothermal alteralion has
affected the stock almost throughqut, the macrotextures of the
rocks are relatively well.preserved. Several stages of porphyry
intrusion-are evident together with very wideiy developecd igneous
and hydrothermal breccia. In one or two places almost unaltered
porphyry is exposed at the margins of the stock, both at the
surface and in the underground workings. The major rock types
which make up the stock can be broadly classified as (ollows;
quartz-porphyry, macrocryst porphyry, feldspar porphyry, igneous
breccia, hydrothermal breccia. The distinction between the
porphyry types is based on téxture; compositional variations are
less marked.

a)Quartz-porphyry. This is the predominant rock type in the
stock, and is easily recognisedseven when intensely altered,
by the numerous large quartz phenocrysts., There are one c¢r two

relatively unaltered underground exposures. A typical description

is given below, and the rock can be classified as a qguartz-latite
porphyry.
Quartz phenocrysts, 25%., Rounded, embayved, 2 to 5 mm across.
s s ’

Plagioclase phenocrysts, 25%. Subhedral, 2 to 5 mm long,
weakly zoned. Cligoclase-andesine
composition. Incipient alteration
to scricite,

K-feldspar phenocrysts, 20%. Subhedral to anhedral, 2 to 5 mm
long. Vefy small 2V indicates
sanidinc,

Biotite phcenocrysts, 10%: Laths, up to 5 mm.

Matrix, 30% Very fine microcrystalline to

almost isotropic glassy material,



-

Accesory apatite, zircon, cordicrite.

Some more potassic varidédties are common, in which plagioclase
is very much subordinate to K-feldspar.

b)Macrocryst porphyry. This is a distinctive rock type in
which the feldspar phenocrysts are very large, commonly 4 to
6 cm long. Quartz phenocrysts (2 to 10 mm) are numerous, K-
Teldspar scems to predominate aver plagioclase, although in most
arcas the rock is severely altered and the feldspars arc completely
replaced by sericite, clay and in some cases tourmaline. The
composition is probably similar to that of the quartz-porphyry.

c) Feldspar porphyry. Thgs rock type can be distinguished
by the scarcify of quartz phenocrysts. It is fine grained, and
originally rich in fine (1 to 2 mm) feldspar phenocrysts ,
although no unaltercd exposures have been seen.

d) Igneous breccia. Using the terminolbgy previously applied
to the breccias at Llallagua by Sillitoe et al., (1973), igneous
breccia can be distinguished from hydrothermal breccia by the
nature of the matrix. In hydrothermal breccia the matrix is
clastic rock material, while igneous breccias are essentially
igneous rocks crowded with xenoliths,

Igneous breccia is widespread in the Salvadora stock, a

\
variety of types and ilextures are present and are gradational
with each other. In fact, almost all of the porphyry contains
some xenoliths, and the term breccia is applied arbitrarily
when the rock is noticeably crowded w;th them, Breccia composed

of predominantly sedimnentary fragments in n porphyry matrix

.

e

s easily recognisable even when the rock is strongly altercd.

-

This is common in some areas near the contact of the stock. The

matrix is quartz-porphyry, and the quartz phenocrysts are commonly
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broken and angular. The fragments are mainly grey, fine-grainecd
argillite, rounded or tabular in shape, énd usually no more than

a Tew centimetres across. They sometimes show a parallel alignment
probably due to flow, and in some cases they show cvidence of
corrosion by Llhe matrix. In most cases both sedimentary and
igneous rock fragments are present, occasionally igncous fragments
alone. In the latter casc the breccia texture can be difficult

to recognise where the rock has been strongly altered. Typical
igneous breccia is illustrated in Plate .

e) llydrothermal breccia. The extent and iﬁtensity of bhydro-
thermal brecciation is one of the outstanding features of the
Salvadora stock. Large parts of it are made up entirely of this
type of breccia, while the remainder contains pipes and irrecgular
masses, and is laced with a network of breccia dykes. They are
all undoubtedly carlier than the main stage of fracturing and
vein-formation, but there is evidence that some fracturing,
alteration and mineralization precceded the brecciation. The
hydrothermal breccias display a varicty of textural and
lithological characteristics, and these are gradational with
each other so that a precise classification into distinct types
is difficult to make. In a general way, three types can be
recognizcd.

i) Silicified porphyry breccia
In this the fragments arc all of the samec igneous rock
type. The breccia is genera}ly patchy, with unbreccinted arecas
grading into partly brecciated rock in which the fragments have
.
clearly not moved far, and then inte 'channelways' where the

fraguents are rcunded. The matrix is black, fine grained, and



crovded with small rock fragments and quartz grains (whicb appear
to be residual phenocrysis) set in a fine tourmaline intergrowth,
The rock fragments are quartz-porphyry, and are almost completely
silicified, the tourmaline which cements the matrix penetrates
the fractured igneous rock along cracks, and appecars to have
replaced the ecdges of the fragments; however, there is no tourmaline
within the fragments, suggesting that the rock was silicified
prior to brecciation (Plate 5).
ii) Polymict Qreccia

This is composed of both igneous and sedimentary rock
fragments (Plate 6, 7A). They~are usually well rounded, and the
matrix, although highly altered; has a tuffaceous appearance and
is apparently composed of fragmented igneous rock cemented by
fine tourmaline (Plate 75). It includes quartz phenocrysts, in some
cases attached to relicts of the parent rock. There are also
lath-shaped grains, now composed of finc-grained tourmaline and
in some cases rutile, which are suggestive of former biotite and
feldspar phenocrystgs. In other cases the clastic ﬁaterial is wholly
made up of angular to rounded quartz grains cemented by tourmniine
(Plate 8A). This latter type can sometimes be seen cross-cutting the
former, and there are also fragments of breccia in breccia,
indicating a multistage origin. The rock fragments in these breccias
are invariably altered. The igneous fragments are generally
sericitized, often with disseminated pyrite or.pyritic rims. This
alteration appears to post-date the brecciation. In some areas
sllicified igneous fragments are presént together with the
sericitizced ones, and here the silicification was presumably

earlier than the brecciation. Late.stnge kaolinization of sericitized
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igneous fragments has also taken place in some areas. In some
of the breccia bodies the igncous rock fragments have been
completely replaced by quartz and cassiterite resulting in
economic ore mineralization, as discussed below. However,
this haz only taoken place in certain specific breccia bodies.

iii) Black dykes

Turneaure (1935) described the black dykes at Llallagua

and recognized their clastic nature. They are narrow, branching
bodies generally only 2 to 10 c¢m wide which penetrate throughout
the stoclk. Their frcquency.varies from place to place, but they
are generally present at‘inte§vals of only a few metres. They
follow irregular courses rather than well defined planes. They
are compecsed of fine clastic quartz grains cemented with tourmaline,
and are clearly tithe same material as that which forms the matrix

of some of the larger hydrothermal breccias (Plate 8B). This

materi al seems to have been formed by the fragmentation, abrasion,

e

and corrosion of igneous rock. A possible mechanism would be

the mobilization of brecciated rock in a corrosive hydrothermal
fluid, with Turther abrasion and corrosion during transport. In

its most advanced state of development, only the quartz phenocrysts
remain, and these would have been injected into fractures as a

sluriy with tourmaline crystallizing to form the ccment.

C. Alteration

The rock alteration at Llallagua, and the mineralization, have
been described in some detail by Turneaure (1935). Silicification,
tourmalinization, sericitization, and argillization were the

L}

predominant alteration processes. The stock is altered almost

throughout, and the distribution of alteration types shows no
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relationship to the gecometry of the major veins. The alteration
assemblages are similar to. those described at Chorolque.

Neither lateral nor vertical zoning are particularly well displayed.
Early quartz-tourmaline alteration is poorly developed, thouyh

it is present in the deep levels of the mine. Its distribution

is patechy, and it alternates with a tourmaline-sericite assemblage.
The greater part of the stock is altered to a tourmaline-sericite
assemblage in which the original textures of the rock are
relatively well préserved. The proportions of tourmaline and
sericite vary widely, but there is a distinct tendency for sericite
to increase upward. Argillic alteration is common in some areas
near tﬁe margins of the stock, and along some late fractures

and faults; it is almost certainly hypogenc in origin and is found
even in the deepest levels of the mine. A later stage of quartz-
tourmaline alteration characterized, as at Chorolque, by clear
inclusion-free quartz with very fine inte;grown tourmal ine

needles, is also present as'a vein-wall alteration in otherwise
tourmaline-sericite altered rocks,

D, Mineralization

a)'The veins
The Salvadora stock is cross-cut by a complex system of

mineralized veins which together made up one of the biggest and
richest tin deposits of the world (Fig. 2.9). The vein mineralization
has"been studied in some detail by Turneaure (1935). e indentified
two types. The major veins have dips usually between hSo and 750
and show gouge, slickensides and brecciation, indicating an
origin by shearing stiress. Interspersed with these, and in some

caszes branching off them, is a sysfem of smaller vertical veins of
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apparently tensional origin. Both types have a broadly similar
strike direction and cuit across the coutéct between the stock
and the sedimentary rocks, and across all internal contacts.
Mineral deposition in all of the veins seems té have been a
broadly continuous process. There is no evidence of well-defined
breaks in mineral paragenesis, cross-cutting relationships among
veins, o1 successive opening of veins of different character.
The two vein types are apparently contemporaneous and relatced
to the same stress system. There are also some large post-mineral
faults which cut across thé vein system, with substantial
displacements. Turneaure concluded that the vein fracture system
was produced by regional stress rather then local stress related
to the emplacement of the stock.

The vein mineralization is in the form of fracture fillings.
The walls arc sharp and there is little or no replacement of the
wall-rock by vein material except for a narrow selvage of quartz-
tourmaline. The sequénce of £illing and vein mineralogy is
complex,‘althcugh cassiterite is the only mineral which is
commgrcially recovered. The egrliest stage of vein growth consisted
of deposition of guartz, cassiterite, bismuthinite and frankeite.
This was followed by pyrrhotite deposition and replacement of
frankeite by pyrrhotite, then replacement of pyrrhotite by
stannite, sphalerite, marcasite, arsenopyrite, pyrite, and
siderite. Then came crustification of the earlier mineralization
by more sphaleritc, pyrite and chalcopyrite,‘followcd by wavellite
and supergene limonite, hydrous iron phosphates and covellite

‘

(Turneaure, 1935).

b) Dissemintated mincralization
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In addition to the vein mineralization there is disseminated
cassiterite and also sulphide mineralization throughout large
areas of the Salvadora stock. This mineralization was mentioned
by Turneaure {(1935), but not investigated in detail. With the
progressive exhaustion of the vein tin reserves both at Llallagua
and in Belivia in general, the disseminated 'porphyry tin'
mineralization is potentially important (Sillitoe et al., 1975).
In this study three types of mineralization were recognized
outside the vein structures in the Salvadora stock.

i) Disseminated cassiterite and very fine quartz-cassiterite
veinlets. .

This type of mineralization is very widespread in the
upper levels of the mine where.it commonly gives grades of
0.1 to 0.5 percent tin throughout large volumes of rock. The
precise distribution of this mineralization is not known although
it is clearly not related to the geometry of the veins. Investigations
are currently in progress to determine its grade and extent, and
the feasibility of mining the whole of the upper part of the stock
in an open pit (COMIBOL staff, pers. comm.). The cassiterite is
very fine grained. It occurs as isolated grains in the groundmass
of sericitized porphyry or as fine grains replacing feldspar and
biotite phenocrysts together with sericite and tourmaline. There
are also very fine quartz-cassiterite veinlets cutting sericitized
porphyry. It is not accompanied by much sulphide mineralization
(Plate 94A).

ii) Disseminated sulphide pineralization.

This is widespread in parts of the stock. Its distribution
is not well defined but it seems to‘be best developed in the

sericitized porphyry and breccia to the east of the major fault
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zone {Stanton-iDiaz fault) which transccis the stock. Pyrrhotite
is the most common mineral in the highly tourmalinized rocks in
the deeper levels of the mine. It occurs, with tourmaline, as
a replacement of biotite and feldspar phenocrysts (Plate 9B},
and is certainly contemporancous with the earliest alteration.
In éome areas the pyrrhotite has been replaced by marcasite, and
in these rocks there is also disseminated sphalerite, chalcopyrite
and stannite. Where the rock alteration is more sericitic, the
earliest sulphide is pyrite (Plate 9C).

iii) Cassiterite and sulphide mineralization in certain
hydrothermal breccias. -~

Some of the hydrothermal breccia bodies contain important

amounts of cassiterite, and are being mined at present. Thce most
important of these is a pipe-shaped body measuring about 50 m
in diameter, located at the western margin of the stock, and
known as the 'Clavo San Josd'. It is typical of the polymict
breccias described above. The fragments are of both sedimentary
and igneous rock and the matrix is a mixture of fine rock fragments
and residual quartz grains cemented with fine tourmaline. This
particular breccia differs from most of the others in that many
of the igneous rock fragments, both large and small, have been
replaced by a relatively coarse intergrowth of quartz and cassiterite.
The degree of replacement is not uniform throughout the breccia
body. In places there are quartz-tourmaline altecred igheous
fragments with no cassiterite, in places there are igneous
fragments replaced by sericite. and cl#y. The breccia also contains
rounded sulphide (pyrrhotite) élasts as well as cross-cutiing

pyrite veiniets. The presence of pre-breccia pyrrhotite clasts and
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quartz-tourmaline aliered igneous rock fragments ig further
cvidence that some hydreothermal alteration and mineralization

of the stock had taken place before at least some of the breccias
were formed. The quartz-cassiterite replacemenf must have taken
ﬁlace later, and was probably contemporaneous with the development
of the vein system.

E. Alteration and mineoral zoning

The distribution of alteration types in the Salvadora stock
has not been studied in detail but it is clear that there is no
really well-defined zonal pattern as at Chorolque. Pervasive
quartz-tourmaline alteration is only developed in the deepest
levels presently exposcd, and most of the stock has a tourmaline-
sericite assemblage. There does appear to be a fairly distinct
predominance of sericite in the upper parts of the stock and
of tourmaline in the deeper levels, while argillic alteration is
found mainly near the stock margins. Turneaure (1935) noted that
a 'pyritic zone' surrounded the central tin-bearing part of the
stock. In general, disseminated cassiterite does seem to be best
devqloped in the central and upper part of the stock and has
little sulphide associated with it, while sulphides predominate

in the outer and deeper regions.

2,2.4 Potosi

The great tin-silver deposit of the Cerroc Rico, Potosi, has
been described previously, in particular by Lindgfon and Crevelling
(1922), Turncaure (1960), and Ahlfeld and Schneider-Scherbina

(1961). A brief description is given here, mainly summarized from

the above accounts, and the regional geology is described in greater
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detail in Chapter 5. The Cerro Rico is located just to the scuth

of the city of Potosi (Fig: 2.3).

A. Rock types

The ore deposit is a complex vein system associated with a
small acid porphyry body, the Cerro Rico stock. The stock intruded
the Palaeozoic sedimentary basement rocks of the area and an
overlying conglomerate and tuffaceous unit of Miocene age. The
stock is oval in plan, measuring about 1711 by 1200 m at the
surface. There is 5 dyke-like offshoot to the north. It is conical
in vertical section, narrowing downward to form a dyke about 100 m
wide (Fig. 2.10). Below this it divides, and in the lowest level
of the mine (300 m below the summit of the Cerro) there are only
two narrow porphyry dykes cutting the Ordovician argillites.

The stock is made up of intensely altered porphyry. No
remnants of unaltered rock have been found, but the textures are
relatively well-preserved, and £ogether with the abundance of
relict quartz phenocrysts éuggest a quartz-latite composition.
Unlike most of the other mineralized sub-volcanic>stocks of the
southern tin belt, the Ccrré Rico does not contain a significant
proportion of breccia, although some small hydrothermal breccia
bodies have been found at the margins, and pebble dykes cut the
surrounding sedimehtary rocks. Turneaure (1960) took the absence
of brecciation to indicate that the stock did not represent a
volcanic vent. lHowever, the Miocene formations which surround its
upper pari include tuff beds, and (on the northeastern side)
there is a 106 m thick lens of bLreccia made up of both igncous and
sedimentary rock fragments, which is probably of volcanic origin,

Together with the characteristic conical shape, this suggests that
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the stock did occupy a volcanic vent, although most of the
cxtrusive superstructure has been eroded away (Sillitoe et al.,

1975).

B. Alteration and minceralization

The Cerro Rico stock is pervasively altered throughout. In
the lower part the alteration is sericitic with some clay, but
there is 1little or no tourmaline, although it may bc =lightly more
abundant in the deepest regions. Feldspar and biotite phenocrysts
have been replaced by a felty intergrﬁwth of sericite with a
little guartz and clay. The primary quartz phenocrysts are
preserved and do not sho& any “secondary quartz overgrowiths. The
amount of clay increascs upward. The upper part of the stock is
intensely silicified. The entire rock has been replaced by a porous
mass of aphanitic silica. The alteration has not been studied
in detail, but there does not appear to be any lateral zonation.
The sericitic and argillic alteration extends beyond the margius
of the stock, and has affected the tuffaceous scdiments and
breccias at least for QOme tens of metres from the contact.

The sericitized rocks are strongly pyritized, and there is
finebdispersed cassiterite which gives tin grades of over 1000 ppm
through large volumes of the stock. The major vein system cuts
both the stock and the surrounding sedimentary rocks. The veins
strike north‘to northenortheast and dip steeply. Most of the
major veins arc within the stock in the upper levels but dip more
steeply than the contacts and so pass out into the Palacozoic
sedimentary rocks with depth. In the upper silicified region there
is a system of closely spacced 5arallcl veins forming a wide shcoted

zone (Fig. 2.10). The major veins are narrow fractures filled with
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quartz, cassiterite and sulphides..The carlicest mincralization
in the dceper levels of-.the veins is a qﬁnrtz~cassiterito»pyrite
assemblage, it shows some alternation of quartz-rich and pyrite-
rich zones with progressive vein growth, and mést of the
cassiterite was deposited at the earlicest stage, against the
vein walls, with pyrite predominating in the inner (latest) part.
The veins are vuggy, with drusy cavities lined with quartz
crystals. The vein system shows strong vertical zoning of
mineralization, with quartz and cassiterite decreasing, and
sulphides increasing upward. In the middle levels there was a
complex scquence of sulphide deposition. A little early quartz-
cassiterite~pyrite was followed by a stannite-chalcopyrite stage,
then sphalerite-tetrahedrite and then ruby silvers, jamescnite,
and boulangerite, with a final open space filling of alunite and
clay. In the uppermost levels the silver-rich stages are best
devecloped. There is no well-developed lateral zonation of
mineralization, although some minor peripheral veins are rich in
lead-zinc with little or no tin.

2.2.5. Colanuechaca

A. Intrcduction, gcologicnl setting

The Colgquechaca igneous complex is located 90 km north
of the city of Potosi at 18°421 south latitude, 66°01" west
longitude. The only published description of the geology and
mineralization is a brief note by Ahlfeld and Schneider-Scherbina
(1964),. The description of the gecology given here is based on

observations made during two brief visits, in 1974 and 1975.

Although very little fluid inclusion work has been possible
on the Colquechaca mineralization because of the absence of

suilable transparent minerals, the complex displays a number
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of featurves which arce important in relation to the development
of a genetic model for the subvolcanic tin deposits as a wholce,
and is particularly important with respcet to the relationship
Letween the age of the mineralized complexes and their metal
content and general characteristics (sce Chapter 5).

Ahlfeld and Schneider-Scherbina (196%) described the
complex as a 'round dacite siock of approximately 6 lkm diameter
intruding Devonian shales in the crest of an anticline'. However,
an alternative interpretation favoured here, is that it is a
volcanic complex in which it is doubiful if any intrusive rocks
are prescnt (Fig. 2.11). The complex is part of an elevated
massif. The volcanics rest unconformably on Devonian shales and
have been deeply dissected by glacial erosion. The main part of
the complex measures roughly 6»km by 6 km, but there are isolaled
outliers of volconics beyond this. The base of the volcanic
sequence dips rather steeply southward and this may have been
a pre-existing slope rather thaﬁ due to later tilting. Internal
contacts within the volcanics are few and difficult to recognise,
but they seem to dip southward in the lower parts while at
higher elevations they appear to be horizontal {(there is over
1000 m of vertical exposure). The basal part of the complex at
its southern margin is made up of a thick volcanie breccia or
lahar deposit consisting of mainly sedimentary rock fragments
in a tufface&us matrix.

The geology of the remainder of the complex is rather uniform
and consists of thick dacite lavas and pyroclastic units. In the
central region there is a coaréc-grained porphyritic quartz-
latite unit. Yt appears to have a conformable contact with the

<

overlying dacites and is probably a thick flow, although it is
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possible that it is a semi-conformable intrusive body. Much
of the remainder of the. complex is wmade up of fine to medium
grained crystal/ash tuffs, with some thick porphyritic lava
flows or domes with well-developed colunnar jointing in the
upper regions (Plate 10A).

B. Alteration and mineralization

A poorly-defined zone of pervasive sericitic alteration is
present in the central part of the complex. It is clongated in
a roughly northwesé-southeast direction and measures about
600 m by 2000 m. The alteration is intense in places, and scricite
is the predominant secondary fiineral, with some clay. There is
little tourmaline present. There is wecak disseminated sulphide
mineralization in this zone, and disseminated cassiterite is
also present, giving tin grades of up tc 1000 ppm in some surface
grab-samples. There are a number of small tin-bearing veins
within the alteration zone, striking parallel with its long
axis. It is also cross-cut by a number of larger Yeins. In all
cases the vein mineralization is sulphide-rich, and there is
little quartz,., Tin is present as both cassiterite and stannite.
There is usually a narrow envelope of carbonate-bearing argillic
alteration adjacent to the veins,

Elsewhere in the complex the volcanics are usually prtly
chloritized. This low-intensity alteration (consisting essentially
of replacement of biotite by chlorite) is not related to
mineralization.

There arec a number of major vein structures which traverse

the complex, mainly outside the zone of pervasive sericitic

alteration. They contain massive, quartz-free, sulphide
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mineralization consisting of sphalerite, galena and pyrite with
some silver minerals. Tin is very weak or absent. They were
originally mined for silver in their upper levels, and lecad and
zinc are sgill being produced. They have promiﬁent wall-rock
alteration envelopes consisting of a c¢lay-sericite~chlorite-
carbonate assemblages These vein structures are faults, and
have well-developed breccia textures in which the sulphides
form the matrix between rounded fragments of argillized and
.

sericitized igncous rock.

2.2.56., Other deposits

Several other mincralized eruptive complexes were examined
briefly, mainly during the collection of samples for the
geochronological work described in Chapter 5. In some cases there
is a little published data on the geology and mineralization
of these complexes,'though'in general they have never been
described in any detail. The brief descriptions given here arc
based mainly on my field observations, and provide a framework
for interpreting the age data as well as emphasizing certain
aspgcts wvhich are important with respect to the genctic
considerations discussed in Chapter 6.

A. The San Pablo=-Morococala area

The Morococala platcau is an elevated block of Palaeozoic
sedimentary rocks lying immediately to the east of the
Altiplano, just southeast of Oruro (Fig. 2.3). The Palacozoic
rocks consist of Silurian and Devonian argillites and quartzites
vhich are tightly folded on northwest trending axes, but are

only weakly metamorphosced. They are partly overlain by a thin

veneer of dactic ignlmbrite,



There are two main mining areas on the plateau, eone around

the margins of the San Pablo perphyry stock, and the other at
Santa Fd=Morococala. In both cases the mineralization is in
veins in the sedimentary rocks, but is associated with intrusive
porphries. The San Pablo area is ncar the northern cnd of the
plateau. Numerous veins are clusterecd around a stock of altered
quartz-porphyry and breccia. The steck is about 1 km in diameter
at the surface (Fig. 2.12). All significant mining activity has
taken place outsidé the stock contacis, and its subsurface shape
is unknown at present. The southern part of the stock is made up
of coarse hydrothermal breccia consisting of altered igneous

and sedimentary rock fragments in a tourmalinized, fragmental
matrix. This breccia is very similar to the hydrothermal breccia
at Llallaéua. The remainder of the stock consists of altered
porphyry with patchy hrecciation in many areas (Plate 10B).

The rocks are pervasively altered almost throughout the
stock. There is a narrow ﬁone near the northern contact where
relatively fresh rock has been preserved. It is a.typical
quartz-latite porphyry made up of phenocrysts of quartz, sanidinc,
sodic plagioclase and biotite, in a microgranular quartz-feldspar
matrix. The alteration is typical sericite-tourmaline type, with
the proportions of sericite and tourmaline varying considerably.
A common example is shown in Plate 10Cy the feldspar phenocrystis
are replaced by black tourmaline, while¢ the remainder of the
rock is sericitized. Quartz-tourmaline alteration appears to be
absent at the surface and there is no-subsurfnco data available,
alithough decp exploration of the stock is currently in progress,

There are a few minor veins within the stock consisting of
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quartz with cassiterite and minor sulphides, and there arc
some sulphide-rich veins at the stock margine, with pyrite,
arscenopyrite, chalcopyrite, bismuthinite, stannite and
cassiterite in a chloritic gangue. There is also disseminated
cassiterite throughout the altered rocks of the stock. The
tin grade is commonly over 1000 ppm in surface grabesamples,
but the distribution of this mincralization is not known in
detail although it_is currently under investigation by the
Bolivian State Mining Corporation (COMIBOL). The San Pablo
stock offers important potential as a major, low grade,
;porphyry tin' deposit (Silli%oe-et al., 1975).

The preéently economic mineralization is in sulphide-rich
veins in the sedimentary rocks around the stock, the veins
are particularly well-developed in a massive, brittle quartzite
unit (Fig. 2.12). The Japo mine is the most.important. The
veins there are narrow sulphide-cassiterite fracture fillings
with narrow, argillic wall-rock alteration envelopes and much
clay gouge. There are some intensely altered (sericitized and
argillized) porphyry dykes in the mine arca.

The Santa Fe” and Morococala mines are located about 10 km
south of the San Pablo stock (Fig. 2.13). The mineralization
is in sulphide-rich veins cutting sedimentary rocks (shale
and siltstone), and there arc also some narrow altered porphyry
dykes and hydrothermél breccia dykes and pipes. The sediments
in the area containing the mineralizeg veins are slightly
hornfelsed and tourmalinized. The hydrothermal breccia dykes

L]

were formed after most of the mineralization had been deposxited.

In some cases they follow the vein structures, and contain
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rounded clastisz of sulphide and mineralized wall-rock (I’late
11). It scems probable that the mineraliéation, dykes, breccia
pipes and alteration zone are related to a larger igneous body,
perhaps a stock, at no great depth beneath the present surface.
B. Chocava

Chocaya is an extensive volcanic complex located in the
southern part of the tin belt (Fig. 2.3). It is made up of acid
to intermediate (dacitic) lavas, lava domes and pyroclastics,
which rest unconformably on folded Ordovician sedimentary rocks.
There are no intrusive rocks known, except for some dykes. Thé
predominant rock type is a pofbhyritic dacite made up of pheno-
crysts of plagioclase, biotite, lesser hornblende and quartz
in amicrocrystalline to glassy matrix. There are also extensive
areas of morc acid tuff and volcanic breccia. There are sonme
lahar deposits on the north-east flank of the complex which
may mark the original surface, and if this is the case, the
total original thickness of volcanics in the central region
would have been of the order of 1000 m, and some cof the
mineralized veins must have been formed at depths of no more
than 500 m below the surface. In the central to north-~castern
paft ofvthe complex there is an extensive zone of strong
hydrothermal alteration which has been deeply eroded by a
river system (Fig. 2.14). The mineralized veins are within this
zone. The most common altcration types are sericite-carbonate,
and argillic assemblages. The former is very widespread throughout
the altered zone, while the latter scems to be best developed
adjncent to vein structures. At‘the fringe of the alteration zonec

chlorite is present as a replaccment of the mafics, but in generail,
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chloritization is not widely devoléped. There are scveral
clusters of veins within.the altered zone, and in some cases
they extend downward into the sedimentary rocks below the
volcanics. The mineralization is sulphide-rich, with little
quartz gaugue. There are two types of mineralization,
silver~lead~zinc, and sulphide~tin. The latter consists of
pyrite, arsenopyrite, chalcopyrite, stannite and cassiterite
with numerous subordinate minerals including jamesonite and
silver-sulphosalts. The two ore-types are found in different,
though adjacent vein sturctures, and the silver-lcad-zinc veins
tend to be deeper, and mainly within the underlying sedimentary
rocks., There is little or no disseminated mineralization in
the altered igneous rocks.
C. Tatasi

The Tatasi complex is located to the south of Chocaya, and
botﬁ are of similar character. Tﬁe rocks are generally more acid
than at Chocaya, and the mineralization is almost entirely
silver~lead-zinc, with little tin present. Ther; is a very
extensive.zone of pervasive‘hydrothermal alteration with two
main.clustcrs of veins within it, at Tatasi and Portugalete
(Fig. 2.15). The alteration is strongly argillic with little
sericite, and there is no disseminated sulphide or cassiterite
mineralization. The vein mineralization is again divided into
two types, galena-sphalerite-pyrite with minor silver minerals,
and jamesonite-silver mineralization (ruby-silvers and
tetrahnrdrite). As at Chocaya, some of the veins extend down into

the underlying sedimentary rocks.
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D. XIsca-Isca

Isca~Isca is locatcd 40 km north of the town of Tupiza
(Fig. 2.3). It is a breccia pipe cutting Palaeozoic shales
and siltstones. The breccia is very altered (sericite-tourmaline)
and appears to be mainly hydrothermal in origin. It is about
1 km in diameter at the surface. There is no vein mineralization
within it, but there are a number of small tin-tungsten-bismuth-
copper veins in the sediments close to the contact, and some
lead~zinc veins fa;ther out (Ahlfeld and Schneider-Scherbina,
196Lk). There are no extrusivé igneous rocks in the vicinity of
the breccia pipes. The grade 6f disseminated tin in the pipe
appears to be low, but it has not been thoroughly investigated.
E., Tasna

The Tasna deposit is located 30 km north of Atocha. It
consists of numerous scattered veins cuttiné a large area of
tourmalinized aﬁd hornfelsed Palaeozoic shales. There are several
altered quartz-porphyry dykes in the central part of the altered
area. The vein mineralization is sulphide-rich and carries
tungsten, bismuth, tin,copper, lead, and silver. There is a
poorly-defined zonal arrangement, with tungsten-bearing veins
in the central region, bismuth-tin-copper veins farther out and
of greatest economic importance, and tin-lead-silver veins
beyond (Ahlfeld and Schneider-Scherbina, 1964). The deposit is
similar to the Morococala-Santa Fe’ and Huanuni deposits in that
the ores are entirely in sedimentary rocks and direct evidence
of igneous activity is limited . to a féw acid dykes. The wide

extent of the tourmalinized area (15 sq. km) and the even greater
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extent of the area containing mineralized veins, suggests that
there is a large igneous body at no great depth beneath the

present surface.

2.3. Discussion

The descriptions of some of the tin deposits given above
illustrate the most important features of their geology, and
provide a basis for interpreting the fluid inclusion data
presented in Chgpter 3. The mineralization is a product of
high-level acid igneous activity. In many of the deposits there
is clear evidence that they were formed by hydrothermal activity
associated with the rise of quartz~porphyry magma in the
vents of stratovolcanoes, at the closing stages of ignedus
activity. Two outstanding features of ore-forming hydrothermal
systems in this environment are: the development of hydrothermal
breccia, and intense widespread rock alteration., These are
particularly we;l—developed at some of the Bolivian sub-~volcanic
tin deposits, and are discussed in further detail below.

2.3.1., Hydrothermal brecciation

An outstanding feature of the geology of many of the
Bolivian sub-volcanic tin deposits is the widespread occurrence
of hydrothermal brecciation. In some cases, such as at Isca-Isca
and Chorolque, the ore deposits are centered on a major breccia
pipe. In other cases, for example Llallagua, the San Pablo stock,
and Oruro, breccias make up a significant proportion of the
porphyry stocks.

The association between ore mineralization and hydrothermal

brecciation is observed in several important types of deposit
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W
throughout the world. In some cases the breccias provided
suitable structures for-the lecalization of hydrothermal ore
deposition, and the phenomenon of brecciation is an important
indicator of the environment in which the hydrothermal fluids
were generated. Hydrothermal breccias are particularly well~
developed in porphyry copper systems. As with the Bolivian
tin deposits, some of these are centered on major breccia
pipes, for example, Braden, Chile (Howell and Molloy, 1960;
Camus, 1975), and Cananea, Mexico (Velasco, 1966). In other
cases the brecciAs are a subordinate feature of the geology.
Many of the porphyry copper déposits of the southﬁestern U.S.
exhibit important breccia development, for example, Bisbee,
Arizona (Bryant, 1968), Santa Rita, New Mexico (Rose and
Baltosser, 1966), Copper Basin, Arizona (Johnston and Lowell,
1961). Subordinate breccias are also found in porphyry copper
deposits in the Andes, for example, Toquepala, Peru (Richard
and Courtright, 1958) and Cuajone, Peru (Lacy, 1958), and in
the soutwest Pacific, for example Yandera, New Guinea (Grant
and Nielsen, 1975). Other types of mineralized breccia pipe
are widespread in the Andes. Examples include the great
polymetallic deposit of Cerro de Pasco, Peru (Petersen, 1965)
which is developed within a major breccia pipe, the numerous
though generally small copper-gold-tourmaline pipes of Chile
(Sillitoe and Sawkins, 1971), and the Bi-Cu mineralized pipe of
San Francisco de Los Andes in northern Argentina (Llambias and
Malvicini, 1969).

In all cases the breccias are associated with relatively
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high-level acid to intermediate intrusive igneous bodies. They
are found both in the igneous rocks themselves and in the
adjacent wall rocks. In general a distinction can be made between
hydrothermal intrusion breccias and hydrothermal collapse breccias
(Bryner, 1968). The former are characterized by rounded fragments,
sometimes of a variety of rock types, and have a clastic (rock-flour
or 'tuffaceous') matrix which fills much of the space between the
fragments.Textures indicative of fluidization are common. The
Jatter are made up of angular fragmenté of the surrounding rock
type, and often grade laterally into sheeted fracture zones
parallel with the pipe wails.“They contain little or no clastic
matrix, and are cemented by minerals deposited from solutions
which circulated through the breccia after its formation.

-Several different mechanisms have been proposed for the
formation of hydrothermal breccias. The fundamental requirement
is the creation of a void. Where explosive magmatic-hydfothermal
action has penetrated through to the surface, producing a diatreme
or volcanic.vent structure, there is no difficulty>in explaining
the space problem; however, many important breccia bodies are
blind, i.e., do not reach the surface. The various mechanisms
by which an initial void might be formed have been reviewed by
Mitcham (1974) who favoured a mechanical origin at fault inter-
sections. The void created in this way could then either be the
site of collapse brecciation, or could be exploited by upward-
streaming hydrothermal fluids, resulting in the formation of
intrusion breccia. Such a mechanism undoubtedly has operated in
some cases, with a clear relatfonship existing between faults,

.

joints, and breccias (Mills, 1972). However, many breccia bodies



104,

show no relationship to such structures. The fact that breccia
formation often took place during the earliest stage of
hydrothermal activity while crystallization of the igneous
rocks was continuing, and the tendency of breccias to occur
within or just above the tops of high-~level plutons, suggests
that the hydrothermal fluid itself is primarily responsible
for breccia formation.

The corrosive action of hydrothermal fluids has been
proposed as a mechénism for breccia formation by Locke (1926),
and more recently by Sillitoe and Sawkins (1971). The latter
proposed that the copper-béarfng tourmaline pipes of Chile were
formed by a solution-collapse mechanism. This type of mechanism
could operate particularly effectively along pre-~existing
structures such as faults and joints, with large-~scale corrosion
and solution of the wall-rocks resulting in a void into which
collapse could take place.

An alternative mechanism for the formation of an initial
void has been proposed by Norton and Cathles (1973). They suggest
that the accﬁmulation of the vapour exolved from a crystallizing
magma might be trapped beneath an already crystallized outer
rind of a pluton. The void so created would become the site of
collapse brecciation, forming a blind pipe, once the surrounding
rock had crystallized and fractured, and the initial fluid
pressure had been released.

The data of Whitney (1975) indicate the most favourable
conditions for breccia development in.an initially water-~unsaturated
quartz-monzonite stock. If the ﬁagma rises essentially

isothermally, it will evolve a vapéur phage only when it reaches a
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level at which the confining pressﬁre (P total) is equal to,

) in

or less than, the vapour pressure of dissolved water (PH 0
2

the magma. The level at which this would occur depends on the
wvater contént, composition, and.temperature of the magma. For
moderate water contents (3 to 4 weight percent Hzo), vapour
generation in a quartz-monzonite magma must be restricted to

the upper few kilometres (perhaps less than 5 km) of the crust.
If a significant amount of vapour is generated fairly rapidly,
i.e., during rapid magma ascent, then the pressure of accumulated
vapour may be raised above the lithostatic pressure, favouring
explosive breccia developméntpat the roof of the stock.

Alternatively, if none of the magma, or only a small part
of it, rises to a sufficiently low-pressure region to allow
isothermal vapour saturation, then vapour generation will be
slow and will proceed with cooling and crystallization of the
stock from the margins inward. Under these conditions sufficient
vapour accumulation for explosive breccia development is less
likely, although continued transport of fresh magma (e.g., by
convective rise) into the upper regions could increase the rate
at which vapour might accumulate at the top of the pluton.

From this it appears that the type of mechanism envisaged
by Norton and Cathles (1973) for the formation of collapse treccia
pipes would be favoured in a situation where a large stock rose
only a relatively short distance into its vapour saturation
field. An outer rind would crystallize (with some vapour
generation) and subsequent fapgur could accumulate beneath it,
perhaps forming large voids. Vapour accumulation would be

favoured by convective overturn in the remaining magma.
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On the other hand, the rapid rise of magma at shallow depth
would favour the type of explosive hydrothermal brecciation
which has taken place in the Bolivian complexes. A possible
sequence of magmatic fluid generation in these complexes might
be as follows: the eruptive complexes were underlain at depth
by a large magma chamber. The earliest magma rising from this
source was relatively dry. Vapour saturation took place only
at very shallow depth, leading to pyroclastic eruption. As the

temperature declined in the source, and crystallization precceded,

HZO

to saturation. Subsequent puises of magma rising rapidly in the

P in the upper part of the source magma chamber became closer

vent became water saturated at deeper levels than previously.
Rapid vapour evolution produced explosive hydrothermal brecciation
within the vent, and the magma 'froze‘ before reaching the surface.
Successive pulses of magma resulted in fluctuating fluid pressure
in the vent, producing complex patterns of mechanical and hydraulic
fracturing and brecciation. As cooling and crystallizaticn of

the source magma continued, the level at which vapour generation
took place retreated downward. Once the vent was effectively

séaled by crystalline magma, and as the temperature of the

source m;gma declined and it became largely crystalline, the rise
of magma in the vent ceased. Vapour generation continued in the
source magma chamber as a result of cooling, crystallization,

and perhaps convective rise of still mobile material from deeper
regions. The generation and accumulation of this vapour would

take place at a slower rate and underllithostatic pressurec too
great to allow explosive hydrothermal intrusion brecciation.

The fluids would be channeled along fractures, faults and permecable
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breccia'zones in the overlying ven£ region.

is described above, the breccias in the Bolivian sub-volcanic
tin deposits are predominantly of the intrusion type, with
rounded frégments and a substantial proportion.of clastic matrix.
In some cases, particularly at Llallagua, there is evidence of
the corrosive nature of the hydrothermal fluid. The matrix
material of the breccias, and the material forming the black
dykes, may be composed largely of residual phenocrysts of
corroded igneous rock which have been fluidized. The black
dykes were apparently formed by the injection of this material
along the network of narrow fractures produced both by the
mechanical effect of pulsating magma injection and by explosive
vapour release. The larger breccias are composed of the same
material, together with entrained rock fragments. In some cases
they may be diatreme-like structures which reached the surface,
in other cases they are blind, and may have originated by
solution~collapse with subsequent mobilization during upward
streaming of fluid, or simply by exploitation of fracture
channelways during fluid release from deeper levels.

The role of meteoric water in breccia formation is difficult
to evaluate. An alternative mechanism for the explosive hydrothermal
activity for which the breccias are evidence could have been steam
explosions produced when hot magma encountered groundwater, or
subsequent convective circulation of groundwater through the hot
igneous rock (Henley, 1973). However, the hydrothermal brecciation
is closely associated with ﬁervasive rock alteration accompanied
by sulphide and cassiterite miﬁeralization, fo; which only a

magmatic source seems reasonable, and thus a magmatic fluid-release
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mechanism seems most reasonable for the origin of the Bolivian
breccias, '

2.3.2. Hydrothermal alteration

A detailed study of the hydrothermal alteration at these
deposits has not been attempted. However, a limited investigation
was undertaken because of the importance of alteration in relation
to the distribution of mineralization, and as an indicator of the
physical and chemical conditions in the hydrothermal systems.

The types and distribution of alteration at individual deposits
have been described above. The results of some chemical analyses
of a suite of typical altered and unaltered rocks are presented
here, and discussed in terms of the following generalizations
which can be made about the occurrence and distribution of
alteration and mineralization.

A. Pervasive alteration: types and zoning

Hypogene alteration of igneous rocks involves the replacement
of the original minerals by a number of secondary minerals, the
most important of which in these deposits are; chlorite, clay
minerals, sericite (white mica), tourmaline, and quartz. The
intensity of alteration, i.c., the extent to which the primary
mineralogy of the rock has been changed, increases with the
development of the successive secondary minerals listed, in that
order. There is generally a parallel trend towards obliteration
of the original rock texture. Notable features of these altered
rocks are the virtual absence of minerals such as topaz and
fluorite which are commonly found in the alteration assemblages

)

associated with tin dcposits elsewhere, and the absence of a

feldspar-.and biotite-stable alteration assemblage such as that
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commonly found in the genectically similar porphyry copper
deposits, ag well as somé tin deposits.

The most common alteration mineral associations found in
the igneous rocks are as follows:

a) Chlorite: The replacement of primary biotite by chlorite
(plus rutile) is common in the larger eruptive complexes. The
other primary minerals of the rock may be virtually unaltered,
and this represents the lowest intensity of the distinct alteration
types. Chloritization of biotite may be accompanied by partial
argillization or sericitization of plagioclase,. and thus in some
cases it shows a gradational relationship with the other alteration
types. Although chloritization is found surrounding zoneé of more
intense alteration, their distribution may be unrelated. At
Colquechaca and at Chorolque, for example, the volcanic rocks
are chloritized almost throughout the complexes and this alteration
probably represents merely a typical response of mafic minerais
to burial and fluid circulation'in a volcanic pile. It may be
essentially‘unrelated to the mineralizing hydrothermal system,
whose more intense alteration effects are superimposed on it.
A true propylitic assemblage (chlorite-epidote-albite~carbonate)
which typically forms an outermost fringe in the zoned alteration
pattern of the porphyry copper systems, is apparently not developed
in these deposits; this may be due to the less calcic composition
of the rocks,

b) Clay minerals: Argillic alteration is present in a number
of different forms in most of these deposits. In some cases it is
difficult to distinguish supergene from hypogene argillization.

No attempt has been made to study the mineralogy of the argillic
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assemblage in detail, though on the basis of optical and very
limited X-ray diffractipn data the dominant species is
kaolinite. Clouding and partial replacement of feldspars and
volcanic rock matrix (especially glassy matrix) is commeon in
surface exposures, and this type of alteration is probably
supergene. However, in some of the volcanic complexes, especially
Tatasi and Chocaya, there is strong pervasive argillization

of the volcanics over wide areas, generally coincident with

the extent of the mineralized vein system. This alteration is
probably mainly hypogene, although there is little disseminated
sulphide or cassiterite mineralization associated with it. In
these cases there is intense argil}ization at the walls of

the veins, sometimes with a little carbonate, chlorite and
sericite accompanying the clay minerals. This type of vein
wall-rock alteration is typical of the sulphide-rich,
predominantly base-metal and silver veins of Tatasi, Chocaya,
and Colquechgca.

The occurrence of widespread argillic alterafion in the
high-level volcanic complexes only is consistent with its
development elsewhere in porphyry-type and other epithermal
ore deposits. Argillic and advanced argillic alteration
assemblages (Meyer and Hemley, 1967) are normally found in the
uppermost levels of such systems in zones peripheral to, or
superimpozed on, deeper zones of sericitic and other alteration
types (e.g., Lowell and Guilbert, 1970; Gustafson and Hunt, 1975;
Sillitoe, 1973). .

In the more deeply eroded 'Bolivian deposits, for example
at Llallagua, argillic alteration is found as a wall-rock enveliope

to some of the late-stage veins, fractures and faults, and in
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some of the perméable breccias. Clay is also found as a
late-stage filling in the mineralized veins of many deposits.
This alteration has been superimposed on earlier sericite and
tourmaline alteration.

¢) Sericite-tourmaline: Sericitic assemblages are the most
common and widespread alteration type in the Bolivian sub-volcanic
tin deposits, and are present at all of the deposits where there
are igneous rocks. In general sericite is accompanied by tour-
maline, so that a.sericite-tourmaline assemblage is most typical,
with some secondary quartz and rutile. The relative proportions
of sericite and tourmaline vary widely. The sericitic assehblage
grades into a quartz-tourmaline assemblage at Chorolque and
Llallagua, while a tourmaline-free, sericite-quartz assemblage
is characteristic of much of the Cerro Rico stock at Potosi
and is also found in dykes at Japo and Santa Fe. The sericite
in these altered rocks is a well-crystallized, fine flaky white
mica. It gives the sharp X-ray diffraction peaks of muscovite.
In thin-section the tourmaline is generally green-brown in
colour and strongly pleochroic, probably a schorl variety,
although some of tourmaline in the sericitized rocks and in the
veins is almost colourless and may be dravitic in composition.

Potentially economic concentrations of disseminated and
veinlet cassiterite mineralization at Llallagua and the San Pablo
stock are associated with a. sericite-tourmaline alteration
assemblage, and almost all ocurrences of this type of alteration
probably contain anomalous tin.values, often over 1000 ppm.
This is the type of mineralization which has lead to the 'porphyry-

tin' concept (Sillitoe et al., 1975). At Llallagua the disseminated
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and veinlet tin values are highest in the upper regions of the

stock where sericite is.the predominant alteration mineral and
tourmaline is subordinate, and the values apparently decrcase
downward as the amount of tourmaline increases. In the deepest
levels of the mine, where tourmaline is the dominant alteration
mineral and sericite almost absent, the tin values are very low
(below 100 ppm). In the laterally zoned Chorolgue system, the
sericite~tourmaline alteration zone also contains strong disseminated
and veinlet mineralization although much of it is in the sedimentary
rocks underlying the altered volcanics. The mineralization is
predominantly sulphides, and éagries Cu, Bi, Ag, As, Pb, and Zn

in addition to Sn. As described in section 2.2.2.E above, the
intensity of this mineralization decreases both outward into the
chloritic zone and inward into the central zone of quartz~tourma1ihe
alteration, which is essentially barren except where cross-out by
the later majorvein structures. Thus in a general way, the distri-
bution of mineralization appears to be sensitive to the sericite/
tourmaline fatio in the altered rocks. Strongest mineralization

is associated with low-tourmaline alteration.

The association between mineralization and sericitic alteration
is typical of many hydrothermal ore deposits in acid to intermediate
rocks (Meyer and Hemley, 1967). In many porphyry copper deposits
for example, the maximum sulphide deposition accompanied sericitic
alteration. The association of tourmaline witH white mica is common
in tin deposits. Where such minerals as topaz are prescnt, the
rocks aré often termed grcisen: The sericite-tourmaline alteration

assemblage in the Bolivian deposits shows both mineralogical and
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chemical characteristics which distinguish it from what is
normally considered to ,fall under the term areisen,

d) Quartz-tourmaline: A quartz-tourmaline alteration assemblage
occurs in.two distinct forms in these deposité. As described
below, it is commonly developed as a narrow selvage of wall-rock
alteration at the margins of veins of the quartz-cassiterite type.
It is also developed as a pervasive alteration unrelated to vein
structures, as in the core of the laterally Zoned system at
Chorolgque, and in the deeper levels of the Saivadora stock at
Llallagua. The pervasive quartz-tourmaline alferation is the most
intense alteration type, with only relict quartz phenocrysts
remaining of the original igneous minerals. The primary rock texture
is almost completely obscured. A particularily important feature
of this pervasive alteration type is that there is essentially no
cassiterite or sulphide mineralization associated with it.

B. Vein wall-rock alteration

In all of these deposits there is little doubt that the
pervasive alteration of the igneous rocks took place at an early
stage in the evolution of the hydrothermal system, and pre-dated
the formation of the major vein system. By the time that fluid
flow had become concentrated in the major vein structures, the
igneous rocks must have been, in general, thoroughly altered and
were no longer particularly reactive to the hydrothermal fluid.
Consequently wall-rock alteration envelopes at the vein margins
are only poorly developed, if recognizable at all.

Most veins of the quaftz«cassiterite type, for example at

Llallagua, and Potosi, have a narrow selvage of quartz-tourmaline

alteration, generally only a few centimeters in width. In thin
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section this material is quite distinct from the pervasive
quartz-tourmaline assemblage; the quartz is clear and almost
free of fluid inclusions, and intergrown with very fine almost
colourless tourmaline needles.

Fluid inclusion study of this material generally shows
that its formation temperature is less than that of the
surrounding pervasive alteration assemblage. At Llallagua and
Potosi this type of material forms the gangue for the early
stages of vein growth as well as a vein selvage, and is inter-
grown with cassiterite and other ore minerals. At Llallagua
it fills vugs (with cassiterite) and has replaced igneous rock
fraéments in some of the mineralized breccias. At Chorolque,
tﬂeveins show:-no alteration selvages against the pervasively
quartz-tourmaline altered rocks. However, distinctive lower-
temperature quartz-tourmaline material is fouﬁd, generally
accompanied by cassiterite or sulphides, in minor fractures and
open spaces in the breccia. Where some of the major veins at
Chorolque extend laterally across the outer alteration zones in
the volcanics surrounding the vent, they do show well-~developed
alteration envelopes. In these cases the alteration type at the
vein margins is more intense than in the surrounding volcanics,
so that veins have quartz-tourmaline alteration selvages where
they traverse sericitized volcanics, and sericitic selvages
where they traverse chloritized volcanics.,

In general, as discussed further in Chapter 3 with respect
to fluid inclusion studies, the alteration patterns are consistent
with the interpretation that the veins developed later than the

pervasive alteration and that vein-related alteration and
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mineralization took place at lower temperatures than the per-
vasive alteration, although there may have been temperature
reversals in the outer regions of some systenms.

2.3.3. The chemistry of some altered and unaltered igneous rocks.

A. Introduction

A suite of 14 typical altered and unaltered igneous
rocks from various parts of the tin belt weré analysed for
major, minor, and some trace elements. This was not intended
to be an exhaustive study, but was done primarily in order
to gain some general information on the major chemical
changes whicﬁ accompanied hydrothermal alteration. No
previous data are available on the geochemistry of the ignheous
_rocks of the tin belt, although a major study is currently
in progress (Halls, C., Angus, J. and Sillitoe, R., pers. comm.).
In addition, semi-qu&ntitative analyses for.13 minor and
trace elements were carried out on 39 rocks which had been
collected for K-Ar dating. These data provide some information
on the distribution of the ore metals in both upaltered and

altered rocks.

B. The whole-rock analyses

The samples analysed are listed below; petrographic
descriptions are given in Appendix 1. The analyses were carried
out by X-ray fluorescence spectroscopy by technical staff
at the Geology Departments of Imperial College (major and
minor elements) and Bedford College (trace elements).

The samples are divided into four groups on the basis

of the type and degree of hydrothermal alteration.
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Unaltered rocks

NG 487. Llallagua, Salvadora stock. Quartz-latite porphyry
at the stock contact, 650 level, Siglo XX mine.

NG 35Ch. Colquechaca, outcrop south of Cerro Hermosa.
Quartz-latite porphyry (lava)

NG 75. Kari-Kari pluton, outcrop near Lago Chalviri, Potosi.
Dacite porphyry with partial chloritization of biotite.

NG 150. Tatasi volcanic complex, outcrep on lava flow near
the north edge of the complex. Quartz-latite porphyry.

Sericitized rocks (tourmaline subordinate).

NG 93. Cerro Rico stock, Pofbsi. Intensely sericitized
quartz-porphyry with disseminated pyrite, and very minor tour-
maline. Pailaviri Mine, level O.

NG 123. Chorolque, outcrop above Santa Barbara, on the south-
west flank of the Cerro. Intensely sericiﬁized quartz-porphyry
(extrusive) with minor tourmaline.

NG 62. Colquechaca, outcrop near Mina Santa Barbarza, Yanakaka.
Intensely sericitized quartz-porphyry (extrusive),'with

very minor tourmaline.

NG 38. Llallagua, Salvadora stock. Intensely altered quartz-
porphyry, sericite to tourmaline ratio approaching 1 : 1.
Catavi mine, level 1383.

Tourmaline-sericite altered rocks (tourmaline predominant).

NG 488. Llallagua, Salvadora stock. Intensely altered
quartz-porphyry. Tourmaline (fine-grained, almost colour-

less) is predominant alteration product (with lesser
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segicite). Catavi mine, 650 level,

NG 482. Llallagua, Salvadora stock, intensely altered quartz-
porphyry, as above. Catavi mine, 650 level.

NG 255. Chorolque, Chimborazo adit, in the contact region
between vent rock and flanking extrusives. Intensely altered
(tourmaline, sericite, clay) quartz-porphyry.

Quartz-tourmaline alteration.

NG 250. Chorolque, Chimborazo adit. Intensely altered quartz-
porphyry breccia of the central vent. |
NG 243. Chorolque, Fiero Unu adit. As above.

NG 494. Llallagua, Salvadora stock. "Black dyke" (quartz-

tourmaline rock). Catavi Mine, 650 level.

C. Results.

The analytical data for major and minor elements are
shown in Table 1. They confirm the gqartz- latite character
of the unaltered rocks from the mineralized eruptive
complexes (NG 487, NG 35CH, NG 150). NG 75 is a aistinctly
more calcic rock, of dacitic composition. It is probably
?ypical of the rocks of the Kari-Kari pluton, which has
little significant mineralization associated with it. The
unaltered rocks are of sub-alkaline character (calc-aikali
series) as defined by Irvine and Baragar (1971). The most
notable feature of their major element chemistry is the high
alkali content, especially potassium. They are distinctly
more potassic than most similar rocks from island arcs angd
active continental margins, including rocks of similar

8102 content from the Western Cordillera (Myashiro, 1974 ;

-3



TABLE 1. ALTERED AND UNALTERED ROCKS8, MAJOR AND MINOR ELEMENTS

(Weight Perocent)

NG487 NG35CH NG75 NG150 NG93 NG123 NG62 NG38 NG488 NG482 NG255 NG250 NG243 NG494

8102 69.35 65.65 61,30 69.80 71.2 74.15 75.7 74.51 75.4 70.51 70.37 70.95 69,55 74.18 - s

'.!'J.O2 0.51 0.6 0.33 0.49 0.34 0.54 0.6 0.54 0.49 0.5 0.54 0.51 0.48 0.59

Aléos 15.15 16,1 19,5 14.95 14.2 15.9 16.41 14.84 14,53 16.01 13,77 13.1 14.95 13.02

P0203 3.3 3.3 4.05 3.55 5.1 1.44 1.3 1.71 -1.43 2.88 3.55 4.1 3.67 2.8

¥nO 0.04 0.1 0.04 0.03 0.01 ©0.01 0,01 0.01 0,01 0.06 0,01 0,01 0.01 0,01 o
Mg0 1.0 1.45 1.0 o0.85 0,35 0,82 0.35 0.72 1,02 1.61 0,92 2,16 2.38 1.95 A
Ca0 1.1 1.1 4.2 1.85 0.05 0.03 0,01 0.09 0,05 0.09 0.1 0.31 0.3 0.18

Nazo 2.8 3.2 3.0 2.2 0.18 0.22 0.22 0.22 0.22 0.22 0.09 0.18 0.18 0.13

K20 5.0 6.45 4.75 5.80 3.85 4.8 4,94 3.48 3,18 1,72 1,68 0©0.12 0.1 0.05

P205 0.24 0.3 0.3 0.19 0.31 0.06 0,05 ©0.19 0,17 0.3 0.18 0.16 0.11 o0.11

LOI 1.3 1,13 0,74 0.87 4.46 2,23 2,26 1.8 2.26 1.4 3.83 1.8 1.27 o0.57

Total 99,79 99,38 99.27 100.6 100.1 100 102.1 9%8.11 98,76 95,25 95.04 93.4 93.0 93.57

Means of duplicate analyseﬁ by X-ray fluorescence, Geology Dept., Imperial College,

"SI
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Fig. 2.16). A high potash content is characteristic of
'Andean-type' continental margin volcanics (Jakes and White,
1971, 1972). The particularly high K20 content of these rocks
is consistent with their position on the inner (continental)
side of the orogen, and is in keeping with the results of
Clark et al., (1976) who found a progressive increase in the
potash content of rocks of similar SiO2 content along a
transect across the Andes from the coast to the Eastern
Cordillera at latitude 26 to 29 degrees south, i.e., south

of the termination of the tin belt. This progressive increase
in K20 content of igneous rocks away from the positién of

the trench has been interpreted as reflecting a progressively
deeper level of magma generation along a Benioff zone
(Dickinson and Hatherton, 1967). However, the extent to which
these magmas are affected by, or are the product of crustal
melting is still an open question. At present there are in-
sufficient chemical, and no isotopic data with-which to

begin evaluating it.

Some trace elements were determined on these rocks and
the resluts are shown in Table 2. The most interesting feature
is the high Rb level, which results in low K/Rb ratios.
Ratios of less than 150 are characteristic of highly differen-
tiated granitic and pegmatitic magmas (Taylor, 1965), and
are commonly found in acid igneous rocks associated with tin
deposits (Groves, 1972; Tischendorf, 1977). However, the Sr
abundance, Rb/Sr, and Ca/Sr ratios are unexceptional for
rocks of this composition, and although less sensitive as

indicators, do not suggest particularly extreme fractionation,
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TABLE 2. ALTERED AND UNALTERED ROCKS, TRACE ELEMENTS
(in ppm)

. NG487 NG3ISCH NG75 NG150 NG93 NG123 NG62 NGIB NG48B NG48B2 NG255 NG250 NG243 NG49%4
Nb 14 38 35 13 27 17 35 16 16 15 17 20 13 14

-7 Y 17 18 30 22 17 16 4 12 10 17 33 65 12 11 :
Sr 366 294 588 252 150 12 6 45 17 39 86 28 36 41 N
’ RD 287 309 215 366 380 353 489 307 218. 93 51 2 2 4
zr 141 180 279 135 116 151 201 171 160 150 163 145 152 292
TL 3447 3609 4035 3369 2175 3370 3170 3081 3200 3244 3750 3633 3423 4294
K/Rb 145 173 215 131 .
Rb/8r 0,78 1.05 0.36 1.45 ’
Ca/Sr 21 27 51 52 .

Means of duplicate analyses by X-ray fluorescence, Geology Dept., Bedford College.
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The data obtained in this study are insufficient for a
detailed discussion of the petrochemistry.

As discussed above, the hydrothermal alteration of
these rocks caﬁ, in a general wvay, be considered to form a
continuous progression of increasing mineralogical and
textural change. The full sequence is not necessarily
developed within a given hydrothermal system; and there
are some important differences in the predominant types of
alteration devel&ped.at different complexes. The generalized
sequence of increasing intensity is from chloritiec, through
serictic, tourmaline-sericite to quartz-tourmaline assemblages.
The fluid inclusion data reported in Chapter 3 =suggests that
these assemblages were formed at progressively higher
temperatures.

The whole-rock analytical data indicate the major
chemical changes which accompanied alteration. Most marked is
the progressive depletion of Ca, Na, and K. The total SiOz
level remains within a fairly narrowrange(60-75%) and shows
little systematic variation. Plots of Si02 against Mg, Na,
and K illustrate the progressive changes (Fig. 2.17). Chloritic
and argillic alteration types were not analysed. With sericitic
alteration there is an almost complete loss of Ca (Fig. 2.18)
and Na, with only partial loss of K. This clearly reflects the
early breakdown of plagioclase. With incrcasing intensity of
alteration to the tourmaline~sericite assemblage, the potassium
level is further reduccd. The quartintourmalinc assemblage is
characterized by almost compléte loss of Ca, Na, and K, with

a distinct relative enrichment in Mg.
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The ternary indicea ACF and AKF were calculated for
all roclks from the molecular ammounts. Only total iron was
determined and is expressed as Fe203 for these calculations.
While this is not in keeping with normal petfological methods,
the indices are used here purely to illustirate the relative

chemical changes which accompanied alteration. They were

calculated as follows:

for ACF, A= A1203- (NnZO + KZO)
C= CaO
F= MgO + FeO + MnO + 2Fe203 - TiO2
= O, =~
for AKF, A Al2 3 {CaG + NaZO + KZO)
= 0
K Kz
F= FeO + MnO + MgO + 2Fe203 - T102

They are plotted in Figs. 2.19 and 2.20. These indices were
originally designed for the study of metamorphic rocks (Barth,
1952), Their application to hydrothermally altered rocks, and

the development of the concept of equilibrium 'facics' of
hydrothermal alteration in acid to intermediate igneous rocks

has becen discussed by Creasy (1959), Burnham (1962), Hemley

and Jones (1964), and Meyer and Hemley (1967). As with metamprchic
rocks, facies of hydrothermal alteration can be theoretically
defined by pressure-temperature conditions, and are characterized
by particular secondary mineral assemblages and chemistry..

In the case of the Bolivian rocks, the ACF and AKF diagrams
illustrate a distinctive relative enrichment in alumina and loss

in K, Na and Ca with both sericitic and gquartz-tourmaline

alteration; this is characteristic of sericitic and argillic
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alteration assemblages. In hydrotﬁermal systems it is
probably unuszual for atable equilibrium to be attained,

oy mointained, since such systems are liable to rapidly
fluctuating conditions. Thus the concept of facies of
hydrothermal alteration is of limited value, and it is
generally better, as has been done here, to discuss
alteration in terms of mineral assemblages without any
connotation of equilibrium facies. The ACF and AKF diagrams
are used here purely to illustrate the composition of the
rocks of the different alteration types,; and the progressive
changes which have taken place with increasing intensity of
alteration.

In the Bolivian sub-volcanic eruptive complexes,
disseminated tin and base-metal sulphide mineralization
(porphyry tin mineralization ) is most closely associated
with sericitization, and not with the more chemically,
mineralogically, and texturally extreme quartz-teourmaline
alteration. Uncertainties regarding the stability range of
tourmaline and its general significance in alteration
assemblages of this type make it difficult to evaluate the
overall chemical environment throughout these hydrothermal
systems. Sericitization of acid igneous rocks involves
hydrogen metasomatism. For the sericitization of K~feldspar
the reaction can be written as follows {Meyer and Hemley,
1967)

+

. .
KA1Si_ O j 2K
3KA} 1,08 + 2H" —— 1{.1\12/\1511010(011)2 + 2K

+ 6Si0°
This implies low pH conditions in the zone of sericitic

alteration and mineral deposition. In the porphyry copper



deposits sericitic alteration isg also coincident with maximum
sulphide depesition (g.ga, Lowell and Guilbert, 1970). The
inner and deeper zones are characterized by feldspar-stable
potassic alteration which took place under conditions of high
temperature and near-neutral or slightly alkaline pH (Meyer
and Hemley, 1967i Rose, 1970). Thus the outward and upward
zonation typically displayed by these deposits, from a low
sulphide potassic alteration zone to a high sulphide sericitic
alteration zone, reflects decreasing temperature, pH; and

K* activity. In the Bolivian deposits, the fluid inclusion
data discussed in Chapter 3.indicates that the temperature,
pressure, and fluid salinity in the inner and déeper zones

is closely similar to the ihner zones of the porphyry copper
deposits. Some aspects of the hydrothermal fluid chemistry
are also similar (high K, Na, Cl). Since the data of Smith
(1949) indicates that tourmaline is unstable except at near
neutral pH at high temperatureé, it might be concluded that
the quartz-tourmaline alteration in the Bolivian deposits

is equivalent to the potassic alteration in the porphyry
copper deposits, and that a marked outward decline in both
temperature and pH took place and were important in
controlling the deposition of disseminated tin and base-metal
sulphides, and the development of associated serictic alteration.
However, the complete breakdown of feldspar and the intense
leaching ofalkalies from the quartz-tourmaline rock suggests
that the two systems are not directly comparable. Conditions
of alteration may have been relatively acid in the quartz-
tourmaline zones, and as illustrated by the ACF and AKF plots,

this elteration type may in fact be equivalent to argillic
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alteration at high temperature and with high boron activity
{(Mover and Hemley, 1967).

D, Semi-guantitative analyses

Most of the rocks collected for K-Ar dating, plus a
number of other typical altered rocks, were analysed semi-
quantitatively by Dircct ReadingEmission Spectroscopy for the
fellowing elementsy Cu, Pb, Zn, Ag, Sn, Ti, Ca, Sr, Ba, K ,
Li, As, Bi, V. The samples can be divided into 3 groups;
unaltered (12 samples), sericitized (20 samples), and
quartz-tourmalinized (7 samples). The results further illustrate
the chemical changes associated with alteration discussed above,
and illustrate the general levels and associations of the ore
metals in the unaltered and altered rocks. The number of quartz-
tourmalinized rocks is small, and almost all come from the
same general location (the Chorolque vent). The others come
from a number of widely scattered locations throughout the
southern tin belt, and comprise a resonably representative
sample of the unaltered and sericitized rocks typical of the
mineralized eruptive complexes, although the unaltered group
is-somewhat biased by a high proportion of samples from the
Kari-Kari pluton.

The arithmetic mean values of the elements are shown, for
each group, in Tablie 3. The tin value of the unaltered group
(15 ppm) is within the range usually considered to be
characteristic of geochemically specialized 'tin-granites'
(e.g., 30 + 15 ppm, Tischehdprf, 1977). The lithium content
(153 ppm) is also characteristically high. The data for the
major elements are comparable to those of the whole-rock

enalyses discussed above.
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SEMI-QUANTITATIVE ANALYSES,ALTERED AND UNALTERED ROCKS

UNALTERED (12)

12.9
26.4
112.1
0.17
15.0
4080
1.93
425
698
4.74
153
24.0
1.2

(Mean values in ppm)

SERICITIC (20)

78.17
194
3gl
5.8
893
3314
0.43
65
252
3.26
S2
1033
6.1

QUARTZ-TOURMALINE (7)

243
67
136
5.2
512
29596
0.6
36
32
0.71
0.4
12330
26



The most important feature is the much higher
ore-metal content of the altered rocks. Almost all
sericitized rocks in the eruptive complexes contain at
least some visible disseminated sulphide mineralization,
so the high metal levels in the sericitized groups are not
surprising. The metal associations are characteristic of
the ores of the region j; tin shows a distinct correlation
with silver in particular (Fig. 2.21), its relationship
with zinc (and the other base-metals) is less clear (Fig.
2.22). Tungsten was below the detection limit (10 ppm) in
all samples. Arsenic and bismuth are well correlated with
the other metals in the unaltered rocks, but the data for
these elements in the altered rocks are unreliable; there
are numerous erratic high values, and the analytical

uncertainty is very high.

132.
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FI1G.2.22. Sn/Zn VARIATION
ALTERED. AND UNALTERED ROCKS

(Semi-Quantitative Analyses )

"
o
< o 24
= <
2
J -
- -
i A
1 -
4
-t -
. 4
< , . q
Q
o
f'e ]
p A |
- b -
9 q
-~ 4 = m
i q qe a
a3
3
q 4/ . d 2
- ° -
[
¢
o
g e
- - »
w
- m E —~
3
p M a L
w =
- = -
I 2
a o
- o w oo K -
< x = 4
a ¥ E E
N”._ L «
1 g € & <« -~
© Z w D
w oD v a
< < 0o q e
- ° -
o
00
(-] [+]
°
°
[5) o C o
L D B | T 4 T | LI S T T T T -
m N O00coco 0 © 0 o o o
e 2035 B0 {wdd) vy Qeor & v T @ ~ =



L
5

Y

a2
N7
»

CHAPTER 3

FLUID INCLUSION STUDIES

Joele Introduction

The objective of this fluid inclusion study was to provide
data on the evolution of the hydrothermal systems which formed
the deposits, in terms of the temperature, salinity, and if
possible of the chemistry of the ore fluids. The data can be
combined with the observed geological featufes, in particualar
the distribution of alteration types, the relationship between
pervasive alteration and the vein systems, and the zonation and
paragenesis of mineral assemblageé, and in this way a more
complete conceptual model of the overall development of the
deposits can be constructed.

The data are also useful in trying to gain a betier under~
standing of the physical and chemical mechanisms of tin
transport and deposition in hydrothermal systems.

A previous fluid inclusion study of several Bolivian
deposits was made by Kelly and Turneaure {1970). Their wvork
provides an extremely useful survey of the general conditions
of temperature and fluid salinity under which the ores have
formed. They outlined the range of temperature over which
cassiterite was deposited, and the typicai decline in fluid
temperature and salinity which acconmpanied the paragenetic
sequence of mineral deposition in the vein ores. However,
their work was concerned mainly with the tin-tungsten deposits
of the northern part of the province, and apart from a few

gamples from Llallagua, they did not study any of the deposits
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discussed here, nor did they attempt to make a comprehensive
study of any individual deposit.

4.2. Principles of Fluid Inclusion Study

The éarliest fluid inclusion studies wcré made in the
19th century. Probably most‘important was the work of Sorby
{(1858). He recognized the potentiél importance of fluig
inclusions as a means of studying the thernial and chemical
environment of formation of some rocks and ores, He made &
number of important experiments which showed that the liquid
in fluid inclusions in minerals from veins was an aqueous solution,
and that the inclusion fluids in vein quartz, and quartz from
granites, contained dissolved scdigm and potassium chlorides and
sulphates. He described fluid inclusions containing daughter
minerals in nepheline from the lavas of Vesuvius. He also deduced
that the wvapour bubbles normally seen in the inclusions are
the result of differential contraction of the fluid and host
mineral, and thus that fluid inclusions could be used as
geothermometers, and he performed homogenization experiments to
obtain information oh the formation temperatures of minerals.

Despite this early interest, advances in the study of fluid
inclusions proceeded slowly until the 1950%'s. Since that time
there has beenh an cnormous increase in inclusion studies,
particularly in the U.S.A. and the U.S.S.R. The mcthod has been
applied to a wide range of problems in the geolegy of ore
deposits, petrology, and metamorphic geology, and there jig a
vast literature on the subiect. By far the greatest arca of
application has been in the study of ore deposits, especially

the hydrothermal ore systems. There has been considerable



scepticism in the past (e.g., Krauskopf, 1967) about the
validity of the method. However, it is now generally accepted
that given suitable material, and allowihg for certain fundamen-
tal uncertainties, reliable information can be obtained on the
temperature and salinity of ore-forming fluids, as well as data
on their chemical and isotopic composition. The method is by

0 means generally applicable to the study of all types of ore
deposit, and even with suitable material there are several
important areas of uncertainty. The basic principles have
previously been described in detail (Roedder, 1967; Smith, 1953;
Yermakov, 1965; Deicha,.1955). The most important concepts and
areas of uncertainty which bear on the interpretation of fluid

inclusion data from ore deposits are discussed briefly below,

}.2.1. Mechanisms of trapping of primary inclusions

Primary fluid inclusions are those which were fecrmed at
the time of crystallization of the surrounding portion of the
host mineral. The assumption that they represent trapped portions
of the fluid from which the mineral grew is fundamental to
inclusion studies. Ideally, only primary inclusions would be
used in inclusion studies, but this is often not possible. The
meghanisms by which primary inclusions are trapped are not well
understood, though some important laboratory studies have been
done on artificial crystals (Brooks, et al., 1968).

The essential condition which is required for inclusion
formation is irregular growth, resulting in depressions and
cavities in the crystal face which become sealed over by

subsequent growih, trapping a portion of the fluid. This is &
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normal condition in natural systems rather than an exceptional
one, and natural crystals probably always contain primary
inclusions, altheough they may be sub-microscopic in size
(Roedder, 1967). Ameng the more important probable causes of
growth irregularity are : periods of rapid crystal growth,
perhaps caused by changes in the degree of supersaturation or
rate of flow of the fluid; starvation of nutrient at certain
points due to the flow patterns; and changes in the fluid
composgition. It hés been shown ( Shlichta, 1968; Buckley, 1951)
that even very minor cﬁanges in the trace metal coﬁtent of
fluids can affect the £rapping of inclusions in artificially
grown crystals. Solid particles can also interfere with growth
by sfarving the crystal face Qf nutrient at tﬁé point of
contact, thus producing a cavity if later moved away. Primary
inclusions may also be trapped where thg growing faces of
adjacent crystals intersect.

If the fluid from wﬁich a crystal is growing is not homo-~
geneous, the individuai primary inclusions may nét accurately
represent the characteristics of the total fluid. This may be
the case, for example, in a boiling fluid, or a fluid containing
an immiscible phase such as liquid hydrocarbon in an aqueous
hydrothermal fluid, or aqueous saline brines in silicate magma
(Roedder, 1967; Rocdder and Coombs, 1967). The case of boiling

fluids is discussed further below.

3.2.2. The distinction between primary, secondary and

paeudo~secondary inclusions

Secondary inclusions are thoze which are formed at some time
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after the growth ¢f the mineral grain. They are most commonly
formed when a mincral is fractured. Fluid can move into 1he crack
and become trapped during healing of the fracture. With time
the irregular portion of fluid trapped in this way will normally
become separated into a series of more regularly shaped inclusions
which mark the original plane of the fracture. Secondary
inclusions may have formed at any time after the crystallization
of the mineral, and the physical and chemical conditions of the
fluid which fills‘them may have been radjcally different from
those of the fluid from which the mineral grewv. The? are there-
fore not reliable as indicators of the conditions under which
the host mineral crystallized. Under some circumstances they
may be useful as indicators of the conditions under which
secondary changes, such as hydrothermal alteration, have taken
place. Hovever extreme care is necessary in attempting to
relate secondary inclusions to any given geological event.
Pseudo-secondary inclusions are those which have formed
in the same way as secondary ocnes, i.e., by the filling and
rehealing of fractures in the mineral, but they formed before
the growth of the mineral was comnpleted. The fracture was sealed
off as crystal growth continued, leaving an isolated plane of
.dnclusions which does not extend to the edge of the mineral
grain. Clearly these inclusions do give reliable information
about a certain stage in the growth of the mineral, although
conditions at that stage way have been quite different from
those under which the earlier and 1a£er-formed parts cof the
mineral grew.

The distincticn betwecn‘primury, pseudo~gecondary and
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secondary inclusions can be difficult Lo make, Numerous criteria
y

hzve been cited in the literaturs by which primary inclusgions can

Lty

be identified, These includer large size, regular 'uegative
crystalt! shape, ocourvence in ffeengrowing wvell Tormed crystals,
iselated random distribution; and localizmation on crystal growth
zones. 0Of these, only the last two are now consgidered valid
{Roedder, 1967). The mest useful criteria iz the localization
of inclusions along recognizable growin zones. This is often
applicable in miﬁerals witich show a colour zonaticn along the
growth direction, such as szome cassiterite, sphalerite and
fluorite. However in colourless unzoned minerals it is much
more difficult to apply. In such cases negative evidence must
be used, and relatively large isclated inclusions which show
no‘planar distribution are generally taken as being of primary
origin,; while secondary inclusions are easily recognizable
because cf their planar distribution. Pseudcesecondary inclusions
can only dependably recognized if the planar group can be seen
to be truncated by a growth zone. Such positive evidence is
generally lacking, but most groups of inclusions which seem to
mark healed cleaveage planes, and fracture surfaces which do
not reach the edaec of the mineral grain, are judged to be
pseudo-secondary {Roedder, op. cit.). The validity of this is
born out by the close correspondance of, for example, the homo-
genization temperatures of such inclusions with those of others
which are judged to be primary.

Jt can he seen from the above Aiscussion that one of tho
mozst fundamental aspects of a fluid inclusion study is dependent

on subjective Jjudyement, Each sample or type of sample wmust be
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evaluated on its own merits. Reliable resulis can only be

obtaine¢ from the careful study of a rather large amount of
material from a given sample. The problem of distinguishing
inclusion types is discussed further below in the context of

the individual deposits.

3.2.3. Leakage and other changes since trapping

Fluid inclusions can leak. Experiments have shown that
fluid can be moved both in and out by large pressure gradients
(Kennedy, 1950a; Skiﬁner, 19533 McCulloch, 1959). Leakage can
result from deformation of the host minerals, both natural
in-gsitu deformation and also that produced during sample
preparation procedures. Leakage during homogenization experiments
in the heating stage is net uncommon, as a result‘of strain due
to thermal expansion of the host mineral, and especially when
there is differential expansion in non-homogeneous mineral
samples. In the past the evidence that fluid inclusions can -.:
leak has been used as an argument with which to discount the
reliability of inclusion studies as a whole. This argument can
be rejected. There is considerable evidence that leakage is
the exception rather than the rule. The whole question has been
discussed in detail by Roedder (1567), and Roedder and Skinner
(1968). The main arguments which can be used to show that
leakage is not a common phenomenon include the following 1

a) the frequently observed systematic relationship
between erystnl zoning and the temperature and salinity of
primary inclusions.

b) Pressure estimates of the contents of inclusions (from
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crushing experiments; Roedder, 1967). These often show Jlow
pressures in the inclusions even though the host minerals
have been under high hydrostatic pressures for millions of
years since formation. Conversely, inclusions with high CO2
pressures are found in minerals which have becen at near
atmospheric pressure for milliens of years,

c) The constancy of phase ratios among a given set of
inclusions: leakage will affect the volume ratio of the
contraction vapour bubble and liquid, If the ratio is the same
for all inclusions of a given generation and type within a
mineral, then either leakage affected all of them equally
(most unlikely) or no ieakage has occured. This is one of the
most important criteria for identifying leakage. It can often
be ébserved that the phase ratios of a group of inclusions are
different in those which are very close to the surface of a
polished sample, indicating that leakage has taken place
during preparation.

d) Exﬁerimental evidence that repeated heating to
temperatures well above the homogenization temperature does
not result in a progressive change in that temperature
(Roedder and Skinner, 1968).

It can be concluded that while leakage can and does
occur, it can usually be recognized as having taken place.
Evidence for natural leakage or leakage induced during sample
preparation can usually be evaluated by careful study of the
inclusion asgssgemblage in a given sample. Duplication of heating
and frcezing runs will normally show if leakage has taken

place during the experiment. Above all, conclusions must be
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drawvn from muliiple measurements which give consistent
resulis.

The slow diffusion of material directly through the
crystal is a more difficult pfoblem to evaluate. There iz
evidence that hydrogen in particular can diffuse through
quartz. This could be a problem with respect to the use of
D/H isotope ratios as indicators of fluid origin, because
of the probable kinetic isotope fractionation which would
result. Hydrogen diffusion could also result in changes in the
oxidatien state of the fluid after trapping (Roedder, 1972b).

In addition to leakage, a number of other changes can
affect inclusions after trapping which may have important | .
consequences for their use in geological studies. The most
important of these is necking down; the process by which
a single larger inclusion becomes divided up into a series
of smaller ones by the process of zolution and recrystalli-
zation of the walls of the criginal inclusion {Roedder, 1967),
If necking down takes place while the fluid is homogeneous,
it.will result in no effect on the individual inclusions formed,
but if any phase change took place in the original inclusion
before necking, such as formation of a contraction vapour
bubble, or crystallization of daughter salt, then the homo-
genization behaviour and compocsition of the resulting individual
inclusions will be changed, and they will give anomalous
resulis. Fortunately inclusions which have been formed by
necking of larger inclusions are generally easily recognized.
They show non-uniform phase ratios, and characteristic 'tailed

of f' shapes (Plate 18). Relicts of the fine tubes which once
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connected them are often vigible. Stranded daughter minerals
may be found where high salinity incluszions have necked. The
phenomenon of necking seems to be particularly common with
inclusions which formed at high temperatures,

e2.l. Temperature-pressure relationships and the homoqenization
¥ I P Q

method of microthermometry

Except in certain particular cases; it is assumed that
the contents of fluid inclusions comprised a single homogencous
phase at the time of trapping, that the volume of the inclusion
cavity has remained unchanged, and that there was no leakage
into or out of the inclusion over geological time and also
during sample preparation and experimental heating and cooling.
Provided that these assumptions are correct, the physical be~
haviour of the trapped material during btoth geclogical and
experimental cooling and reheating depends on the prevailing
temperature, the pressurg-temperature conditicns of trapping,
arnid the composition of the fluid.

Natural fluids of the type trapped in inclusions in minerals
of hydrothermal deposits are aqueous solutions containing
various concentrations of dissolved salts and gases, the most
common of which are NaCl, KCl and coz. Since the overall chemical
composition is often unknown or only partly known, the behaviour
of trapped inclusion fluids has to be interpreted by reference
to certain simple systems whose pressure-temnperature-volume
relationships are well known experimentally, and whose composition
is judged to most closely approximaté that of the inclusion
fluid undexr study. In practice there are probably often wide

.

diascrepancies between the actual composition of an inclusion



fiuid and the composition of the system to which it is referred.
However, until more experimenital data become available for the be-
haviour of compiex fluids, and until routine analysis of inclu-
sion fluiés becomes possible, this situation éannot be resolveda
The systems most commonly referred to are 3 “20 (Kennedy,

1950b) ; H G - NaCl (Lemmlein and Klevtsov, 1¢61; Sourirajan and
Kennedy, 1962); CO2 (Kennedy, 195%4); C()2 - Hzo (Malinin, 1959;
Khitarov, 1958; Takenouchi and Kennedy, 1964); co, - H,0 - NaCl
(Takenouchi and Kennedy, 1965).

In the case of the Bolivian deposits, no‘Coz—bearing inclusions
have been found and thebehaviourof the inclusions studied here is
interpreted in terms of the syetem Hzo - NaCl, glth;ugh it is
clear that in many cases the actual composition of the inclusion
fluids is a great deal more complei,

If a homogencous fluid is {rapped in an inclusion cavity
avove the 2-phase boundary for the system, its density will be.
contrelled by‘its composition and the P-T ccnditiéng at trapping.
During cosling, assuming constant volume, the density of the
trapped fluid remains constant. As the temperature falls, the
pressure inside the inclusion drops; the P-T conditions inside
the inclusion follow a constant density path (isochore) until
the 2~phase boundgry is reached. The fluid then separates into
two phases, usually liquid plus vapour, hence forming the
familiar contraction wvapour bubble which is found in most fluid
inclusions.

The fluid inclusion mefhod of gecothermometry involves re-
hecating inclusions, and mecasuring the temperature at which the

twvo phases merge intc a single phase. This is known as theoe
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homogenization temperatura (Th). Homogenization can take place
either by contraction and disappearence of the vapour bubble
(liquid homogenization), expansion of the vapour bubble until
the liquid phase disappears (vapour homogenization), or by sudden
fading of the meniscus separating the two phases (critical homo=-
genization). The type of homogenization which takes place depends
on the denzity of the fluid when trapped, hence the degree of
filling of the inclusion at room temperature (Roedder, 1967).

In most hydrothermél ore systems liquid homogenization is by

far the most common, although the other types are sometimes
observed in high temperature low pressure deposits.

It is clear from these relationships that Th is only eqpql
to the temperature at which the inclusion vas trépped (Tt) if
the P-T conditions of trapping lay on the 2~phase boundary.

If the fluid was trapped above the boundary, T, differs from

t

T, by an amount which is controlled by; T

h the pressure under;

t'
which the fluid was trapped (Pt)’ and the compositicn of the fluid.
This amount is called the pressure correction (AT) and it must

be added to T1 to give the true formation temperature T Thus

1 t°

Th is always a minimum temperature for the formaticn of an
inclusion except in the case noted above where the fluid was on
the 2~phase boundary when trapped {(Recedder, 1967; Ypma, 1963
Touret, 19Zﬂ)-

The relationships are illustrated in Fig. 3.1 which is a
P-T section of the P-V-T diagram for the system H,O (Fisher,
1976} The P-~T conditions inside an inclusion trapped in the

2-phase regien (e.g., at point A where pressure = Pt, temperature

o Tt) will, on cooling, follow thé appropriate isochore until
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the 2~phase line is intersected. The temperature at this point

is T, and (ideally) the fiuid will separate into two phases

(liquid plus vapour). On further cooling, the P~-T conditions
follow the 2-phase boundary downward. In microthermometry, the
inclusion is heated, the P-T conditions inside follow the
2-phase line upwards until it reaches the intersection of the
isochore defined by its density when trapped. This is the

homogenization point. T, is always measured during heating as

h

inclusions often exhibit phase metastability during cooling, so
that phase separation may not actually occur until the

temperature is well below Th'

The pressure correction AT, and hence T can only be

t'

determined from Th if Pt and the composition of the fluid can

be established, and can reasonably be referred to a system
for which the positions of the isochores have been determined.
The magnitude of the pressure correction can be very

high. For the system NaCl-H,_O the corrections have been deter-

2
mined by Lemmlein and Klevtsov (1961), and Potter (1977). The

dapa show that the magnitude of AT is highly sensitive to the
salinity of the fluids at high temperature, though not at low

temperature. In dilute fluids, for a given P AT increases

t’

rapidly with increasing T while in highly saline fluids it

h’
remains roughly constant, This is illustrated below by the
data for 5 weight percent NaCl and 30 weight percent NaCl
solutions with T, = 200°C and 350°C.
1) 5 wt % NaCl
o o
P, (atm) AT at T, = 200°C AT at T, = 350°C

250 20 : 15
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750 65 75
1250 105 " 140
2500 210 295

2) 30 wt % NaCl

P (atm) AT at T, = 200°c AT at T, = 350°C
250 : 20 15

750 65 - 65

750 65 65

1250 110 » 115

2500 215 235

The most important implications of the pressure correcticn

data are, firstly: between~deposit comparisons of T] data can

H
only be meaningful if the pressure at the time of ore depeosition
can be established and AT applied where necessary. Pressure
corrections can usually be ignored in very shallow ore-forming
environments. In the case of within-deposit compariscns it is
clear that if the deposit covers a considerable vertical range
(hence hydrostatic pressure range), corrections are needed for
comparisons between Th data for deep and shallow levels, and
this is particularly so with dilute fluids giving high Th values.

Secondly, apparent T, fluctuations could be produced by

h
pressure fluctuations during ore- deposition at constant
temperature and salinity, and fluctuations in salinity could

also lead to misinterpretation of T, data if not recognized.

h
The former case would be difficult to recognize, since direct
evidence of pressure variations in hydrothermal systems is rarely

available. It seems likely that considerable pressure {luctua-

tions could take place in magmatic-hydrothermal systems at shallow
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depthe

A final important point tc be mentioned here is the
gituation in which the inclusion contents were not homogeneocus
at the time of trapping. This could arise where suspended
solid material was being transported in the fluid, where
droplets of an immiscible liquid were present, or where the
fluid was boiling. The latter is the most imporiant case in
magmatic~hydrothermal deposits. Fluid boiling is now recogniscd
as being a cammon'phenomenon in many hydrothermal ore systens,
and is particularly characteristic of the early stages of
hydrothermal evolution in 'porphyry' type orc deposits (Roedder,
1977). It is discussed further in the context of the fluid .. .
inclusion data for the Chorolgue deposit below. If two coexisting
phases (liquid plus vapour) are trapped together in a single
inclusion, the homogenization temperature will be too high by an
amount which depends on the ratio of the actual phases trapped.
This can clearly be highiy variable, and the inclusion assemblage

wvill give a range of T, values, in which the minimum will most

h

c¢losely approach the true Th value.

As discussed above, no pressure correction is required feor
a boiling fluid since the P-T conditioms lay on the Z2-phase
boundary when the inclusions were trapped. If the fluid salinity
can be determined, then the trapping pressure can be estimated
from the data for the appropriate system. This is cssentially
the only way in which pressure can be directly estimated from
inclusion data, thus the recognitionAof boiling conditions in an

inclusion assemblage is very important. The fact that boiling has

not taken place in a fluld of known salinity also places limits



on the mininum pressure at which inclusions must have been

trapped (Haas, 1971).

3.2.5. Fluid salinity, depression of freezing point, and

daughter minerals

The dissolved salt content of natural hydrothermal fluids
varies widély, and is a véry important factor in considerations
of ore~transport and deposition, It is also necessaryvto be
able to estimate the fluid salinity in order to be able to apply
the pressure corrections to homogenization temperature data.
Inclusion fluid salinity can be estimated by comparison with a
simple system whose behavior has been determined experimentally.
The system HZO-NaCI is normally used since NaCl is the dominant
salt present in most inclusion fluids (Roedder, 1972b). Inclusion
fluid salinities are normally expressed as equivalent weight
perceﬁt NaCl; although there may be no direct evidence that the fluid
is in fact essentially, ér even approximately, an Hzo-NaCI
sclution. This introduces considerable uncertainfy into fluig
inclusion salinity data in some cases, which will only be
resolved when analysis of inclusion fluids is routinely possible,
and when more experimental data become available for complex
systems.

The salinity of unsaturated inclusion fluids is estimated
by measuring the freezing point in a microscopé freezing stage,
and comparing this with the known freezing points of solutions
of vafious NaCl content.

.If the fluids have become saturated during cooling, they
will contain salt crystals, usually termed daughter minerals, The

most cormon, often the only, daughter mineral present in inclusions
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from ore deposits is MNaCl. The maximuam solubility of HaCl in
H20 at room temperature is approximately 20 weight percent,
go the absonce of halite daughter m{nerals indicates that
fluid saliniiy is below this level and it can only be measured
by freezing experiments. If halite is present, the salinity
can be estimafed from the soclution temperatﬁre of the halite
daughter salt, since the temperature-solubility relationships
of NaCl in HZO have been established (Keevil, 1942) .

Daughter minerals are of great importance in fluid
inclusion studies since, if they can be identified, they provide
important information'oﬁ the composition of the fluid. A very
large number of different daughter minerals have been found in
inclusions from ore deposits, especially high~temperature
magmatic~hydrothermal depositse. They include halides, sulphates,
carbonates, silicates, sulphides and borates. In some cases,
ﬁten or more different minerals have been found in a .single
inclusion, Halides, particularly NaCl and KC1l, are the most
common and are uéually readily identified. Others may be difficult
or impossible to identify, and many fluid inclusion studies
report unidentified daughter minerals. The occurrence of daughter
minerals in general, and many of the technigques used to identify
them, have been described by Roedder (1972bh). The occurrence of
daughter minerals in the Bolivian deposits and the identification
techniques used are described in detail in later sections.

Certain solid mineral Qrains present in inclusions may be
material which was in suspension in the fluid when trapped. These
are not truc daunghter minerals. They can usuoslly he recognised

by their erratic occurrence within o copnetic inclusion population,
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and their failure to dissolve on prolonged heating at the

homogenization temperature.

3.2.,6. The composition of fluid inclusions

Determination of the chemical composition of inclusion fluids
is an important way of obtaining informafion on the chemistry
of ore transport and deposition. Complete analysis is rarely
possible because of the very small volume of fluid available;
. however, a large amount of partial analytical data is now
available for many types of ore deposit . Numerous analytical
methods have been applied. Most involve the opening (by crushing)
of numerous inclusions in a relatively large (several gm) sample.
This introduces uncertainties as to whether all of the fluid
analysed was ébtained from inclusions of the same type and genera-
tion, since most minerals contain several generations of inclusions
related to successive growth stages and later fracturing and re-
healing. The most common methods which have been applied are :
Crushing in vacuum for gas analysis by mass spectrometry or
chrOmatography, and crushing followed by water or acid leaching
followed by analysis of the leachate, usually by atomic absorp-
tion spectrophotometry. This latter method has been widely used
for detéfmiﬁing the major cations or cation ratios. Other methods
of analysis which have been used include; wet chemical, specific
ion electrodes, emission spectrometry, and x-ray fluorescence
techniques. Analysis of single inclusions is much more difficult,
except in the case of the rare giant inclusion which are occasio-
nally found, for example in some vein fluorite or minerals in

pegmatites. In general, single inclusion analysis has only been



applied vhere solid daughter minerals are present in the in-
clusion, and physical analytical techniques, such as X-ray
diffractcmetry or electron probe microanalysis, can be applied.
The results show that hydfothermal ore fluids are aqueous
solutions of widely varying chemistry and concentration. Perhaps
the single most consistent feature is the almost ubiquitous
presence of chloride salts, although a wide range of other
salts and gase= have also been found. Gases include C02, st’
SO, , NH,, CH, . The most common elements in solution are Na, K,
Ca, Fe, Si, as well as Clj but S, F, B, Mg, aﬁd Mn are often
detected also. Determination of the ore metals is particularly
difficult because their concentration is often very low, although
in some deposits surprisingly high concentrations of metal have
been found, for example values of over 1000 ppm Cu in inclusions
from porphyry copper deposits are common, There is much literature
on fluid inclusion analysis, a large proportion of it from
Russia. Good reviews are those of Roedder (1972b, and 1968,
1969, 1970a, 1971, 1972a). The chemical aspect is perhaps the
most important area in fluid inclusion research at present,
but the complete analysis of inclusion fluids is still far
from being routinely possible. The analytical methods which were
applied in this study are discussed in detail in the following

section.

3.3. Experimental Methods

The methods of fluid inclusion microthermometry are basicnlly
simple, and well known. In this study, standard techniques were

used such as have been described by Roedder (1962, 1963, 1972b);



Kelly and Turneaure (1970); Poty et al., (1976}. The methods
used for the determination of homogeniiation temperatures and
freezing pcints are outlined briefly below, while the analytical
methods which were used are described in moré detail.

3.3.1. Sample preparation

Most aspects of fluid inclusion study depend initially on
transmitted light microscopy. Since it is desirable to be able to
routinely study inclusions as small as 10 micron diameter, good
optical characteristics are essential. Thin, doubly polished plates
of the sample mineral are used. The optimum thickness depends on
the mineral. For quartz, which was used almost exclusively in this
study, a thickness of approximately 0.5 mm was found to be best.
The process of cutting, grinding and polishing the specimen can
cause disruption, heating, and in some cases leakage in inclusions
which are close to the surface, so a thickness of much less than
0.5 mm was found unsuitable. With greater thicknesses, absorption
and refraction begin to cause problems, especially in freezing
operations. The specimens were either individual quartz crystals
prised out of vuggy vein material, slices or chips of massive
vein quartz, rock slices, or individual quartz phenocrysts
separated from altered rock after coarse crushing. They were
mounted in a casting resin, ground down on both sides, mounted in
a holder so that one side could be polished, and reversed for
polishing the other side. Initial optical examination was usually
made with the specimens st@ll mounted in resin. They were released
by dissolving the resin in chleroform for use in the microscope

heating and freezing stages, or for analytical procedures,
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3.3.2,Homogenization temperature determination

Homogenization tcmperatures were measured using a Leitz
Model 1j50 heating stage mounted on a Leitz Ortholux petrographic
microscope. The stage is capable of températures up to 1350°C¢
It is heated electrically via a rheostat which allows sensitive
temperature control. Temperature is recorded with a Pt-Rh-Pt
thermocouple connected to a chart recorder. The thermocouple
is in contact with a.sappﬁireplate on which the sample rests
in the sample chamber of the stage, i.e., the temperature
recorded is the temperature of the base of the sample. The chart
recorder was calibrated using solids of known melting point.
Repeated measurements indicated a (one standard deviation)
uncertainty of approximately + 0.02 mv on the calibration curve,
i.e.y approximately :.Z.OOC over the whole range, since the
calibration is essentially linear (Fig. 3.2). The chart recorder
performance was monitored regularly by applying known voltages
and checking the recorder defleétions. It is concluded that the
instrumental and calibration errors are small when compared with
the uncertainty resulting from the thermal gradient within the
sample material, and observational uncertainties due to poor
optical quality of much sample material.

Thg;mal gradients are a major problem with the Leitz heating
stage, particularly at high temperature. The gradients were
estimated by comparing the apparent melting temperatures of the
standard melting-point substances when they were placed on the
sample holder, and on top of doubly polished quartz specimens
of 1.0 mm and 1.8 mm thickness. The calibration curves are shown

in Fig. 3.2. For a 1.0 mm thick sample plate there is a temperature
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difference of about 180C boetween the base and top when the
base is at SOOOC. The difference is less at lower temperatures.
In practice the differences are less severe than this, since
most spe;imens were closer tec 0.5 mm in thickﬁess, and the
inclusions used are well below the upper surface. The actual
temperatures quoted here are the mid-point between the baseplate
and 1.0 mm thickness calibration curves for a given millivolt
reading on the recorder.,

In practice meaningful conclusions can only be drawn from
the T, data for numerous inclusions of the same type and generation

h

in the same sample. The quality of T data is dependent on the

h
optical quality of the specimen and the size of the inclusions
present. This means that there may be substantial uncertainties

in the Th measurements in poor samples, where homogenization is
difficult to observe, and this uncertainty may be much greater

than the calibration and thermal gradient uncertainty. The
operating procedure used in this study was to measure numerous
inclusions for each sample, using several different specimens

from the same sample. Each specimen was only run once in the
heating stage, 2nd then discarded. In some cases several individual
inclusions could be observed in one run, in Ather cases only a
single inclusion was measured. The.Th value was normally checked

by allowing the specimen to cool until phase separation ocurred

and then reheated to T The data for some samples consist of

h°*
very limited numbers of Th determinations on optically poor
material, with substantial errors on individual determinations

expected, Much ef the spread in values in the data is a result

of this, although other factors such as necking and fluid boiling
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are also invelved.

Some aample material proved to be vompletely unusable
because of the absence of any inclusions large enough to study.
This is a problem which is not. often mentioned in reports of
fluid inclusion studies, though it must be common. In some of
the Bolivian deposits it was found that the quartz of certain
vein growth stages is so milky (due to extremely small inclusions)
as to be almost opaque, and completely lacking in inclusions
large enough to work with. In other growth stages the quartz is
clear, but virtually free from any inclusions.at all. The latter
is particularly the case in the quartz most closely associated
with cassiterit;, and has made definition of the conditions of
cassiterite deposition difficult to define in some deposits.

3.3.3. Freezing tomperature determinations

Freezing temperatures were only measured on a few samples
in this study. The reasons for this were as follows. 1) Most
of the material studied (especially from Chorolque) contained only
highly saline inclusions for which the fluid salinity could be
determined from the solution temperatures of the daughter wminerals.
g).Frcezing measurements had already been made for the Llallagua
deposit (Kelly and Turneaure; 1970). 3) Much of the material under
study was unsuitable for freezing work either because of poor
optical quality or because the fluids were metastable at very low
temperatures and did not freeze. ﬁ) A suitable instrument for
freezing meagsursments was not initially available.

Such work as was done was carried out mainly on a freezing

stage consivucted at the Royal School of Mines, London., It

consinted of a cvlinder of asbestos with a lower window, baffles

rd
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to circulate and mix the incoming cold gas, & glass sample
holder plate, and an upper (plastic) window, mounted on a
Vickers petrographic microscope. Dry nitrogen gas is passed
through a coiled copper tube immersed in liquid nitrogen and
then into the stage. The temperature is controlled by regulating
the rate of flow of the gas. Temperatures of at least MSOOC

were achieved. The temperature was read directly with a thermo-
meter whose bulb was adjacent to the sample inside the stage.
Calibration using‘fluid inclusions of known freezihg point
indicated that there were considerable thermal gradients inside
the stage, so in its existing form it was not suitable for detailed
work. Some additional data was later obtained using a highly
accurate CHAIXMECA dual purpose heating/freezing stage (Poty

et al., 1976) at Billiton Research, Arnhem, The Netherlands.

The operating procedure with both stages was first to freeze
the inclusions by rapid cooling (to -180°C in six minutes with
the CHAIXMECA). The température was then allowed to rise slowly,
while melting of the ice was observed. Great care is necessary
when the ice is almost completely melted, to ensure that the
true last melting temperature is recorded. Successive periods
of re-cooling, observation of the re-growth of the ice, further
warming, etc, are necessary in order to accurately determine the
freezing point. The measurcd temperature is then referred to the known
freezing peint depression data for HZQ—Na01 solutions,

3.3.4. Analytical proceduies

No attempt has been made in this study to carry out a
comprehensive investigation of the chemistry of the inclusion

fluids,. Such an investigation would be =a long~term project in
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iteelf, Howover, early in the work it became apparent that the

o

high-~temperature Fluld associated with the quartz~tourmaline

=2

aiteration at Chorclque was unusual. It is an exceptionally
highly saline brine, and the daughter mineral assemblage includes
a nunber of important phases which suggested that the composition
differed substantially from the NaCl- and KCl-dominated brinesg
which are commonly found in inclusions from the early stages of
mineralization at other magmatic-hydrothermal deposits, such as
the porphyry copper deposits. This fluid is con&idﬁred to be of
narticular importance because the geological relationships
indicate that it might be a primary magmatic.fluid by yhich the
tin and other metals were initially introduced into the hydro-
therwal system. Qualitative analytical work was carrvied out in
erder to identify the major chemical components of this fluid.
The methods used are outlined here, and the resultis are described
in Section 3.L.1 (E).
A, Non-destructive tests of daugiter minerals

A number of important opitical observations can be made on
unknown daughter minerals. They include crystal form, twinning,
measurement of interfacial angles, birefringence, length-sign,
colour, and refractive index relative to the inclusion fluid,
host mineral, or neighboring daughter minerals, Combined with
observations of the behaviour of the daughier minerals during
heating, thesc can cften serve to identify some of the commonest
phases including {(in this case) NaCl and KC1l.
B, On-stage optical and chemical tesis on extracted daughter
minerals

The doughter minerals contained in inclusions can be relesacd
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by crushing fragments of the minefﬁl in o0il under the microscope.
Microscope crushing stages have been specially designed for this
purpcse (Roedder, 1970b), but an equally good method is to crush
by hand with the sample in oil (of refractive index equal to
that of the host mineral) between two glass microscope slides.
Opening an inclusion is relatively simple, ﬁut finding and
separating the daughter minerals from the mass of fragments of
host mineral which are also produced is a difficuit and tedious
task unless they are particularly large.

A number of daughter minerals were isolated in this way,
enabling further optical and some chemical tests to be carried
out. The refractive indices of daughter minerals can sometimes
be determined by successive immersion in standard oils, provided
a solivent can be found which will remove the o¢ils without
dissolving the daughter salt. The problem of handling the minute
grain through successive immersions‘and cleanings is considerable.

Attempts were also made to carry out some simple chemical
tests, in particular the test for sulphate involving solution in
HC1 and addition of BaCl to give a white precipitate (82504)- A
test for iron was also attempted, by dissolving the daughter salt
in HC1 and adding potassium ferricyanide toc give a blue colour
in the presence of iron. Although some useful results were in
fact obtained, and one of the major unknown daughter salts wag
first identified as an iron compound in this way, the handling
problems were found to be so severe that these methods were
abandoned in favour of X~ra§ methods as described below.

C. Electron probe microanalysis

A simple method of obtalining qualitative information on the
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non~volatile constituentsof inclusion fluid=s, using an eleciron
microprobe, has been described by Eadington (1974) and was

used in this study as a first analytical step. The method involves
choosing an inclusion which is as close as possible to a surface
of a polished mineral sample plate. The sample is placed in the
heating microscope stage and heated beyond the homogenization
temperature until sudden leakage, or bursting, takes place.

The non-volatile constituents of the fluid condense on the
surface of the sample, forming a well-defined halo of solid
material around the crater, or point of leakage. This halo can
then be analyzed using conventional EPMA methods.

Several inclusions were studied in this way using a Cambridge
'Geoscan' EPMA. A number of major constituent elements of the
fluids were detected, although the results are purely qualitative
because of the complete lack of control over the behaviour of the
fluid once it leaks out of the inclusion. In practice it-was found
.that, given the qualitative nature of the experiment, a more

satisfactory method was to examine and analy;e the halo of
condensed material using a scanning electron microscope (SEM)
equ&pped with solid state X-ray detector as described below. This
.is a much more rapid method, giving virtually instant analytical
data instead of the long scanning time necessary with the zrystal
spectrometers on the EPMA,

Di‘The scanning electron microscope.

The use of the SEM equipped with x-ray detector is rather
new in the study of fluid inclusions. Although the form of

inclusion cavities have previously been investigated {(Deicha and

Sella, 1962), the identification of daughter minerals by this
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method hos neot been widely attemp%ed. Current research using

thiis method has been reported by Metzgér et al., (1977), whao

used it to identify daughter minerals in inclusions in quartz and
fluorite from some mineral deposits, and calcite from a carbo-
natite, in the U,5.A, Lc Bel (1976) has ebtained spectacular
imagery, and identified numerous daughters from inclurions in
vein quartz from a Peruvian porphyry copper deposit.

In this study of the Bolivian deposits, the method was used
as a means of identi{ying some of the daughter salts in the very
highly saline inclusion fluids from Chorolque. For SEM work,
the inclusion contents have to be exposed to the electron beam,
i.e.y the inclusions have to be opened. The samples were mestly
prepared by selecting a suitable group of inclusions (generally
a plane of pseudo-secondary inclusions) by microscopic examination
of a doubly polished quartz plate. This was then manually cracked
into pieces, and those which had a new surface which traversed
the inclusion group were mounted with the new face roughly
parallel to the surface of the mount. In some cases it was
desirable to use rough unpolished mineral fragments. These werec
selected under the optical microscope while immersed in 0il,
then cleaned in acetone. Once dry the inclusions could no longer
be seen under the microscope, so the grains were cracked manually
(between glass slides) and fragments chosen more or less at
random and mounted as above. The use of thin polished plates was
found to be preferable because they are much easier to crack. This
resulted in a smoother ﬁcw'surface (making location and observa-
tion of the inclusions in the SEM casicr) and less disturbance of

ihe daughter salts. An attempt was also made to use fragments which



had been cracked in immersion eil. In this way a more precise
selection of suitable inclusions could 5e made before mounting,
but the fragments had to be first cleaned of oil. It was found
that mostiof the daughter salts were soluble in whichever clcaning
solvent was used, and those which were not tended tec fall out of
the inclusion cavity during washing, so this method was abandoned.
The mounted specimens were carbon coated beforec loading in the
SEM. Gold would be preferabie as a coating medium for optimum
image resolution, but it interferes with the analytical procedure.

The instrument used was a Cambridge Instruments A2 SEM,
equipped with an Ortec solid state X-ray detector (energy
dispersive) connected to a Northern Instruments multichannel
analyser. Most of the inclusions studied were in the 10 to 30
micron size range. It was found that, with suitably oriented
specimens, good resolution could be obtained at magnifications
of 1500 to 2000. The instrument gives a spectacular view of the
opened inclusion cavity and its contents. Analysis is carried
out by means of a finely focused high energy electron beam
which can be directed at any point on the specimen surface, or
scanned over any desired area. The procedure is very rapid. The
energy spectrum produced is displayed almost instantaneously by
the multichannel analyser, and the elements present are identified
by their characteristic X-ray energies.

Several serious problems were encountered in the application
of this method; they can be classified as follows:

1.) Problems inherent in the type of material being studied.
It was found that the high-salinity dnclusions contained daughter

salts which were deliquescent on exposure to air. Thesc salts
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lost their crysialline form on Qp;ning, and althoigh they
presumably lost the excess water under vacuum in the instrumcnt,
they did not regain their original well-defined crystal form,
This meang that although it was still possiblé to obtain
analytical information from the rather formless lumps of material
seen in the opened inclusions, it was often difficult to be at
all precisa in relating this to any particular salt which could
be observed optically in the unopened inclusion.

2.) Problemg caused by sample preparation procedures. The
mechanical cracking procedure can produce considerable distur-
bance of the daughtar minerals. In some cases mineral grains
may fall out of the inclusion cavity, although in general it
seems that the wetting effect of the inclusiocn fluid keeps the
daughter minerals in place. In a tubular inclusion containing
multiple daughter minerals, it is obvious that a fracture which

splits the inclusion in half will expose different daughter
minerals in each half to the eleqtron beam., It is necessary to
examine numerous inclusions of the same family in order to get
information on the overall daughter mineral population and hence
fluid chemistry. Pumping the specimens down under vacuum may
also affect the daughter minerals. They may be forced out of the
inclusion cavity by the escape of the liquid phase trapped behind
them.

3.) Preblems inherent in the instrument. The orientation of
the samples in the instrument can be a problem, especially for
X=ray analysis. The surface on which the inclusions are exposed
must face towards the X-ray detector. It is often impossible to

get analytical data from within deep inclusions because insufficient
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{=rays cscape. it 15 also likely éhat scattered electrons
produce x-ray emission from objeocts adjucant to the one under
direct bombardment. Thus there may be some uncertainty about
thea precise location of some of the clements fecorded by the
analyser. The detection limits are relatively poor because
of these problems, so the method is not particularly suitable
for investigating the ore metal content of inclusions as the
concentration levels are commonly rather low.Quantitative work
with inclusions is impoessible, since the response varies
according to the configuration of the exposed surface; never-
theless the method has proved to be extremely useful both as
a means of identifying individual daughter minerals, and in
gaining information on the general composition of high salinity
inclusion fluids.
FE. Crushing and leaching

Crushing and leaching techniqucs'have been rather widely
used in the study of both dilute and highly saline inclusion
" fluids. Both limited chemical data, such és sodium to potassiom
ratio measurements, as well as more complete analyses, have
been obtained by these methods. Roedder (1958), and Roedder et
al,, (1963) have described in detail methods of extracting and
analysing inclusion fluids by crushing and leaching. Similar
methods have been used in numerous other studies (see reviews
by Roedder, 1972a and 1972b) .The procedures generally invelve
first cleaning the sample material by boiling in nitric acid
and de-~jionized water, folléwed by electrolysis or ion-exchange
procedures to remove all surface contaminatiocn. The sample is

then crushed,; usually in a ball-mill, and leached with water or
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acids. The leachate is then separ;ted from the crushed residue
by centrifuging, filtering, or by electrodyalisis through
semi-permeable membranes, and analyzed usually by atomie
absorptién spectrophotometry. The potential for contamination
is enormous, and reliable results can only be obtained by the
most careful procedures withisuitable equipment.

In this study a very limited number of analyses were
carried out using crude methods. The objective was to try to
estimate the ratios, principally of Fe, Na, and K in the fluids
from Chorolque, as a check on the composition of the highly
saline inclusion fluids and to see if the ratios changed
significantly during the progressive decrease in salinity which
accompanied vein growth.

The method used was as follows: the samples {including an
inclusion-free quartz blank) of about 10 gm each of quartz,
crushed to -10 + 60 mesh, were boiled for 3 hours in concentrated
HNOB’ rinsed and boiled again in de-ionized water for 3 hours.
They were then electrolytically cleaned in cells made from
pyrex glass 'U' tubes with ﬂlatinum electrodes, attached in
pargllel to a 100 volt DC source. The procedure was to change
the de-ionized water in each cell approximately every 12 hours
and monitor the conductivity at the end of each period. Cleaning
was judged to be complete when there was negligible conductivity
rise at the end of several water changes; this occurred’after
about three or four days. The samples were then dried; ten grams
of each sample were then crushed for 20 minutes in a pre-cleaned
agate mortar with addition of 30 ml of de-ionized water. The

slurry was filtered, and analysed by atomic absorption
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sPectrophotometry for Fe, Na, K, Mg and Li. The results are
purely qualitative. No attempt has been made to estimate the
volume of inclusion fluid which was extracted, and the data
are considered only in terms of element ratios.

F. Laser microprobe analysis -

The laser microprobe is an analytical tool which, in
theory, is ideally suited to fluid inclusion work. It offers
the possibility of being able to provide rapid and rather
complete analysis of individual inclusions without the need for
prior opening, extraction, aﬁd hence likely contamination of
the fluid.

The principles of the laser microprobe have been described
by Moenke and Moenke (1968). It has been applied to a number of
analytical problems with particular success, including analysis
of the trace-metal content of minerais.

A finely focused pulse of laser light is fired onto the
surface of the sample through ah optical microscope (Fig. 3.3).
Provided the sample is not tranéparent to the wavelength used,
the laser pulse vapori;es a portion of the sample, penetrating
some distance below the surface by creating a micro-crater.

A plume of vaporized (ionized) sample material is produced,
which is fuftherexcited by means of a syncronized DC spark.

The resulting atomic emission spectrum is analysed with a
suitable opfical spectrograph. The sensitivity of the method

is very high, possibly better than that of EPMA in some
materials (Eremin, 1975). For qualitative‘work tﬁe method is
rapid and simple. No special sample preparation is required, in

‘fact unpolished surfaces are better, and there are no rigid
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gesmetrical requirements. The instrument operates in air,

no vacuum pumping is required., There are however formidable
problems with calibration and accuracy>in quantitative vork
because of the difficulty in controlling the amount of sample
material which is vaporized per shot. Under ideal conditions

in work with metals, ciater sizés as small as 10 micron diameter
by 20 micron deep have been obtained.

In fluid inclusion analysis, the objective is to use a
single laser pulse to burn & crater down through the host
mineral to an uncpened inclusion and to vaporize the contents
of the inclusion which then form part of the plume and can
be analysed; Very little work appears to have been done with
this method to date although Tsui et al.,; (1975) used a Jarrcl-
Ash Mark II laser microprobe to analyse inclusion fluids in
quartz from several ore deposits. They calibrated the instrument
by analysing fluids of known composition trapped in holes in fused

silica glass plates. They report detection limits.of 3 x 10"10 gm

9 gn for Fej; and 3 x 10-89m for Na.

for Cu, Mn, Ca and Mg; 1 x 10~

They measured the concentration ratios of all of the major cations

except K, and combined this with salinity data from freezing

stage measurements to obtain appreximate element concentrations.
The work reported here was carried out using a Zeiss LMA-1

laser microprobe, at the Physics Department, University of St

Andrews. It was done mainly on an experimental basis, to test

the applicability of the method. The amount of time available

with the instrument was limited, and no attempt was made to

calibrate it forquantitative work. This instrument has been

described in detail by Moenke and Moenke (1968). It employs a
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ruby rod (Cr-doped) resonator which produces laser light at a
wavelength of 6943 X. The laser source 1is mounted on what is
essentially o normal optical microsceope which can be used in
both transmitted and reflected light modes for sample location.
The laser pulse is fired through, and focussed by, the microscope
objeoctive lens. Under normal operating conditions, using the
Zeiss reflecting objective (40/0.50, £6.3 mm), the theoretical
diameter of the laser pulse is 1.4 microns.

Secondary créss-excitation of the plume is produced by a
DC spark fired between carbon electrodes. The electirode gap
and relative positions can be adjusted as required; The spark
is synchronized by increasing the voltage across the electrodes
gradualiy until sparking occurs without the laser being fired.
The electrode voltage is then set at a value just below the
breakdown voltage. When the laser is fired, the plume of sample
material reduces the resistance of the air between the electrodes
so that a syncronized spark automatically fires,'The gpectirograph
used for analysis was a Zeiss Q=24 optical prism instrument
which operates over the wavelength range 2000 to 5500 K.

The major problem encounte;ed in this work is that the ruby
resonator produces laser light in the visible wavelength region,
and conscquently optically transparent minerals such as quartz,
and dilute inclusion fluids, are relatively transparent to the
laser pulse and do not absorb enough energy to produce cratering.
The amount of energy absorbed depends on the amount of impurities
in the quartz. It was almost impossible te achieve cratering in
clear quartz containing dilute 2-phase iiquid plus vapour

-

inclusions, Highly saliane fluid inclusions containing numerous
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donughier salts did absorb lasaer energy and satisfactory craters
could be preduced within this type of materiale.

The operating varjables which can be altered to change the
enargy and characteristics of the laser pulse, and hence crater
size and shape, are as follocws :

a) Flash tube voltage: The intial energy input to the
ruby resonator is provided by a xenon flash tube. The output
can be varied, aﬂd in practice it was found necessary to operate
at 1.9 kv which is near the maximum obtainable.

b) Q-Switch setting? Q-switching is a means of delaying the
spontaneous emission of laser radiation from the fesonator until
a maximum number of chrome atoms have reached the correct
exitation state from which spontaneous emission occurs. The
LMA-1 is equipped with a passive Q-switch, which consists of
4 cells containing dye solutions of different strength. They
can be placed in the light path in the resonator, where they
absorb some of the early energy emission and thus allow a greater
build~up of energy in the ruby rod before spontaneous cmission
takes place, The effect of Q-switching is to increase the power
density of the laser pulse at the sample surface, but to decrease
the pulse life. These characteristics in turn affect the cratering
ability of the cnergy pulse., According to Moenke and Moenke
{op. cit.) the smalles diameter, deepest craters are obtained
in metals without Q-switching, but it was found that no cratering
of quartz could be achieved without the Q-switch set to produce
maximum effect.

¢) Diaphragm setting?: The instrument has a diaphragm in the

light path. This was found to reduce the power obtained without
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decreasing the crater size and so was operated in the wide
open position.

4} Objective lens magnification and focus: The laser was
normally fired through the highest power lens available (40/0.50)
as this gives the smallest pulse diameter and hence should give
the narrowest crater. Careful focusing on the inclusion is
necessary for best results. In practice the crater diameter is
much larger than the calculated diameter of the focﬁsed pulse,
and is affected by properties of the sample such as thermal
conductivity, reflectivity, surface quality and transmission
characteristics. The best cratering results were obtained by
operating with Q-switched laser and high flash-tube voltage, .
on highly saline inclusions containing numerous daughter salts
(Plate 12). Excellent results were also obtained in experimental
tests on subsurface microscopic grains of opaque minerals
(e.g.y Plate 13). The best crater diameter to depth ratios
obtained were about 3 : 1.‘Thi§ ig nowhere near as good as the
results which have heen obtained in metals, where ratios of
4 ¢ 2 0or 1 : 3 have been reported {Moenke and Moenke, opa cit.le
In quartz, much of the cratering effect seems to be the product
of mechanical fracturing which produces large irregular craters
(Plate 14). These do have, hcwever, a narrow "burn hole" in the
center (sec Plate 13) and most of the ejected quartz was
presumably in solid form and not included in the vapour plume.
With clear quartz containing dilute fluid inclusions it was
generally found to be impossible to crater the surface at all.
The use of laser cnergy at some different wavelength to that uzed

here may be necessavy Lo get better results.
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J.4.4. Choralque

Lo HMaterial studied

The fluid inclusion study of the Chorolque deposit was
carried out entirely on inclugions in quartz. No other suitable
minerals are present; the cassiterite is almost opaque, and
very fine grained. Three different types of quartz werc studied.

1) Quartz from the pervasive guartz-tourmaline altered
rocks of the cenfral vent. This included both relict gquartz
phenocrysts and secondary quartz, especially overgrowibs on
phenocrysts. The inclusions in this matierial are clearly
sccondary with respect to the phenocrysts, but wmainly primary
with respect to the secondary overgrowths.

2) Vein quartz, mainly from the major veins cutting the
vent rocks, but also from the veins in the surrounding sedimentary
rocks. The vein quartz can be broadly divided into two growth
stages; pre-cassiterite, and with.cassiterite. Pre-cassiterite
quartz accounts for most of the material in the veins. The
distinction between pre-cassiteriie quartz and quartz accompanying
cassiterite is difficult to make as there was no break in
deposition between the growth stages and, in most cases, the
growth of individual quartz crystals has spanned almest the
entire period of mineral deposition in the veins. Most cassiterite
deposition appears to have taken place after the deposition of
almost all quartz and it is intergrown with, or overgrown on, the
free-growing terminations of quartz'crystals in vuggy open
spaces in the veins. Thus the interpretation of the fluid
inclusion data with respect to tﬁo conditions under which

cassiterite wos deposited is rather subjective and impreciseo,

K
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~althoughh there is no doubt at all that the cassiterite is late
in the coverall deposiiional sequence.

3) Quartz phcnocrys g from the sericitized volcanics.
These contain secoadary incluéions which are interpreted as
having been formed during the hydrotherinal alteration of the
volcanics,

B. Classificaticn ef inclusion types

The fluid inclusions in ithe Chorolgque quartz can be
classified into six ¢ypes, on the basis of the assemblage of
liquid, vapour, and solid phases which fil1l *.;heme The
classification also applies to the other deposits included
in this study.

Tvpe I. These are two~-phase, liquid plus vapcour filled
inclusions. They often also contain a very small opaque daughter
_mineral grain which is sometimes roughly equidimensional,
sometimes needle or sword shaped, and apparently non-magnetic.
This type of inclusion has been found as either primary,
pseudo~-secondary or secondary inclusiocus in all of the material
studied, but they are particularly common as secondary inclusions
in the vein quartz, Typical examples are shown in Plate 15.

T;pe Yi. These are three-~phase (liquid plus vapour plus
daughter mineral) inclusions in which the daughter is a fine,
acicular, weakly.birefringent mineral usually forming a group
of radiating or matted needles, sometimes faintly greenish in
cclour. They are found as primary, pseudo-sacondary or secondary
inclusions especially in vein quartz, The amount of the
characteristic daughter mineral is vayriable. They sometimes

also contain an opagqus daughter minersal; they are always closely
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asgociated with Type I inclusions, Typical examples are shown
in Plate 10.

Type I11I. These are three-phase, liquid plus vapour plus
daughter mineral inclusions. The daughter mineral is a clear,
colourless, cube-shaped isotropic salt with a refractive index
very close to that of quartz. These properties suggest that it
is halite (NaCl). These are found as primary, pseudo-sccoundary
and secondary inciusions, especially in the vein quartz and
quartz phenocrysts in the sericitized volcanics. They do not
contain the acicular daughter mineral characteristic of Type I1I
inclusions, but they may contain an opaque phase as in Types 1
and II (Plate 17).

Type IV. These are three-phase, liquid plus vapour plus
daughter mineral filled inclusions in which there are two or mere
transparent daughter minerals. They always contain a halite cube
plus one, two or three ad@itional daughter minerals, and always
have a clearly distinguishable liquid phase in a@diton to a
contraction vapour bubble. A very small opaque phase may be present,
but the acicular mineral which is characteristic of Type II
inclusions is not present. The identity of the other daughtér
minerals is discussed below. These are found as primary and pseudo-
secondary inclusions in vein quartz and occasionally as secondary
inclusions in the quartz phenocrysts in the sericitized volcanics
and in the quartz of the quartz~tourmaline altered vent rocks.
Typical examples are shown in Plate 18.

Tyﬁe V. These are Lwo-phase or single-phase inclusions
which are almost or completely filled with vapour. They occur as

rounded primary inclusions in the secondary quartz in the



guartz-touimaline altered vent rocksg and, less commonly, as
pseundo-secondary inclusions in the early vein quartz.‘They are
almost exclusively aszociated with Type VI inclusions. Examples
aire illustrated in Plates 19 and 20.

Type VI. These are thrce-phase inclusions (liquid plus
vapour plus solid daughter minerals). They are so packed with
déughter minerals that the liquid phase is virtually indistinguis-
hable, and the vapour bubble is often distorted (Plate 20},

At least eight different daughter salts can sometimes be
distinguished in these incluszions, although they usually overlap
each other to such an extent that distinction is difficult

or impossible. The identity of some of the daughteyr minerals is
discussed below. Thege are found ag primary and pseudo-secondary
inclusions co-existing with Type V inclusions in the quartz-iour-
maline rock of the central vent. They are also present in the
earliest vein quartz of some {Veta Colon), though not all, of
the major veins, In this material they are larger and easier

to study tﬁan in the quart£~tourmaline rock; examples are shown
in Plate 21.

Most of these inclusion types are gradaticnal with each
other; for example the distinction between Types VI and TV is
made on the basis of whether or not there is & clearly visible

liguid phase present, although the dominant daughter salis are

[

the same in each. Howewvar;, the distinction is important because
the two types are mainly found in different material, and the
Type VI inclusions ave particularly associated with Type V

inclusions, which is not the case for Type IV. Types IV and 113

are gradationnl alze, the distinctien depending on whother thare
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are one or iwo davgther minerals ﬁrcsent {only halite in Type ITI).
In fact, Types I, 1I, IV, and VI apparently recpresent a continuous
progressive increase in the salinity of the inclusion fluid.
Type V iﬁclusions are not gradational with any other of the
tyvpes; they dd not show any significant variation in the liquid
to vapour ratio,
C., Distribution ¢f inclusion types

The inclusion types described above are systematically
distributed with respect to some of the important geclogical
features of the Chorolque complex.

1) The quartz-tourmaline alteration zone of the central vent.
The secondary quartz of this rock contains primary inclusions
of Types VI and V, and the relict quartz phenccrysts contain the
same inclusion types in planes cutting across them. Other types
are rare, and are usually clearly secondary in origin. The Type VI
and V inclusions are generally very small (5-10 micron), very
numerous, and occur intimately associated with each other and with
generally random distribution (Plate 19). They are also found
clustered around the margins of relict phenocrysts, and in planes
(héaled fractures) traversing the relict phenocrysts.

There is no doubt that both these inclusion types are
primary with respect to the growth of the secondary quartz. They
were trapped simuitanecusly during the hydrothermal alteration of
the vent rocks, and their co-existance indicates that the fluid
which accomplished the alteration was two-~phase, consisting of
a very highly saline brine.and a co-existing low density vapour.
Assuming that the vapour which fills the Type V inclusions is

water, this indicates that the hydrothermal fluid was either a
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boiling liquid or condensing vapour during much of the time in
which alteration took place.

2) The veins. The quarts in the veins contains inclusions
of ail types, although Type VI inclusions have only been found in
one of the veins which have been studied (Veta Colon) and Type V
inclusions are rare. The distribution of inclusion types in the
quartz in the major veins shows a well-defined progression from
high to low salinity as vein growth progressed. In the case of
the Veta Colon, which is the largest of all the vein structures,
the quartz closest to the walls of the vein contains pseudo-
secondary Type VI inclusions and occasional planes of Type V
inclusions. The two types have been trapped separately. It the
other veins the earliest quartz contains Type IV inclusions, and
Type VI inclusions are absent. There are occasional planes of
Type V inclusions. In some of the material studied, a gradual
decline in the salinity of the Type IV inclusions can be observed
from the base towards the tip of individual crystals, marked by
a decrease in the number and size of the daughter salts present.
Type YIII inclusions are found as pseudo~secondary planar groups
closer to the crystal terminations than Type IV inclusions.

They are generally not very numerocus, and are completely absent
in some material. Type II and I inclusions are found as pseudo-
secondary and primary inclusions in the apical and outermost
region of véin quartz crystals, where the quartz is somectimes
intergrown with, or overgrown by cassiterite. Type I inclusions
in particular are also found as seccondary inclusions in planes
(healed fractures) which cross-cut all parts of the vein quart=.

In some very small veins filled with a quartz-~cassiterite intergrowth,
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the vein guartz only contains Typ;s I and II inclusions, although
it is overgrown on quartz-tourmaline aitered wall-rock in which
the quartz ig crowded with Types VI and V inclusions.

3) fhe altered igneous rocks surrounding-the vent. The only
mineral in these rocks which is suitable for inclusion studies
is primary igneous quartz. The quartz phenocrysts contain primary
glass inclusions, but as would be expected, the only liquid
inclusions are of secondary origin. In the chloritic alteration
zone fluid inclusions are virtually absent. However, in the
sericite-tourmaline zone closer to the vent, the quartz phenocrysts
contain numerous planes of secondary fluid inclusions. These
include separate planes of Types I, II, III, and- IV inclusions
apparently identical to those in the veins although they are
generally small and difficult to observe (Plate 22). This
suggests that these secondary inclusions were formed during the
alteration of the rocks, and so can give useful information on
the conditions in the hydrothermal system in this zone peripheral
to the vent,
D. Temperature and salinity data

The homogenization temperature and fluid salinity data for
each inclusiocn group measured per run in the heating stage are
shown in Table 4. These are plotted in Fig. 3.4, in which the
horizontal axis (time) gives only a generalized indication of
the relative age relationships of the alteration and vein-growth
stages. The individual inclusion group measurements are plottied
in order of decreasing mean homogenization temperature, not in
a detailed time sequence., The data are plotted in this way in order

to emphasize the cleose correlations which exist between the
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Chorolque: Fluid Inclusion Homogenization Temperature

and Salinity Data

.

Sample No% Type Class? ThRange ThMean T 3 Salinit.y4
Tested soln.
(°C) (°C) (°C)
NG 242. 5 Vi PS/P 628-810 7315
Altered(quartz- . 1 ” " 798
tourmaline)vent rock. 2 " " 677-678 678
Fieru Unu adit. 2 " " 715-716 716
9 " " 444-637 5350 359 43
1 " " 532
2 " " 811-816 813 421 48
NG 115. 7 Vi PS 427-760 395
Altered (quartz- 5 1v " 489-582 525 411 46
tourmaline) vent rock.| 2 " P 319-320 320 290 37
At veta 18, B-level. 6 Vi P/PS 445-512 481 430 50
3 " PS 416-457 436
1 " »” 822
3 " " §31-561 552 535 60
4 " " 497-577 533
NG 112, 3 VI PsS 536~563 552
Altered (quartz- 4 b " 498-577 533
tourmaline) vent rock.
At Veta 4, 8-level.
NG 261. 10 1V § PS © 395-517 440 380 ; 45
Altered (quartz- 7 " " 366-476 412 360 | 43
tourmaline)vent rock. 4’ " " 400-494 442 296 38
Surface,Cerro Chorolque 5 ” " 348-425 368 290 37
summit, )
NG 507. 7 vi | Ps 503-552 541
Vein quartz, at 5 " " 488~-528 506 325 40
outer edge of Veta 20 " " 473-417 475 470 53
Colon,13-level. 9 Iv " 368-441 363 320 39
S " " 364-396 383 330 40
(] " " 324-364 347 300 38
5 I = 340-354 347 243 34
4 " " 324-372 350 228 33
4 " " 221-242 230 165 31
12 I1 " 308-313 311
5 I " 208-296 286
1. Number of inclusions tested per heating run,
2. Inclusion classification: P=zprimary, S=zsecondary, PS=pseudo-

secondary.

3. Solution temperature of last-melting daughter mineral

(hormally halite).

4. Fluid sslinity in equivalent weight percent NaCl,
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Sample No? Type Class? fhnange Thmean soln3 Salinityd
Tested (<c) ¢y | (sc)
NG 277. 3] 1V PS 390-408 o8 348 41
Vein quartz, pre- 10 " " 338-~375 360 :
cassiterite and 15 " " 353-359 357 316 39
intergrown with 3 " " 344~-363 355 225 40
cassiterite. From 8 " " 325-372 355° 306 38
east end,Veta Colon. 3 I " 290 '
2 [1] L13 288
1 11 " 281 15
13 " " 286~306 296
12 1 ” 278~-292 282
5 " " 268~302 275
14 " " 266-281 272
5 " " 252-311 287
2 11 " 235~-228 236
6 I S 163-194 183 3
NG 121, 3 Iv' PS 347-353 3492 288 37
Early vein quartz, 5 Irr ¢ 346-~357 353 270 36
intergrown with 6 I " 297-333 313
cassiterite. Veta 9 IX " 275-309 291
Colon, 17-level. 3 " " 235-281 250
NG 273. 9. Iv| ?s 327-351 336 274 36
Quartz from small 2 1 " 283-284 234
veln at east side of 12 I1 1 261-2838 277
the vent, 7 " " 220-300 273
NG 112. 28 I11] PS 269-309 289 i6
Quartz intergrown with
cassiterite, Veta 4,
8-level.
NG 281, 6 1 PS 289~-301 294
Quartz intergrown with 1 " P 282 14°
cassiterite, small 6 " PS 201~-305 262
voln near Cerro 5 " " 273-282 279
Chorolgque summit, 4 I1 " 239-282 269
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TABLE 4. Continued
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Sample No% Type Class? Thnange ThMean soxna Salinity4
Tostod (eC) (°C) (=c)
NG 123. 10 I s 352-386 375
Igneous quartz 10 " " 365-385 375
phenocrysts, from 3 " " 376
sericitized volcanics, 4 ry ™ 365
Mina Siete road. 6 1 " 365
4 " " 353-364 361
1 I1]Y " 342 190 31
5 " " 332 170 30
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temperature ranges and inclusion types {(and hence salinity),
and the nrogressive alteration and veiﬁ growih stages. Thisg
is summarized in Fige 3.5. There is a wide spread in the Th
values within individual sampies of the early.alteration

quartz, compared with the later vein quartz. This is probably

due hartly to differential trapping of the liquid and vapour
phases in the boiling fluid., Part of the spread may also be due
to unrecognized necking of the inclusions, vhich is more common
in high~temperature material.

The geological relationships discussed in Chapter 2 indicate
that the early quartz-tourmaline alteration of the vent, and the.
sericitic alteration of the surrounding rocks, vere essentially
contemporaneous. The inclusion data indicate that temperatures
in the vent ranged from approximately 600°C down to 35000 during
guartz-tourmaline alteration. Most samples gave values between
500°C and 400°C.

The data for ithe sericitized volcanics peripheral to the
vent (NG 123) is subject to great uncertainty, since only
seqondary inclusions can be used. Temperatures in the range of
400°C to 300°C are indicated, and the fluid salinity is much
lower than in the vent rocks. There are some vapour-phase
inclusions in this material also, so the fluid evidently did
boil, at least intermittently. The formation temperature of
the dispersed sulphide and cassiterite mineralization in the
sericitized volcanics and underlying sedimentary rocks has not
been determined, as no suitable material was found. The data
for NG 123 probably indicates the upper temperature limit for

alteration peripheral to the vent, but mineral deposition may
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have taken place at considerably lewer temperatures. In other
Helivian deposgits relatively low temperafures are indicated
for sulphide-rich mineralization. A rather steecp temperature-
salinity gradient outward from the vent seems érobable.

The g¢eological data also indicate that the major vein
systeﬁ began to form after the pervasive alteration of the
vent and surrounding rocks. The fluid inclusion data indicate
that, in the case of the Veta Colon (which is the largest
of the veinbstructures) the fluid conditions during the carliest
stage of vein growth were essentially the same as in the
surrounding quartz-tourmaline altered rocks. There are co-exis-
ting primary and pseudo-secondary Type VI and V inclusions, - .
and the temperature was above QSOOC. This suggests that the
beginning of vein formation and pervasive alteration were at
least partly contemporaneous. In the other veins there is a
distinct temperature and salinity difference between fluids in -
the earliest vein gquartz and in the surrounding roecks, supporting
the geological evidence for the somewhat later formation of the
veins. The data show a progressive decline in temperature and
salinity during vein growth. The last quartz deposition took
place at temperatures in the region of 250O and with fluid
salinity as low as 10 equivalent weight percent NaCl. Of particu-
lar importance is the evidence that all cassiterite deposition
took place at relatively low temperatures (Th below BOOOC) and
from a relatively dilute solution. No significant cassiterite or
sulphide deposition took place from the high~-temperature, highly
saline fluid during the alteration of the vent rocks and early

stages of vein growth,
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The need for a pressure correction has been discussed
above. The inclusion assemblage in the guartz-tourmaline vent
rocks indicates that the fluid was on the 2-phase boundary

%0 no pressure correction is required for the T, measuremenis;

h
the data for these fluids can be used to estimate the maximum
confining pressure which would have allowed the fluids to boil,

using the vapour-pressure data for the NHaCl-H_O system

2
(Sourirajan and Kennedy, 1962). This then gives the maximunm

depth at which the deposit could have formed, provided some
estimate can be made of the likely pressure éradient. Taking

the minimum salinity at which boiling took place as 40 equivalent
weight percent NaCl, and a temperature of QSOOC, gives a 1
vapour pressiure of approximately 300 bars. The depth at which
this pressure would obtain is difficult to estimate. Assuming

a lithostatic pressure gradient of approximately 300 bars/km
would give a maximum depth of 1 km. However, if the pressure was
eSSentially‘hydrostatic, the depth could be cenziderably.

greater. Extrapolation of Haas's (1971) data for NaC1-H,0
solutions indicates that a 40 percent NaCl solution at ASODC
would boil at approximately 2 km dépth. This assunies uniform
salinity with depth. If the salinity of the hydrostatic columm
was non-uniform with depth, dilute at shallow depth and increasing
in salinity downwards, the maximum depth at which boiling could
take place would be greater than 2 km. This scems to be a likely
situation in natural systems. In & breccia pipe such as the
Choroldue vent, the fluid pressure must have exceeded tho
lithostatic load pressure for brecciation to have taken place

{assuming the brecciation igz in fact due to explosive hydro-

thermal activity) and it seemg likely that the pressure in the
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luid may have continuced to remain above the purely hydrostatic

level during the ecarly alteration. Thué it seems reasonable
to agsume a depth of between 1 and 2 km for the samples taken
in the lower mine levals, and this is consiséent with the general
geological setting. The e€ffect of adding a correction for 300
baré pressure, using the data of Lemmlein and Klevtsov (1961)
is shown in Fig. 3.5, which illustrates the general trends in
fluid temperature and salinity during alteration and vein growth
at Chorolque.
E. Chemical data ' /

1) Daughter mineral identification.

The daughter mineral population in Type VI inclusions is:
very complex. At room temperature the mineral grains commoﬁly
overlap with each other so that individuals are often difficult
to distinguish optically (Plate 20). During heating runs, at
least eight different daughters have been observed.

In the éarliest vein quaritz of the Veta Colon there are.pri-
mary and pseudo-secondary Type VI inclusions which are larger
and easier to study than those in the quartz-tourmaline altered
rocks. They contain at least 6 daughter minerals and most of the
identification work was done using this material. The dominant
phases present (volumetrically) are a cubic isctropic mineral
with refractive index very close to that of quartz, and a rhomb-
shaped strongly birefringent mineral which is faintly greenish
in colour and is sometimes twinned (Plate 23). The latter has
a iow solution temperature and commonly shows signs of having
been partially dissolved and re-crystallized, apparently during

gnmple preparation. These two salts are present in all Type Vi
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and IV inclusions. In the latter they may be the only daughters
present, while in the former they are accompanied by numerous
other salts. On the basis of its optical properties the cubic
salt was identified as halite (NaCl)}, and this was confirmed

by analytical work with the SEM.

An initial attempt to identify the rhombic birefringent
mineral was made by crushing specimens containing relatively
large Type VI inclusions in oil, and physical separation of
the daughter mineral grains followed by tests for refractive
index, and simple chemical tests. Although the tecchnique was
found to be impractical;.one or two grains of this daughter
mineral were successfully separated. It waé found that the ... -«
salt turned a yellow-brown colour and became deliquescent on-.
exposure to air, and iz soluble in acetone and aicohol, though
not in CCLQ. Attempts to determine its refractive index by
successive immersions in standard 0ils were not successful,
but a simplevtest for iron using hydrcchloric acid and potassdum
ferricyanide gave positive results. Some preliminary data on
the overall composition of the Type VI inclusions was obtained
by decrepitating selected inclusions in the heating stage and
analysing the resulting condensate by EPMA, as described above.
This confirmed the high Fe content of the inclusions, and
Na, K, C1 and S were also detected.

The most useful data was gained using the SEM. Numerous
Type VI and Type IV inclusions were examined in this way,

Using the slectren beam to probe individual grains it was
possible to identify the presence of discrete K~Cl, Na=-Cl and

Fe~Cl salts. It was generaily not possible to relate individual
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graing seen in the SEM with those observad under the optical
microscope because of the deliquescence. and distortion which
took piace on opening. However, considering its optical
properties as well, there is little doubt that the rhomb-shaped
birefringent salt is a hydrous iron chloride, probably FeClz.
QHZO. This has previously been identified as a daughter mineral
in pegmatite quartz from Russia (Roedder, 1972b) and in vein
quartz from a porphyry copper deposit in Peru (Le Bel, 1976).

It has not been possible to positively identify any of the
other daughter salts. in the Type IV and VI inclusions (apart
from halite). The SEM work revealed substantial amounts of
potassium in the Type VI inclusions. Sylvite is common as a
daughter mineral in high temperature magmatic-hydrothermal
depositis. An isoiropic salt, with very low solution temperature
and high relief relative to halite, is present in these
inclusions and this may be sylvite (KCI). The SEM frequently
showed K occurring together with Na (and Cl) suggesting a mixed
Na=-K chloride salt, although this may also have been due to
electron scattefing form adjacent grains., Sulphur was detected
in some of the inclusions studied (though not all), and usually
in conjunction with Ca. A small rhombic highly birefringent salt
which is very slow to dissolve on hecating may be anhydrite
(Casoh). In some of the inclusions studied, a small grain
piving the characteristic X-rays of iron alone was found, and
this may be the opaque daughter, which is most probably an
iron oxide. No silicate daughter minerals were positively iden-
tified, the characteristicX ~rays for silicon were commonly

recorded, but in most cases apparenily came from gquartz fragments
' P Yy q
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which had fallen into the inclusion cavity on opening, or from
the walls of the inclusion.

The.acicular birefringent daughter mineral} which is
characteristic of Type 1l inclusions is most irobably dawsonite
(NaAlCOB(OH)z), This has been found as a daughter in inclusions
from many hydrothermal mineral deposits, and scems to be common
“in relatively low_.temperature, dilute inclusions (Covoney and
Kelly, 1971; Rye and Sawkins, 19743 Metzger et al., 1977).

2) General chemical data.

Some general data on the major element 6omposition of the
high salinity inclusionswererobtained using the SEM. An attempt
was also made to investigate some of the major cation ratios
using the crushing and leaching method, and a little information
was also obtained during experiments to test the usefulness of
a . laser microprobe in fluid inclusion anélysis.

All of the data reported here concern the composition
of the liquid phase, or solid daughter salts which have crystal-
lized from what was a liquid phase at the time of trappinge.

The gaseous phase present in all of these inclusions at room
temperature apparently consists essentially of HZO vapour,
Tests performed by crushing inclusion-bearing material in oil
showed that none of the inclusion types in any of the deposits
contained compressed gasses. There is no evidence that any of

the inclusions contain significant ammounts of CO Ne liquid

2'
CQZ' or C02~H20 hydrate was observed during freeczing tests.

Several typical samples from the Chorolque and Llallagua altered

rocks and veinsg were crushed under vacuum for extracticn of the



194,

inclusion fluid and isotopic analysis of the H_O (described

2

in Chapter 4). Attempts were made to separate any CO2 which
might be present from the HZO vapour by selective freezing in

the vacuum line. The amounts of CO_ collected were unmeasurably

2
small. The absence of CO2 in inclusions from any of the Bolivian
tin deposit which they studied was also noted by Kelly and
Turneaure (1970).

a) The scanning electron microscope data,

Numerous Type IV and VI inclusions were examined, mainly
.in early vein quartz from the Veta Colon. Typical aspects of
opened inclusion cavities are shown in Plates 24 to 27.

Plate 24A shows a fractured sample surface at low magni-
fication. A group of Type VI inclusion cavities are visible,
together with daughter salt material which shews no crystalline
form, and appears to have been extruded out of the inclusion
cavities. This is probably the result of deliquescence of the
salts on exposure to air when the sample was cracked open.

Plate 24B shows one of thesewinélusions at highef magnification.
The image resolution is very poor, but it can be seen that the
daughter salts have lost their crystalline form. Cl, K and

Fe are the only elements detected, and detailed study with the
electron probe shows that most of the material gives X-rays

of K and Cl1 only.

Plate 25A shows an inclusién cavity with relatively
undisturbed daughter minerals inside.-The X-ray data for two
pointé are shown. One gives high Fe and C1 with minor Na, K,
and Mn. The Na and K responses may come from.adjacent grains

excited by scattered electrons. The other gives high Na, K, and



Cl, with litile Fe. This is fairly typical of the sort of data
which can be obtained from inclusions of this type. The return
¢f X-rays from within the inclusion cavity is weak, and the
discrimination between individual grains is poor because of
scattering effects, Plate 25B shows two adjacent inclusion
cavities containing remnants of Na-K-Cl and Fe-Cl daughter
salts. Plate 26A shows a single Type VI inclusion cavity
crowded with daughter mineral grains. The image resolution is
poor, but the X-?ay data obtained by scanning the electron probe
over the entire cavity shows that S is present in addition te
Na, K and Cl.

Plate 26B shows a deep inclusion cavity containing distinct
Na-C1l and Fe-Cl daughter minerals, together with numerous
quartz fragments.

Plate 27 shows a sulphur bearing inclusion. Individual
grains give characteristic X-rays for Fe-Cl~Na, and Fe-5-K-C1l
although both spectra are probably composite due to scattering.
Small amounts of Ca and P are also present.

In conclusion, the total list of elements identified in the
Type IV and VI inclusions by this method is as follows :

Fe, Na, K, Mn, Ca, P, S, and Cl.

Although no quantitative information can be obtained, it
seems probable that the relative proportions of Na and K are
not far from equal, that Fe is a major component, and that Cl
is greatly in excess of S. Many of the inclusions in fact gave
no response for S, while it was conéistcntly detected in other
groups of inclusions. This suggests that the composition is
variable among different generations of prim;ry and pseudo~

secondary inclusions within the alteration and early vein stages.
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No metals were detected other than Fe and Mn, and the
method is unsuitable for the detection of trace amounts of
metal, as the sensitivity is often low because of oriontation
and scattering effects. 5n would be difficult to detect in any
case, a8 its main X-ray energy lines overlap with those of K
which is usually present in substantial amounts. The method
has, however, been used to identify chalcopyrite as a daughter
mineral in fluid inclusions from porphyry copper deposits (Le
Bel, 1976).
b).Data from crushing and leaching.
An attempt was made to measure the major cation ratios
in the inclﬁsion fl&ids by ﬁrushing suitable sample material,
leaching with de-ionized water, and analysing the leachate by
atomic absorption spectrometry. The method of cleaning and
preparing the samples has been described above. The samples
used were as follows:
NG 507. Early vein quartz from the Veta Colon. containing
a high density of primary and pseudo~secondary
Type VI inclusions.

NG 121. Vein quartz from the intermediate growth stage of
the Veta Colon containing Type IV and IIIX
inclusions, with some Type II and I inclusions also.

NG 273. Late-stage quartz {associated with cassiterite)

containing only Type II and I inclusions.
Also run were a sample of inclusion-free quartz, and a sample
of de-~ionized water which had been stirred in the agate mortar
for 20 minutes and then passed through the filter papere.

Equal amounts of each sample (10 gm) were crushed in equal
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amounts of de-ionized water (20 ml); however, the concentration
of inclusions in ceach sample is not equal, so0 the analytical
results are not directly comparable and only the ratios arc
meaningful. The results are shown in Table 5,

Considering the crudeness of this experiment, the only
conclusion which can he drawn is that the data support the
observations made with respect to the daughter mineral population,
that the Na/K ratio of the hvdrothermal fluid increased with
decreasing salinity and temperature. This is in kKeeping with the
normally observed trend in magmatic-hydrothermal systems. The
Na/K ratio of less:than 2 is somewhat low compared with values
obtained during experimental water~rhyoclite reaction at similar
temperatures (Ellis, 1967). Howaver, the extreme salinity and
high K{content of the early Chorolque fluids may be related to
the particularly intense alkali depletion of the wall-rocks which
accompanied the pervasive quartz-tourmaline alteration. The
Na/K atomic ratio in the early Chorolque fluids (1.7) is comparable
to the Na/K atomic ratio (0.85) in unaltered rhyodacite from
Llallagua, which was probably similar to the original unaltered
quartz-porphyry at Chore¢lque.

¢) Laser microprobe data.

The methods used, and some of the problems which were encount-
ered in attempting to use a laser microprobe for fluid inclusion
analysis have been described above. In addition to samples from
Chorolque, some highly saline inclusions from mineralized quart=z
veins from the Panguna porphyry copper deposit, Papua-=New
Guinea, and from quartz from a greisen zonev(Bostraze) in the

Lands End Granite,; Cornwall, were analysed for comparison.



TABLE &

Data from Crushing Experiment.

Analytical Results Expressed as Atomic Ratios.

Sample Na/X Na/Fe X/Fe Na/Ca
NG 507 A 1.70 1.41 0.83 11.30
NG 507 B 1.70 1.70 1.01 12.17
NG 121 2.42 2.51 0.85 6.09
NG 273 3.25 3.59 1.10 12.17
Brazil 3.16 - - 4.87
Quartz
Blank 2.87 - - -

198,
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The results are shown in Table 6, which summarizes the
data from numerocus individuval inclusion analyses. The
spectrograph used operates in the ultravielet (2000 X to 5500 R)
range, so only a limited number of elements could be detected,
mainly the metals. The data confirm the high iron concentration
in the Chorolque Type VI inclusions, and indicate the presence
of several other elements which have not been detected by other
methods. Most important is the indicated presence of tin and boron
in the Chorolque samples, but their absence in thg Panguna
sampies. Boron, but no tin was detected in the material from
Cornvall.

Although the work demonstrates the potential usefulness of
the method, particularly in the detection of low metal concen-
trations, there are many serious problems, and a great deal of
wvork would be required before more reliable and quantitative

resulits could be obtained.

3.4,2. Llallagua

A. Previous investigations

Previous geological investigations of the Llallagua deposit
by Turneaure (1935) have been discussed in Chapter 2. In their
general study of the tin and tungsten deposits of thelBolivian
Tin belt, Kelly and Turneaﬁre (1970) studied some samples of tin
vein material from Lliallagua., Their work indicated the general
temperature and salinity conditions éf cassiterite deposition
in tﬁe veins. They measured homogenization temperatures in excess
of 400°C in both early vein quartz and cassiterite, and found
limited evidence of fluid boiling during cassiterite deposition.
Freezing temperature measurements indicated that fluid salinity

in the veins fluctuated betweon approximately 5 and 25 equivalent



TABLE 6

Laser Microprobe Qualitative Results

200.

Element Spectral Chorolque, Bostraze, Panguna

Line (i) Bolivia Cornwall New Guinea

Fe Many XXX XX XX

Mn 2549 xX XX XX
29139 XX XX X
2933 XX XX, XX

B 2496.7 XX XX
2497.7 T XX XX

Al 3082 . XX XX
3092 ' XX XX

Ca 3158.9 b 44
3179.3 XX xx

T 3190 X Xx XX
3249.4 xX XX XX
3337 X

Cu 3247.5 : XX XX XX
3272.9 XX

wl 2444 xX XX XX
2452 XX XX XX
2533.6 XX XX XX

k2 3446 % X X

Sn 2840 X
3262 X

XXX - Strong Response

XX -
X -
1 -
2 -

Weak Response

Tentative Response

Probably due to contamination

Beyond optimum range of Spectrograph.
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weight percent NaCl,

Additional work was carried out in this study in order to
get more information on the fluid conditions during vein
formation, and to relate this to fluid conditions during
alteration of the stock and formation of the breccia pipes.

B. Material studied

Only gquartz was studied. As at Chorolque the cassiterite
now being mined is very dark in colour, and fine grained. Three
types of quartz were studied; primary igneous quartz phenocrysts
from altered (mainly sericitized) rocks, vein quartz, and quartz
(intergrown with cassiterite) which replaces rock fragments in
one of the hydrothermal breccia bodies. Unlike the situation
at Chorolque, cassiterite and sulphides were deposited in
assocation with the pervasive alteration of the stock, and
cassiterite deposition took place in the earliest stages of vein
growth, The later stages are dqminated by sulphide mineralization.
There is little quartz-tourmaline alteration exposed in the
present mine workings at Llallagua, and where it is present (in
the deepest levels) the secondary quartz is too fine grained
to be usable for inclusion studies. The locations of the samples
used are indicated in Table 7.

C. Classification, and distribution of inclusion types

The classification of inclusion types which was established
for Chorolque is also applicable toLlallagua. The vast majority
of inclusions which were found in all of.the material studied
are of Type I, They occur as primary, pseudo-secondary and
secondary inclusions in the vein quartz, and breccia-replacement

quartz, and as secondary inclusions in the quartz phenocrysts.
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TABLE 7

Llallagua: Fluid Inclusion Homogenization Tomperature
and Salinity Data.

Sample No% Type Class? ThRange ThMeun Tsolna Salinity4
. Tested (°c) °c) (°C)-
NG 495. I S5 458-4G1 460
Quartz phenocrysts, " 376
sericitized porphyry, " . 460
650-1level. ¥ A LT 390
" 372
NG 467, 1 IV} PS 460 370 44
Quartz phenocryst ,
sericitized porphyry,
685~1evel.
NG 41. 5 I S 351-359 357
Quartz phenocrysts, 2 v " 352
sericitized porphyry,
383-1level,
NG 39. 6 1 S 283-339 3189
Quartz phenocrysts, 3 " " 334-361 343
sericitized porphyry,
383-1evel,
NG 44. 15 1 S 296-312 303
Quartz phenocrysts, 1 " v 2¢5
sericitized porphyry, 2 " " 290-295 293
surface. 4 1v " 254 240 34
3 I " 294
1 ” " 288
1 " L 288
1 L " 288
2 Iv " 286
1 " " 280 150 30
3 I " 265-270 268
1 v " 240 118 28
NG 36, 1 1 PS 398
Quartz-cassiterite 1 " " 356
intergrowth, Clavo 4 " " 364-375 369
San Jose, 551-level. i " " 368
1 " ” 360
1 ” " 361
7 " - 343-356 353
1 ” " 351
1 " ” 342
M 3 " " 320-352 333
2 " " 326-337 332
1 " " 330

1. Number of inclusions tested per heating run.

2. Inclusion classification: Pzprimury, S=secondary, PS=zpsoudosecondary.
3. Solution temperature of last-melting daughter mineral (halite).

4. Fluid salinity in equivalent weight percont NaCl,
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TABLE 7. Continued

Sample No% Type Class? T, range T Mean T s Salinity4
Tested (°c) (eC) ?gé?‘
NG 37. 10 1 PS 367~-391 386
Quartz, early vein 7 " " ©382-387 385
stage., Veta Bismarck, 3 " " 383
383-level. 8 " " 377-385 380
10 " " 375-382 3go
3 " 1 . 374
to " " 352~388 366
6 - " " 450-358 354
3 ” " 357-365 361
NG 45BA. 5 1 PS 356-398 388
Smalil guartz vein, i1 v '’ 348-370 364
San Miguel shaft, 5 " " 171-182 174
530-level.
NG 458B. 5 1 Ps 349-362 357
Quartz, early vein 2 " " 344-385 350
stage. Veta Esperanza,
§30-1level.
NG 460. 7 I PS 372-380 376
Early vein quartz, 7 " " 365-384 375
with cassiterite. 8 " " 341-382 365
Veta Uno A, 530-level.
NG 32. 10 I PS 364-385 380
Early vein quartz, 5 ' “ 378-379 379
with cassiterite. 6 " " 369-384 are
Veta San Jose, 6§86- 7 " " 362-368 364
level. 6 " " 251-266 257
6 " " 254-260 257
NG 456. 5 PSS 344~-363 357
Early vein quartz, 4 " " 320
with cassiterite.
Veta Esperanza, 530-level.
NG 495, 4 I PS8 300-348 325
Swal)l quartz vein, 2 " " 310-313 312
with cassiterite,.650~1level.
NG 467. 3 I PS 312-325 325
Vein quartz, with 1 " " 320 18
cassiterite, Veta San 4 " " 320~325 322
Fermin, 685-level.




TABLE 7. Continued

Sample _ No% Type Class? Thrange ThMean qulna Salinity4
Tested °c) °c) (°c)
NG 32A. 5 I Ps 382-389 384
Vein quartz with 5 " " 363-374 369
cassiterite. Veta 2 " " 363-365 364 12
San Jose, 586-leveol. 13 " " 325-322 329
(4 " ” 320-326 322
3 " " 315-332 322
2 " " 307-309 308
1 " " 280 5
6 " " 278-281 280
11 " " 263-291 279
10 " " 249
6 " " 225-247 240
6 " " 235-244 239
5 " " 232-233 233
3 " " 183-204 192
3 ' " 144-152 149
NG 32B. 13 I PS 362-383 374
Vein quartz with 7 " " 362~391 373
cassiterite. Veta San 10 " " 363-380 | 371
Jose, 586-level. 7 v " 361-369 363
: ’ 2 “ " 337-339 338
1 " " 316
5 " “ 241-311 280
S " * 239-230 263
3 " " 254-267 259
2 " " 221-240 231
3 " " 158-192 174
3 " " 143-182 158
4 " " 159-181 173




Occasional Type II inclusions with a bladed or acicular
weakly birefringent daughter mineral {probably dawsonite)
were found, but they are much less common than at Chorolgue.
Type ITI and IV inclusions {secondary) wvere fouund in some
quartz phenocrysts (Plate 28). They are very small and diffi-
cult to observe, and are not common. They were only found in
tourmaline-rich altered rocks from the deepest mine levels.
_Type V (vapour) inclusions are common in the quartiz phenocrysts
as secondary inciusions and are also present (though net
common) in the early vein quartz. No Type III or IV inclusions
were found in the Llallagua vein or breccia-pipe material.
D. Temperature data

The homogenization temperature data éreshown in Table 7 and
Figs. 3.6 and 3.7. Little freezing work was done. The fluid
salinity was below 26 equivalent weight percent NaCl during
the alteration of the stock, except perhaps at the very
deepést levels of the présent mine workings, where occasional
more highly saline inclusions have been found (élate 28)..

As described in Chapter 2, the pattern of alteration
in the Salvadora stock is unrelated to the geometry of the vein
system., Alteration appears to have followed development of
the breccia pipes, and to have preceded and to some extent
overlapped with development of the vein system. The inclusion
date indicate that fluid conditions during alteration were
closely similar, in terms of temperature and salinity, to
conditions during early vein growth; This is particularly
significant, since cassiterite deposition also fock place

duiring both alteration and early vein stages.
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The data suggest  that alteration took place at
. - : wnt hetaw oot
temperatures in genoral below 500 C. There are very numerous
vapour phasge (secondary) inclusions in some of the quartsz
phenocrysts, and occasional inclusions with a very high
vapour to liquid ratio which homogenize in the vapour phase

G, . .
C. It is possible that these represent

at temperatures near 450
an early higher.temperature condition, perhaps asscciated
with the brecciation, when the system was vapour~dominated at
that level. Insufficient work has been done to evaluate this.

The material from one of the breccia bodies (Ng 36) gave
homogenization temperatures for seccondary quartz replacing
breccia fragments which are similar to those of the early
vein stage (approximately 35000). It appears that the secon-
dary quartz and cassiterite in the breccia were deposited by
vein-stage fluids moving through the consolidated but still
permeatle pipe, and give no information as to the conditions
of formaltion of the breccia. There is no evidence for boiling
during deposition of this mineralization in the breccia.

The early vein stage quartz, with intergrown cassiterite,
was depoéited at between BSOOC and QOOOC. There is some
evidence for boiling in the form of separate pseudo-secbndary
planes of vapour-filled inclusicns, but these are not common.
The freezing data of Kelly and Turncaure (1970) indicated
fluid salinities as low as.S to 10 equivalent weight percent
NaCl for the early vein fluids. The later stages of vein
growth, with much sulphide mineralijization, took place at
temperatures down to QSOOC; and the final stages, of sulphide~

berite~fluorite-siderite mineralization, were probably
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deposited at temperatures below this.

The salinity and temperature data for the early wvein
fluid provide some limitations on the possible depth at the
time of ore deposition. Taking a temperature of 375°C, the
maximum depth to which boiling could take place, assuming a
hydrostatic pressure gradient, can be estimated by extra-
polating the data of Haas (1971). Assuming a uniform fluid
salinity of 25.equivalent weight percent NaCl, which is the
maximum likely figure, gives a depth of about 2200 m. Assuming
5 percent salinity gives about 3000 m depth. The evidence for
boiling during the vein stage is limited, and it may have been
associated with only occasional temperature and pressure
fluctuations. It appears that the fluid in general did not
boil, but that it was close to the boiling curve. Assuming
a salinity in general well below 25 percent, and a hydrostatic
gradient, a depth in the range 2500 to»3000 m scems probable,
This is a maximum likely depth range since a higher pressure
gradient (e.g., partly lithostatic) would imply lesser depths.
The data indicate a maximum likely hydrostatic pressure
during ore deposition at the lower mine levels of around 200
bars. Asan illustrationy theeffect on the homeogenization
temperatures of a 300 bar pressure correction is shown in

Fig. 3.7 {(data from Lemmlein and Klevtsov, 1961).

3.4.3. Potosi

A, Material studied and inclusion types
A limited study of the Potosi deposit was carried out,
mainly on material from the veins. There was no previous fluid

inclusion data for this deposit which is the most important
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of the iinesilver deposits of Bolivia. Quartz is the only
mineral which was feund suitable for inélusion studies; as
with the other deposits, the cassiterite is too dark and fine
grained. Both vein quartz and duartz phenocrysts from the
pervasively sericitized rocks were examined. In general the
material is difficult to work with; the inclusions are very
small, and much of the vein quartz is very c¢lear and inclusion-
free.

Four samples (NG 88, 89, 90, 91) are from veins from the
deepest level at present being developed (Paiiaviri—lo, elevation
3900 m). Here the veins are narrow (less than 1 m width) almost
vértical lodes made up of several narrow fractures cutting
Palaeozoic siltstones. The mineralization is a simple open-
space filling consisting of cassiterite and gquartz with a
little pyrite. Most of the cassiterite was deposited early,
immediately adjacent to the vein walls, but deposition continued
almost throughout vein growth. The individual fractures are
vuggy, often with free-growing quartz crystals in the center.

Two samples (NG 294 and NG 295) are from the mid-upper
levels of the vein system (Level Caracoles-70). Here the veins
cu£ the altered igneous rock of the Cerro Rico stock. They are
similar in form to the deep veins, i.e., lodes made up of
multiple narrow fractures, and also narrow breccia lodes. The
mineralizatiop is sulphide~rich with much less quartz than at
depth, and there is a late-stage filling of kaolinite and
alunite.

As described in Chapter 2, the igneous rocks of the Cervo
Rico stock are pervasively sericitized, except in the upper

levels where argillic and siliceous alteration is developed.
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Two samples of sericitized guartz-porphyry were studied

(NG 93 and NG 94). The rocks are typical intensely sericitized
quarts-porphyry containing much dissemiriated pyrite, and

have a high tin content (over 1000 ppm).

The inclusions can be classified as at Chorolque and
Llallagua. Only Type I (1liquid plus vapour) inclusions were
found in the veins. They generally contain a minute opaque
daughter, and occasionally a trace of the acicular birefringent
daughter (dawsonite) which has been found in the other deposits.
The vast majority of the (secondary) inclusions in the igneous
quartz phenocrysts are Type I inclusions also, however a few
groups of Type III (halite-bearing) and Type IV (miultiple
daughter) inclusions were also found. They are extremely small
and difficult to observe, but the Type IV inclusions contain
a halite cube plus a rhombic birefringent salt as at Chorolgue
and Llallagua {(Plate 29). Type V inclusions arc not. present,
and this may be significant considering the virtual absence of
hydrothermal brecciation within the Cerro Rico stock.

B. Results

Tﬁe homogenization temperature data are shown in Table 8

and Fig. 3.7. Some of the early deep-level vein material

gives T values well above BOOGC, while late-stage temperatures

h
are as low as 190°C. The maximum temperatures for the middle-
upper lével material is lower than for the deep-level material,
indicating a vertical temperature gradient in the vein system.
Assuming that the ecarly quartz deposition was contemporancous

in the lower and upper levels, the temprature gradient could

have been as high as 100°C over 400 m.



TABLE 8
Potosi: Fluid Inclusion Homogenization Temperature

and Salinity Data.

1 2 k] 4
Sample No. Typo [Class. ThRange ThMean Tsoln Salinity

Tested (°c) (oc) (oc)

NG 93 and 94. 5 I1X S 2B6-323 310
Quartz phenocrysts, S " " 282-2895 287
sericitized porphyry, 1 " " 285
Pailaviri -10 level. 3 " " 280

3 ” " 272

1 " " 270

1 " " 264

5 " " 252-275 263

3 " " 258~266 262

1 l" ” 255

1 ” ” 242

1 v " 240 224 33
NG 89. 1 1/11 P 292
Vein quartz, with 5 o " 278-232 285
cassiterite. Veta 5 " " 270-285 280
Bolivar-2, Pazilaviri 3 " " 268-280 276
-10 level. 1 " " 260

1 " " 244

1 " " 220

5 " " 188~216 200

a ” L1 192

) 4 " PS 168-212 190

NG 90. 1 I/11 PS 339
Vein quartz, with 1 " " 329
cassiterite. Veta 1 " " : 329
Bolivar Nueve, level 5 " " J313-335 326
Pailaviri -10. 2 " " 308-321 315

3 " " J06-316 312
NG 2955. 4 1/11 P 269-281 275
vein quartz with 2 " " 272-273 273
cassiterite. Veta 3 " " 266-276 269
Bolivar-2, level 4 " " 267-271 269
Céaracoles -70,
NG 294. 4 1/11 PSS 238-248 244
As above, Veta Bolivar 3 " " 224-264 243
1, level Caracoles -70. § " " 224-266 240
' 3 " " 234-238 237

4 " " 194~246¢ 224

1, Number of inclusions tested per heating run.
2, Inclusion classification;:

P=primary,

S=secondary,

PS=pseudosccondary.

3. Solution temperature of Iast-melting daughter mineral (halite).
4. Fluid salinity in equivalent weight percent NaCl.
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The inclusion temperatures ih the altered rocks are
generally below those of the early vein quartz. Since the
phenocryst inclusions are secondary, this is not reliable
evidence.that the vein temperatures did in fact ever exceced
the temperature in the altered rocksj the phenocrysts might
not have trapped secondary inclusions while the temperature
was higher. In general the data are insufficient to draw
detailed conclusions on the relative alteration stage and vein
stage temperatures. However, there is no evidence that the
alteration temperature was much different from that of the
main vein stage. The pressure correcction can not be estimated
Qith any confidence since boiling is not indicated and the .
filuid salinity has not been determined. However it is clearly
very small. The fluid inclusion dataare consistent with a
minimum depth of 600.meters for the lowest level samples
takiné 300°C as the temperature and 26 equivalent weight
peréent NaCl as the maximum possible salinity. A greater minimum
depth would be indicated if the salinity is lower, e.g.,

1000 meters at 5 percent NaCl (Haas, 1971). Although not defini-
ti;e, the inclusion dataare thus compatible with the geological
evidence for a shallow depth.

As at Llallagua, deposition of tin and sulphide mineraliza-
tion took place both throughout the sericitized parts of the
stock a&as well as in the veins. The inclusion evidence suggests
that fluid conditions were similar during the alteration of
the stock and the main veiﬁ growth stage. Alteration probably
began before the opening of the vein system, as the pattern of

alteration is unrelated to the geometry of the vein systoem.



in contrast to Chorolque, fluid conditions in the veins were
initially similar toc those in the altered rocks, with cassiterite.
deposition spanning sericitic alteration and the main vein
filling ;tage Sver a temperature interval from 300°C down
to‘ZSOOC. Mineral deposition in the veins continued as the
temperature decreased further, and base-metal and silver
mineralizationWére deposited in the late stages and at the
highest levels. This mineralization is not found in the altered
rocks of the stock, indicating that during the late stages of
hydrothermal activity, the mineralizing fluid was confined to

the vein channelways.

3.4.4, Other deposits

A very limited amount of datawere obtained from 3 other
deposits: Colquechaca, Chocaya, and Huanuni;'the results are
shown in Table 9. These were visited primarily in order to
collect material for the K-Ar dating work described in Chapter 5,
and a detailed fluid inclusion study was not intended.

The geology of Colquechaca and Chocaya have been outlined
in Chapter 2. The vein mineralization in both cases is sulphide-
rich, and there is very little quartz, so that detailed fluid
inclusion study is not possible. Cassiterite, where present,
is very fine grained and sphalerite is very dark.

Sample NG 61 is from a sphalerite-pyrite vein, carrying
some cassiterite, which cuts the upper part of the Colquechaca
complex. The volcanic rocks at the vein margins are strongly
sericitized and argillized. There are occasional quartz crystals

intergrown with the sphalerite, and the fluid inclusion data were
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TABLE 9

Miscellaneous Fluid Inclusion Homogenization Temperature Data.

1
Sample No. Class.|Type T, Range T, Mean
Tested h h
(°c) (°C)
NG 61. 21 PS I 236~360 290

Quartz intergrown with
sulphides and cassiterite,
Veta Invidiosa, Yanakaka,
Coelquechaca.

NG 140. 15 PS I 185-~240 205
Quartz intergrown with galena- 3 " " 206-239 228
sphalerite. Veta Burton, Chocaya. '

NG 299. 14 PS 1 387-412 397
Quartz intergrown with cassiterite,
VYeta Keller, Huanuni.

1. Inclusion classification: P=primary, S=secondary, PS=pseudosecondary.




obtained from thege. Only Type T liquid plus vapour inclusions
were found, and no salinity measurcmenfs wvere made. Sample
NG 140 is from the Veta Burten, level 661, Mina Animas, Chocaya.
This is a galena-sphalerite vein with little éuartz which cuts
the Palaeozoic sedimentary rocks beneath the volcanic rocks of
the complex. Again, only Type I inclusions were found. These
two samples illustrate the relatively low temperatures and
salinities at which the sulphide-rich vein ores of the volcanic
complexes were deposited,

In contrast, the Huanuni sample (NG 299).is from a
quartz«cassiterite vein. The deposit is a complex vein system
in Palacozoic sedimentary rocks. The only direct evidence of
igneous activity in the vicinity are some altered quartz-
porphyry dykes. On géological grounds the deposit appears to
be deepef than the others, and probably related to an intrusive
body which did not reach the surface., The vein quartz, inter-
grown with cassiterite, contains primary co~existing vapour
and 2-phase liquid plus vapour inclusions (Plate 30). No daughter
mineral-bearing inclusions were found. The 2-phase inclusions
homogenize in the liquid phase at temperatures close to QOOOC.
Cassiterite depdsition at Huanuni took place from a boiling, high
temperature, relatively dilute (less than 26 equivalent weight
percent NaCl) fluid. This is in centrast to the quartz-cassiterite:
vein mineraliZation at Chorolque where, although vein quart=z
deposition began at simila; temperatures (above &OOOC) and the
carly fluid was boiling, the salinity of the carly fluid was
very high, and no cassiterite deposition took place until the

galinity was below 206 equivalent weight percent Nall, the
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temperature had fallen to below BOOOC, and boiling had ceased.

1.5. Discussion

The brecciated rocks of the Chorolque vent were altered
to a quartz-tourmaline rock by a high-temperature 2-phase fluid
consisting of a highly saline liquid and a low-~density vapour,
The data for the system NaCl-Hzo indicate that this is the
expected behaviour for an aqueous fluid separating from an ac;d
magma at shallow depth. The critical curve for the NaCl-H20
system is shown together with the minimum melting curve for
granite in Fig. 3.9. (Holland, 1967; Sheppard, 1977a). An
équeous fluid separating from an acid magma at temperatures
below about 700°C and at pressures less than about 1200 bars
would separate into a highly saline aqueous brine {greater than
50 equivalent weight percent NaCl) and a separate low-density
vapour phase. The ratio of brine to vapour would depend on the
weight relationships of H20 to soluble salts in the magma
(Fournier, 1972). Fluids of this type have been Hescribed from
the high-temperature alteration zones of numerous porphyry
copper deposits {Roedder, 1971b; Nash and Theodore, 1971;
NaSh and Cunningham, 19743 Moore and Nash, 1974) and in several
cases have been shown to be of magmatic origin on the grounds
of their stable isotope characteristics (Sheppard, 1977a).
The highly saline phase is typically rich in NaCl and KCl.

The highly saline fluid (Type VI inclusions) at Chorolque
co-existed with a low-density vapour phase and has been shown

to be rich in NaCl and KCl, and also Fe chloride. It thus has
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manv of the characteristics which would be expected of a
magmatic fluid under the indicated conditions of temperature
and pressure. However, the rocks of the Chorolque vent are
strongly depleted in Na and K, and so it is possible that the
highly saline fluid could have been derived by loss of alkalies
during rock alteration, to a fluid of other than magmatic
derivation, with the salinity perhaps increased by the effects
of boiling. The results of a limited stable isotope study
designed to investigate the origin of the fluid are discussed
in the following éhapter.

Little or no cassiterite or sulphide mineralization was
deposited in the Chorolque vent from the early high-temperature
fluid. It is likely,’and there is supporting evidence from the
inclusion fluid chemical data, that most if not all of the
metals and sulphur were in solution in the fluid, but remained
in solution until fluid temperature and salinity declined.

Mineralization was deposited both in the altered (sericitized)
rocks peripheral to the vent, and in the later vein structures
which cut the vent. The fluid inclusion data indicate that in
both cases the temperature and salinity were much lower than
during the early quartz-tourmaline alteration stage, and that
cassiterite deposition took place after the fluid had stopped
boiling.

At Llallagua, the expocsed levels of the Salvadora stock are
sericitized and carry disseminated cassiterite and sulphide
mineralization, and the stock is cut by a mineralized vein

system. In the decpest levels the alteration is tourmaline-rich,
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ang sericitization dies out. The mineralization in the vein

gtructures oxtends downward inteo the tourmalinized rocks for

a short distance only. The fluid inclusion data indicate

that in contrast to Chorolguey; the fluid conditions during

sericitic alteration and disseminated ore mineral deposition,

and main vein stage mineral deposition, were similar. The

fluid was high-temperature but dilute {less than 26 cquivaicnt

weight percent NaCl), and boiling did take place during

cassiterite deposition although it had ceased before the main

sulphide deposition stage in the veins. There is limited

fluid inclusion evidence that the tourmaline~rich alteration

at depth, which is barren of disseminated mineralization,

was associated with a highly saline beiling brine similar to

that which formed the quartz-tourmaline alteration at Chorolque.
Thus the two deposits show comparable zonal relationshiops

of alteration and mineralization. At Llallagua the zonation

is vertical. A deep tourmaline-~rich alteraticn zone is barren

of ore mineralization {it contains a little py?rhotite). It

was probably developed under high-tempcrature, high-salinity

boiling fluid conditions, although fluid inclusion evidence

is limited. It is overlain by a sericitic zone containing

disseminated mineralization and cut by a mineralized vein

system. Both alteration and disseminated and early vein mineral

deposition took place under similar moderate~temperature

and dilute fluid conditions. At Chorolque the zonation is

lateral (concentric). The inner (vent) quartz-—-tourmaline

zone is barren of mineralization, and formed under high-

temperature and highesalinity, boiling fluid conditions. It



is surrounded laterally by a minérulized gsericitic zone which
formed under distinctly lower temperature and salinity
conditions. The barren core is cross-cut by mineralized veins,
but ore aeposition did not begin in the veins until fluid
temperature and salinity conditions were much lower than those
at which the tourmaline-~rich alteration developed, and are
similar to those of the sericitic =zone.

The mechanical effects of boiling have been mentioned in
Chapter 2 with respect to the origin of the hydrothermal
breccias, and have been discussed in detail by Phillips (1973).
The fluid inclusion data reported here do not provide any
direct evidence as to the mechanism of formation of the breccias.
They do show however, that fluid boiling took place throughout
the highly brecciated Llallagua stock and Chorolque vent during
post-breccia alteration at least, but apparently did not take
place in the Cerro Rico stock which is essentially unbrecciated.
Only a limited amount of material from the Cerro Rico stiock
has been studied, so the evidence against fluid boiling is
not conclusive,

| Zonal relationships of alteration and mineralization
"in hydrothermal deposits are controlled by several interrelated
factors including changes in fluid temperature, pressure,
salinity, pH and oxidation state (e.g., Barnes, 1975;
Helgeson, 1970). Boilirng could be an effective mechanism for ore
deposition since it would deérease the fluid temperature and

increase pH by loss of volatile acids (CO,, H_S, HC1, HF) in

2’

the vapour phase. Both effects would favour deposition of

metals which are in aqueous solution as chloride complexes



(lelgeson, op. cit.). It has been invoked as a primary cause of
ore deposition in numerous relatively near~surface hydrothermal
deposits, and Turpcaure (1960) Suggestéd that the location
of 'bonanza' ore-shoots in the Llallagua veins were controlied
by the interval over which boiling was taking place. The fluid
inclusion data presented here do not support a simple
causative relationship between boiling and orc deposition.
At Chorolque, almpst all mineralization (except quartz) was
depoéited after boiling had ceased. At Llallagua, the period
of at least intermittent boiling did coincide with deposition
of ore mineralization but there is also evidence that much
mineralizaticn, including cassiterite ore, was not deposited
from a boiling fluid. There is no evidence for boiling in the
material studied from the rich Potosi veins, hbut some of the
very rich cassiterite ore in the Huanuni veins was certainly
deposited from a boiling fluid. It does seem that bcoiling may
contribute to the deposition of particularly rich cassiterite
ore, but it is certainly not a requirement for ore deposition
in these systems.

The low-density vapour phase of a high-temperature
.two—phase aqueous fluid of magmatic origin would contain other

S, HC1 and HF. This

volatiles in addition to H20, including H2

vapour would move outward and upward, and condense to form an
acid liquid of moderate salinity and lower temperature.
Sericitic alteration indicates low pH conditions, and is
characteristically associated with maximum sulphide deposition
in many hydrothermal deposits including the Bolivian sub-velca-

nic tin deposits. It could be suggested that the zonal



relationships of alteration and mineralization at these
deposits are simply related to a éingle boiling fluid, The
zones of sericitic alteration and dispersed mineraiization
might have formed from a cendensed vapour phase which had
migrated upward and outwvard from the high-temperature inner
and deeper regions of a magmatic-hydrothermal system. This
implies, however, that the metals were carried in the vapour
phase. Therc is evidence that significant amounts of some
metais can be transporited in sub-critical agueous vapour
although it is not clear if this is true of tin. A more
complex mechanism, perhaps more likely, could involve the
outward and upward mixing of the high-temperature boiling
fluid with a cooler fluid, perhaps meteoric or formation water
from the surrounding rocks. The metals could be {ransported
outward and upward in solution in the highly saline liquid
phase, which would become progressive}y diluted and cooled.
Mineral deposition would take place in the zone of mixing
because of temperature and salinity decrease and changes in
pH and the availability of oxygen and reduced sulphur. These
same factors would apply to mineral deposition in the veins.
The fluid inclusion data, especially for Chorolque, show that
substantial temperature and salinity decline did take place
before cassiterite and sulphide mineral deposition began.
The physical and chemical controls on the deposgsition of
cassiterite are not well established, and the mechanism by
which tin is transported in hydrothermal solutions is not
¢lear, The close association of cassiterite with base-metal

sulphide minerals indicates that the conditions under which



they are transported and deposited are similar. The presence
of sulphur and iron in the brine phasc‘of the early f{fluid at
Chorolqug has boen demonstrated, and tin and copper have also
been tentatively identified. The controlling effect of
temperature decline on sulphide deposition is well documented
(¢c.g., Holland, 1965; Barton and Skinner, 1967; Helgeson,
19703 Barnes, 1975). The importance of a high chloride con-
centration in extracting and transporting metals from magmna
and rocks by a hydrothermal fluid has also been demonstrated
(Holland, 1972) and there is no doubt about the high chloride
content of the early brines in the Chorolque system. The
effect of salinity decrease in precipitating chalcopyrite has
been documented {Crerar and Barnes, 1976} and this can be
expected to apply in general to the other base metal sulphides
and probably cassiterite also.

The direction of pH change in the Bolivian deposits is
not altogether clear. Such data as is available {(Smith, 1949}
indicates that tourmaline is only stable at near-neutral pil
aﬁ,high temperature. Thus, the quartz-tourmaline alteration of
the vent rocks at Chorolque and the deep levels of the Salvadora
stock at Llallaguamight be regarded as equivalent to the zone
of potash metasomatism which is characteristic of the inner,
high~temperature alteration zone of the porphyry copper deposits.
The temperature of formation and general fluid conditions are
very similar, In the porphyry copper deposits, the surrounding
sericitic zone indicates an initial decrease in pil outwards
(Rose, 1970). In the Bolivian deposits the destruction of

feldgpars and extreme lcaching of alkalies'which accompanicd
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quartz~tourmaline alteration indicates more acid conditions
in the highest-~temperature regions, so the comparison
may not be valid.

Iﬁ conclusion, the initial hydrothermal activity at these
deposits was highly explosive, resulting in widespread breccia
development. The earl&_post—breccia fluid, represented by the
inclusion fluid in the quartz-~tourmaline altered vent rock at
Chorolque, was at high temperature (over 500°C) and comprised
two separate co-existing phases, a low-density vapour and a
highly saline brine rich in Na, K and Fe chlerides. This fluid
.has many of the characteristics expected of a primary magmatic
hydrothermai fluid separating from an acid magma at low pressure,
although other modes of origin are also possible. Intense
pervasive hydrothermal alteration took place in the vent
area where the fluids were streaming upward. Quartz-tourmaline
alteration developed in the highest temperature and salinity
regions, exposed only at Choreolque and the deepest levels at
Llallagua. No ore mineral deposition took place under those
conditions, Sericitic alteration, which is peripheral to the
quartz-tourmaline =zone at Cﬁorolque, vertically above it at
Llallagua, and developed throughout the lower and middlé regions
of the Cerro Rico stock at Potosi, is asgociated with lower
fluid temperatures and salinities. In all of the deposits
studied, ore mineral deposition began only when temperature
and salinity had fallen to the range in which sericitic
alteration was taking place (mainly 250—3SO°C, leas than 20
cquivalent weight percent NaCl sqlinity). Probable causes of

ore deposition include the documented decline in fluid



temperature and salinity, and alsoe prohable clhianges in pH,

and increasingly oxidizing conditions. All of these may be
related to the incorporation of dilute meteoric water into

a confecting hydrothermal system, which could explain the
observed lateral and vertical zoning of alteration and
mineralization, inclﬁding the extreme acid lecaching which is
characteristic of the highest levels of the eruptive complexes.

The model concepts are discussed in more detail in Chapter 6.



CHAPTER &4

OXYGEN AND HYDROGEN ISOTOPE STUDY

o1, Introduction

The processes which concentrate tin into the most highly
specialized end-members of a differentiating granitoid magma
series are relatively well understood. lowever, the mechanisms
and processes by which tin is transferred to, transported in,
and deposited from a hydrothermal fluid are not well understood.
Part of the solution to these problems lies in determining the
origin of the fluids during the various stages of evolution
of the hydrothermal system.

Oxygen and hydrogen isotope.stﬁdies provide one of the
more powerfui methods for distinguishing between waters of
different origin, e.g., magmatic! meteoric,formation, or
sea water etc. The principles and application of this approach
have been reviewed by Taylor (1974) and Sheppard (1977a).

In regions where the isotopic characteristics of magmatic
and meteoric water can be differentiated, these studies have
shown that in the sub-volcanic porphyry copper-molybdenum
type ore-forming systems magmatic waters were associated
with the earliest and highest temperature alteration (K-~
silicate alteration) and sulphide deposition processes. These
took place in the inner, deeper parts of the systems, largely
within an intrusive igneous rock-mass. A meteoric-hydrothermal
convective system operated in the surrounding country rocks,

and progressively collapsed inward on the magmatic-hydrothermal
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system as temperature and magmatic fluid supply declined.
The strength of the meteoric convective system critically
affects the rate of cooling of the intrusive mass.
Physical-chemical gradients are particularly large in the
zone of mixing between magmatic and meteoric flﬁids, and
ore-mineral precipitation is concentrated in that zone.

The close ggological similarities between some of the
sub~-volcanic tin deposits of Bolivia and typical porphyry
c0pper.deposits suggests a similar origin (Sillitoe et al.,
1975). The supporting evidence of the fluid inclusion studies-
is described in Chapter 3. However, as pointed out in Chapter 2,
the type of rock alteration associated with the early stages
of»fluid evolution in the Bolivian deposits is different from
that in the porphyry copper deposits. This reconnaissance
stable isotope study was carried out to test if the distinction
between magmatic and metgoric waters is possible in the
Bolivian setting and, if possible, to set sone cpnstraints on
the origin of the fluids which were responsible for tin transport
and deposition at the several stages during the evolution of
these systems.

4.2. Principles

The general principles of oxygen and hydrogen isotope
geochemistry have been described in detail, for example, by
Epstein and Mayeda (1953), Hoefs (1973), Sheppard (1977a) and
Taylor (1967, 1968, 1974, 1977). Only a brief discussion of
the principles most relevant to the DBolivian problem are
presented herc.

The light elements such as hydrogen, carbon, oxygen and



sulphur have stable isotopes whose éomposition or ratios

vary in natural matcriais. The isotopes are partitioned among
the different phascs, often in a systematic way, because of
equilibrium or kinetic isotope. fractionation processes. The
fractionation of isotopes between two species X and Y are

described in terms of the fractionation factor o where

and R_ is, for example, the D/H or 1 0/160 ratio in species X
and Ry is the same isctope ratio in species Y. In the prescnt
context, d often closely approximates to the éqﬁilibrium
isotope fractionation and is temperature dependent. Kinetic
isotope fractionations, which arise because the different
isotopes of an element react at different rates, are not
considered here.

The isotopic data are presented as deviations of the
relevant isotopic ratio from that ratio in an arbitrary standard.

The conventional notation is as follows ¢

8 (in per mil, °/oo) qu 1
sample P ' = E;LER_E -1 1000
standard _
wvhere, for oxygen, § = 6180 and R =.180/160
for hydrogen, § = &D and R = D/H

For both oxygen and hydrogen, the standard is Standard Mean

Al \'t ’ =~ SN \r. 1 C 6 is < he
Ocean Water or SMOW,., Since standard is equal to 0, the

values are ecither positive (enriched in the heavy
sample »
isotope) or negative (depleted in the heavy isotope) relative

to the standard. For small differences in § between two mincerals

or species, it can be shown that

1000 1n o = 6 -8
X~y x y
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which gives a relationship betwee; the measurcd isotopic
composition of two species X and Y,Gx and Gy’ and the
fractionation factor ax~y'

Waters of different origin have characteristic hydrogen
and oxygen isotopic compositions (Fig. 4.1). Sea waters have
a very restricted range of compositions. Present-day meteoric
waters (rain, rivers, snow etc) have a very wide range of
isotopic compositions but lie about a straight line, the
meteoric water line. This reflects the fractionation processes
for both hydrogen and oxygen isotopes during vapour-liquid
condensation. The isotopic composition of a meteoric water
is related through this to the latitude, altitude, and previous
path history of the clouds.,

Magmatic water is defined as an aqueous fluid (of whatever
ultimate origin) that has thoroughly exchanged or equilibrated
isotopically with a silicate magma. Primary magmatic waters
have compositions in the range 6D -40 to -80 /o0, 5180 + 5.5
to + 9.5 o/oo, based on the isotopic composition of 'normal'
iggeous rocks, Thus the isotopic compositions of unmodified
meteoric waters are distinct from primary magmatic waters
(Fig. 4.1) although some meteoric waters have 8D values within
the magmatic water range. Because rocks are normally strongly
enriched in 18O relative to meteofﬁc waters, in a hydrothermal
system isotopic exchange can take place between the water and
rock resulting in a shift towards higher 6180 values in the
water. The 8D value of the water is normally unaffected since

8

. . . 1
the rock contains so little hydrogen. The magnitude of the 6~ 0

shift depends on the water : rock ratio, and can be used to
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estimate that ratio . In regions where meteoric waters have
8§D values within the primary magmatic water range a meteoric

" 11
18O -shift can

hydrothermal water which undergoes an
aquire an isotopic composition indistinguishable from that of’

magmatic water.

4.3, Analytical Methods

The isotopic analyses reported here were carried out in
the laboratories of Dr. S.M.F. Sheppard at the Scottish
Universities Research and Reactor Center, East Kilbride. The
methods used are those given in Sheppard (1977b) for mineral
and vater samples; and in Rye and O0'Neil (1968) for fluid
inclusions. Oxygen was extracted from minerals using bromine
pentafluoride and the resulting O2 gas converted to CO2 for
mass spectrometric analysis (Clayton and Mayeda, 1963).

Vater samples (for oxygen) were equilibrated with Co, at

25°C and the CO2 subsequently analysed (Epstein and Mayeda,
1953). For hydrogen, absorbed water wasfirst removed from the
minerals by heating the sample at temperatures up to'ZOOOC
under vacuum. Then the mineral was competely dehydrated under
vacuum at temperatures up to 1500°C and the resulting nzo
(with any Hz) was passed through a hot uranium tube to give
”2 gas for mass spectrometric analysis (Bigeleisen et al.,
1952).

Fluid inclusion samples were analysed for H20/002 ratio
and hydrogen isotope composition. The samples, consisting of
20 to 30 gm of vein quartz chips,were pre~hcated at ISOOC

for 24 hours under vacuum to remove any absorbed water. This

was carried out with the sample in a stainless steel tube
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(previously vacuum-tested) attached to a vacuum line. The
sample tube was closed off using the st0p;cock, and crushed
in a vice to pulverise the sample and release the inclusion
fluid. It was then connected to {he hydrogen vacuum line where
the released water, after separating off the non-condensable
gases and any C02, was passed through the uranium furnace

to give H as,. Because of the presence of hydrous daughter

o g
salts in the most highly saline inclusions, the samples were
heated while the water was being removed. Both non-condensable

gases and CO_ were present in trace quantities only, and the

2

amount of CO2 was too small to recover for analysis. The sample
material which was selected for the fluid inclusion analyses
were divided into two unequal amounts and separate crushings
and extractions performed.

There are many possible problems associated with the
analysis of fluid inclusions. Because the amount of mineral
material required for crushing is quite large, the single
greatest difficulty is in ensuring that all of the inclusions
which are analysed are of the same type and generation. Most
vein minerals contain several types and generations, and
great care and attention was given to the problem of sample
selection and preparation. The similarity in the isotopic
analyses of the sample pairs suggests that a reasonable
separation of inclusion types was attained, and that problems
asscciated with the dehydration of hydrous daughter minerals
were not important. Oxygen isotope ratios of the fluids were not
measured because of the exchange problems Setween fluid and

oxygen-bearing host mineral (Rye and O'Neil, 1968).
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Isotopic analyses were perforhed on McKinney-Nier type
double-collector mass-spectrometers, The analytical error
for oxygen is + 0.1 to 0.2 per mil and for hydrogen is
4+ 1 to 2 per mil. All isotopic compositions are reported as
§ values or per mil deviations from SMOV,

The oxygen isotope compositions and some hydrogen isotope
compositions of the fluids were calculated from isotopically
analysed minerals using temperatures based on the fluid
inclusion homogenization data. The mineral-water fractionation

data summarised by Taylor (1974) was used.

4.4, Samplcs Studicd and Results

The samples analysed are divided into six types as follows:

1.) Present day meteoric waters. Three samples were
analysed, of which two (NGW 3 and NGW 5) were from permanent-
flowing surface rivers and the third (NGW 2) was from a thermal
spring at Llallagua. The spring water was at about 60°% and
near-neutral pH where it emerged. NGW 3 was from the Cotagaita
River near Chorolque, and NGW 5 was from a stream between
Potosi and Colquechaca. The precipitation in both cases had
prebably fallen mainly as snow; the region is arid, cold, and
at an altitude of 4000 to 5000 m above sea level.

2,) Kaolinite from a tin vein, Llallagua mine. Clay
forms a late-stage in-filling of open spaces in many of the
tin veins at Llallagua and most of the other deposits. This
sample (NG 32) was from the San Jose vein on 586 level., A
small amount of pyrite is closely associated with the clay,
but it is not clear from the textural relationships if the clay

is hypogene, or supergene, in origin. The sample material



was checked by X-raydiffractometry, and gave the single

broad peak of moderately well-ordered kaolinite group.

As discussed previously, much of the uplift of the Eastern
Cordillera is believed to have taken place in the Pliocene.
Since the age of the Llallagua deposit is approximately 20 Ma
(see Chapter 5), the mineralization was probably formed at a
much lower elevation than its present position. Since the
isotopic composition of meteoric water is highly sensitive

to altitude and topgraphy, it is likely that the meteoric
water at Llallagua at the time of ore depositon had a
significantly different isotopic composition to that of the
present day waters. The importance of this clay sample is that
it may indicate the isotopic composition of the local meteoric
waters during the latest stages of the evolution of the deposit.
Previous isotopic studies of kaolinite associated with hypogene
argillic rock alteration in hydrothermal_systems (e.q.,
Sheppard et al., 1969) have shown that the hydrothermal

fluids responsible for the clay alterétion were undoubtedly
heated meteoric water, hence the clay mineral data can be

used to determine the isotopic composition of the local
meteoric water at the time of argillic alteration.

3.) Sericite. Two samples of hypogene alteration sericite
were analysed? one from the central, intensely sericitized
region of the Salvadora stock at Llallagua (NG 38), and one
from altered volcanics in the zone of seriqitization peripheral
to the central vent at Chorolque (NG 123). In both cases the
sericite is well crystallized, gives sharp muscovite XRD
pénks, and has formed mainly as a replacement of feldspar

phenocrysts. Samples were prepared by heavy liquid separation
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to remove tourmaline and'quartz.

4.) Tin vein material (inclusion fluid and quartz).

Two samples of inclusion~rich quartz from tin veins at Llallagua
were analysed (NG 37, NG 467). They are typicél vein quartz
material, intergrown with caésiterite, from the main cassiterite
deposition stage of vein growth. The quartz is rich in“dildté
(non-daughter mineral bearing) fluid inclusions giving homo- .
genization temperatures of 38000 (NG 37) and BSOOC (NG 467).

The specimens for hydrogen isotopic analysis of inclusion

fluids were hand=-picked under the microscope to obtain material
frece from secondary inclusions. The fluids were extracted és
described above, and 8D determined; § 18O was determinedjbn;f

the host quartz,.

5.) High-temperature early alteration stagé f1uids and
quartz. One sample (NG 507) of the highly saliné;rhigh—tcmpérature
fluid from the core of the Chorolque system was analysed. The
specimen is from the margins of the Veta Colon and represents
the earliest stage of vein growth. The temperature and salinity
are the same as in the surrounding vent rocks. Vein quartz was
used because it was found impossible to separate suitable
material, free from secondary inclusions and intergrown tour-
maline, from the altered quartz-tourmaline rock;.The sample
quariz pre-dated the cassiterite deposition stagé of the veins,
and was rich in Type VI inclusions giving homogenivation
temperatures of'ASOOC, and with salinities of over 50 equivalent
weight percent NaCl.

6.) Four other samples were run as follows : a) two samples

of biotite from unaltered igneous rocks (NG 487 and NG A498),
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these were run to confirm the composition of magmatic water

in these rocks in case of any peculiarities; b) one sample

of tourmaline (NG 122) from the quartz-tourmaline alteration
zone at Chorolque. There is no data on tourmaline-water D/H
fractionation, and this sample was analysed to set a limit

on the isotopicpropertiesof this important altgration mincrdl;
c) one sample of apparentiy unaltered shale from near
Chorolque. The oxygen isotopic composition (whole-rock) of

the shale was determined because, as discussed below, the vein
quartz at both Chorolque and Llallagua wés found to be
particularly 180 rich; a possible explanation for this is
through isofopic exchange between the hydrothermal fluid and
the shales.

The analytical results are shown in Table 10, and are
plotted in Fig. 4.2. Also shown for reference are the meteoric
wvater line and the kaolinite line. The latter gives the
isotopic composition of kaolinites formed by surface weathering.
It reflects the isotopic variation of meteoric waters since
it is defined by the equilibrium isotopic fractionations
between kaolinite and the local meteoric.water at essentially
uniform temperatures (Savin and Epstein, 1970). Some data
from other mineral deposits in the central Andean rcgion are
also shown for comparison. These are from studies of the
Casapalca Ag~Pb-Zn-Cu deposit in Peru (Rye and Sawkins, 197&),
the Pasto Bueno tungsten deposit, Peru (Landis and Rye, 1974),
and the El Salvador porphyry copper deposit, Chile (Sheppard

and Gustafson, 19706).



TABLE 10. Results of Isotoplc Analyses
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Sample Material Location and Description &0 Yoo 5180 Y00
NGW 3 water 2 Cotagaita River -91+41 (2) -11.5 (1)
NGW 5 Water 2 Stream, north of Potosli -95+2 (2) -12.2 (1)
NGW 2 water 2 Llallagua, hot spring (60°¢C) -113+1(2) ~-15.0 (1)
NG 32 Kaolinite Llallagua, late clay fill -102+3(2) 12.8+0.2 (2)
in tin velin
NG 3B Sericite Llallagua, sericitized -77+2 (3) 13.810.2 (2)
porphyry
NG 123  Sericite Chorolque, sericitized -70+1 (2) 13.740.2 (3)
porphyry
NG 37 Quartz, Llallagua, barren section _
fluid of tin vein 8147 (2) 15.3#0.2 (2)
NG 467 Quartz, Llallagua, mineralized _
£luiad deep tin vein 7444 (2) 14.7#0.1 (2)
NG 507 Quartz, Chorolgque, quartz tour-
- + .
fluiad maline alteration-stage 7611 (2) 12.240.2 (3)
quartz
NG 487 Biotite Llallagua, unaltered -97+1 (2) 7.840.1 (2)
porphyry
NG 498 Biotite Kari-Kari pluton, -85 (1) 6.940.1 (2)
unaltered granodiorite
NG 122 Tourmaline Chorolgue, altered vent -6119'(2) -
rock
NG 225 Shale Chorolgue, unaltered -66 (1) 13.1+0.3 (2)
1. Mean values of 6P and 6180 with number of determinations per

sample shown in brackets. SM

Collected September 1975.

OW scale.
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h.5. Discussion

The calculated isotopic composition of the fluids
associated with the alteration and vein minerals are shown in
Table 11, together with the fluid inclusion temperatures and -
isotopic fractionations used ih the calculations. Tﬁe fluwid - -
data are plotted in Fig. 4.3, together with some of thé
Casapalca, Pasto Bueno and El1 Salvador data.

4.5.1. Surface water data

The three Bolivian surface water samples plot close to
the meteoric water line. The two stream smnpleg are closely
similar to the Pasto Buené present~day surface waters which..
are derived from precipitation at a similar altitude (a?out
LOOO m). The Casapalca surface waters are isotopically some-
what lighter, reflecting their derivation from snow-fall at
higher altitude (5000 m). The reason for the distinctly
different composition of the Llallagua‘spring water is ﬁot
clear. It may reflect local topographic and climatic conditions
which can result in pronounced isotopic effects through their
influence on the precipitation history of the local airstrecam.

Of particular importance is the difference betwecn these
present-day waters and the range of meteoric water compositions,
marked 'El Salvador Lower Tertiary Groundwater' in Fig. %.3.
The El Salvador deposit lies in the Western Cordillera of
Chile at a much lower elevation (2000 to 3000 m)-than the
Bolivian deposits. The isotopic composition of the local
groundwater at El Salvador at the time of mineralization has
been calculated from the oxygen and hydrogen isotopic composition

of kaolinite of a late-stage argillic alteration assemblage
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TABLE 11. Calculated Isotopic Compoﬁition of Fluids

1

Sample Remarks Estimated Fractionations Calculated H;,0
temp, °C {1000 1n a) per mil
p/a  18o0/160 5D 5189
NG 498  Magmatic 700 -20  -3.6 -65 10.5
NG 487 Magmatic 700 -20 -3.6 =77 11.4
NG 507 Earliest (qtz 450 - +3 -762 9.2
~tourm) altn.
NG 467  Early vein 3150 .- +6 ~742 8.7
: (cassiterite)
stage
NG 37 Early vein 380 - +5 812 10.3
NG 123 Peripheral 300 -30 +3.3 -40 10.4
sericitic
alteration
NG 38 Pervasive 300 -30 +3.3 -47 10.5
sericitic
alteration
NG 32 Late vein 200 -18 +6 -84 6.8

1. From Taylor (1974)

2. Measured,
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(Sheppard and Gustafson, 1976). As noted above, the data

from numerous other porphyry deposits show that the water
responsible for thesc late-stage alteration effects is local
groundwater. It secems rcecasonable to postulate that the E1
Salvador Lower Tertiary groundwater 'gives a guide to the
isotopic composition of the groundwater at the Dolivian deposits
at the time they were formed (mid-Tertiary) since at that time
the Eastern Cordillera was at a much lower elevation, prior

to the mainly Pliocene uplift. If this was the case, then the
meteoric water at the Bolivian deposits had a 6D value within
the range of normal magmatic waters.

4.5.2. Clay data

The calculated composition range of water which would
have been in isotopic equilibrium with the single clay sanmple
(NG 32) is shown in Fig. 4.3 for a range of temperature from
200°C to 250C. At the low-temperature end, the composition
lies close to the meteoric water composition indicated by the
El Salvador groundwater, while the kaolinite itself plots
close to the supergene (weathering) kaolinite line.

This suggests that a supergene origin could be possible.
However, as noted above, the clay is from a deep vecin, and is
intimately associated with sulphides, so a hypogene origin is
also possible on gcologic grounds., The formation temperaturec
is difficult to estimate. The clay post-dates quartz crystals
which have minimum fluid inclusion temperatures of about 200°¢C,
This provides an upper limit. At this temperature the {luid
composition falls near the composition range of normal

magmatic waters; however it seems more reasonable to suggest



that the formation temperature was lower, and that the fluid
was meteoric water which had been enriched in 18O by exchange
with the surrounding rocks. This would still indicate that
the local meteoric water at the time of alteration had a 6D
value within the normal magmatic water range.

L.5.3. Biotite data

The two analysed biotites (NG 498 and 487) have isotopic
compositions which are essentially normal for magmatic biotites,
although their 6180 values are slightly heavier than most
reported magmatic biotites from other porphyry-type deposits
(Sheppard et al., 1971), and the calculated water composition -
lies outside the "norma1"4range for magmatic water. Unusually
heavy oxygen has been found in a number of calc—aika&ine
granitic rocks, including the Cornubian bathelith in S.W.
England, and some granites in eastern Australia {Sheppard,
1977b; O'Neill and Chappell, 1977), both of which have tin
mineralization associated with them. The most likely explanation
for the heavy oxygen in these rocks is that either the magnma
incorporated or exchanged with large volumes of sedimentary
rocks, which are characteristically enriched in 18O
(especially shales), or were formed largely by the melting of
such rocks. In this context a single sample of shale from
the Chorolque region (NG 225) gave 6180 =+ 13.10/00. It is
not yet clear if heavy oxygen is a characteristic of tin-
bearing magmas in general.

The calculated water values for the biotites are based on

180/1(’0 at

o . .
a =20 /oo fractionation for D/Il and -3,60/00 for
7OOOC. It has been shown experimentally {Suzuoki and Epstein,

1976) Lhat the biotitewnzO fractionation for hydrogen is
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sensitive to the composition of the biotite. The compositions
of thesc biotites have not been determiﬁed, and the value used
is for a phlogopite composition and gives a minimum fractio-
nation. 6D for both is within the normal range of magmatic
water.

L,5.4, Quartz-tourmaline alteration and vein data

The isotopic composition of the fluid associated with
the early, high-temperature alteration of the igneous rocks
of the Chorolque vent is given by the data for sample NG 507.
The 6180 value of the (hydrothermal) quartz is +12.20/oo,
close to that of the surrounding shales. The fluid composition
plots within the range of normal magmatic waters for both
6D and 6180. As discussed in Chapter 3, the fluid inclusion
data show that this is a high-tempe rature, 2-phase fluid
consisting of separate co-existing ultra-saline liquid and
low density vapour. The predicted nature of a magmatic aqueous
phase separating from a magma in the sub-critical region of
the HZO-NaCI system is just such a 2-phase fluid as this
(Fournier, 1972). Similar fluids have been found in the inner,
deeper regions of many porphyry copper deposits and have been
shown on isotopic grounds to be of magmatic origin. Thus,
although the & value for the NG 507 fluid is within both the
magmatic water range and close to the estimated value of the
local metcoric water at the time of mineralization, a magmatic
origin is preferred. The 5180 shift required for meteoric water
to attain this composition (+ 10°/00) is greater than that
which has been measured in most natural geothermal systems

(Taylor, 1974) and would imply an extremely low water to rock



ratio. This seems unlikely considering the intense pervasive
alteration and the brecciated nature of the vent rocks.

The two vein fluid samples (NG 467 and NG 37) are lower
temperature, much lower salin{ty (less than 26 equivalent’
weight percent NaCl) single phase (liquid) fluids. Both are
from Llallagua, where the high-temperature 2-phase fluid
inc;usions of NG 507 type, and associated pervasive quartz-
tourmaline alteration, are found only in the deepest levels,
below the part of the stock containing the major wvein
structures and the pervasive sericitic alterétion and
disseminated mineralization. The inclusion evidence suggests
that the ecarly vein growth stage (with cassiterite)
represented by these samples was roughly contemporanecus cor
slightly younger than the pervasive alteration of the stock.
The isotopic compositions of the two vein fluids plot closec to
that of NG 507,despite the difference in temperature and the
radical difference in salinity. If these fluid types are
isotopically similar because they are of similar origin,
the salinity variation must be explained by some mechanism
which would not change the isotopic composition. Alternatively,
if the fluids are different, for example if the dilute vein
fluids are meteoric water, then the similarity of their 6i80
values must be explained. In the first case, it is possible
that the dilute vein fluids might be the condensed low-density
vapour from the deeper parts of the system where boiling
was taking place. At present there are no fractionation data
available between liquid and vapour in ‘boiling' brine

solutions to cither support or climinate this possibility.
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In the second case, the 6180 shift again implies a low water
to rock ratio, which seems unlikely in an open vein system.
A dominantly magmatic origin is preferred, considering the
geological and hydrologicai evidence.

4.5.5. Sericite data

The calculated isotopic compositions of the fluids
responsible for sericitic alteration at both Chorolque (NG 123)
and Llallagua (NG 38) show strong deuterium enrichment relative
to the quartz-tourmaline alteration (Chorolque) and early
vein fluids (Llallagua). Deuterium enrichment of fluids
associated with sericitic alteration is also a feature of the
data from Pasto Bueno and El1 Salvador,

There are several possible explanations, involving either
a fluid of different 6D, or some process of deuterium enrich-
ment. There is also the possibility that the D/H fractionation
data for sericite-H,0 (used here) are substantially different,
and so not correctly applicable, to sericite-brine fractionations
(Sheppard, perScomﬁ.).The following are possible reasons for
the deuterium-rich fluid associated with sericitization.

a) The fluid is of different origin to the carly alteration
and vein fluid. The most likely fluid to be present in the
outer and upper regions of these hydrothermal systems is
meteoric water., The available evidence, presented above, is
that the local meteoric water at the time of mineralization
had 6D values 20 to 30 0/oo lighter than the calculated scricite
waters, The evidence for the isotopic composition of the
meteoric water is far from conclusive, and there is a possibili-

ty that the meteoric water was in fact heavier during the
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earliest stages of alteration, particularly since there is
considerable uncertainty as to the preeise elevation and
topographic conditions in the Eastern Cordillera at the time
of mineralization. The problem'with this explanation is that
8D values of ~40 to =50 0/oo for meteoric water are not
compatible with the late-stage kaolinite data (NG 32} unless
considerable uplift took place between these two stages of
alteration. The possibility that the fluid assqciated with
sericitization is evolved meteoric water is discussed\below.

Landis and Rye (1974) have suggested that the comparable
deuterium enrichment of the fluid associated with sericitic
alteration at Pasto Bueno 'is due to the incorporation of De-rich
metamorphic water. The meteoric waters at Pasto Bueno at the
time of mineralization appear to have been extremely deuterium
depleted (as low as —1400/00), so the magnitude of the difference
between the meteoric and sericite waters is much greater than
in the Bolivian depbsits. It seems rather unlikely that a
significant volume of metamorphic water would be present at
shallow level in the Eastern Cordillera of Bolivia, considering
the lack of metamorphism of the rocks, and the fact that the
last significant period of deformation prior to igneous activity
took place in the Cretaceous.

Bl The fluid associated with sericitization was either
meteoric water or was of similar isotopic composition to vein
fluid, and has evolved to its calculated isotopic composition
by some process of deuterium enrichment. There are several
possible mechanisms, and these have been discussed by Landis

and Rye (op. cit.) and Sheppard and Gustafson (1976).



The vein fluids could have become enriched in deuterium,

S 18 . X . .
without significant change in 8§70, by isotopic fractionation
between H_O and hydrogen, with escape of hydrogen from the

2

system; by H,0-H,S fractionation; or by boiling (Hzoliquid~

H,O fractionation), although the latter is probably

2 vapour
not effective because the fractionation is negligable except
at low temperatures. Loss of hydrogen has been invoked by
Gustafson and Hunt (1975) to explain the highly oxidized
state of sulphur in the El Salvador deposit. The H20—H2
equilibrium D/H fractionation is substantial at high tempera-

ture, and weuld lead to D enrichment in H,0. An H OnHZS

2
fractionation mechanism might also be effective, with loss
of st from the system.

Another possibility is that the fluids éssociated with
sericitization were meteoric water which had undergone both
§80 shift and 6D shift. Deuterium enrichment is found in
meteoric fluids involved in acid 'hot-spring' geothermal
systems, because of kinetic isotope effects associated with
steam evaporation. The Bolivian eruptive complexes which have
not been deeply eroded all have very extensive argillic
alteration zones which have developed in relatively low
temperature, acid, hydrothermal systems in the volcanic
superstructure of the complexes. This type of hot-spring
system may have overlain all of the important deposits at the
time of their formation, and it is possible that significant
volumes of meteoric water were isotopically modified in this
wvay before being drawn down into the deeper regions where

sericitic alteration took place. The isotopic composition of
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fluids modified in this way lie along a line with slope 3.
The Bolivian data are compatible with this.

L.6. Conclusions

The isotopic composition of the local meteoric water
at the time of mineralization appears to have had 6D within
the range of normal magmatic waters, making the distinction
between these two water types difficult. Because of this, and
partly because there are insufficient analyses, the isotopic
data presented here are not definitive in tracing the cvolution
of the fluids in the systems under study. However, a number of
important points emerge. The data are consistent with a
magmatic origin for the early high-temperature fluid associatcd
with the quartz-tourmaline alteration of the Chorolque vent,
and this is the preferred interpretation on geological and
fluid inclusion grounds. The isotopic data are also consistent
with a magmatic origin for the early (tin deposition) stage
of vein fluids. This conclusion is important, since the fluid
inclusion data show that these fluids are of substantially
different temperature, and especially salinity, to the quartz-
tourmaline alteration fluid. It is also geologically reasonable,
since it is believed that the high-level eruptive complexes
are underlain by much larger igneous bodies which must have
supplied much of the ore mineralization via the vein channel-
ways. The origin of the fluids associated with sericitization
can not be determined decisively. They are isotopically
distinct from the quartz-~tourmalince alteration and early vein
fluids. They could be evolved magmatic or meteoric water, or

possibly but less likely, metamorphic water. The late~stage vein
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kaolinite was deposited from either a low—-iemperaturc hydro-
thermal fluid of meteoric origin, or else is a product of
supergene weathering and was transported into the vein
systems by downward percolating groundwater.

These conclusions are summarised diagramatically in
Fig. 4.4 and %&.5. In these, the 6D data for the two separate
deposits (Llallagua and Chorolque) are combined to give a
generalized evolutionary scheme for the hydrothermal systems,
based on the assumption that the fluid associated with secriciti=-
zation was meteoric water. In Fig. h.L4, possible mixing paths
for the alteration and vein fluids are sho&n, with the
assumption that the late-stage vein kaolinite is of metecoric-
hyarothermal origin and was deposited at a temperature of
about EOOOC shortly after the main stage of vein mineralization.
The difference in 8D between the two Llallagua vein samples
is taken as being significant and reflects incorporation of
metecoric water into the vein fluid, which was initially of
magmatic origin. This model requires that 6D of meteoric
water changes from approximately «400/00 to -800/00 during
the life-span of the hydrothermal systems. The most plausible
mechanism for such a change is regional uplift. There is no
doubt that major uplift has taken place between the time of
formation of the deposits and the present, but it scems
unlikely that the greater ‘part of it, which would probably
be required to explain a hOo/oo change in 8D, would have taken
place in the limited tiwe indicated. Therc is no dircct
cevidence as to the life-span of the hydrothermal systems,

Nowever, it seems unreasonable to postulatce more than a short
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time between pervasive alteration and the main vein-stage
at least.

A more satisfactory model is shown in Fig. 4.5. In this
it is assumed that the fluid associated with sericitization
was meteoric water, that the difference between the two
vein samples is either not significant or represents a
reverse trend to that indicated in Fig. 4.4, and that the
clay was deposited at a much later time and is perhaps of
supergene origin. This allows a much greatef time-span for
the postulated change in 8D of the local meteoric water.

In this model,‘deep, inner quartz-tourmaline alteration is
associated with a high-temperature magmatic fluid. This
mixes outward and upward with meteoric water which is dominant
in the zones of sericitization. As the veins develop they
continue to tap magmatic fluid from a deep sourée (pluton).
Gradual mixing of vein fluid with meteoric water would be
likely, but has not been tested adequately here., The clay
fill is much younger, possibly supergene, and deposited from
meteoric water strongly depleted in D relative to earlier
meteoric water due to uplift. The 8D of this clay-depositing
filuid approaches that of present-day meteoric water.,

This is the preferred model, and is most consistent with
the geological and fluid inclusion evidence, although consi-

derable further work is required to fully test its validity.



CHAPTER 5

A GEOCHRONOLOGICAL STUDY OF THE SOUTHERN

PART OF THE BOLIVIAN TIN BELT

5.1. Introduction

A total of 41 rocks were dated by the potassium-argon
method. The samples were collected by the writer at several
of the major mineralized eruptive complexes of the southern
part of the tin belt, as well as from a number of rock units
unrelated to mineralization. The analyses were carried out
by the writer in the Isotope Geology laboratory of the
Institute of Geological Sciences (I G S), London.

The objective of the study is to provide a general
chronological framework for the Andean igneous rocks and
associated mineral deposits in the southern part of the
Bolivian tin belt., The data provide a chronological link
between the batholiths of the northern tin belt, and the
volcanic and sub-volcanic centres to the south of Oruro.

The approximate age of mineralization at several of the
major mining centres hés been determined, and the data
reveal some distinct age groupings. The approximate length
of time involved in the formation of some of the mineralized
igneous complexes has also been measured.

5.2. Previous Geochronological Data

The geochronology of the batholiths of the northern
tin belt is currently under investigation (Robertson, 1974;

Ciark et al., 1976). Reviews of the available data have been



given by Clark and Farrar (1973) and by Avila (1975). The
K~Ar dates which have been reported ranée from Triassic to
Lower Miocene in age.'The batholiths of the Cordillera Real
give mainly Triassic to Jurassic ages while the more
soufhcrly Illimani, Quimsa Cruz and Santa Vera Cruz plutons
give Lower Miocene dates, the youngest being 22,8 Ma for a
sample from the Santa Vera Cruz (Cordani, 1967).

In the southern tin belt it has long been recognised that
many of the eruptive centers are of Tertiary age. Volcanic
rocks can be seen to unconformably overlie Cretaceous sediments
at a number of localities, and the Cerro Riceo stock at Potosi
cuts plant-bearing tuff beds containing a flora classified
as Late Pliocene (Berry, 1937) or Miocene (Steinmann, 1922).
From this a general Miocene or Pliocene age ‘has previously
been applied to all of the ignecus rocks of the region
(Turneaure, 1960).

Prior to this study, only a limited number of radio-
metric age determinations had been carried out on igneous
rocks of the southern part of the tin belt (Evernden, 1961;
Clark and Farrar, 1973; Evernden et al., 1977). These pro-
vided firm data on the age of the Kari-Kari batholith and
Agua Dulce - Mondragon lavas of the Potosi region (20-22 Ma),
and indicated a late Miocene (7.3 Ma) age for the post-mineral
ignimbrites of the Los Frailes formation. They provide little
information on the age of the mineralized eruptive complexes,
although a date of 9.4 Ma was reported for the Salvadora
stock at Llallagua. This was of particular significance.

As noted above, the southern plutons of the northern tin belt

have given Lower Miocene ages, the youngest of which is



22,8 Ma. Thus a time break of over 10 Ma was indicated

between the emplacement of the igneous rocks and associated

mincralization of the southern end of the northern tin belt,

and the emplacement of the mineralized eruptive complex at

Llailagua, near the northern end of the southern tin belt.
These data were usedby Ahlfeld (1967) to propose three

episodes of mineralization in the tin belt as a whole.

He recognised a Mesozoic stage associated with the batholiths

of the Cordillera Real; a Lower Miocene stage associated

with the southermost plutons of the northern tin belt, in

which he included the minor mineralization associated with

the Kari-Kari batholith near Potosi; and he ascribed all of the

sub-volcanic mineralization of the central and southern parts
of the belt to a distinet younger (Upper Miocene-Pliocene)

stage.

The new ages determined in the present study do not support

Ahlfecld's subdivision. In particular it has not been found

possible to confirm Evernden's (1961) Upper Miocene age of

9.4 Ma for the Salvadora stock and a much older, Lower Miocene,

age is preferred, the implications of which are discussed

belowe.

5.3. Location and Description of Samples

In this study rocks from the following areas have been
dated; the San Pablo (Morococala) stock and Japo and Santa
Fe mines; the Salvadora stock, Llallaguai the Colquechaca
eruptive complex; the Potosi region, including the Cerro Rico
stock; and the mineralized eruptive complexes of Chocaya,
Tatasi, Chorolque and Tasna. The samples can be divided into

two groups:



a) From intrusive and volcanic units directly associated
with mineralization: these include mineralized intrusive
porphyries forming small stocks, such as the San Pablo,
Salvadora (Llallagua) and Cerro Rico stocks; porphyry
dykes associated with>ore-veins in sedimentary rocks,
such as at Japo, Santa Fé and Tasna mines; and lavas
and pyroclastics of the mineralized volcanic complexes
such as Colquechaca, Chocaya, Chorolque, and Tatasi.

In all cases fhe rocks are quartz-porphyries. Unaltered,
they are generally of quartz-~latite composition and
composed of quartz, sanidine, sodic plagioclase, and
biotite phenocrysts in a microcrystalline or glassy
matrix. Many of these rock units have been hydrothermally
altered; the common alteration types are tourmalinization,
sericitization, argillization, and chloritization. Where
possible both unaltered and altered samples from the

same unit have been dated.

b) Volcanic and intrusive rocks which are not directly
associated with mincralizations these. include the post-'
mineral ignimbrite formations of the Morococala and Los
Frailes regions; the Kari-Kari granodiorite pluton and
volcanic formations of the Potosi region; and the
rhyolitic tuff of the Atocha region. A limited number
of samples from these units have been dated, but no
attempt was made to investigate their chronology in

detail.

5.4, The Principles of the Potassium-Argon Method of Age

Determination

The principles and techniques of the K-Ar method are well
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known and have been exhaustively described in several texts, -
including those of Dalrymple and Lanphere (1969) and York and
Farquhar (1972). Some of the most important points are
discussed briefly below.

5.%.1. The K-Ar age cquation

The method rests on the fundamental property of radio-
active decay, i.e., that decay is a statistical process in
which the number of atoms of a radiocactive element which
decay in unit time is proportional to the number of atoms of
that clement which are present

dN

at = AN
where N is the number of atoms present and ) is the decay
constant, which expresses the probability that an atom will

decay in unit time. From this is derived the basic radioactive

decay formula -At

where NO is the initial number>of radioactive atoms present,
and N is the number remaining at time t.

This equation cannot be used for dating since No cannot
be determined without first knowing t. However, in a closed
system in which neither parent nor daughter atoms are lost or
gained except by the decay process itself, the decrease in the
number of parent atoms must be equal to the increase in the
number of dﬁughter atoms. If P is the number of parent atoms

and D the number of daughter atoms

ap _ _ar
dt =~ dt
and at any given time
P =P + D
o

where P is the original number of parent atoms. Substituting
o g I
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this into the basic radiocactive decay cquation gives
At ‘
D = P(e - 1)
from which t may be found without knowing Po.
1 D
t =y log, (P + 1)

In this equation it is assumed that all of the daughter atoms
are the product of radiocactive decay of the parent P in the
closed system. If, however, some atoms of the daughter nuclide
vere incorporated into the system at the time of its formation,

they must be subtracted from D, and the equation becomes

D -D
t = % log t o + 1
P, -
P
where D, is the total number of atoms of D at time t and D

t

o
is the number of atoms of D incorporated into the system at
its initiation. This is called the General Age Equation.
For potassium-argon dating this requires modification

. 40 . L Lo

since "k undergoes branching decay to both OCa and ' Ar.
Lo, Lo . .

The decay of K to Ar is by electron capture with gamma-
ray ecmissionj; this accounts for about 1% of the total
4o

Uk decay, and the decay constant')\e has a value of 0.395 x

-10 Lo . - .o s
10, " /yr. The decay to Ca is by B emission and the decay con-

-10
stant‘)\B has a value of 4.72 x 10 1 /yr. There are sone uncer-
tainties here, both in the values of the mecasured decay constants
. . Lo, .

and in the fact that a very small proportion of the K decay
takes place by other processes, however for young recks these
are insignificant compared with experimental uncertainties and
can be ignored.

Lo

For the branching decay of K, the age equation can be
g ’ g

written

i A+ A t
4 I/ !
'OAr + *OCa = ‘OK e( € B\

rad rad -1



where the subscript rad indicates the radiogenic nuclide
produced by decay within the closed system. For K-Ar age
calculations this becomes

Lo _ ko A (x€+ Ais)t

- 2] -1
Aroaa Ko+

Soiving for t gives the K-Ar age equation

'_[*o )
At A
¢ = 1 log Arrad | _£ B +1
oA+ e | 4o A
e K

B8 €
substituting the values of the decay constants gives
- 4o
9 AT aa
t = 1.885 x 107, 1loyg 9.068.— + 1
e . *OK
e

thus the age t can be calculated from the experimental deter~

I
mination of the amounts of koArrad and QOK in a suitable

rock or mineral sample.
In practice it is not necessary to measure the abundance

of the QOK isotope in samples being dated since the ratio

Lo

K/K is constant in all geological materials. It is

total

necessary only tc determine K then QOK is calculated

total’

. . : . ko
from the isotopic ratio. The value normally used is K/K =
0.0119 atom percent. This equation involves only radiogcnic
Lo . . ho . R
Ar which is produced by decay of K in the clesed mineral

Lo, . .
or rock system. It does not account for any Ar which might
be incorporated at crystallization. It also requires correction
for the small amount of atmospheric QoAr wvhich can not be
excluded from the measuring system, as discussed in section 5.5
below. The equation embodies three fundamental assumptions.
1) That the decay constants have remained unchanged
over geologic time.

ho
2) That no *YAr was present at the time of crystallizalion

of the rock or mineral.
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1) That the system has remained closed to loss or gain
of both parent and daughter nuclides since crystal-
lization,

In the case of 1), it has been shown thét although the decay
constant for some radioactive transformations can be affected
by the chemical and physical environment, in the case of the
decay of AOK, there is no significant variation in X with
environment, and it can be assumed that-it has been constant
over geological time (Dalrymple and Lanphere, 1969). The
others are discussed below.

5.4.2. Extraneous argon

40

If Ar is incorporated into a rock or mineral at the

time of crystallization, its potassium-argon age will be too
great. This can come about in two ways: firstly, where gaseous
Ar is present in the environment of crystallization and
becomes incorporated in the crystal lattice or perhaps trapped
in fluid inclusions. This is called excess argon. Secondly,
' 40 . . . . .
where older, Ar-bearing mineral grains are incorporated into
40 . Lo, .
a rock, or where Ar from pre-metamorphic decay of K is
retained during a metamorphic event. This is called inherited
argon. The latter is only likely to occur under rather special
circumstances which are relatively easy to identify. Excess
argon is more difficult to identify, and its presence can
only be firmly established if the rock or mineral can be
reliably dated by some other method.
Since potassium is present virtually throughout the
earth's crust, and probably the upper mantle as well, the
Lo 4o
production of Ar from decay of K must have been going
on throughout geological time. This is the source of excess

5

" argon in minerals. It has been found in a variety of rocks,
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especially those which have formed in a high gas-pressure
environment, such as kimberlites, pegmatites, and submarine
lavas,., Virtually all minerals could contain excess argon
since crystalé are normally imperfect, and so may be able to
cuﬂtain the argon atom even though they may not have suitable
sites in their ideal lattice. This is born out by experimental
studies which have shown its presence, ih certain cases, in
all of the minerals which are normally considered useful
for K-Ar work, and many others as well (Damon and Kulp, 1958).
In practice, erroneous K-Ar age measurements resulting
from excess argon are rare. It has most frequently been
encountered in minerals having extiremely low potassium contents

. \ . Lo
since in these, the ratio of excess argon to A and

Yrad’
hence the error on the age, is likely to be high even when
ithe amount of excess argon is extremely small. This is parti-
cularly the case in young rocks.

In the present study therg was some question as to whether
tourmaline, which is common in many of the altered rocks,
might contain excess argon. Damon and Kulp (1958) recorded
large amounts of excess argon in tourmaline, but it is not
known if this is a common feature of the mineral. Because of
this uncertainty, it was decided to remove tourmaline from the
samples to be dated. One tourmaline-rich sample was dated
(NG 279) and did givé a substantially older age than a
separate, tourmaline-~free sample from the same rock unit.
Another possible case of extraneous argon is NG 6. This is
a sample of altered (tourmaline~sericite) hydrothermal breecia,

part of the San Pablo stock. It gave an anomalously old age



(older than an unaltered sample of the stock) which might
be due to excess argon or'pcrhaps inherited argon in older
rock~-fragments present in the breccia.

One way in which to evaluate the possibility of extraneous
ardon in a group of samples from the same rock unit is to plot
the concentrafion values of AOAr against K. This should give
a straight line passing through the origin for samples of the
same age (since the age equation is a straight-line relationship).
If extraneous argon is present, the line will not pass through
the origin, since the ideal AOAr/K relationship will not obtain
(e.g., Fyles et al., 1973).

In the present study insufficient samples from any
individual rock unit were dated for this test to be applied.
However, in areas where a number of different rock units give
similar ages such as San Pablo-Morococala; the Salvadora
stock, Lallagua; and the Potosi region, the AOAr/K relationships
are close to ideal (see section 5.7) suggesting that extraﬁeous
argon is not generally present. This does not exclude the
possibility of its occurrence in some individual samples such
as the two mentioned above, but apart from these there is no
reason to suspect that extraneous argon is a source of error in
any of the rocks dated in this study.

5.4.3. Argon loss

The validity of the K~Ar dating method depends on the
ability of potassium-bearing minerals to retain the radiogenic
Lo
“ar produced within them. The very large amount of work

which has been done using the method has demonstrated beyond

doubt that, under suitable conditions, certain minerals deo



266.
completely retain their argon. However, it has also been
shown that all minerals are subject to argon loss as a resuit
of post-crystallization disturbances (mainly thermal) and
further, that some potassium-bearing minerals do not retain
argon completely even when undisturbed.

The argon-retentivity of various common K-bearing minerals
has been investigated in detail.(e.g., Hart, 1964; Hanscn and
Gast, 1967; Aldrich et al., 1965). The most widely used minerals
for dating igneous rocks are biotite and muscovite, hornblende,
plagioclase and sanidine. Orthoclase and microcline have been
found to be unreliable, they apparently lose argon during
lattice changes which accompany exsolution, and thus lose argon
even when undisturbed (Dalrymple and Lanphere, 1969). A number
of other minerals have been used, including feldspathoids,
lepidolite and pyroxene; and it has also been shown that in
suitable rocks, mineral separation is not necessary and the
whole rock can be znalysed provided it does not contain any
K-bearing, non-argon retentive materials such as orthoclase,
microcline or volcanic glass. Most of the dates reported here
for unaltered rocks were measured on biotite, which is abundant
in all of the igneous rocks of the region. A few were also
measured on sanidine. Hornblende is present in some of the
dacite rocks but in general it is very fine grained and
difficult to separate, and commonly altered to chlorite.
Numerous rocks were also dated which have undergone intense
hydrothermal alteration. Of the secondary minerals produced,
only sericite (fine-grained muscovité) is considered reliable

for K-Ar dating, so the altered rocks were dated by analysis



of sericite mineral concentrates, or whole-rock analysis of
intensely sericitized rocks. Both biotite and muscovite have
been very extensively used in K-Ar age determination. Although
both appéar to be more susceptible to argon diffusion at
elevated temperatures than hornblende, they both retain argon
completely at low temperature.

Several factors can result in argon loss from minecrals.
Consideration of these is essential in evaluating the geolégical
significance and reliability of K-Ar ages. The most important
are thermal effects such as reheating by igneous intrusion or
metamorphism, and mineralogical changes during weathering and
hydfothermal alteration,

A, Thermal disturbance

Both laboratory diffusion studies and the results of
numerous gecochronological studies have shown that argon
diffuses out of all minerals above a certain temperature,
termed the blocking temperature. Argon loss results in ages
which are too young, and for this reason K-Ar ages are usually
referred to as apparent ages and generally represent a minimum
possible age. For biotite, the blocking temperature for argon
diffusion appears to be in the region of 200°c,

There are two consequences of this in dating igneous
rocks. The first is that during crystallization and cooling,
the K-bearing minerals will not begin to retain argon until
they have cooled to some temperature well below their crystalli-
zation temperature. This is a particular problem in the dating of
plutonic rocks which crystallize and cool slowly, at depth.
The time-span between crystallization of a pluton and its cooling

to the temperature at which argon diffusion ceases completely
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can be long. The K—~Ar age will be the age at which the
blocking temperature was reached, not the emplacement age.

In veolcanics and high-level intrusives such as those
dated here, this effect is not a problem since there is no
doubt that the timé-span between solidification of the rocks
and cooling to the blocking temperature for argon diffusion
is insignificant compared with the age of the rock.

The second consequence of afgon diffusion is that ages
can be disturbed ﬁy thermal events subsequent to the
original cooling of the rock. Among the common causes are
regional metamorphism, renewed igneous activity, and heat
generated by tectonic deformation. An important aspect of
this type of age disturbance is that it can either be partial,
in which case only part of the argon is lost from minerals;
or it can be complete, in which all of the argon is lost.

In the latter case the K-Ar age will be the age of the
disturbing event itself and thus may provide usefull geo-
logical information. In the former case the K-Ar age will
have ﬁo relationship to‘any geological event.

There are a number of ways in which the thermal distur-~
‘bance of K-Ar ages can be recognised and evaluated. The most
direct and satisfactory is to date the same rocks by another
method which is not subject to the same disturbancé, such as
the whole~rock Rb-Sr isochron method. This approach can
provide much information on both primary igneous events and
subsequent thermal disturbances. It does, however, require
rather comprehensive study of a large number qf samples, and

a good understanding of the overall geological relationships.
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A good example is the work of Bigﬂéll and Snelling (1977)
in the granite provinces.of the Malayan peninsula.

Evaluation of individual or limited numbers of K-Ar
dates is more difficult. Confidence can be improved by
dating 2 or more minerals from the same rock. Since different
minerals are not equally susceptible to argon loss, concor-
dant mineral ages are an indication that loss has not occurred.
This is particularly the case if one mineral is hornblende
since it seems to be considerably more resistant than micas
and feldspars, whose behaviour is rather similar (Aldrich et
al., 1965).

In the present study only single minerals were dated from
individual samples, and no ages have been determined by other
methods. Confidence in the accuracy of the results is provided
by the concordancy of ages of different samples from the same,
or related, rock units, The only recognised disturbing event
is the hydrothermal alteration which is associated with
mineralization at all of the éruptive complexes.

B. Hydrothermal alteration

Any process which results in the breakdown of an original
mineral lattice will result in disturbance of the K-Ar age.
Complete alteration, i.e., complete replacement of a primary
potaséium-bearing mineral by a new mineral species, will
result in complete argon loss. In this case the K-Ar age of
a new K-beafing mineral will be the age of alteration provided
that no &OAr was incorporated into the new mineral at the time
of alteration, the system cooled rapidly if alteration took
place above the blocking temperature, and there were o sub-

sequent disturbing events,



The dating of altered rocks is important in the geo-
chronological study of mineral deposits since in many cascs
the mineralization itself cannot be dated directly, and
associated altered rocks provide the only suitable material
for age determination.

There are three particular questions which arise in the
K—-Ar dating of altered rocks. These are : a) is a new K-bearing
mineral formed which is suitable for dating?, ) is excess
argon from the primary mineral incorporated in the new mineral
during the alteralion process?, c) i= the alteration complete,
so that no remnant of the primary K-bearing mineral remains
which could contribute inherited argon to the material being
dated?. Of the minerals commonly formed as products of hydro-
thermal alteration, especially of igneous rocks, the most
suitable for K—Ar dating are the micas biotite, muscovite, and
sericite. Biotite is commcn as an alteration product only in
certain types of high-temperature mineral deposits (especially
the porphyry copper deposits), muscovite is particularly common
in certain alteration mineral assemblages associated with tin
deposits in granites {(greisen), while sericite (finc-grained
muscovite) is common as an alteration mineral in many decposit
types. Of the other cemmon K-bearing alteratlion minerals,
chlorite and clay minerals have both been used {e.g., Ineson
and Mitchell, 1972, 1974). The reliability of chlorite is still
in doubt (Snelling, pers. comm.). Of the clay minerals, illite
is probably reliable for K-Ar dating. However, the argillic
glteration associated with mineral deposits is rarely mineralo-
' glcally simple, and many of the clays, although capable of

carrying significant K, have not been shown to be reliable in
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retaining argon. The same is true of tourmaline, as noted
above. In the present study only sericite was used in the
dating of altered rocks, and it gave results which are, in
general, reasonable and consistent.

The question of excess argon in secondary minerals has
not been investigated in detail. However, since most hydro-
thermal alteration associated with mineralization takes
place in relatively low-pressure conditions (especially
sericitization, which is characteristic of rather high-level
ore-forming systems), it seems unlikely that this would be
a problem. Rather high argon contents have been reported in
some fluid inclusions from mineral deposits (Roedder, 1972b)
and this could have implications in the dating of altered
rocks by the whole~rock method. In the present study two of
the altered samples gave anomalous results which could perhaps
be attributed to excess argon, as discussed above, but there
is no evidence that it is generally present in-the sericite
used here. |

The question of the completeness of alteration is parti-
cularly important. Incomplete alteration will lead to erroneous
K-Ar ages, unless all radiogenic argon was completely lost from
the primary mineral at the tiﬁe of alteration., Clearly this is
not likely to be the case in relatively low-temperature
hydrothermal systems. Also, if the primary potassic mineral
(or glass) is not argon-retentive at low temperature, as in the
case of orthoclase or microcline, then erroneous results will
also be obtaincd. Sericitization usually takes place at

temperatures in the region of 300°C (e.g., Rose, 1970; Sheppard



et al., 1971). In the case of the Bolivian deposits this is
above the blocking temperature for one'of the primary minerals
commonly replaced (biotite) but probably below the blocking
temperature for the other (sanidine; see Dalrymple and
Lanbhere, 1969).4For this reason, great care was taken to
ensure that no primary feldspar remnants werc present in the
material which was analysed.‘

Apart from hydrothermal alteration associated with
mineralization, many igneous rocks are affected by weak
alteration associated with meteoric water interaction during
cooling, or burial in a volcanic pile. This commonly results in
partial or complete replacement of mafic minerals by chlorite.
This can render biotite and horblende unsuitable for K-Ar
dating since even where alteration is complete, chlorite may
not be a reliable argon-retainer. In the present study no age
determinations were carried out on biotite which showed
more than minor chloritization; even this may have been
responsible for the considerable spread of ages among certain
samples from the Kari-Kari pluton (see Section 5.7).

The effects of weathering can be considered equivalent
to hydrothermal alteration at low temperature; although in
some cases it appears to affeét the K and hoAr contents of
minerals in proportion, and satisfactory results have been
obtained from partially weathered minerals (Dalrymple and
Lanphere, 1969). Despite this, in the present study the
weathered outer skin was removed from all surface samples.

5.5. Experimental Mcthods

5.5.1. Sample preparation

Each sample collected in the field consisted of several
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pieces of rock totalling 1 to 2 kg weight. In the case of
surface samples, the weathered outer skin was chipped off.

The rocks were all examined in thin-section before any mineral
separation was carried out. Those supposedly fresh rocks

which showed significant chloritization of biotite were
discarded, as were hydrothermally altered rocks not rich

in sericite. The altered samples wére examined carefully for
relict feldspar, and those which appeared totally altered

were checked by X-ray diffraction. The samples chosen for
dating were washed in de-ionized water, crushed in a jaw-
crusher, ground to a suitable size for liberation of the
desired minerals and seived to give a narrow grain-size range
for mineral separation (usually - 240, +125 micron). Separation
of biotite and sericite were carried out usiné conventional
magnetic and heavy-liquid techniques. Intensely sericitized
rocks free of tourmaline were treated with heavy liquids to
remove sulphide minerals, which would have created problems

in the argon-extraction procedure. They are thus slightly
moqified whole-rock samples. In general approximately 10 gm

of mineral concentrate or sulphide-free whole-rock were
prepared for each sampie.

5.5.2., Analytical methods

A. Potassium analysis

Potassium determinations were carried out as follows.
Between 1000 and 2000 mg of each sample‘were weighed out
into platinum crucibles, then dissolved in hydrofluoric-
perchloric acid mixture and evaporated to dryness. The residue

was dissolved in de-ionized water, a known amount of lithium
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added in solution as an internal standard, and the mixture
made up to a standard yolume with de-ionized water. This
~solution was then analysed for potassium by flame photometry
using an EEL 170 digital flame photometer. All samples were
énalysed in duplicate, the results were disxarded and the
sample re-analysed if the K values differed by more than

* 1% of their mean value. International and IGS standard
mineral samples were analysed after approximately every 10
samples.

B. Argon isotopic analysis

The isotope dilution methods of radiogenic &OAr determi-
nation used at the IGS have been described briefly by Bignell
and Snelling (1977) and are similar to those described by
Dalrymple and Lanphere (1969).

The sample material is weighed into a molybdenum foil
crucible. The crucible is placed in a holder within a glass
bulb in.the sample fusion section of the apparatus, which
can hold 3 samples at a time. The fusion section is connected

38

via valves to the mass spectrometer, the Ar tracer (spike)
reservoir, and a high-vacuum pump, and is opened to the
atmosphere during sample logding. The fusion section is pumped
out for 15 hours after loading. During this the samples and
entire fusion section are heated to about 50°C to assist

removal of atmospheric argon from the system. The fusion section
is then isolated from the pump and checked for leaks. The

38-Ar spike is metered from the reservoir via a standard volume
valve and admitted to the fusion section. The sample is then

fused using an electromagnetic induction coil placed around

the glass bulb. The sample is held at a high temperature for
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several minutes to ensure complete gas extraction. All

non-inert gases are removéd from the sample gas mixture by
freezing (condensables) in a liquid nitrogen cold-trap, and
absorplion on titanium sponge; Part of the remaining gas is then
finglly cleaned with a Zr-Al getter pump before admission

to the mass spectrometer. The instrument used is an

AEI MS-10, operated in the static mode. The beam strengths

36 38 40

for the Ar, Ar, and Ar isotopes are measured, and from

these the isotope ratios and volumes are calculated using the
known volume of the 38Ar tracer. Since it is not possible

to exclude all air from the extraction and measuring sysiem,
some atmospheric qur is always present as a component of

the total Z*ol\.r measured in the mass spectrometer. This amount
has to be determined, and subtracted from the total 40Ar to
give the volume of radiogenic QoAr. From this, and the AOK
value, the age of the sample can be calculated as described
in section 5.4.1. Details of the methods of obtaining the

38

volume of the Ar tracer, and of calculating the ‘corrected
volume of radiogenic AoAr are given in Appendix II.

5.6. Precision and Resolution

The potassium-argon age is given by the following equation:

A_+2A 40
t = ! ln.[l + c B Ar(rad)}

X _+tAg e 40,

where thc decay constants Agand lBhave values of 0.585 . 10—10

0—10 -1

yr—i and &.72 . 1 yr “respectively and

]
40Ar(rad) -3 n1 *Car(rad) per gm
1.’&66 010 "
[ o/ »
+O K Lo % K . |
The volume of radiogenic Ar in nanoliters per gram is given by
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AW}

ce

Spike volume x [AO 40 A .( 36

6 1
38 M- 36 38 M- 3 S):]x sample weight

. 8 .
where spike volume is the volume of 3 Ar used as an isotopic

tracer and

L0/38 M = measured hoAr/BgAr ratio

36/58 M = measured 36Ar/38Ar ratio
36 38 . . . .

36/38 s = Ar/” "Ar ratio of the spike, (isotopic tracer)
= 0.000056

L0/36 A = Atmospheric ratio of hoAr/36Ar = 296

(see Appendix I1I)

For young sémples such as those considered here, the error in
the age is given by the square root of the sum of the squares
of analytical errors in the potassium and argon determinations.
As all the potassium determinations were done in duplicate,

the data can be combined to give a pooled standard error. The
samples have been divided into two groups. fhe biotites

(26 samples), give a pooled standard deviation of 0.56.10-3

gmK/gm.
Their average potassium value is 6.62% giving an error of
+ 0.85%. The whole rock and sericite samples (13) give a pooled

standard deviation of 0.33'.10-3

gmK/g. Their average potassium
value is 3.46%, giving an error of + 0.95%.

The error in the argon content umst be estimated by

combining the errors in the spike volume and in the expression,

140 Lo 36 36
Rzl M-xs= A s M-
[38 36 ( 38 38 °
The spike was metered from a reservoir system from which the

volume of successive spikes decreases exﬁonentially. Repeated
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calibrations of this system indicate an error of about i}%.
The expression R takes into account the correction
necessitated by the presence of some non-radiogenic (mainly
. 40 . 40 . . -
atmospheric) Ar in the total Ar which is measured in the
mass spectrometer. This results in a degree of error en-
hancement which is a function of the fractional amount of
. . ko . .
non-radiogenic Ar. To an adequate degree of approximation

the fractional error in R is given by

v

2 2
)y

OR

i)

where x is the fractional error in the ratio AoAr/BgAr M

36

8
y is the fractional error in the ratio Ar/3 Ar M

and A/T is the fractional amount of atmospheric AOAr in the
total hoAr (Baker et al., 1967).

In the present investigation the mean values of x and y were
+ 0,08 and + 0.51 respectively, and A/T varies from 0.14 to
0.8&, giving a range of R from + 0.125% to + 2.724%. By
adopting + 1% as the error on the potassium determinations
and + 1% as the error on the spike volume this gives an error
range on.the age determinations of from + 1.4% to * 3.1%.

Basically the errors quoted for thé ages reported here
have been calcﬁlated as indicated above. That they are
rehlistic estimates can be assessed in part by the errors
indicated by replicate argon analyses. A total of seventeen

40

samples were analysed for Ar in duplicate. Ten biotite
rad

4
samples gave OArrad contents ranging from 3.02 nl/gm to

6.11 n1/gm, mean 4.55 nl/gm. The pooled standard deviation

is 0.0175 nl/gm or 2.36% of the mean. Seven whole-rock

Lo
samples gave ¢ Arrad ranging from 1.23 nl/gym to 2.77 nl/qgm,
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mean 2.02 nl/gm. The pooled standard deviation is 0.0373 nl/gm
or 1.84% of the mean. Adopting a standa?d error on the duplicate
argon determinations of + 2.5% and on potassium determinations
of + 1% gives an error on the ége of + 2.7%, which is in
agréement with the range of errors obtained by combining the
error on R, the spike volume and the potassium analysis. This
indicates that the latter method is indeed valid. Consideration
of the errors on the ages reported in Table 12 indicates a
typical value of about 12%. Adopting this value we can calculate
a critical value which must be exceeded if we are to say with
95% confidence that there is a real difference between the
calculated ages of any two samples with an age difference

(x1 - §2). Dalrymple and Lanphere (1969)quote the following

equation (after Mc Intyre, 1963).
o
1 2

1’11 n

C.V. (Critical Value) = 1.96

where 01 and 02 are the standard deviations of the respective

ages ?1 and ?2, and n, and n, are the numbers of age
detefminations made on each sample. If only single ages have
bee; determined and 0 is taken as 2%, the critical value
becomes 5.5%. If we take a more cautious view of the data

and adépt 2.7% as the average standard deviation the critical
value becomes 7.5%. In terms of the ages of the samples

analysed during this investigation the critical values when

comparing single determinations are as follows :

Age o = 2% 0 = 2.7%
20 Ma 1.1 Ma 1.5 Ma
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Age o = 2% g = 2.7%
16 Ma 0.9 Ma | 1.2 Ma
13 Ma 0.7 Ma 1.0 Ma
6 Ma 0.3 Ma 0.5 Ma

5.7« Results

The analytical results are summarized in Table 12 and
are discussed below,.

5.7.1. San Pablo-Morococala region

This lies just to the south of Oruro (Figure 2.3). It
is an elevated plateau made up of folded Silurian-~Devonian
sedimentary rocks. During the Tertiary these were intruded
by small porphyry bodies and later overlain by an extensive
sheet of dacitic ignimbrite (Morococala formation) which
makes up much of the present land surface; The geology of the
San Pablo~Morococala area and locations of the dated sampleé
are shown in Fig. 2.13. Tin mineralization is found at a
number of localities, mostly in veins in the Palaeozoic sedi-
mentary rocks; though in close association with the porphyries.
The most important mines are Japo,.at the southern margin of
the San Pablo stock, and the Santa Fé and Morococala mines
which are adjacent to each other about 10 km to the southeast.
Quartz-porphyry dykes are exposed underground in the Santa Fe
mine.

The San Pablo stock is composed of quartz-latite porphyry
which has undergone intense hydrothermal alteration (sericiti-
zation and tourmalinization). Some patches of relatively fresh

rock were preserved in a narrow zone at the northern contact.
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TABLE 12

POTASSIUM-ARGON AGT DATA,

Sample No. Rock Type H;:t:éa1 w? “o"rutmos Voi‘ohrrad nl gm-l Calc?:‘:;f:d Age
{s} _SAN PABLO-MORCCOCALA REGION.
NGl Dacite (ignimdrite) Biotite 7.16 kL 1,75 6.1 2 0.11
.
Repeat 50 . 1.72 6.0 £ 0,13
RG2 Dacite (ignimbrite) Biotite €.61 58 1.65 6.2 Y o.13
Quartz-latite porph +
RGé (breccia) . Altered. Sericite 3.98 42 3.8¢6 24.1 0.44
Quartz-latite porph +
NG27 Altered Sericite 4.51 3% 3.36 19.7 Q.35
- " X-Feldspar st
RGIt Quartz-latite porph (Sanicine} 10,98 14 10.02 22,7 0.4Q
§G21 Altered porphyry €8 .24 20.0 2 0.44
whole-rock 4,93 - +
Repeat dyke, (Japo Minz} 61 3.43 21,5 - 0.43
NG14 Altered porphyry 36 2.63 19.5 T c.38
whele-rock 1.36 .
Repeat dyke, (Santa Fe) 30 2.70 20..1 = 0.36
(h) LLALLAGUA, THE SALVADORYX STOCK,
NG487 Quartz-latite 6 4.8% 213 o032
Biotite 5.73 -
Repeat porphyry 40 4.65 20.3 -~ 0.38
¥G38 Altered parphyry Whole-rock 3.35 s 2.7 20.1 ¥ .36
Quartz~latite K-Feldspar "
NG4S 10.77 18 8.69 20.1 = 0.31%
porphyry (Sanidine)
NG44 Altered porphyry wWhole-rock 2.58 38 2.0 20.6 % 0,38
1. constants ueed: Ay = 4.72 x 1070 yr"h a0 - o.ses x 10710 7 Oy/xk = 0.0119 atom . t

2, Mean of duplicate analyses,

3. Errors at ono standard deviation,

- . e i @ e et mamm ammm ean = aem emc - e s e e ks = A es e ema s sam -
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o meesat . T

sample No. Rosk Type - Hg;:;;al 114 “OAratrms VDI‘nArrad nl qm-l c"lc'(‘:“::s" Age
NG6E Cacite fgnirbrite 53 2.02 7.3 %c.23
Biotite £.96 .
Repeat (Fr Los I'railes) 58 . 2,03 7.3 - ¢.17
. Rnyclite
NG71 Blotite 7.38 s2 - LR 11.7 Y o.22
{iluakachl) )
NG 2 Altered Forphyry 68 1.85 12,2 ¥ 0.12
whole-rock 3.58 +
Repeat (Cerro Rico) 63 1.95 13.6 < 0033
NG9 Altered Perphyry " 1,81 13.7 ¥ o.26
whole-rock 3.30 . .
Repeat {Cerro Rico) 50 1.82 13.8 - ¢.30
Fhyodaclite Porphyry .
UG Blotite 5.69 9 %.59 20,1 - 0,34
{Kari-Kari)
Ihyodacite Porchyry N
NGYS Biotite 6.78 27 £.61 20.6 - 0.33
{Kari-Rarl)
HG75A Rayodacits Forphyry 3c 5.60 21.7 M 0,238
- Biotite 6.42 "
Repeat {Xari-Rari} 18 5.37 20.9 20,78

Bhyodacite Porphyzy .
RGIS8 Blotite 6.97 37 5.91 21.1 = 92.236
{Rari-xaxl)

Rhycdacite Porphyry

NGAQ Blotite 1.3 . 51 3.5% 70.8 b4 ©.39
{Kari-Rarl}
Granodiorite .
K583 Biotite 6.C3 kF] 3.01 0.7 - 0.34
{Kari-Kari)
NG78 Rhyodacite tuff 36 4.61 20,5 2 o.34
: Plotite 5.61 .
Repeat {Agua Dulce fm,)} 28 4,67 20.8 -~ 0.38

Rhyodacita tuff +
NG?9 Bilotite 7.22 - 24 3.91 20.4 - Q.32
(Agua Dulce fm.)

NG9E Fhyedacite tuff 39 €.11 1.4 20036
Blotite 7.12 .
Repoat {Cantaria frm,) 36 6.09 21,1 - 0.38
K37 Ryodacite tuf
Biotite 7.40 H s.1 20.6 T 0.33
Pepeat (Canteria fm)

Rhyodaclte ceff .
NGITA Biotice 7.10 kL] 6.05 21,2 -~ 0,36
(Canterta fm)

- Rhyodacita tuff . .
‘ Bistite 1.4 3 20.8 £ 0.4
(Canteria ) . 6.19 .
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TABLE 12 Continued

{¢) COTCUECIACA,

282.

Material T L 40, 40 -1 Caiculated Aje
Sample Na, Rock Type Dated (19 LIt S, val Ar“d nl gm (Ma) 2
NGISA Quartz-latite
Biotite 6.20 46 5.49 22,1 2 0,42
{CH)
Quartz-latite
R NG54 Biotite 6.75 36 5.67 20.9 ¥ 0.35
. Lava
i HG62 Altered lava whole-rock 4.51 28 .83 21,2 T 0,37
{e} CHOCAYA VOLCANIC COPLEX,
NG134 31 3.98 13.5 2 0.22
Rhyodacite Lava Blotite 7.36 .
Repeat k1] 4,13 14.0 - 0.26
NG13l Rhyodacite Lava Biotite 5.05 44 2.70 13.3 2 0.24
NG136 4 1.02 13.0 ¥ 0.23
Rhyocdacite Lava Blotite 5.82 .
Repeat 29 .09 13.3 - 0.23
Rhyodacite Lava -
NG126 whale-rock 3.60 49 1.75 12.2 ~ c.24
(Altexed)
{f) CHORCLQUE.
WG12) Rhyodacite 22 2.71 15.6 Zo0.27
whale-rock 4.34 - .
Repeat Lava, {Altered) 40 2.7 15.9 = 0.30
Rhyodacite .
NG2719 whale~rock 1.91 83 1.37 17.9 - 0.55
Lava, {Altered)
’g! TATAST .
NG283 23 464 15.0 ¥ 0.24
Rhyodactte Lava Biotite 7.73 .
Repoat 41 4.8) 15.6 = 0.29
NG150 30 .87 15,2 2 ou2s
Rhyodacite Lava Blatite 7.51 -
Repoat kL] 4.50 14.9 = 0.27
Ah) _TASNA.
NC281 Quartz-porphyry s1 1.23 15.8 ¥ 0,31
. whole rock 1.94 +
Ropeat dyke. Altered 52 1,28 16.1 - 0,31

e At b e et bt e . < 1

P SR

L e mma e B sl ettem A i e 4 8
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TABLE 12 Continued
{1} OTHERS, (ATOTHA TUFP IBITY) .
o . Material . {3 40 -1 Calculated Age
Sample No. Rock Type Dated 114 AR os Vol "Ar .4 nl gm (May 3 J
NG9S Rhyodacite tuff 33 KRl 16.4 2 0.
Biotite 7.29 .
Repcat Chorolque read 26 4.77 16,3 = 0.31
Rhyodacite tuff . +
G138 Biotite 6.49 41 4.36 16.8 = 0.32
Atoclha~Chocaya road
AR g e o s W) s ¢ Mo N - —-A'—“““"“." b
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The southern part of the stock consgists of hydrothermal
breccia made up of fragments of altered igneous and
sedimcntqry rocks in a fine, granular tourmalinized matrix.
The porphyry dykes at Santa Fé and Japo mines are completely
seficitized. All these altered rocks contain disseminated
sulphides and cassiterite. The age of the San Pablo stock
is indicated by the data from samples NG 6, NG 27, and NG 31.
The sanidine date of 22.7 + 0.4 Ma (NG 31) is perhaps the
best estimate of the minimum age of emplacement of the stock.
The greater age of 2Ak.1 + 0.4 Ma (NG 6) should be regarded
with suspicion as the rock is a polymict breccia which may
contain older material. Sericitized porphyry (NG 27) gave an
age of 19.7 + 0.35 Ma, suggesting a resolvable time difference
between the emplacement of the stock and the completion of
pervasive hydrothermal alteration. This view is supported by
the unweighted mean age of 20.8 + O.4 Ma (NG 21) for the
altered dyke in the Japo mine adjacent to the stock. On
geological grounds it is reasonable to assume thatl the
alteration of the stock and the adjacent dykes, and the
formation of the mineral veins, are all part of the same
extended hydrothermal event. The alteration age of the dyke
is not resolvable (using the critical value for a 2.7% standard
error on the ages) from the alteration age of the stock,
but both are significantly younger than the sanidine date for
the emplacement of the stock. The mineralized veins in the
Japo mine formed at the same time, or slightly later than the
main stage of alteration of the stock and dykes, so there

appears to be a resolvable time differencc of over 1 Ma between
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the emplacement of the stock and the deposition of the
mineralization in the veins.

The unweighted mean age of duplicate analyses of a sample
(NG 14} of the altered dyke in the Santa Fé mine is 19.8
* 0;5 Ma, which indicates that igneous activity and minerali-
zation in the Santa Fé and Morococala mines was essentially
contemporaneous with that of the San Pablo-Japo areca.

The data ame plotted diagramatically in Fig. 5.1A, and
the qur/K diagram is shown in Fig. 5.1B. The least-squares
regression line gives an age of 23.7 Ma (from the slope),
but this is not recally meaningful since both altered and
unaltered samples are involved in the calculation.

Samples NG 1 and NG 2 are. from the Morococala formation
ignimbrite. Their age of about 6 Ma indicates the long
time-span which separated the intrusion of the mineralized
porphyries and the eruption of the ignimbrite sheet which
covers much of the area.

5.7.2., Llallagua, the Salvadora stock

The Salvadora stock is an isolated body of about 1 km
diameter which intrudes the Silurian-~Devonian sedimentary
rocks just to the south of the Morococala platcau. It was
probably the vent of a volcano whose superstructure has been
completely eroded away. It is made up of intensely altered
porphyry laced with irregular patches and dykes of hydro-
thermal breccia. Relatively unaltered quartz-latite porphyry
was prescrved at the contact of the stock in some areas. The
alteration products are sericite, tourmaline, quartz, and

clay minerals, with disseminated sulphides and cassiteritc.
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The stock is cut by a system of rich tin-bearing veins, some
of which extend out into the surrounding sedimentary rocks.

Four samples of the stock from widely differing locations
were dated. Two are whole-rock samples of sericitized porphyry;
NG.38 is from level 303, Salvadora section of the mine and
NG 44 is from the surface. One (NG 45), is a sanidine con-
centrate from a relatively unaltered dyke-like off-shoot of
the stock at the surface. One is a biotite concentrate (NG 487)
from almost unaltered porphyry near the maréin of the stock on
the 650 level, Siglo XX section of the mine.

The ages of these differ by less than one million years,
and give an unweighted mean of 20.5 + O.4 Ma. There is no
resolvable difference between the ages of altered and unaltered
samples. This indicates that either the time difference between
the emplacement of the stock and the completion of pervasive
alteration was too short to be resolved by this method, or
else that the temperature of the unaltered rocks remained
above the blocking temperature for argon diffusion while the
remainder of the stock was being altered, even though little
or no mineralogical change took place. The concordancy of the
ages of these four samples indicates that a date of a little
over 20 Ma is a reliable estimate of the minimum age of emplace-
ment of the stock, and is a good estimate of the age of
alteration ana mineral deposition at Llallagua. This date is
preferred to the previously published age of 9.4 Ma (Evernden,
19G1; Evernden et al., 1977), although the reason for the lack
of agreement is not known.

The data arm plotted dingramatically in Fig. 5.2A and the
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FIG.5.2. LLALLAGUA- SALVADORA STOCK. K/Ar DATA

A. APPARENT AGE RELATIONSHIPS
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hoAr/K diagram is shown in Fig. 5.2B. Although both altered
and unaltered samples are included, all plot very close to

the least-squares regression line, which passes through the
origin (n; extraneous argon). The slope of the line gives an

age of 20.1 Ma which is in good agreement with the unweighted

arithmetic mean age.

5.7.3. Colquechaca

Colquechaca was described by Ahlfeld and Schneider-
Scherbina (1964) as a dacite stock, however it has never
been geologically mapped in detail. As described in Chapter 2
it is a volcanic complex, probably made up entirely of extrusive
rocks. These cover an area of more than 100 km2 and rest on
an irregular basement of folded Palaeozoic ana poessibly
Cretaceous sedimentary rocks. On the southern side there is a
lowermost unit of lahar deposits and volcanic breccia. This is
everlain by dacitic lavas. In the central part there is a
porphyritic quartz-latite unit which seems to lie conformably
beneath the dacite lavas, although an intrusive origin cannot
be ruled out. The complex is deeply eroded and the maximum
present-day thickness of exposed volcanic rocks is a little
over 1000 m. There is an extensive zone of pervasive sericite-
tourmaline alteration in the central part of the complex
which is cut by small tin-bearing veins. There are a number
of much larger sulphide-rich veins which cut the surrounding
volcanics, They have well-defined envelopes of sericite-
chlorite-carbenate alteration. Much silver was mined from some
of these in the past, and base-metals are still being produced.

Throughout the remainder of the complex there is widespread
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chloritic altieration.

Three samples of the quartz-latite from the central
part of the complex were dated, the locations are shown in
Fig. 2.11. Two of thesc are biotite concentrates; NG 35A(CH)
is from virtually ﬁnaltcred prophyry at the surface, whilc
NG 5h is from a slightly altered rock (chleritized, sericitized)
from within the mine, although its potassium analysis does not
suggest that the biotite in the concentrate has been significant-
1y chloritized. The third sample (NG 62) is intensely altered
(sericitized) whole~-rock. They givé a spread of ages of just
over one million years, from 20.9 + 0.35 Ma to 22.1 + 0.42 Ma,
The age differenée between the unaltered biotite sample and
the pervasively sericitized sample is about 1 Ma. The biotite
age of NG 54 is very close to the age of the sericitized sample,
and it is possible that it suffered argon loss during incipient
alteration. However, even acdopting the mean age of NG 5& and
NG 62 as the age of alteration (20.1 Ma), and 22.1 Ma (NG 35ACH)
as the age of formation of the quartz-latite, the difference
between them barely exceeds the critical value (at the a5%
confidence level) using a standard error on the age determination
of :_2%. It is concluded that the date of 22.1 :'0.43 Ma is
a reliable estimate of the minimum age of the formation of the
quartz-latite, and that the time difference between this and
the pervasive alteration cannot be resolved with confidence.
None of the altered rocks associated with the major base-metal
veins were dated, but on geological grounds it is unlikely that
they are very much younger than the pervasive alteraticn. The

dataareplotted in Fige. 5.3.
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FIG.5.3. COLQUECHACA

APPARENT AGE RELATIONSHIPS
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5.7.4. The Potosi region

The Potosi region contains a considerable variety of
Andean igneous rocks, and the K-Ar ages reported here indicate
a longer history of igneous activity than elsewhere in the
southern tin belt. The general geology and locations of the
dated samples are shown in Fig. 5.k. Félded Palaeozoic sedimen-
tary rocks form the basement of the region. Previous workers
have outlined the following stratigraphic sequence for the Andean
rocks from the base upwards (Turneaure, 1960).

a) The Chalviri Group

- . v o . - o

This includes the Agua Dulce and Canteria formations.
According to Ahlfeld and Schneider-Scherbina (1964), these
consists mainly of andesitic tuffs and lavas, however, the
rocks which were dated are rhyodacite tuffs and welded tuffs.
Both formations are cut by the Kari-Kari batholith along its
western edge, and outcrop over extensive areas farther west.

b) The Kari-Kari Batholith

This is not in contact with any of the following formations
so its upper stratigraphic limit was previously uncertain.
Several samples of rhyodacite porphyry from the Lago Chalviri
and Andacaba mine areas were dated, and a granodiorite sample
from the Kumurana phase at the southern end.

c¢) The Cerro Rico Formation

T e L T N

This includes conglomcrates and the plant-bearing tuff
Leds. They presently outcrop in the immedia te vicinity of the
Cerro Rico stock, by which they are intruded. No samples from

- this formation were dated.
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d) The Cerro Rico Stock

This cuts the Cerro Rico formation in its upper levels
and the Palaeozoic secdiments at depth. It is about one km
in diameter at the surface and narrows rapidly with depth.
The.rock is a uniform, apparently unbrecciatcd quartz-prophyry
which has been intensely scricitized throughout. The veins
of the Potosi tin-silver deposit cut the stock in the upper
levels, and the Palaeozoic sediments at depth. Two samples
of sericitized porphyry from the Pailaviri level of the mine
were datcd.

e) The Huakachi Rhyolite

- —— " .

This is a rhyolite welded tuff, It overlies rocks of the
Cerro Rico formation but is not in contact with the stock.
Turncaure (1960) reported pyritized porphyry fragments within

it, suggesting a post-mineral age.

The results show that the K-Ar ages of the Kari-Kari
batholith, Agua Dulce and Canteria formations are indisting-
uishable, the differences betwcen them cannot be resolved. The
oldest age measured is from the batholith (21.7 + 0.36 Ma),
but other ages from it overlap with those of other formations.
Part of the spread of ages for samples from the batholith is due
to partial chloritization of the biotite.

The data for the regionare plotted diagramatically in
Fige 5.5+ The QOAr/K diagram for the samples from the Kari-Kari
pluton and Agua Dulce and Canteria volcanics is shown in Fig. 5.0.
These unaltered rocks all plot close to the regression line,

wvhich gives an age of 21.5 Ma.
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It is concluded that the batholith and the volcanics are
of closely similar age. The geological relationships show that
some of the volcanics of the Agua Dulce formation must have
been extruded before the emplacement of at least part of the
batholith. However, elsewhere volcanic activity may have been
later than the intrusion. This tends to support the field
evidence for a very high level of emplacement of the batholith.
The data also show that the Kumurana phase is essentially
the same age as'the rest of the batholith.

The age of the mineralized Cerro Rico stock is indicated
by sample NG 93 and NG 94, Both are intensely sericitized
and pyritized porphyry. They give an unweighted mean age of
i3.5 + 0.3 Ma. Although no fresh Cerro Rico porphyry has been
found, the data from the other altered and mineralized stocks
wvhich were dated suggests that it is unlikely that the
emplacement of the stock took place much more than 1 Ma before
the alteration was comélete, and the vein mineralization is
unlikely to be much younger.

The Huakachi Rhyolite was dated using a biotite concentrate.
The single age determination of 11.65 + 0.22 Ma (NG 71) is
consistent with geological evidence that it is younger than the
Cerro Rico porphyry. The Los Frailes ignimbrite was not dated
where it outcrops closest to Potosi, but a sample (NG 68)'
collected about 25 km north of Potosi beside the main road
gave a biotite age of 7.3 + 0.20 Ma. Assuming a similar age for
the igni&brite where it outcrops closer to Potosi, this indicates
that the Huakachi Rhyolite is not part of the Los Frailes

formation as suggested by Turneaure (1960), but that it is a



separate, distinctly older eruption.

In conclusion the K«Ar ages show that the earliest
igneous activitly in the Potosi region was associated with the
emplacement of the Kari-Kari batholith at about 21 Ma, and
this was essentially contemporaneous with eruptions of the
Agua Dulce and Canteria volcanics. A time-span of about 6
million yecars followed in which no igneous activity is recorded.
The tuffs of the Cerro Rico formation preceded intrusion of
the Cerro Rico stock, which suffered pervasive alteration at
13 - 14 Ma, and the vein mineralization was formed at about
that time. Two post-mineral extrusive events followed; first
the eruption of the Huakachi Rhyolite at slightiy less than
12 Ma, and lastly the Los Frailes ignimbrite eruption whose
overall chronology is not known, but which is probably all
younger than 8 Ma.

5.7+5. The mineralized igneous centres of the Quechisla region

These include Tasna, Chocaya, Chorolque and Tatasi,
which were dated, and a number of other small centres with
minor mineralization which have not been dated. The age
determinations are plotted diagrammatically in Fig. 5.7.

The region is underlain by folded Lower Palaeozoic
shale and sandstone. These were croded to an irregular
plateau before the beginning of igneous activity in the region.
The earliest igneéus formation is an extensive acid crystal
tuff unit which blankets much of the lanq surface in the
Atocha-Telemayu region.(Fig. 2.3). Two samples of this tuff
(NG 99 and NG 139) were dated. They give an unweighted mean age

of 16.5 + 0.3 Ma, The rocks of the mineralized ignecous centres
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were intruded into the Palacozoic sediments, O rest un-
conformably on them. The castern edge of the Chocaya volcanic
complex overlies the crystal tuff unit, but none of the other
complexes are in contact with it, or with each other.

At Tasna, the Bi-Cu-5n veins occur within a several
km2 area of hornfelsed sedimentary rocks. There are some
quartz-porphyry dykes, but no large igneous body is exposed at
the surface or in the mine workings. One sample from a small
dyke on the southérn side was dated. The rock was originally
a quartz-feldspar~-biotite porphyry, probably quarfz—latite,
which has been intensely sericitized. The whole~rock analyses
duplicate well, giving an unweighted mean age of 16.0 + 0.3 Ma.
This is the minimum age for the alteration of the dyke and
surrounding sedimentary rocks, and probably closely approaches
the age of the mineralization.

The Chocaya complex is made up almost entirely of
extrusive rocks. It now covers an area of over 100 km2 and
has been extensively eroded since its form;tion. It is made
up of rhyodacitic pyroclastics and lavas cut by a few dykes.
There is a very extensive zone of strong hydrothermal alterati;;
in the center of the complex (mainly sericite/carbonate and
argillic alteration) and the important tin and silver-lead veins
lie within this. Both fresh rocks from the outer part of the
complex, and an aitered sample from.the center were dated.
The sample locations are shown in Fig. 2.1k,

The biotite ages of the three unaltered samples range

from 13.8 + 0.2 (NG 134, mcan of duplicate analyses), to
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13.2 + 0.2 (NG 136). The difference between these is less than
the critical value So it is concluded that there is no
resolvable difference in the ages of the three unaltered samples,
and an unweighted mean of 13.4 + 0.2 Ma can be taken as a good
estima£e of the minimum age for the eruption of much of the
velcanic material at Chocaya. The whole-rock age of the
sericitized sample from the pervasive alteration zone is

12.2. + 0.2k Ma (NG 126). This age is significantly younger than
the biotite ages of the unaltered rocks, and suggests that,

as at several other centres, there was a time-span of at least

1 Ma between the eruption of the volcanics and the completion

of pervasive alteration.

The Tatasi volcanic complex is similar to Chocaya. It
includes acid lavas, lava domes and pyroclastics. Its present
extent is over 100 kmz. Widespread hydrothermal alteration
in the core of the complex is generally argillic, and the
mineralized veins carry silver and base-metals withAlittle tin.
Two separate samples of unaltered rhyodacitic lava from
different localities near the edge of the complex (Fig. 2.15)
giQe an unweighted mean ége of 15.2 + 0.3 Ma. No altered rocks
from the central region were dated, and thus the overall time-
span of igneous activity at Tatasi cannot be estimated.

The Chorolque complex consists of a central core of
breccia and intrusive porphyry (the volcanic vent), which is
surrounded by acid lavas gnd pyroclastics which have largely
been removed by erosion, exposing the Palaeozoic sediments
underneath. The rocks are all altered. The central core is

-

altered to a quartz-tourmaline rock, and the major tin-bearing



veins are within this. It is surrbunded by a halo of sericitic
alteration which grades‘out to chloritization. Even in the
volcanics farthest from the vent the mafic minerals are
chloritiicd, and the only rocks suitable for K-Ar dating are
the sericitized volcanics. Two samples from the sericitic
alteration zone have been dated (sece Fig. 2.7 for locations).
NG 279 gives a whole-rock age of 17.9 + 0.6 Ma, but this sample
proved to have a very high tourmaliné content, and is considered
to be unreliable. A good estimate of the age of the alteration
is given by NG 123 which gave a whole-rock age of 15.8 + 0.3 Ma
(unweighted mean of duplicate analyses). This is considered to
be a reliablc minimum age for the formation of the Chorolque

complex,

5.8. Discussion

5.8.1. General considerations

The Bolivian tin belt extends for a distance of about
800 km, parallel to the trend of the Eastern Cordillera, at a
distance of between 300 and 500 km inland ffom the coast. The
Co;dillera is mainly underlain by Lower Palaeozoic sedimentarf
rocks which have been intruded by acid to intermediate calc-
alkaline magmas. The geochronclogy of the igneous activity is
by no means fully understood; however, a number of distinctive
features are evident which can be considered in terms of the
chronology of magmatic activity in the Eastern Cordillera of
the central Andes as a whole.

1. No Palaecozoic ages have been measured on any of the

igneous rocks within the tin belt, although the Eastern
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Cordillera in both ﬁeru and Argentina has undergone

a long and complex history of Palacozoic igneous acti-
vity.

The oldest known igneous rocks and ore deposits within
the tin belt are the granite-granodiorite batholiths
and associated tin-tungsteh deposits of the Cordillera
Real. These give Triassic to Lower Jurassic K-Ar

ages, and were apparently emplaced, at a distance of
over 300 km from the coast, at about the same time
that volcanic activity was beginning in the coastal
regions of southern Peru and northern Chile. That
violent volcanic activity is generally taken to mark
the beginning of the Andean orogeny (James, 1971b)-
All later significant igneous activity was Miocene

or younger in age.

L. Within the tin belt, presently available age data

suggest that magmatic activity took place in a series
of relatively discrete pulses. The geographical distri-
bution of dates suggests that each pulse was confined

b g
to a limited section of the tin belt, with little over-
lap except in the case of the youngest event (the post-
mineral ignimbrites). Further work may reveal a more
complex distribution, particularly in the region to
the cast of Lake Titicaca where mineralized high-level
eruptives have been found, suggc;ting that the Miocene

ignecous province may extend northward, parallel with, but

to the west of the Mesozoic plutonics.

To the north of the tin belt, in Peru, the Eastern Cordillera
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contains a variety of plutonic and-volcanic rocks which have
given Palaeozoic ages ranging from Ordovician to Permian, and
there are also Pliocene volcanics (Stewart et al., 1974). A
Permian igneous event seems to have been the most widespread
and important, having produced acid and basic volcanics and
granitic plutons (Fig. 1.4). The southernmost of the major
plutons, the Coasa batholith, h;s given Permian zircon U-Pb
ages (238 + 11 Ma, Lancelot et al,, 1976). This suggests that
the northernmost plutons of the tin belt, which give Triassic
K-Ar ages, may be distinctly younger than the Permian plutons
of Peru which contain no tin mineralization, and hence that
the northern termination of the tin belt corresponds with a
significant break in the chronology of igneous activity in this
region. The possibility remains, however, that the K-Ar ages
of the Bolivian plutons are too young, and they could be
contemporaneous with the plutons of southern Peru.

At its southern end, the tin belt terminates just south
of the Bolivia-Argentina border. The Eastern Cordillera in
northern Argentina has undergone a long and complex history of

. ‘o

magmatic activity which is relatively well-documented (Clark
et al., 1976). There is a pre-Andean pattern of granitic plutonic
belts, of Cambrian to Carboniferous age, oriented NW to SE and
becoming progressively youngér towards the Chilean border. Some
of these plutons have tin-tungsten-bismuth mineralization
associated with them. In the Permian there was volcanic and
high-level plutonic activity, with associated copper minerali-
zation, in a belt close to the Chilean border. Some Mesozoic

ages (Cretaceous) have also been recorded (Sillitoe, 1977).
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A northward extension of these older igneous provinces into
Bolivia has not been recognised. There are, however, sub-
volcanic cruptive complexes of Miocene age in the Eastern
Cordillera in northern Argentina (Fig. 1.4). Their ages

ove}lap with those of the southernmost groups of tin-mineralized
igneous complexes of the Bolivian tin belt,; and they may repre-
sent a southward continuation of that igneous province. The
Miocene igneous cqmplexes in northern Argentina contain copper
mineralization, including a number of porphyry copper deposits
(Sillitoe, 1977), thus the southern termination of the Bolivian
tin belt seems to be marked by an apparently abrupt change in
the metal content of the ore deposits within a continpous
mégmatic province rather than the termination of a belt of
igneous rocks of a particular type or age. However, the lack of
age-data and detailed geological investigations in the region
of the Bolivia-Argentina border leaves considerable uncertainty
regarding the geographical and geochronological relationships
of the mineral belts in this area.

At the latitude of northern Argentina, Andean magmatic

&

activity began in the coastal region of Chile in Permo-Triassic
time. The focus of magmatism migrated inland across the Wosfcrn
Cordillera, forming a succession of narrow longitudinal igneous
belts, parallel with the coast, and decreasing in age eastward.
In the Miocene there was an abrupt eastward expansion., Magmatism
"broke out" of the Western Cordillera, forming the mineralizod
eruptive complexes mentioned above (Clark et al., 1976).
Farther north, in the latitude of the Bolivian tin belt,

the chronology of igncous activity in the Western Cordillera is



less well known, but a similar pattern apparently exists. The
Miocene igneous activity of the Eastern Cordillera, which pro-
duced the mineralized plutons and sub-volcanic eruptive complexes
of the tin belt to the south of the Cordillera Real, was part of
the "break-out" event which lasted into the Pliocene. In the
Upper Pliocene there was a contraction-of magmatic activity
westward, back into the Western Cérdillera, This is recognised
both in Bolivia and in Argentina. Thus, the igneous geology of
the tin belt to the south of the Cordillera Real fits rather
well into'a coherent pattern of Andean igneous acti§ity which 1is
recognisable throughout the whole region. The same cannot be
said of the plutons and associated tin-tungsten deposits of the
Cordillera Real whose relationships to the larger pattern of
magmatic and tectonic evolution remain obscure.

5.8.2. Geochronology of the southern tin belt

Previous chronological subdivisions of the tin belt, such
as those of Schneider-Scherbina (1962), or Ahlfeld (1967), are
not consistent with the new age data reported here. The latter
proposed two metallogenic epochs for the southern tin belt;

a plutonic phase of Miocene age which included the minor
mineralization of the Kari-Kari batholith, and an Upper Miocene
sub-volcanic phase which included all the important tin.
deposits, and whose age wés based on a 9.4 Ma age for the
Llallagua stock. Ahlfeld also proposed that the Mesozoic
batholiths of the Cordillera Real with their associated
mineralization, were post-tectonic plutons of a 'Variscan'
orogeny, which preceded the Andean cycle. Although few radio-

.

metric ages were available, he recognised that the more
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southerly plutons of the Cordillera Quimsa Cruz, Santa Vera
Cruz, and possibly Tllimani, were youndcr and had been
emplaced at a higher crustal level than those further north.

He also noted the similariiy in metal content and certain
mofphological features shown by the deposits associated with
these plutons and the sub-volcanic deposits of the southern
tin belt.

The data obtained in this study are plotted diagramatically
in Fig. 5.8. It shows that the ages of mineralized sub-volcanic
centres of the southern tin belt fall into two distinct groups.
All of the igncous rocks associated with mineralization which
have been dated, as far scuth as Colguechaca, give ages between
~approximately 23 Ma and 19 Ma. This overlaps with the ages
of the plutons of Quimsa Cruz and Santa Vera Cruz. The
mineralized centres south of Colguechaca have ages ranging
between 17 and 12 Ma, although in the Potosi region, the
igneous rocks of the Kari-Kari batholith and Agua Dulce and
Canteria formations fall within the older group. This suggests
that the Quimsa Cruz, Santa Vera Cruz and Illimani plutons,
and the northern sub-volcanic centres, all belong to a distinct
province of Lower Niocene age. Although they have not been
dated in this study it is probable that the major orc deposits
at Colquiri, Oruro, and Huanuni could also be included. If
this is the case then this group contains all of the most
important predominantly tin-producing deposits of the Dolivian
tin belt, while the southern group is characterised by deposits
rich in silver and basec-metals (Potosi, Chocaya, Tatasi, Tasnn).

To the north, the Cordillera Real forms a distinct older
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(Mesozoic) province of tungsten-rich decposits. Its geochrouo-
logy is complex, and although much work has been done to resolve
it, the results have not been published yet (Robertson, 1974).
The data show that there was a distinct southward shift
in high-level igneous activity in the southern tin belt betwecn
19 Ma and 17 Ma, with overlap of the older and younger age
groups in the Potosi region. Considering the tin belt as a Qhole
there is a marked overall trend towards younger ages in the
south, ;ith the locus of igneous activity apparently moving
southward in a series of discontinuous steps.
There is an overall north to south change in the metal
content of the ore deposits. Mineralization associated with
the plutonics of the northern tin belt is predominantly of tin-
tungsten type. As noted above, the two age groupé in the southern
tin belt can be broadly distinguished by their differing types
of mineralization. The northern group (older than 19 Ma) is made
up mainly of deposits associated with high-level plutons or
sub-volcanic stocks, and the ores are of quartz-cassiterite
type with tin as the dominant economic metal. Included here are

.
the deposits of the Cordillera Quimsa Cruz, the San Pablo stock

]
Llallagua, the Kari-Kari batholith etc. There are however,
exceptions, such as Colquechaca which is a volcanic complex
containing sulphide-rich base-metal and silver mincralization
with little tin. The Oruro tin-silver deposit also probably
belongs with this age group. The southern group (younger than
17 Ma) is dominated by sulphide-rich ores couataining important
amounts of basc-metals and silver in addition to tin, and the

"deposits are within eruptive complexes of essentially volcanic
I I

character. They include the Cerro Rico (Potosi), Chocaya and
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Tatasi. Again, there are exceptions, including Chorolque which
is a brecciated stock with quartz-cassiterite veins, and also
Isca-Isca which is a breccia pipe with tin-tungsten veins,
Thus the differences in the style of mineralization and the
metél content of the ore deposits within the tin belt are not
consistently related to their age, but primarily reflect the
depth at which the deposits formed, rather than changes in the
geochemistry of the parent magmas with time or space. This
argument can not, however, be applied to the northern and
southern terminations of the tin belt, which must reflect some
more fundaﬁental geochemical factors. The genérai trend from
tungsten, through tin, to silver and base-metals from north to
south down the tin belt parallels the decrease in erosion level
southward. This does not imply that any individual centre of
mineralization is, or was, vertically zoned through the full
range of styles and metal‘associations, from plutonic to
volcanic, which are displayed laterally within the tin belt as
a whole.

The data also indicate the length of time involved in

e

the development of some of the mineralized sub-volcanic centres
of the southern tin belt. In most cases there is little doubt
that the pervasive hydrothermal alteration is younger than
virtually all the igneous rocks. Thus the alteration ages
are minimum ages for the igneous activity. This shows that the
maximum probable time between the cooling of the earliest igneous
rocks and the completion of the pervasive alteration at a given

centre is of the order of 1 Ma, which is similar, for example,
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to the measured time-span between porphyry intrusion and
pervasive alteration and ore deposition at the Bingham Canyon

porphyry copper deposit (Moore et al., 1968).
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CHAPTER 6

SUMMARY AND CONCLUSIONS

6.1. Origin of the Tin Belt

Although there are scattered tin deposits at intervals on
the continental side of the Cordillera of the western Americas
from Alaska tovArgentina, the Bolivian tin belt is much more
highly mineralized than any other part, and forms a clearly
defined metallogenic province. The tin province is only one
of several metal provinces within the Andes, the most important
of which are all associated with Andean magmatic activity of
predominantly calc-alkaline character.

The derivation of calc-alkaline rock suites in island-
arcs and active continental margins by processes related to the
subduction and partial melting_of oceanic lithosphere seems
to be beyond doubt (Green and Ringwood, 1968; Ringwood, 197k;
Wyllie, 1973). A variety of ore deposits are associated with
these igneous rocks world-wide, in particular deposits of
copper, molybdenum, gold, lead, zinc, and silver. Although
alternative views have been proposed (e.g., Krauskopf, 1967;
Jensen, 1971), it is widely accepted that the 6re metals were
contained in the magmas at the time of their emplacement and
derived from the magmas during crystallization (e.g., Holland,
1972). It is also generally assumed that_in most cases the
metals were incorporated into thé magma at the time of its
formation and thus that the metals and magma are derived from

the same source material. In the case of deposits of the metals
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listed above which are associated with calc-alkaline igneous
rocks in island-arcs or active continental margins, it is
thus generally accepted that the source material for both
metal and magma is subducted oceanic lithosphere, and there
is no doubt that this material contains sufficient metals
to account for the ore deposits. The topmost sedimentary
layer of the oceanic crust is particularly metal-rich (e.g.,
Cronan, 1976; Bostrom et al., 1969),., The subduction mechanism
for the origin of this type of mineral deposit has been very
widely invoked whenever there is evidence for a subduction
zone having existed at the appropriate time (e.g., Sillitoe,
1972a, 1972bj Mitchell and Bell, 1973; Strong,.1974; Mitchell
and Garson, 1976).

The question of the origin of tin deposits is more complex.
Tin is associated with rocks of granitic composition. The
typical calc-alkaline plutonic complexes of active continental
margin orogens do contain granitic members (e.g., Pitcher,
1978); however, in this setting granites are volumetrically
minor, the dominant rock compositions are gabbro-diorite-
tonalite, and tin mineralization is absent. Tin is associated
with distinctly different rocks; most commonly highly siliceous
potassic granites which are geochemically specialized late-
stage members of a high-level batholith-forming granodiorite-
adamellite-granite suite. In the Andes, and in several other
continental margin orogenic belts, these do not overlap in
space with the more mafic calc-alkaline suite (although they
may be of similar age), but occupy discrete linear belts on

the inner, continental side of the orogen. The relationship
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of these to subduction processes is not clear,

It has been proposed that siliceous, K-rich magmas can
be produced by the partial melting of quartz-eclogite during
very deep underthrusting of oceanic lithosphere (Ringwood,
197&). These magmas would be enriched in incompatible elements,
perhaps including tin which would be released from the descen-~
ding slab only when refractory tin-bearing mineralé such as
phlogopite break down. The special conditions of deep under-
thrusting required for this to take place would limit the
locations in which tinfrich granite magmas could form. This
mechanism for the direct derivation of both tin and acid magma
from subducted oceanic lithosphere has been advanced for the
origin of the Bolivian tin belt (Sillitoe, 1976) and the
Malayan tin belt (Bignell and Snelling, 1977). There are,
however, several important objections to this. Despite the
early experimental work of Gregn (1972) and Green and Ringwood
(1972), the more recent data of experimental petrology suggest
that a sub-crustal source for any significant volume of granitic
magma is highly unlikely (Wyllie et al., 1976). Petrochemical
and isotopic data also generally indicate that there is a
substantial crustél melt component in tin granites (e.g.,
Floyd, 1972; Chappel and White, 1974). A deep rather than
shallovw region of crustal melting is indicated both by the
high level to which tin granite magmas are emplaced, and by
the strontium isotope characteristics (ann, 1970).

There are a variety of possible mechanisms in which crustal
melting could be related to subduction. Melting could be triggered

by the rise into the crust of large volumes of mafic magma.
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This has been proposed to account for the granitic phases of
cordilleran calc-alkaline gabbro-tonalite plutons (Presnall
and Bateman, 1973). These generally do not have tin associated
with them, but it is worth noting that the acid phases of
the'Bushveld igneous complex of South Africa, which are considered
to have formed by a similar mechanism though in a quite different
tectonic setting, do have tin deposits associated with them
(Hunter, 1976). Underplating of the continental crust, without
penetration, by mantle-derived magma would also have the effect
of increasing crustai thickness, increasing deep crustal tempe-
rature, and so promoting melting (e.g., Brown, 1977). The rise
of volatiles alone from a subduction zone might also promote
melting in the lower crust; however, the rate of diffusion of
volatiles through the mantle wedge above a subduction zone is
probably too slow for this mechanism to operate. In all of the
above mechanisms, tin could haye been supplied from the mantle.
Crustal melting during high-grade metamorphism associated
with compressional tectonics, with rise of anatectic magmas
along deep-reaching shear zones, is likely as a mechanism for
the origin of many granitic plutons. In the case of tin granite;
this would imply a crustal source for both tin and magma, and
the pattern of distribution of tin provinces would perhaps be
partly related to an inhomogeneous distribution of tin in the
crust. A crustal source for all except very ancient tin deposits
has been widely invoked (e.ge., Schuiling, 1967). Important lines
of evidence includej the very low tin content of oceanic
lithosphere as compared with certain rocks now incorporated

into continental crust (some shales, granites), the tendency
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for tin mineralization to recur in certain areas over a long
time-span indicating a source region wifhin the same lithos-
pheric plate, and the absence of tin mineralization in an
island-arc setting.

It is also possible that the distinction between tin-
associated igneous rocks and others results entirely, or
almost entirely, from differences in the history of differen-
tiation and country-rock interaction which the magmas underwent
after formation. There is no doubt that tin mineralization
is associated with granitoids which are highly geochemically
specialized as a result of particularly advanced fractional
crystaliization (e.g., Tischendorf, 1977; Groves and Mc Carthy,
1978). The processes leading to tin enrichment are probably
highly sensitive to rather subtle factors such as the content
of H20 and other volatiles, and the oxygen fugacity of the
magma (Ishihara, 1977). It may be that these are the critical
factors in the development of 'tin granites', rather than the
chemistry of the magma source region,
In th; case of the Bolivian tin belt, any satisfactory
model must account in particular for the following features.,
a) Its conformity with the Andean trend, and its limited
longitudinal extent.
b) Its distinctive position on the continental side of the
orogen and of the other metal provinces.
c) The timing of emplacement of the tin-bearing igneous
rocks with respect to Andean tectonic/magmatic evolution.
Much of the evidence needed to begin to assess the relative

crustal or mantle contributions to the tin-belt magmas is lacking



317.

at present. However, it seems unlikely that a mantle contri-
bution would be completely ruled out by geochemical or isotopic
evidence. The simplest model for the source of all the magmas
plus the tin at great depth on a subductiop zone can probably
be rejected on the grounds that the bulk of granitic magmas
must be crustally derived. However, the spatial distribution
of the tin belt does suggest some degree of control by a
segmented descending slab in which maximum underthrusting

took place beneath the tin belt, as is the case at the present
day. Here, however, the timing of emplacement of the northern
tin granites becomes a problem, as they were emplaced at the
beginning of Andean subduction, although over 300 km inland
from the trench.

The main objection to a simple crustal origin is the
parallelism of the tin belt with the Andean trend, its sharp
boundary with the polymetallic belt to the west, and its sharply
limited longitudinal extent. I£ seems unlikely that this spatial
distributibn of tin deposits within the larger pattern of Andean
magmatism merely reflects the shape of a tin-rich zone in the
lovwer crust. Furthermore, there is clear evidence that Miocene‘“
acid igneous activity in northern Argentina did not lead to
tin rejuvenation in that aréa, where the upper crust at least
is tin-rich. It could be, however, that while melting of tin-rich
lower crust was relatively widespread during the Andean orogeny,
perhaps particularly during the Triassic and Miocéne, the
magmas were only able to rise to shallow.depth in a discrete
zone defined by the tin belt, and during those two distinct

time periods. A tectonic control, coupled perhaps with subtle
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factors of differentiation histo;y etc. may be dominant in
both the space and time distribution of the tin mineralization.

In this context it is perhaps significant that the extent of
the tin Selt corresponds broadly with the Altiplano basin, a
major tensional tectonic feature. It also corresponds with the
axis of the Palaeozoic sedimentary basin, which in turn may
have been controlled by deep basement structures.

My conclusions are as follows :
a simple subduction-related mantle origin for the tin-bearing
igneous rocks is unlikely; a purely crustal origin is possible,
with the processes of melting and magma ascent tectonically
controlled, hence indirectly subduction-related, with important
secondary controls provided by factors affecting the differen-
tiation history of the magmas. A combined crustal and mantle
source cannot be ruled out, perhaps with small quantities of
volatile~rich magma rising from the subduction zone and triggering
melting in the crust, and perhaps also carrying the tin. A great
deal of further work is required before a better understanding
can be gained.

6.2, Geochronology of the Southern Part of the Tin Belt

The currently available radiometric age data suggest a
3~-fold chronological subdivision of the tin belt as a whole.
The plutons and associated mineralization of the northern
Cordillera Real (as far south as Mururata-Taquesi) are Triassic
in age, and form a distinct tin-tungsten metallogenic sub-
province.

The highe;-level plutons of Illimani, Cordillera Quimsa

Cruz, and Cordillera Santa Vera Cruz are Upper Oligocene
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(I1limani) to Lower Miocene in age (26 to 23 Ma), and the

new K-Ar data reported here show that there is no time break
between these and the sub-volcanic eruptive compléxes of the
northern part of the southern tin belt. The ages of these

rarnige from approximately 23 Ma to 20 Ma., Together, the southern
plutons, the northern eruptive complexes (as far south as
Colquechaca) and the Kari-Kari pluton form a distinct sub-
province which contains most of the major tin deposits of
Bolivia , althougﬁ it does also contain tﬁngsten, tin-silver,
and predominantly base-metal deposits.

The mineralized centres from Potosi (Cerro Rico) south-
ward form a distinct younger sub-province, with ages from
approximately 16 to 12 Ma. The mineralization typically occupies
a high-level position in relatively weakly eroded eruptive
complexes, and is characterized by high silver and base-metal
contente.

The great ignimbrite sheets of Morococala and Los Frailes
are distinctly younger than the mineralized eruptive complexes,
vith an age range of approximately 6 to 8 Ma, and were erupted
after the mineralized complexes had been extensively eroded.

The general decrease in the age of mineralization from
north to south down the tin belt corresponds with a generalized
change from tungsten-rich mineralization in the north to
predominantly silver and base-metal rich deposits in the
south, In detail, the metal content of the ores of individual
eruptive complexes show a distinct relationship to the depth
at which the deposits were formed., Thus, the north to south

metal zonation of the province as.a whole reflects the general
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decrease in erosion level southward, and may not be related
to any fundamental change in the chemistry of the parent magmas
with time or space.

At the sub-volcanic eruptive complexes, the time-span
between the beginning of eruptive activity and completion of
pervasive alteration is generally less than 2 Ma, in some
cases closer to 1 Ma, but the length of time over which the
vein mineralization was deposited has not been measured.,

6.3. A Genetic Model for the Sub-Volcanic Tin Deposits

The geclogical, fluid inclusion, and stable isotope data
reported here can be combined to provide a generalized concep-
tual model for the evolution of the sub-volcanic tin deposits.

The data is by no means complete, and the model is partly
speculative. In its general aspects it is closely similar to
models which have been proposed for the genesis of the porphyry
copper-molybdenum deposits, inyolving a magmatic source of
metal-bearing fluid and heat which interacts with meteoric
water in a.convecting hydrothermal system, to give the characteris-
tic zoned pattern of mineralization and alteration (Taylor,
1974; Gustafson and Hunt, 1975; Henley and Mc Nabb, 1978). The
model outlined below for the tin deposits confirms the genetic
gimilarities between these and the porphyry Cu-Mc deposits
first postulated by Sillitoe et al., (1975).

The genesis of the sub-volcanic tin deposits can be des-
cribed in terms of the following overlapping evolutionary stages.

1. The volcanic stage (Fig. 6.1). This involved the construc-
tion of a stratovolcano, which was built up of dacite and

rhyodacite pyroclastics and lavas, erupted from a central vent.
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The erupted material wasderived }rom a large magma chamber
at depth. From this, dry magma rose and was erupted violently
at the surface. This magma was not particularly highly
Specialiéed geochemically, although it does show a characteris-
tically low K/Rb ratio and anomalous Snand Li content.

2. The vent~filling porphyry and breccia stage (Fig. 6.2).
As crystallization in the source magma chamber continued, the
rest melt became enriched in Hzo, other volatiles, and Sn etc.
Pulses of this more fluid magma rose rapidly in the vent and
underwent isothermal vapour saturation at a greater depth than
earlier magma. This resulted in violent fluid release, and
freezing of the magma as porphyry in the vent. The hydrothermal
brecciatiamiwhich is so characteristic of many of these deposits
is an expression on the violent. fluid rélease. The breccias
were formed mainly by initial hydraulic fracturing followed by
corrosion and fluidization of fragments in an upward-streaming
vapour, derived from successive pulses of porphyry emplacement.

3. Pervaéive alteration stage (Fig. 6.3)., As porphyry
in#rusion retreated to lower levels in the vent, the brecciated
rocks above were altered pervasively. Intense quartz-tourmaline“
alteration was associated with the high-temperature magmatic
fluid. This may have separated directly from magma as a 2-phase
fluid, or as a vapour which condensed to a 2-phase fluid
(vapour plus highly saline brine) in somewhat cooler regions
(Henley and Mc Nabb, 1978). The fluid inclusion data from
‘Chorolque indicate that this alteration took place at tempera-

tures at least as high as SOOOC, and the isotopic data

indicate a magmatic origin for the fluid. No mineralization
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FIG.6.3A

MAIN HYDROTHERMAL STAGE
convective magmatic - meteoric system develops

LTI

VL

METEORIC WATER

+
MAGMATIC FLUID
SOURCE

Widespread pervasive alteration and ore- mineral

deposition takes place in the upper vent and volcanic

superstructure



325.

FIG.6.3B
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was deposited in association with this alteration either
because cecnditions were unsuitable for deposition from the
liquid phase (temperature and salinity too high, pH too low)
or because the ore metals were transported in the vapour
phase to peripheral and higher regions. The permeable vent
rocks in this region probably became progressively choked
with deposited silica.

The regions surrounding and overlying the 'core' of
magmatic fluid contained cool meteoric fluid (groundwater).
This mixed with the magmatic fluid at the vent margin and
became involved in a convecting hydrothermal system. While
quartz-tourmaline alteration took place in the inner regions,
sericitic alteration developed in the cooler peripheral and
overlying parts of the system where the fluid was dominantly
heated meteoric water. Mineralization was deposited in the
zones of sericitic alteration-mainly in response to the
decreasing temperature and salinity resulting from mixing
of meteoric water with the original magmatic fluid. This
resulted in the zonation of pervasive alteration and
mineralization both laterally around the vent (Choroclque)
and vertically within it (Llallagua). The temperature and
salinity decline from quartz-tourmaline to sericitic alteration
is indicated by the fluid inclusion data, and the isotopic
data show that the fluid associated with sericitization was
clearly different {from the magmatic flgid) and probably,
though not definately, meteoric water.

The convective hydrothermal system was ‘'driven' by heat and

fluid provided by rising and cooling porphyry magma in the vent.



327.

When the supply of porphyry magma ceased, there was a sharp
change in the character of the system.

4, The vein stage (Fig. 6.4). Following the cessation of
porphyry intrusion, magmatic and hydraulic pressure in the
vent region declined, and cooling in the underlying magma
chamber led to a marked change in the local stress pattern.

A deep-reaching fault system developed in the vent area,

this penetrated to the underlying pluton and tapped the
continuing supply of metal-bearing fluid which was given off
as the pluton crystallized. The probable magmatic origin of
the early vein fluids is indicated by the isotopic data.

The fluid inclusion data for the veins shows a progressive
deciine in fluid temperature and salinity during vein growth,
and this can most reasonably be attributed to the increased
incorporation of meteoric water into the vein system, although
there are no isotopic data with which to evaluate this, The
interval over which ore depcsition took place in the wvein
system was probably controlled by the pattern of meteoric water
mixing and the resulting thermal and salinity gradients in the
rising, initially magmatic fluid. These in turn may have in-
fluenced the levels at which beiling took place in the vein
fluids, and boiling may have been a significant factor in
promoting rapid ore deposition and the development of strongly
ftelescoped' ore mineral assemblages which are characteristic
of these deposits.

Kaolinite was deposited as a final filling in many veins.
It may have been a product of supergene weathering, deposited

from downward-parcolating groundwater during uplift and erosion
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FI1G.6.4

VEIN STAGE - follows pervasive alteration

Altered zone

VEIN
FRACTURES

AV ¥ \

WA

Meteoric
H.,0 /

2/, '

Magmatic H20
aond ore source

Fluid movement becomes restricted to vein structures as
temperoture falls in the vent - mogmatic ore fluid
continues to rise in veins from deep piutonic source - with
incorporation of meteoric water increasing.



329.

at a much later date. This is most in keeping with the isotopic
data.

The genetic model outlined above applies in particular
to those mineralized eruptive complexes which have a well-
deéeloped porphyry and breccia'stock' (the vent) with dissemi=-
nated 'porphyry-tin' mineralization. The very high-level
volcanic complexes such as Chocaya and Tatasi appear to lack
this, and there was apparently a direct transition from the
volcanic stage, with strong mainly argillic alteration, to
the vein stage. These complexes contain no porphyry-type
mineralization.

6.4 The Transport and Deposition of Tin in Hydrothermal Systems

Various mechanisms, involving both vapour and liquid
phase transport have been proposed. In the case of the vapour
phase, tin can be transported as simple halide ions in experimen-
tal systems, but the presence of H20 seems to suppress the
volatility, particularly of the chloride (Hurd, ;9?6). However,
it is known that other metals, including copper, ;an be
transported in aqueous vapour as mixed alkali (Na)-chloride
complexes (Henley and Mc Nabb, 1978), so the vapour phase tran;;ort
of tin in multi-component magmatic~hydrothermal systems seems
possible at high temperatures.

In the aqueous liquid phase, a variety of tin-transporting
complex molecules have been postulated, including hydroxo-
fluoristannate, alkali stannate, alkali thiostannate and
alkali fluor- and chloro~stannate complexes (Smith, 1947;

Barsukov and Kuril'chikova, 1966; Hesp and Rigby, 1971; Barsukov

and Ryabchikov, 1977; Hesp and Varlamof{f, 1977). The importance
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of fluorine, which is often associated with tin mineralization,
and which has been shown to promote tin solubility in experimen-
tal systems, is not clear. However, fluid inclusion studies
have shown that natural ore-forming solutions almost invariably
contain both chlorine and sodium as principle dissolved ele-
ments, and the presence of fluorine may not be essential for
tin solubility.
The evidence from fluid inclusion studies of a variety
of tin deposits has shown that cassiterite deposition took
place both from 2-phase (liquid plus vapour) and single (liquid)
phase fluids (e.g., Little, 1960; Kelly and Turneaure, 1970;
Jackson et al., 1977). A 2-phase fluid was also commonly
associated with ore-mineral deposition in other high-temperature
magmatic-hydrothermal deposits. This is usually interpreted as
indicating boiling of a liquid ore fluid. An alternative view
is that the initial metal-bearing magmatic fluid was dominantly
vapour, which condensed and mixed with meteoric water (Henley and
Mc Nabb, 1978; White et al., 1971). In either case, the major
factors leading to ore-mineral deposition would be temperature
decline, pH change, salinity decline and change in fO2 and 1‘52.4x
The present study of the Bolivian deposits provides little
information on mechanisms of tin transport, beyond confirming
the presence of large amounts of Ci, Na, and K in the ore fluid,
and the absence of F-bearing minerals in the altered rocks
(except perhaps tourmaline, which may contain F).
The most important conclusions in this respect are as follows.
a) Cassiterite was deposited from both 2-phase (1iquid plus

vapour) and single phase (liquid) solutions, in different
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regions and at different times within the same deposit. None
of the hydrothermal systems appear to have been vapour-
dominated during the main stages of cassiterite deposition
(except perhaps at Huanuni, from which only one sample was
studied). The data generally indicate 1liquid ore fluids at
the vein stage, with intermittent boiling. Much ore deposition
was not accompanied by boiling, which does not appear to have
played a particularly important role.

b) There is é distinctive upper salinity limit (approxima-
tely 25 equivalent weight percent NaCl), above which cassiterite
is not deposited from the ore fluids. Almost all other fluid
inclusion studies of tin deposits indicate that ore deposition
took place from relatively dilute fluids, The temperature of
ore deposition was highly variable, in the Bolivian deposits
ranging from over 400°C down to 200°C or even less. The evidence
from Chorolque in particular suggests that at least during the
early vein stage, the tin was transported in a highly =saline
liquid, and that the most important factors in causing ore-
deposition were the decrease in salinity and temperature and
changes in oxygen fugacity and pH which accompanied mixing with“

~dilute, probably meteoric water.



Appendix 1
Petrographic (Thin Section) Descriptions of Analysed Rocks.

A. Dated samples

NG 1. Morococala formation ignimbrite, near Japo Mine.

Porphyritic-aphanitic texture; made up of 20% altered
plagioclase phenocrysts (to 2 mm length), 20% biotite
phenocrysts (to 1 mm length), occasional sanidine and partly
chloritized hornblende phenocrysts (to 2 mm length); in a
glassy matrix (60%), partly isotropic and crowded with micro-
lites. Accesory apatite and zircone.

NG 2. Morococala formation ignimbrite. As NG 1.
NG 6, Altered quartz-porphyry, San Pablo stock.

Relict porphyritic-microgranular texture; made up of 10%
primary quartz phenocrysts (to 8 mm), patches of fine-grained
intergrown tourmaline, minor quartz and sericite {(pseudomorphing
5 - 10 mm feldspar phenocrysts, 25%), patches of fine sericite
plus rutile and opaques (pseudomorphing 2 - 3 mm biotite pheno-
crysts, 10%), in a microgranular quartz-rich matrix (55%) flecked
with sericite and minor tourmaline. Accessory apatite and zircon.
NG 27. Altered quartz-porphyry, San Pablo stock.

Relict porphyritic-microgranular texture; made up of 10%
primary quartz phenocrysts (3 - 6 mm), patches of fine secricite-
quartz intergrowth (pseudomorphing 3 - 6 mm feldspar phenocrysts,
30%), patches of sericite plus rutile and Fe~oxides (pscudo-
morphing 2 - 3 mm biotite phenocrysts, 10%), in a quartz-rich

microgranular matrix (50%), flecked with sericite. No tourmaline,
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accessory apatite, zircon.
NG 31. Mineral sample (hand picked sanidine macrocrysts), no

thinfsection.
NG 21. Altered feldspar-porphyfy dyke, Japo mine.

' Relict porphyritic-microgranular texture; made up of

patches of fine intergrown sericite-quartz (pseudomorphing
3 - 6 mm feldspar phenocrysts, 40%), patches of fine intergrown
sericite plus rutile and opaques (pseudomorphing 3 - 4 mm biotite
laths, 10%) in a granular matrix of quartz with minor sericite.
No tourmaline, accessory zircon, apatite.
NG 14. Altered feldspar-porhyry dyke, Santa Fe mine.

As NG 21.

NG 487. Salvadora stock, Llallagua; 650 level, Siglo XX mine.
Unaltered quartz-feldspar porphyry. Porphyritic-micro-
granular texture; made up of 15% rounded, embayed quartz pheno-

crysts (to 5 mm), 20% corroded and poorly zoned subhedral
plagioclase phenocrysts (approximately andesine composition,
5 -« 10 mm) partly replaced by potash feldspar and with very
minor alteration to sericite and tourmaline, 20% subhedral sanidine,
phenocrysts (5 - 8 mm), 10% brown euhedral biotite phenocrysts
(2 - 5 mm), in a pottled, very fine granular quartz-rich matrix
(35%). Accessory zircon, apatite.
NG 38. Salvadora stock, Llallagua; 383 level, Siglo XX mine.
Altered quartz-feldspar porphry. Relict porphyritic-micro-
granular and brecciated texture. Made up of 15% rounded or
fractured angular primary quartz phenocrysts, 40% indistinct
rounded patches of fine sericite-quartz-minor tourmaline inter-

growths (pseudomorphing 5 - 10 mm feldspar phenocrysts), 10%
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patches of fine sericite-rutile~quartz-minor tourmaline inter-

growth (pseudomorphing 2 - 5 mm biotite phenocrysts), in a

granular quartz-rich matrix flecked with fine sericite and clay.

NG hé. Salvadora stock, Llallaguaj; from dyke-like offshoot at sur-
.face. Very weakly altered quartz~feldspar porphyry.

Similar to NG 487, but coarser phenocfyst grainsize, and
partial alteration of biotite phenocrysts to chlorite plus
sericite.-

NG 44, Salvadora stock, Llallagua; from surface, central region
of the stock.

Intensely altered quartz-~feldspar porphyry. As NG 38, with
occasional toummalinized argillite fragments,

NG 68. Los Frailes ignimbrite formation; north of Potosi.

Porphyritic-aphanitic texture, made up of crowded angular
quartz phenocrysts, plagioclase, minor sanidine,biotite, and
minor brown hornblende phenocrysts in a clay-altered, slightly
spherulitic flow-banded shard-rich glassy matrix. A rhyodactic
welded tuff, similar to NG 1.

NG 71. Huakachi rhyolite formation; base of Cerro Huakachi
immediately south of Cerro Rico, Potosi.

Siliceous (rhyolite) welded tuff; made up of crowded angular
to rounded quartz phenocrysts (50%), lesser unaltered plagioclase,
sanidine and biotite phenocrysts (20%), numerous tabular argillite

fragments (10%) in a glassy, shard-rich matrix.

NG 93 and 94, Cerro Rico stock, Potosij lgvel Pailaviri O, adja-
cent to Veta Rica 1 (NG 93) and Veta Rica 3 (NG 94).
Intensely altered quartz-feldspar porphyry. Relict porphyritic-

microgranular texturej made up of 25% rounded primary quartz



335.

phenocrysts (3 - 8 mm), 25% patches of fine sericite-quartz-
pyrite-clay intergrowth (pseudomprhing feldspar phenocrysts),
10% patches of sericite-rutile-quartz (pseudomorphing biotite
phenocrysts), in a fine.granular quartz-sericite-clay matrix
with patches of coarser pyrite. No tourmnliﬁe; accessory zircon
and apatite.
NG 73. Kari-Kari pluton; near Lago Chalviri, scutheast of Potosi.
Feldspar~biotite porphyry (granodiorite). Porphyritic-micro-
granular texture, élightly brecciated; made up of 30 to 40%
angular, fractured, zoned plagioclase phenocrysts ( 2 - L mm)
slightly sericitized; 5 to 10% subhedral brown biotite phenocrysts
(1 - 3 mm) with narrow rims altered to chlorite plus opaques;
occasional broken K-feldspar (sanidine) phenocrysts; accessory
garnet, apatite, zircon; in a granular quartz-feldspar matrix.

NG 75, 75A, 75B. Kari-Kari pluton; near Lago Chalviri.

Feldspar-biotite porphyry, essentially as NG 73, with
variable degrees of chlorifization of biotite (always less than
20% of "total).

NG 80. Kari-Kari pluton; near Lago Chalviri.

Feldspar-biotite porphyry (granodiorite), as NG 73, with
partly cataclastic texture.

NG 83. Kari-Kari pluton, near soathern end, Kumurana.

Equigranular granodiorite with strongly cataclastic texture;

made up of quartz (10 - 20%), pl%gioclase (60 - 70%),

potash feldspar (10%) and biotite (10%). Plagioclase is

weakly sericitized, biotite is essentially unaltered. All
are partly granulated, crushed; traversed by zones of very
fine quartz-chlorite.

NG 78 and 79. Agua Dulce volcanic formation, south of Potosi.
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Porphyritic-aphanitic texture; made up of broken, angular
quartz phenocrysts (1-3 mm, 15%), plagioclase phenocrysts (2 -
5 mm, 20%), biotite laths (unaltered, 10%), sanidine phenocrysts

partly altered to clay (3 - 5%), in a glassy, shard=-rich, flow~

banded matrix. A rhyodacite welded tuff,

NG 96, 97 and 98. Caﬁteria volcanic formation, north of Potosi.

Porphyritic-aphanitic texture, made up of rounded quartz
phenocrys£s (2 mm, 20%), biotite flakes (1 to 3 mm, unaltered,
10 to 15%), patches of carbonate-ciay-sericite intergrowth
(pseudomorphing feldspar phenocrysts, 30%), in a shard-rich
glassy matrix partly altered (weathered) to clay. Occasional
small argillite fragments, and accessory apatite, garnet.

NG 35A (CH). Colquechaca, cirque south of Cerro Hermosa.

Quartz-feldspar porphyry; porphyritic-microgranular texture;
made up of rounded, embayed, 3 to 5 mm quartz phenocrysts (5%),
subhedral unaltered 3 to 8 mm sanidine phenocrysts (S%), sub-
hedral 3 to 8 mm weakly sericitized plagioclase (andesine)
phenocrysts (35%), biotite laths (15%) with minor alteration
of rims to chlorite plus rutile and opaques, in a fine granular
quartz-rich matrix. Accessory apatite, zircon.
NG 54. Colquechaca, Mina Descubridora adit.

Quartz-feldspar porphyry, as NG 35A (CH), with increased
alteration of biotite to chlorite.
NG 62. Colquechaca, below Cerro Yanakaka.

Intensely altered (sericitized) quartz-feldspar porphyry.

Relict porphyritic texture; made up of 20% rounded primary

quartz phenocrysts, 20 to 30% indistinct patches of fine sericite-

quartz intergrowth (pscudomorphing feldspar phenocrysts), 10%



337.

patches of intergrown sericite plus rutile-quartz-opaques
(pseudomorphing biotite phenocrysts), in a fine grained
quartz-sericite-clay matrix. Accessory apatite (common),
tourmaline, zircon.

NG 131, 134, 136, Chocaya, unaltered acid volcanics,

Porphyritic-aphanitic texture, typically made up of 5%
rounded, embayed quartz phenocrysts (to 3 mm), occasional sani-
dine phenécrysts, 10 to 20% biotite laths (to 2 mm) with rims
altered to chlorite plus opaques, in a glassy matrix showing
patchy devitrification. Accessory zircon, apatite.

NG 126. Chocaya, surface sample at Mina Animas.

Intensely altered (sericitized) quartz-porphyry; made up
of 10% rounded quartz phenocrysts, 30% patches of fine inter-
grown sericite-quartz plus carbonate (pseudomorphing feldspar
phenocrysts), in a microgranular quartz-rich matrix flecked
with sericite, clouded with clay. No tourmaline, accessory
apatite, zircon.

NG 123. Chofolque, surface sample near Santa Barbara.

Intensely altered (sericitized) quartz-porphyry; made up
of 20% broken quartz phenocrysts in a fine granular matrix of
sericite-quartz. Original feldspar phenocryst texture largely
obscured. Biotite sites partly recognisable by presence of
clustered fine rutile grains, Occasional green-brown tourmaline
blades, scattered opaques (pyrite), accessory apatite.

NG 279. Chorolque, surface sample near Mina Siete.

Intensely altered quartz-porphyry; made up of 15% rounded
or broken quartz phenocrysts, 20% patches (to 5 mm) of sericite-
tourmaline-quartz intergrowth (pseudomorphing feldspar pheno-

crysta), 10% patches of fine tourmaline-sericite-rutile-opaques-
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quartz intergrowth (pseudomorphing biotite phenocrysts) in a
granular quartz-rich matrix flecked with fine tourmaline and
sericite and clouded with clay. Accessory apatite, zircon,

NG 283 and 150. Tatasi, unaltered acid volcanics.

'Porphyritic—aphanitic texture; typicélly’made up of 10%
rounded quartz phenocrysts (4 mm), 10% subhedral (5 mm) plagioclase
phenocrysts (oligoclase to andesine composition), occasional
5 mm sanid;ne phenocrysts, 10% biotite laths (3 mm) with very
minor alteration of rims to Fe-oxides; in a microgranular quartz-
feldspar groundmass. Accessory apatite, zircon. |
NG 281. Tasna, altered quartz-porphyry dyke (surface).

Relict porphyritic texture; made up of 1 to 2% rounded 1
to 5 mm quartz phenocrysts, 20% patches of fine intergrown
sericite = quartz (pseudomorphing 2 - 8 mm feldspar phenocrysts),
10% patches of fine intergrown pale tourmaline plus sericite-
rutile-quartz intergrowth (pseudomorphing biotite phenocrysts);
in a granular quartz-rich matrix flecked with tou;maline,
sericite. Accessory zircon, apatite.

NG 99 and 139. Friable crystal tuffs, made up of angular quartz

fragments, argillized feldspar and fresh biotite phenocrysts

(2 - 4 mm) in an argillized matrix (no thin-sections).

B. Undated samples; whole-rock analyses reported in Chapter 2.

NG 243 and 250. Chorolque, underground samples from central
quartz-tournialine altered vent.

Granular recrystallized texture; made up of irregular
quartz intergrown with coarse bladed pleochroic green-brown

tourmaline. Some primary rounded quartz phenocrysts are



339.

recogﬁisable, overgrown with rims of secondary quarti. Original
biotite sites occasionally indicated by patches of fine rutile.
Accessory zircon, altered cordierite. Proportion of tourmaline
to quartz varies widely, some distinct tourmaline~rich patches
reflect breccia texture. Occasional lakes-of clear, inclusion-
free quartz intergrown with fine, almost colourless tourmaline
needles.

NG 255, Chorolque, underground sample, Chimborazo adit, in vent

contact region.

Intensely altered quartz-porphyry; fragmental texture;
made up of broken quartz phenocrysts, patches of fine inter-
grown_tourmaline (pseudomérphing feldspar and biotite pheno-
crysts), in a quartz-clay matrix. Much sulphide throughout, as
disseminated grains and patches.

NG 482 and 488. Llallagua, Salvadora stockj; 650 level, Siglo XX

-mine.

Altered quartz-porphyry; made up of quartz phenocrysts,
patches of tourmaline-sericite-quartz (pseudomorphing feldspar
and biotite phenocrysts), in a microgranular quartz-rich matrix
flecked with sericite and tourmaline.

NG 494, Llallagua, Salvadora stockj; 650 level, Siglo XX mine.

A fine fragmental rock made up of 60% angular to rounded

quartz grains, occasional rounded zircon grains, in a matrix of

fine pale-green matted tourmaline grains,



3ho.
Appendix 2
Calculations in Potassium-Argon Dating.

A. Determination of the volume of radiogenic AOAr.

In order to determine a K-Ar age, it is necessary to know
. . . . ko Lo, . .
the weight ratio of radiogenic Ar to K in the sample, i.e.,
4]
the volume of radiogenic 4 Ar must first be determined. In the
isotope dilution method this is done using a known volume of

38

Ar as a tracer or 'spike', then

Lo
. . A
radloggglc £ x Vol.spike 38A

Vol.radiogenic AOAr = r

spike Ar

However, the argon isotopic spectrum measured in the mass
spectrometer includes not only radiogenic and spike contributions,
but also atmospheric contributions of all three argon isotopes
from air which can never be totally excluded from the

38Ar

measuring system. Further, the spike itself is not pure
but contains a small proportion of the other isotopes. The mass

spectrum can be represented diagramatically as follows :

=
o=
|
|1
Radiogenic Ar >
Spike Ar |~
]
Atmospheric Ar |
|
b1

@ 1 )

/

ull e

—— - '.":'-’.g.

36 38 40
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40

The amount of *“Ar in the spike is very small compared
with the radiogenic and atmospheric contributions and can be
ignored, except in dating very young samples, where the radio-
genic component is very small. Also, the volume of atmospheric
38 . . . 38

Ar is very small compared with the amount of spike Ar,

and is usually ignored.

From the mass spectrum measured by the instrument, the

QOAr/38 36Ar/38

ratios Ar (Measured) and Ar (Measured) are obtained.
Using the letters M to indicate measured ratios, S for spike
contributions, A for atmospheric contributions and R for radio~

genic contributions, these become

4°Ar/38Ar (M) = 4°Ar(R) + 4°Ar(A) PP -8 |
38Ar(S)

36Ar/38Ar (M) = 36Ar(A) + 36Ar(s) ceccescsssencscansasanscancasa (b)
38Ar(S)

From (a)

4°Ar(R)/38Ar(s) = 40Ar/38Ar(M) - QOAr/BBAr(S) ceesoamnvenscacens (C)

From (b)

36Ar(A)/38Ar(s) = 36Ar/38Ar(M) Ar/38Ar(s) ceescacscsscssanses (d)

36

The ratio Ar/38Ar(S) is known and constant for a given spike

and measuring system (the value used at the IGS is 0.000056),
. 40 36 . .

as is the ratio Ar/° “Ar(A) for which a value of 296 is used

at the IGS. Thus

From (d)

36Ar(A)/38Ar(s) = 36Ar(M)/38Ar(M) - 0.000056

and : |

40, ,(2)/38ar(s) =( 36, () /8ar(M) - 0.000056 )296.
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Substituting in (c)

40, (r) 38ar(s) =

&oAr/BBAr(M) -( 36Ar/38Ar(M) - 0.000056 )296

. . ko .
from which the volume of radiogenic Ar is obtained by

38

multiplying by the volume of spike Ar,

B. The spike system
38

The Ar tracer is contained in a sealed reservoir of
constant volume. For each age determination, an aliquot of the
tracer is extracted by allowing the gas first to expand into

a small space between two valves (the pipette). After pressure
and isotopic equilibration, the pipette is isolated from the
reservoir and opened to the extraction system.

If the initial pressure in the reservoir is P, and its
volume is V, after the first expansion into the pipette (of
volume v) the pressure in the reservoir will be P,
and, PV = P1(V +v)

PV
so Py v v
If the gas in the pipette is pumped away and the process repeated,

P1V = Pz(v + V)

PV PV v \' 2
P = 1 = x = P {~———
2 V +v V+v V+ v V + v

and in the general case,

Pn = P(———!—) n_pxk ™

where n is the number of extractions.
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Taking logs (base e) gives
log Pn = log P + n.log K

= log P + nK1

Since K1 = log GF%F;J’ K1 must be negative, so

log Pn = log P - nK1

and Pn = Pe-nK
This means that the pressuré of gas in the pipette decreases
exponentially with each extraction, and since the volume is

constant, the actual volume of gas in each aliquot also decreases

exponentially, so

1
Vn = v.e K

and log Vn = log V - nKi, which is the equation of a straight
line.

The system is calibrated by measuring, at regular intervals,
the volume of the spike released. This is done by isotope dilution,
using the known étmospheric argon content and isotope ratios of
a measured volume of air. Thevair is introduced into the measuring
system in a éealed glass capsule of known volume, which is then

38

broken in the presence of the Ar spike aliquot. The logs of the
measured spike volumes lie on a straight line whose slope and
intercept can be determined by least squares analysis. The
calibration procedure is normally carried out on every 2oth spike
aliguot. The volumes of successive spikes can be read from the
graph, or calculated from thé equation of the line.

C., Determination of AOK.

The value taken for the atomic proportion of QOK in normal

potassium is 0.0119 (Nier, 1950). This means that 1 gm of normal K
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contains

0.0119 x atomic weight 40K

atomic weight normal K x 100

0.0119 x 4O -4
= 39 092 + Lo = 1.2175 x 10

1% K is equivalent to 10-2 gm K/gm sample and will be equivalent
-6 40 .
to 1.2175 x 10 gm K/gm sample, i.e., 1.2175 ppm. Thus

1.2175 x %K gives the ppm 40K directly.

D. Calculation of the ratio koAr /

40K
radiogenic

The conversion of the measured volume of koAr . .
radiogenic

weight is as follows :
1 gm.atomic weight of any gas occupies 22.4 litres (at
standard temperature and pressure).

i.e., 40 gm hoAr occupies 22.4 x 109n1 and 1 nl.koAr weighs

40/22.4 x 10° gm.

1.785.10'9gm

. . . 4 . .
Using the ratio for the weight of OK per unit weight of normal K

derived above, the ratio hoAr . . /40K is @
radiogenic

v014°Ar(R) in nl1/gm x 1.785.10'9

%K x 1.217 x 10'6
Vo10

= 1.466 x 10-3 x Arradiogenic
= 1. T

(n1/gm)

This can then be applied to the age equation (see Chapter 5), and
' 6

using the known decay constants gives the age t, in years x 10

40

= 1885.4 1n [1 + 9082(1.466 x 10-3.V01 Ar(R) in nl/gm)]

%K

E. Errors.
The error on a K-Ar age can be determined by combining the
40 . . -
errors on the separate K and Ar determinations. For young

samples such as those considered here, the error on the age is
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given by the square root of the sum of the squares of the
separate errors,
1. Errors in the argon determination,

Errors are enhanced when a subtraction is involved, and
this 'is a particular problem in the error on the argon determination,
since the radiogenic argon is approximately the difference between
the total argon and the atmospheric argon.

The volume of radiogenic argon is equal to
Vol.38Ar in Spike x the expression R where R is
[QoAr/BaAr(M) - 296(36Ar/38Ar(M) - 36Ar/38Ar (Sﬁ]

(see Appendix 2 section A above).

If a is the % error on R and b is the % error on the spike

38Ar volume, the error on the hoAr . . volume =Va2 + b2
radiogenic

The error on the spike is derived from repeated calibrations (in
this case a value of :.1% is used). The error on the expression
R is made up of the combined errors on the ratios in the expression.

Of these, the errors on hoAr/BGAr (A) and

6Ar/38Ar (S) can be
ignored as the ratios are constants, essentially without errors.
Error magnification in the subtraction 36Ar/38Ar(M) - 36Ar/38Ar(S)
3

is small as the error on 6Ar/38Ar(S) is very small. However, the
product 296 (36Ar/38Ar(M) - 36Ar/38Ar(S))is directly proportional
to the volume of contaminating atmospheric hoAr, and significant
error magnification can take place in the subtraction of this

from the hoAr/BaAr(M), since the numbers are of similar magnitude.
11 “Car8arn) = 1

and 296 (36Ar/38Ar(M) - 36Ar/38Ar(S)) - A

a general equation can be derived giving the percentage error on R :

\/(xz « )%®)

% error on R = T

1-—

=3|>



where x is the % error on T, and y is the % error on A
(Snelling, pers.comm.). The:most important aspect of this is
that as the proportion of atmospheric contamination (A) in-
creases, the denominator of the equation approaches O and the
error approaches infinity. Thus, in order to minimise the error
the operator must minimise the amount of atmospheric argon in
the measuring system.

In the present investigation the mean values of x and y
(in 56 age determinetions) were + 0.08 and + 0.51 respectively,
and A/T varies from 0.14 to 0.84, giving a range of R from
+ 0.125% to + 2.724%. By adopting + 1% as the error on the
potassium determinations and :_1% as the error on the spike
volume (see below) this gives an error range on the age determi-
nations of from + 1.4% to + 3.1%.

The validity of this method of determining the error on
the argon analyses can be ehecked by using the pooled standard
deviation of the numerous duplicate analyses which_ware carried
out,

The pooled standard deviation of a set of duplicate
analyses is determined as follows (Bennett and Franklin, 1954)

The pooled variance s?2 - S (differences 2)
2K

wvhere K = the number of pairs of analyses.

The pooled standard deviation is the square root of this,

S
k V2

and the 95% confidence limits are given by + t

where t is the t-value appropriate to K.

A total of seventeen samples were analysed'for hoArrad in

duplicate. Ten biotite samples gave koArrad contents ranging

346,
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from 3.02 nl/gm to 6.11 nl/gm, mean 4.55 nl/gm. The pooled
standard deviation is 0.1075 nl/gm or 2.36% of the mean. Seven
whole rock samples gave hoArrad ranging from 1.23 nl/gm to

2.77 nl/gm, mean 2.02 nl/gm. The pooled standard deviation is
0.0373 nl/gm or 1.84% of the mean. Adopting a standard error

on the duplicated argon determinations of + 2.5% and on potassium
determinations of + 1% gives an error on the age of + 2.7%, which
is in agreement with the range of errors obtained by combining
the error on R, the spike volume and the potassium analysis.

This indicates that the latter method is indeed valid.

2. Errors in the potassium determination.

The error in the K determination can be estimated from
repeated analyses of standard samples. In the present study,
the errors on the ages were determined using a value of + 1%
for the error on K. A total of 19 separate determinations were
made by the writer on the Bern 4M muscovite standard which has
a recommended value of 8.70%K. The mean of the 19 determinations
was 8.703%K, standard deviation 0.097, i.e., a one standard
deviation error of + 1.1%.

Individual age determinations were made using duplicate K
analyses. The large number of pairs can be used to determine a
pooled standard deviation and 95% confidence limits, The samples
have been divided into two groups. The biotites (26 samples),
give a pooled standard deviation of 0.056%. Their average
potassium value is 6.62% giving an error of + 0.85%. The
whole rock and sericite samples (13) give a pooled standard
deviation of 0.033%. Their average potassium value is 3.46%,

giving an error of + 0.95%. This confirms the validity



348,

of using a value of + 1% as the error on the K determinations.
3. Error in the spike volume.
This is derived from the repeated calibrations, which
are usually made on every zoth spike aliquot. The records indicate
an error of + 1% for the IGS argon measuring system, and this

value was used in all calculations.
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PLATE 1

View of the Chorolque complex from ths west, Cerro Chorol-
que (1) is made up of quartz-tourmaline altersd breccia and
porphyry of the central vent, with pale sericitized acid
volcanics on its immediate flanks (2). The nearer hills ars
outlying slightly chloritized acid volcanics (3), resting
unconformably on folded Palasozoic sedimentary rocks (cont-
act at 4) which make up the middle distance, In the forsqr-
ound are acid crystal tuffs of the (16.9 Ma ) 'Atocha' tuff
unit,

Cerro Chorolque from Cerro Espiritu Santu (point 3 in PLate

A above), with the mining camp of Santa Barbara in the fore-
ground, The vent contact liss at the foot of the rocky out-
crops on the left flank of the Cerro, and continues horiz-~
ontally across the slope above Santa Barbara where it is mar=
ked by a distinct colour change., The sericitic zons in ths
flanking volcanics (pale colour) extends down slope as far

as the buildings.
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PLATE 2

‘A, Chorolque: Transmitted light photomicrograph of typical
volcanic rock distant from the vent, Angular broken quart:z
phenocrysts (white), chloritized biotite laths (green),
in an almost opaque clay-rich matrix (altered glassy material,

Plane polarized light, X10.

B, Chorolque: Typical guartz-tourmaline altered vent brecciaj
Cerro Chorolque summit, Dark tourmaline-rich fragments with

relict quartz phenocrysts in a pale quartz-rich matrix,
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BLATE 3
Chorolque: Petrography of altered rocks

A, Transmitted light photomicrograph of guartz-tourmaline altered
vent rock, showing a relict primary igneous quartz phenocryst
(outlined by solid and fluid inclusions) overgrown by secondary

quartz, Crossed polars, X60,

8., Transmitted light photomicrograph of typical quartz-tourmaline
altered vent rock, consisting of fine intergrouwn quartz and

tourmaline, Crossed polars, X60,.

C. Transmitted light photomicrograph of typical altered volcanic
rock from the zone of sericitization peripheral to the vent,
The large lath-shaped relict phenocryst is a éaricite—quartz
interqrouth replacing feldspar, The groundmass is also fine
intergrown sericite and gquart:z, with occasional tourmaline

grains (high relief, high birefringence), Crossed polars, X60,
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PLATE 4

Salvadora stock, Llallagua: Igneous brsccia,

A. Typical igneous breccia. Indistinct fragments of porphyry (1)
and dark argillite fragments in a quartz-porphyry matrix,

Scale in cm,

B.Igneous breccia, near Animas office, 383 level, Catavi mine,
Oriented fragments of porphyry (pale) in a fine dark siliceous

porphyry matrix,

Cs As Above, showing corrosion of fragments by the matrix.
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PLATE S -

Salvadora stock, Llallagua: Hydrothermal breccia,

A, Silicified porphyry breccia, Pale rounded fragments of sil-
icified guartze-porphyry in a black, fine gquartz-tourmaline
matrix crowded with fine rock fragments, In this example the
fragments are relatively well rounded, Coin diametesr is 2,7

Cm,

Be Silicified porphyry breccia, near 0ld Salvadora shaft, 383
level, Catavi mine, Shows gradation from network fracturing
and penetration of matrix material, to rounded isolated frag-—

ments in fchannelway',

C.As above, shouwing network fracturing and penetration of matrix

material without much movement of the fragments,
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PLATE 6

Salvadora stock, Llallagua: Hydrothermal breccia,

Ae Typical polymict breccia, from eastern part of the stock, 411
level, Catavi mins, Consists of fraaoments of sericitized and
argillized quartz-porphyry (white), fine feldspar porphyry
(medium grey) and argillite (dark grey to black), in a clastic

matrix of fine rock fragments cemented by tourmalins, Scals

in cm,

B, As above, Coin diameter is 2,7 cm,






386.

PLATE 7

Salvadora stock, Llallagua: Hydrothermal breccia.

A. Typical polymict breccia, from eastern part of the stock, 411
level, Catavi mine, Fragments of sericitizsd and argillized
quartz-porphyry (white), fine feldspar porphyry (medium Qrey)

- and argillite (dark grey) in a clastic matrix of fine rock
fragments and quartz grains cemented by fine tourmaline, S5cale

in cme

B. Hydrothermal breccia matrix, Transmitted light photomicrograph
showing clastic texture of broken remnant quartz phenocrysts
and fine rock fragments in (dark) cement of fine intergrown

tourmaline,
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PLATE 8

Salvadora stock, Llallaguas: Hydrothermal breccia,

A. Transmitted light photomicrograph of breccia matrix. Fine rag-
ged fragments of silicified rock (1), one of which is parphyry
with remnants of a primary quartz phenocryst (2), in a2 matrix
of quartz grains (residual quartz phenocrysts) cemented by
fine tourmaline (black), Clavo San Jose, 586 level, Siglo XX

mine.

B. Transmitted light photomicrograph of a 'black dyke'! (right)
cutting quartz-porphyry. The dyke consists of quartz grains
cemented by fine tourmaline (black), and is interpreted as
hydrothermal breccia matrix material which has undergone adv~
anced corrosion and abrasion, leaving only rounded residual
guartz phenocrysts. These have been injected along fractures

as a fluicdized slurry, and cemented by tourmaline.
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PLATE 9

Llallagua: Disseminated mineralization types

As Transmitted light photomicrograph showing typical habit of
cassiterite (arrowed) in sericitized quartz-feldspar porphyry
of the Salvadora stock, Blus-—green laths are tourmalinized
biotite, matrix is strongly sericitized, Plane polarized light,

X60,

8. Reflected light photomicrograph showing pyrrhotite (white)
replacing biotite phenocryst, associated with tourmalinization
of the biotite,Typical habit of early disseminated sulphide

in the tourmaline-rich rocks of the lowest mine levels, X100,

C., Transmitted light photomicrograph showing disseminated sulphide
(pyrite, black) in intensely sericitized quartz-feldspar por-
phyry. Typical of the peripheral parts of the middle and upper

levels of the Salvadora stock, Crossed polars, X20,
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PLATE 10

A, Colguechaca. Cerro Yanakaka, a glacially ecroded remnant of a
thick columnar-jointed dacite 7low, cut by tin-bearing veins,
The rocks below the Cerro are pervasively sericitized and ca—
rry disseminated cassiterite and sulphide mineralization, and

are cut by small tin veins.

B.San Pable stock. Hycrothermal brecciation of quartz-porpﬁyry

with subsegquent intcnse sericitic alteration,

C. San Poblo stock, Pervasive alteration of quartz—-porphyry. San-
idine phenocrysts replaced by tourmaline (black). The remain-

der of the rock is pervasively saricitized.
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PLATE 11

Santa Fe mine, pebble dyke (hydrothermal breccia) crossing the
Veta Boyadora, level 170, Argillite and quartzite fragments in a
claysy clastic matrix, with both pre— and post-breccia sulphide

mineralization,
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PLATE 12 -

Fluid inclusion analysis by laser microprobe,

A+ Transmitted light photomicrograph taken through ths laser micro-
probe optical path prior to firing, The specimen is a + mm
doubly polished slice of quartz from the quartz-tourmaline
zone of the Chorolque vent, containing numsrous coexisting
highly saline brine inclusions with many daughter minerals
(Type VI) and vapour-filled inclusions (Typs V), The target

(arrowed) is a large multi-daughter inclusion, Scale as fqr Be

Be Transmitted light photomicrocraph taken after firing the las-
er, showing the large size of the resulting crater (arrous at

opposite ends) relative to the inclusion size,
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PLATE 13

Fluid inclusion analysis by laser microprobe,

A. Scanning electron microscope (SEM) image of a crater produc-
ed by laser microprobe shot at a minute pyrite grain enclosed
in quartz. This shows that much of the cratering effect is
the result of mechanical fracturing, The 'burn!' hole produced
by vaporization of the sample is visible in the canter of ths
crater, and is small compared with the total crater volume,
The splashed matesrial on the crater sides is iron from the

incompletely vaporized pyrite target grain,

Be Detail of above,
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PLATE 14

Fluid inclusion analysis by laser microprobe.

Ae SEM image of crater in quartz produced by laser shot at multi-
daughter inclusion, illustrating the mechanical fracturing
effect, Magnification X1000,

Be As above (a different specimen), Magnification X1500,
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PLATE 15

Chorolque: Fluid inclusion types.

Ae Typical primary Type I inclusion (liquid plus contraction
vapour bubble) in vein quartz, with minute opaque daughter

mineral (arrowed),

Be Train of typical secondary Type I inclusions, marking the

site of a healed fracture in the host vein quartz,

C. Train of secondary Type 1 inclusions in vein quartz, showing

development of 'negative crystal' shaps,
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PLATE 16

Chorolque: Fluid inclusion types,

A. Typical primary Type I1I inclusion in vein quartz, showing a

cluster of needle~shaped daughter mineral grains (arrowed),

Be As above, The daughter mineral is weakly birefringent, faint-

ly greenish in colour, and is probably dawsonite- NaAlCDS(UH)z.

C. As gbove, showing spray of acicular daughter minsrasl crystals

(arrowed),
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PLATE 17

Chorolque: Fluid inclusion types,

Re Typicel primary Type III inclusion in vein quartz, showing

cubic daughter mineral (halite, arrowed),

Be Plane of pseudosecondary Type III inclusions in vein quartz,

with cubic daughter minerals (halite, arrowed),

C. Small primary Type III inclusion in vein quartz, Halite cu-

be arrowed,
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PLATE 18

Chorolque: Fluid inclusion types,

A.

B.

C.

0,

Typical primary Type IV multi-daughter inclusion in vein qu-—
artz, 1-large, pale greenish birefringent salt (hydrous iron
chloride); 2-unidentified; 3-isotropic salt (halite); 4~liqu-

id; 5-contraction vapour bubble,

Pseudosecondary Type 1V inclusion in vein quartz, 1-isotropic
cubic daughter mineral (halite); 2~t'tailed-off! shape of inc~
lusion indicates that necking has taken place; 3-large daugh-

ter mineral grain, probably hydrous iron chloride,

Plane of pseudosecondary Type IV inclusions in vein quartz,
These contain 2 daughter minerals (as in B above), halite
and hydrous iron chloride, Some show evidence of necking,

but in general the phase ratios are constant,

Pseudosecondary Type IV inclusions in vein quartz, showing
good evidence of necking, 1-neck tube and tailed-off shapej
2-partially complaeted necking; 3- and 4-halite and hydrous
iron chloride daughter minerals in un-npecked inclusiong 5-

seperate plane of Type 1 inclusions,
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PLATE 19

Chorolque: Fluid inclusion types,

Re Mainly primary vapour-filled Type V inclusions in guartz of

the quartz-tourmaline alteration zone,

Be Detail of same specimen, showing co-existing vapour~filled
Type V inclusions (1) and highly saline multi-daughter Type
V1 inclusions (2)s A typical 2-phase (boiling) assemblage,






399,

PLATE 20

Chorolques: Fluid inclusion typss,

A, Dstail of primary Type V vapour-filled inclusions in quartz

of the quartz-tourmzline alteration zone,

B, Detail of a primary Type VI inclusion in quartz of the quartz
-tourmaline zone. The inclusion is packed with daughter min-
erals (2, 3, 4) uvhich can not be individually identified, The
vapour bubble (1) is distorted by the daughter minerals, and

no liquid phase is visible at room tsmperaturs,

Ce Two Type VI inclusions (arrowed) in a healed fracture traver-
sing a quartz phenocryst overgrown with secondary quartz, in
the quartz—tourmaline alteration zons, The inclusions are
packed with daughter salts, have distorted vapour bubbles

end no visible liquid phase et room temperaturs,
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PLATE 21

Chorolque: Fluid inclusion types,

Ae Two pssudosecondary Type VI inclusions, packed with daughter
salts; in earliest vein quartz from Veta Colon, Plane polar-
ized 1light,

B. As above, with crossed polars, showing the birefringence of

one of the daughter salts (probably hydrous iron chlorids),
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PLATE 22

Chorolque: Fluid inclusions in the sericitized volcanics,

A. Primary glass inclusion in quartz phenocryst,

B. Secondary Type I inclusions (liquid plus contraction vapour

bubble) in quartz phenocryst,

C. Secondary Type IV inclusions in quartz phenocryst,
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PLATE 23

Chorolque:; Daughter minerals in Type IV and VI inclusions,

A. Type VI inclusiogn in earliest vein quartz, Veta Colon, 1~
distorfad vapour bubblej 2-~cubic salt with refractive index
very close to that of quartz (halite); 3=-rhombic birefringent
salt (hydrous iron chloride); 4-unknown; S-isotropic salt,
possibly sylvite (KCl); 6= and 7-unknowns, Plane polarized
light,

Be The same inclusion, crossed polarsj showing the birefringence

of the rhombic salt,

Ce Type IV inclusions in vein quartz. 1-rhombic birefringent
salt (hydrous iron chloride) showing twinning in the upper
inclusion; 2-cubic salt (halite); 3-unknoun transparent salt

and very small opaque grain.
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PLATE 24

Scanning electron microscope investigation of daughter minerals:

Chorolque, quartz—tourmaline altered vent rocks,

Ae Low magnification view (X500) of broken surface of quartz sam-
ple showing several opened inclusion cavities with apparently

extruded daughter salt material,

Be Detail of onme inclusion (X1500), showing the formless appear=-
ance of the daughter salt material., The major components are
potassium and chlorine, arrow indicates analysed point, see

following page for X~ray spsctrum,
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PLATE 25

SEM investigation of daughter minerals: Chorolqus, guartz-tourm—

aline altered vent rocks.

A. Singls inclusion cavity in quartz, with daughter minerals
in-situ, Arrous indicate analysed points (see following pa-
ges for X-ray spectra). Most of the grains on the surface
surrounding the cavity are quartz fragments produced during

the opening process. X1500.

8, Two inclusion cavities in quartz, with some daughter salt

material adhering to the cavity sides,X1500,
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PLATE 26

SEM investigation of daughter minerals: Chorolgue, quartz-tour-

maline altered vent rocks,

A. Type VI inclusion cavity crowded with daughter mineral grains,
The X~ray spectrum from scanning the entire inclusion cavity
(see following page) indicates that the major components are;
iron, potassium, chlorine, sodium, and sulphur, Siliccn comes

mainly from guartz fragments and the cavity walls, X2500,

Be Inclusion cavity with much daughter salt material, X-ray spe=
ctra from scanning the entire cavity , and from individual
points (arrowed) are shown on the following pages. Pajor com=
ponents are iron, chlorins, potassium, sodium, -and sulphur,

X1500,
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PLATE 268
X-RAY SPECTRUM FOR

POINT 2
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PLATE 27

SEM investigation of daughter mineralss: Chorslque, quartz-tour—

maline altered vent rocks,

Inclusion cavity with much rather formless daughter salt mater-
ial, X~ray spectra for point analyses (1 and 2 ) are shown on

the following pages.
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PLATE 27
X-RAY SPECTRUM FOR

POINT |
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PLATE 28

Llallagua, Salvadora stock: Typical fldid inclusions in seric-
ite~tourmaline altered quartz porphyry (secondary inclusions in

quartz phenocrysts),

A, Typs 1 inclusion,

Be Type III inclusion with halite daughter mineral (1),

C. Type IV inclusion with halite (1) and rhombic birefringent
(probably hydrous iren chloride) daughter (2). Plane polar-
ized light,

DO, Same inclusion as ebove, crossed polars, showing birefrin~

gence of rhombic daughter mineral,
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PLATE 29

Potosi: Fluid inclusion types.

A. Typical very small primary or pssudosecaondary inclusions in
vein quartz intergrouwn with cassiterite and pyrite (black),

Type I inclusions,

B. Examples of the rare Type IV inclusions in quartz phenocrysts

in the sericitized quartz-porphyry of the Cerro Rico stock,

C. As above (B).
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PLATE 30

Huanurni: Fluid inclusions in vein quartz intergrown with cassit-

erite, A rare example of unequivocal primary inclusions in quartz,.

A, Typical appearance of the vein quartzj; primary vapour-rich incl-
usions (1) and numerous large irreqular liquid-rich secondary

inclusions (2).

B. Primary vapour-rich (low density fluid) inclusions oriented

parallel to growth zoning in the quartz,

€, Primary vapour-rich inclusions (1) and primary liquid-rich inc-

lusions (2) in secparate growth zones,








