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ABSTRACT

The Ardlethan Tin Field is located near the western edge of the
Lachlan Fold Belt in New South Wales, Australia. The oldest rocks in the
Ardlethan Tin Field are metasedimentary rocks of Ordovician age. They
were intruded during late Silurian-early Devonian times by the Mine
Granite and the Ardlethan Granite dated at 417+2.5 and 410+2.5 Ma
respectively. The latter is strongly fractionated and has three daughter
phases: the Garnet-Bearing Quartz Feldspar Porphyry (GQFP), the
microgranite and the Mine Porphyry. The GQFP represents a marginal
phase, the microgranite a moderately fractionated phase and the Mine
Porphyry a late stage strongly fractionated phase.

Four breccia pipes, the Mine Granite, Carpathia-Blackreef,
Stackpool-Godfrey and the White Crystal Breccia Pipes were formed
sequentially in three brecciation events. They are hosted by the Mine
Granite. Each brecciation event was followed by hydrothermal alteration,
and cassiterite and sulphide mineralization.

Fluid exsolution during crystallization of the most fractionated
phase of the Ardlethan Granite was responsible for the brecciation.
Structural data suggest that three major intersecting joints controlled the
distribution of the breccia pipes.

The distribution of fragments of the microgranite, Mine Porphyry,
sediment and mafic dykes in the breccia pipes indicates a complex
evolutionary history during their formation. The materials in the Mine
Granite, Carpathia-Blackreef and the Stackpool-Godfrey Breccia Pipes
have moved upward significantly. The White Crystal Breccia Pipe is the
only one which has collapsed.

The mineralization in the breccia pipes was strongly controlled by
permeability. The Mine Granite Breccia Pipe has an impermeable central
zone of rock flour-supported breccia and a marginal zone of fragment-
supported breccia. Mineralization of economic grades only occurs in the
marginal zone. A similar situation occurs in the upper levels of the
Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes. The White
Crystal Breccia Pipe contains no rock flour-supported breccia so that
mineralization occurs mainly in the central zone.

Cassiterite and sulphide mineralization in the breccia pipes is
associated with hydrothermal biotite, sericite, tourmaline, quartz, topaz
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and chlorite. A common paragenetic sequence observed in all the breccia
pipes is early cassiterite deposition with sericite, tourmaline and milky
quartz, followed by sulphide deposition with clear quartz, toothy quartz,
fluorite and cookeite vug infill and chlorite alteration. An independent
event of cosalite mineralization, associated with native bismuth and
bismuthinite, occurs in fractures and veins postdating the cassiterite and
sulphide mineralization in the Blackreef-Godfrey area.

The compositions of biotite, tourmaline, muscovite and chlorite in
the Ardlethan Granite are enriched in FeO and depleted in MgO
compared to biotite, tourmaline, muscovite and chlorite in fresh Mine
Granite. Those in the alteration zones formed during rock-fluid reactions
are generally of intermediate compositions. |

Fluid inclusion microthermometric data indicate that cassiterite and
milky quartz deposition in the Ardlethan Tin Field occurred at

temperatures between 360 and 310°C; sulphide and clear quartz between
270 and 220°C; and toothy quartz, fluorite and cookeite between 200 and
150°C. Coexistence of CO2-rich and H2O-rich fluid inclusions allowed a
minimum pressure estimate of about 450 bars during mineralization.

Temperatures calculated from the compositions of the hydrothermal
biotite, muscovite and chlorite suggest that biotite alteration occurred
between 420 and 3600C, sericite alteration between 330 and 2900C and
chlorite alteration mainly between 290 and 105°C. These results are in
good agreement with the fluid inclusion microthermometry and the
paragenesis. '

The oxygen isotope compositions of milky quartz, clear quartz and
toothy quartz are mostly between 11.5 and 13.5 per mil regardless of the
wide temperature range of their formation. This suggests a complex
evolution in the fluid during mineralization probably due to continued
rock-fluid equilibria. The sulphur isotope compositions of the sulphides
formed during the main stage mineralization are very close to 0 per mil
and the carbon isotope values mostly 4.3+1.0 per mil. They either support
or permit a interpretation that the fluid responsible for the cassiterite and
sulphide mineralizatiuvon was derived from the Ardlethan Granite and
continuously equilibrated with the Mine Granite. The sulphur isotope
compositions of the sulphides in association with the cosalite
mineralization are >10.0 per mil and indicate that the cosalite
mineralization was an independent event.

Thermodynamic study of mineral-fluid equilibria suggests that

there were continual changes in temperature, pH and redox conditions as
the fluid flowed upwards in the breccia pipes. These changes caused
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various styles of hydrothcrmal alieration and cassiterite and sulphide
depositions.

The brecciation and breccia pipe-hosted cassiterite and sulphide
mineralization may be interpreted in terms of a dynamic process
involving magma fractionation in the Ardlethan Granite, episodic
brecciation, fluid flow, rock-fluid reactions, fluid boiling, alteration and
mineral deposition. The process started with the fractionation in the
Ardlethan Granite. Accumulated volatiles build up an over-pressure
which caused brecciation and formation of the Mine Granite Breccia Pipe.
At this stage the Ardlethan Granite was only partially crystallized and the
brecciation was followed by the intrusion of a differentiated magma,
represented by the Mine Porphyry, which moved the materials in the
Mine Granite Breccia Pipe upwards. The continual crystallization in the
Ardlethan Granite kept a steady supply of fluid which was channelled into
the most permeable marginal zones of the breccia pipe. As the fluid
flowed upwards, it cooled, reacted with minerals in the brecciated rocks
and boiled. The resultant physico-chemical gradients along the fluid paths
caused biotite alteration; cassiterite and milky quartz deposition with
sericite and tourmaline alteration: sulphide and clear quartz deposition;
toothy quartz, fluorite and cookeite deposition and chlorite alteration
sequentially in zones from depth (o surface. Mineral deposition gradually
reduced the permeability of the Mine Granite Breccia Pipe and the fluid
flux, caused a slow retreat of the vertical zonations. When the Mine
Granite was completely sealed by mineral deposition, fluid accumulation
started again at depth and resulted in the brecciation of the Carpathia-
Blackreef and the Stackpool-Godfrey Breccia Pipes. Similar processes
occurred. The White Crystal Breccia Pipe represents the third brecciation
event in the Ardlethan Tin [“ield. Its collapse reflects the depletion of
volatiles and completion of crystallization of the Ardlethan Granite.
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Chapter 1
INTRODUCTION

A close correlation between precious and base metal mineralization
and breccia pipes has been recognized in a diverse range of deposit types
including particularly porphyry and epithermal style deposits. In addition
to their great economic value, breccia pipe-hosted deposits are of intrinsic
interest to those studying the conditions and processes of brecciation,
hydrothermal alteration, and ore genesis. The recent focus of mineral
exploration on precious metal has renewed interest in the study of such
styles of mineralization (Sillitoe, 1985).

This thesis documents the results of the study of the breccia pipes
and cassiterite and sulphide mineralization in the Ardlethan Tin Field,
New South Wales, Australia.

1.1 Location and Climate

Ardlethan is a small town with a population of about 700 in central
New South Wales. It is located about 570 km west-southwest of Sydney
and approximately midway between the two regional towns of Griffith
and Temora. The climate is classified as temperate with a mean
temperature of 76°F in summer, 45°F in winter, and an average annual
rainfall of about 483 mm (Stone, 1969). The Ardlethan Tin Mine, a hard-
rock mining operation, is located about 5.5 km northwest of the
Ardlethan township, near the abandoned town of Yithan. The mean
altitude of the Mine area is about 300 m above sea level.

1.2 Regional Geology and Mineralization

The Ardlethan Tin Field occurs in the Girilambone-Wagga
Anticlinorial Zone (Fig. 1-1) at the western extremity of the Lachlan Fold
Belt (Scheibner, 1975; Markham, 1980). The Lachlan Fold Belt is an area
of metamorphosed and deformed volcanic, plutonic and sedimentary
rocks of Plaeozoic age (Packham, 1960; Scheibner, 1975). The
Girilambone-Wagga Anticlinorial Zone is composed of Ordovician
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sedimentary rocks intruded by granitoids (Markham, 1980). Cassiterite
mineralization occurs in association with some of the granitoids and forms
the Wagga Tin Belt (Fig. 1-2). However, mineralization of gold, silver,
zinc, lead, copper and fluorite (Fig. 1-3) also occurs in the belt

(Markbam, 1980; Markham and Basden, 1974).

1.3 The Ardlethan Tin Field

The Ardlethan Tin Field includes a number of disseminated
cassiterite and sulphide deposits hosted in breccia pipes, joints or joint
intersections. Two main granitic intrusions, the Mine Granite and the
Ardlethan Granite, and a number of granitic dykes of late Silurian-early
Devonian age intrude a sequence of metamorphosed sedimentary rocks of
Ordovician age. Hydrothermal activity related to these intrusive events
produced brecciation and mineralization (Paterson, 1976; Clarke, 1979;
Clarke et al., 1984). Disseminated cassiterite mineralization is associated
with wolframite, rutile, arsenopyrite, pyrite, chalcopyrite, sphalerite,
galena, fluorite and siderite. Extensive hydrothermal alteration resulted in
alteration minerals including biotite, sericite, tourmaline, quartz, topaz
and chlorite. Cassiterite was the only mineral extracted by bulk mining
methods.

The main deposits in the Ardlethan Tin Field are hosted by four
breccia pipes. The Mine Granite Breccia Pipe hosted the Wildcherry,
Ardwest, Wildcherry South, Perseverance and the Keogh West deposits.
The Carpathia-Blackreef hosted the Carpathia and the Blackreef deposits.
The Stackpool deposit was and the Godfrey deposits is hosted by the
Stackpool-Godfrey Breccia Pipe. The White Crystal deposit was hosted by
the White Crystal Breccia Pipe. These breccia pipes occur in an area of

about 1.5 km? (Fig. 1-4). This study is mainly concentrated on these
deposits hosted by breccia pipes.

A number of small zones of cassiterite mineralization occur along
the eastern margin of the Ardlethan Granite. Details of these small mines
are given in Tablel-1.

1.4 Mining History

Cassiterite was first discovered in the Ardlethan Tin Field near the
old Carpathia deposit and the White Crystal deposit (Fig. 1-4) by Mr J. J.
Keogh in 1912 (Godfrey, 1915). He found a layer of coarse-grained
residual cassiterite on top of the old Carpathia Hill while prospecting for
gold. Widespread interest was shown following the discovery. Over a
hundred mining leases were established in a rush which formed the so-
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called "Ardlethan Tin Boom". It was soon realized that the Ardlethan Tin
Field consisted of a number of ore bodies of "tin rich veins" and "massive
lodes of much lower grades". Mining of the high-grade ore, containing
between 2 and 46% Sn in cassiterite-sulphide-tourmaline pipes and veins,
proceeded profitably till 1956. During this period about 10,000 tonnes of
tin concentrate were produced, which included a small amount from
alluvial workings.

Aberfoyle Pty Ltd commenced exploration in the area in 1961 for
large-tonnage low-grade tin resources and soon found the White Crystal
and Wildcherry deposits. Production by hard-rock operations using open-
cut mining method started in 1964, initially from the Wildcherry deposit
and then from the Stackpool and White Crystal deposits (Fig. 1-4).
Underground decline and stope methods were used in mining the
Carpathia deposit. The Ardwest and Wildcherry South deposits were
found in the 1970's and were also mined by open-cut method. The high-
grade Blackreef deposit, which lay between 200 and 300 m below surface,
was found and mined in early 1980's. The remaining ore bodies in the
Ardlethan Tin Field are the Keogh West, Godfrey and Godfrey South
deposits. Altogether these deposits contain about 10-13 million tonnes of
ore with varying grades averaging between 0.48 and 0.56% Sn
approximately. There are also several alluvial deposits with about 22
million tonnes of ore averaging (.032 wt% Sn around the Ardlethan Tin
Mine area. Aberfoyle Pty Ltd closed the Ardlethan Tin Mine in 1986
when the world tin market collapsed.

1.5 Previous Work

Geological studies investigating the mineralization control in the
Ardlethan Tin Field started soonafter the original discovery. Godfrey
(1915) reported his inspection to the area and concluded that the
Ardlethan Tin Field consisted of rich cassiterite-sulphide-tourmaline veins
and pipes and low-grade lodes. Raggatt (1938) described the geological
control over the high-grade cassiterite mineralization in the Carpathia
deposit and found that it correlated with tourmaline-rich greisenic pipes.
A regional geological study was done by Stone (1969). The geochemistry
of the granitoids was studied by Netzel (.1470). Taylor (1972) recognized
the existence of breccia pipes and emphasized the importance of the
relationship between the brecciation and mineralization. Paterson (1976)
summarized the geology, brecciation and mineralization of the Ardlethan
Tin Field and described the differences between the Mine Granite and the
Ardlethan Granite. Clarke (1979) and Clarke et al. (1984) classified
several styles of brecciation and their study concluded that the
hydrothermal alteration and mineralization were all post-brecciation
events. They also proposed that the brecciation, hydrothermal alteration
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and mineralization were products of magmatic fluid from the Ardlethan
Granite. Scott (1980) proposed a model which was very similar to that
proposed for porphyry copper systems for the genesis of the Ardlethan
Tin Field. Rb-Sr dating by Richards et al. (1982) suggested ages of 417
million years for the Mine Granite and 410 million years for the
Ardlethan Granite, which are in agreement with the conclusions from the
geological relations. Fluid inclusion study (Eadington and Paterson, 1984;
Eadington, 1985b) suggested volatile pressures of 1.5 kb and 0.5 kb
before and after the brecciation in the White Crystal Breccia Pipe and a
range of salinities which were interpreted as the results of mixing of
saline magmatic water and diluted meteoric water. Eadington (1985b)
very briefly described the alteration, microfractures and brecciation of
the Ardlethan Tin Field.

1.6 The Present Study

The exposures of various rock types in and around the Ardlethan
Tin Field together with the extensive collection of diamond drillcores
provided an excellent opportunity to study the relations between various
styles of brecciation, mineralization and alteration. This study includes a
review of the geology (Chapter 2), geochemistry of the granitoids
(Chapter 3), the breccia pipes and brecciation (Chapter 4), hydrothermal
alteration and mineralization (Chapter 5), mineral chemistry (Chapter 6),
fluid inclusions (Chapter 7), stable isotopes (Chapter 8), conditions of
mineralization (Chapter 9), and summary and conclusions (Chapter 10).
The abilities of granitoids to enrich tin into late-stage fractionates are
discussed in Appendix 3. Appendix 4 presents a eight-component biotite
solid solution model which can be used to calculate temperatures and
redox conditions of formation of hydrothermal biotite from microprobe
analyses. Solubility of cassiterite in saline fluids is discussed in Appendix
S.



Table 1-1: Tin Mines Operated During
1912-1963 in the Ardlethan Tin Fireld

1. The Little Bygoo group of Mines

Mining methods
Periods of mining
Total production
Mineralization
Styles of alteration

Structures
Mines

2. The Big Bygoo group of Mines
Mining methods
Periods of mining
Total production
Mineralization

Styles of alteration

Structures
Mines

Shafts; Shallow Pits
1913-1915, 1936-1946

94.6 metric tons
Cassiterite+Arsenopyrite
Greisen, quartz, tourmaline,
topaz, chlorite, kaolinite

Joints, Joint Intersections
Dumbrells Bygoo Mine, Murphys
Mine, Corners Lease, Schulzs
Mine, Smiths Little Bygoo Mine

Shafts; Drives; Crosscuts, Open
Cut; Shallow Pits
1913-19187

1197 metric tons
Cassiterite+Bismuth
+Bismuthinite+Wolframite
+Molybdenite+Chalcopyrite
Tourmaline,quartz,chlorite,
topaz

Joints, Joint Intersections
Empire Mine, Clarke's Mine,
Watson's Mine, Trembath's
Mine, Drumlish Mine, Temora
Mine, Syndicates Mine, Big
Bygoo Mine, Lone Hand Tin
Mine, the Titanic Mine,
Bulgarian Mine, the Vulcan
Mine



3. The Killarney group of Mines

Mining methods
Period of mining
Mineralization

Total Production
Styles of alteration
Structures

Mines

Shafts,Shallow Pits, Open Cut
1912-19187?
Cassiterite+Molybdenite+Bismuth
+Sulphides
Minor
Quartz, tourmaline
Joints
Killarney Mine, McDermotts
Mine, Ward and Mahoney's Mine,
Rob Roy Mine, Card and House
Mine, Buchanan Lease

4. The Taylor's Hill group of Mines

Mining method
Period of mining
Mineralization

Total production
Styles of alteration

Structures
Mines

5. The Bald Hill group of Mines
Mining method
Period of mining
Total production
Mineralization

Alteration

Structures

Shafts, Drives, Open Cut

1912-19187
Cassiterite+Arsenopyrite
+Sulphides+Wolframite
+Molybdenite

Minor
Tourmaline, quartz, muscovite,
chlorite, fluorite,topaz

Joints, Joint Intersections
Ruby Tin Mine, the Outcast
Mine, the Commonwealth Tin
Mine, Welcome Stranger Mine,
Perseverance Mine, Kia-Ora
Mine, Austra Lease, Currajong
Lease, Williatt and Party Lease,
McCrase, Lease, Colarado Lease

Shafts, Open Cut, Shallow Pits
1912-1918
1.5 metric tons
Cassiterite+Arsenopyrite
+Sulphides+Molybdenite
+Wolframite
Quartz,tourmaline,muscovite,
Chlorite

Joints, Joint intersections



Mines

Remarks

6. The Carpathia group of Mines3

Mining method

Periods of mining
Total production
Mineralization

Styles of alteration

Structures

1 Data from Markham (1980)

2 Tin concentrate

Bald hill Syndicate Mine,
Maratholi Mine,Freemans lease,
Rancheroo Syndicate Mine,
Fisher and Party lease

Very strong chlorite alteration
in host rocks

Shafts,Drives,Crosscuts,Winzes
Stoping, Adits, Open Cuts,
Shallow Pits
912-1956, 1956-1963
39,100 metric tons
Cassiterite+Wolframite
+Stannite+Molybdenite
+Sulphides+Bismuth
Quartz,tourmaline,topaz,
chlorite, muscovite, kaolinite
Joints, Joint intersection,
Reefs, Pipes

3 Exclude the production by Aberfoyle Pty Ltd. during 1964-1987



Fig. 1-1 Structural geology map of New South Wales, Australia
(after Scheibner, 1975).
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Fig. 1-2 Tin granites of southeastern Australia (compiled
from data provided by the Aberfoyle Pty Ltd.).
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Fig. 1-3 Mineralization of the Girilambone-Wagga Anticlinorial
zone, New South Wales, Australia (after Markham, 1980).
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Fig. 1-4 Projected locations of tin deposits of the Ardlethan Tin Field,
New South Wales, Australia . RL: Relative Level; GRP: Godfrey
Reference Plane. Orientation is shown in Fig. 4-1.
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Chapter 2
GEOLOGY AND PETROLOGY

Five main geological units occur in the Ardlethan Tin Mine area.
They are the Ordovician metasedimentary rocks, the Mine Granite, the
Garnet-Bearing Quartz-Feldspar Porphyry (GQFP), the Ardlethan
Granite, and the Devonian sedimentary rocks (Fig. 2-1). They cover an
area of about 300 km? around the Ardlethan Tin Mine bounded by
latitudes 34°15-34°22'S and longitudes 146°45'-147°00°E. In addition, a
pyroclastic volcanic rock outcrops between the Mine Granite and the
Ardlethan Granite, and the Mine Porphyry is exposed in the Wildcherry-
Ardwest open cut. Intersections of the Mine Porphyry, microgranite and
mafic dykes were encountered in cores from diamond drilling in and
around the Ardlethan Tin Mine area.

2.1 The Ordovician and Devonian Metasedimentary Rocks

In the Lachlan Fold Belt the Ordovician metasedimentary rocks
generally are comprised of a sequence of quartzites, slates, schists,
phyllites, siltstones, sandstones, and fine-grained conglomerates. Only
siltstones, sandstones, quartzites, phyllites and schists are exposed in the
Girilambone-Wagga Anticlinorial Zone. In the mine area, the exposed
Ordovician metasedimentary rocks are mainly siltstones, fine-grained
sandstones and slates. They occur to the south of the Mine Granite and
east of the Ardlethan Granite (Fig. 2-1).

The Ordovician metasedimentary rocks in the mine area are bi-
mineralic, consisting of fine-grained (average grainsize 0.05 mm) quartz
and sericite. Individual quartz crystals are angular to sub-angular. Most
surface outcrops have a brown colouration due to iron oxide (mainly
limonite) staining (Stone, 1969).

The Ordovician metasedimentary rocks in the mine area are folded
into a N to N30°E trending direction.
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The Devonian sedimentary rocks are conglomerates, sandstones,
quartzites and shales.

2.2 The Mine Granite

The Mine Granite is grey to cream-grey, medium- to coarse-
grained, and weakly foliated. It contains about 25% quartz, 35% K-
feldspar, 25% plagioclase, 10-15% biotite and 0-2% muscovite. Accessory
minerals include apatite, zircon, cordierite(Paterson, 1976), ilmenite and
rarely rutile. There are no outcrops of fresh Mine Granite, however,
weakly to moderately altered Mine Granite is exposed in the Wildcherry-
Ardwest open pit and the White Crystal open pit. Relatively fresh Mine
Granite samples were obtained from diamond drillcores.

The diamond- and percussion-drill holes in and around the
Ardletha Tin Mine area indicate that the contact between the Mine Granite
and the Ordovician sedimentary rocks is flat with numerous Mine Granite
tongues in the sedimentary rocks. Clots of various size from several
millimetres to 10's of centimetres composed of biotite and plagioclase
crystals are common in Mine Granite along its contact with the
Ordovician sedimentary rocks. They could be xenoliths (N. Higgins,
pers. comm., 1989) or partially digested inclusions (R. Paterson, pers.
comm., 1984).

In the mine area the Mine Granite is homogeneous in texture and
mineralogy. K-feldspar crystals are mostly subhedral; plagioclase crystals
are subhedral; and quartz crystals are anhedral. Biotite crystals are
weakly orientated. Euhedral K-feldspar megacrysts (>1 cm in size)
commonly occur in the Mine Granite. They contain abundant biotite
flakes aligned parallel to growth zones. The volume proportions of the K-
feldspar megacrysts range between 0.5 to 5%. Large coarse flakes of
primary (?) muscovite also occur in the Mine Granite.

The occurrence of euhedral K-feldspar megacrysts in the Mine
Granite may imply that some K-feldspar crystallized very early in the
cooling history. Similarly, the biotite inclusions in those K-feldspar
megacrysts indicate that some biotite also crystallized very early.
Therefore the Mine Granite melt was probably over saturated with both
biotite and K-feldspar.

Rb-Sr dating using muscovite samples by Richards et al. (1982)

yielded a value of 417+2.5 ma, corresponding to a Late Silurian age.

2.3 The Ardlethan Granite
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The Ardlethan Granite out crops well along its eastern margin
forming low elevation hills, for example, the Taylor's hill close to the
Ardlethan Tin Mine. However, out crops are very rare to the west into
the Ardlethan Granite body. As a result, its western margin is poorly
located.

The Ardlethan Granite ranges from pink to white, porphyritic to
nonporphyritic, and medium- to extremely coarse-grained. It also varies
greatly in texture but average grainsizes range between 0.5 and 10 mm.
The average abundances of major minerals are 35% quartz, 35% K-
feldspar, 23% plagioclase, 1-4% biotite, 0-2% muscovite and up to 3%
tourmaline. However, for individual samples K-feldspar may vary
between 30 and 38%, plagioclase between 19 and 25%, and quartz
between 33 and 40%. Primary accessory minerals include apatite, ilmenite
and zircon. Pyrite, chalcopyrite, fluorite and cassiterite occur in weakly
altered Ardlethan Granite, particularly along its eastern margin.

The porphyritic parts of the Ardlethan Granite contain about 15%
phenocrysts of subhedral quartz and K-feldspar crystals mostly 0.5 to 1.5
cm in size. The groundmass contains anhedral quartz, K-feldspar,
plagioclase and micas of varying grain sizes between 0.5 and 1.0 mm.
There are some extremely coarse-grained porphyritic Ardlethan Granite
outcrops at Taylor's Hill (Fig. 2-1) in which K-feldspar phenocrysts are
as big as 5 cm. The nonporphyritic parts of the Ardlethan Granite also
varies greatly in grainsize from 0.5 to 1.0 cm on average. Generally, the
quartz, K-feldspar and plagioclase crystals are mostly subhedral. Primary
biotite and muscovite flakes are subhedral to anhedral mostly along
mineral boundaries.

There are commonly no distinctive boundaries between the
porphyritic and nonporphyritic phases and transitions are gradual. Pods
of porphyritic Ardlethan Granite may occur in nonporphyritic Ardlethan
~ QGranite and vic versa.

Numerous quartz and tourmaline nodules, varying in size from a
few millimeters to approximately 20 centimeters, are common in the
Ardlethan Granite along its eastern margin. They are composed of
massive black coloured tourmaline and euhedral quartz crystals up to a
few centimeters in size. These nodules may form 1-3% of the rock by
volume and there is no apparent variation of the nodules from the
porphyritic to the nonporphyritic Ardlethan Granite. Cores from
diamond drilling in the Taylor's Hill and Big Bygoo areas (Fig.2-1)
indicate that the abundance of the nodules decreases both towards the west
and with depth in the Ardlethan Granite.
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All of the known tin deposits in the Ardlethan Tin Field occur along
the eastern margin of the Ardlethan Granite.

The Ardlethan Granite also was dated by Richards ez al. (1982) who
obtained an age of 410+2.5 Ma, suggesting a very late Silurian to early
Devonian age. This is in agreement with geological observations that the
Ardlethan Granite intrude the Mine Granite.

2.4 The GQFP

The GQFP is a light-coloured rock, containing about 30-40%
phenocrysts of subhedral to euhedral K-feldspar, quartz and plagioclase
between 0.5 to 2.0 cm in a fine-grained matrix ranging from 0.001 to 0.1
mm in grainsize. Accessory minerals are apatite, ilmenite, garnet and
zircon. Garnet crystals observed range up to 0.5 cm in size. Tourmaline
occurs in the GQFP as a secondary phase.

Spatially, the GQFP occurs in a narrow strip between the Mine
Granite and the Ardlethan Granite (Fig. 2-1) and as discontinuous pods or
stocks intruding a pyroclastic rock. One such stock outcrops in the mine
area close to the contact of the Ardlethan Granite. According to Paterson
(1976), outcrops of the GQFP also occur to the north and south of the
mine area along the eastern contact of the Ardlethan Granite (Fig. 2-1). A
diamond drill hole (B1120) in the Spring Valley area intersected a zone of
the GQFP which merged gradually into the Ardlethan Granite, suggesting
that it probably represents a marginal phase.

2.5 The Pyroclastic Volcanics

The Pyroclastic Volcanics outcrop between the Ardlethan Granite
and the Mine Granite in the same fashion as the GQFP, but generally
poorly exposed.

Textural and mineralogical characteristics of the Pyroclastic
Volcanics are very different from the intrusive rocks in the region. The
Pyroclastic Volcanics are dark-coloured, with a very small proportion of
fine-grained K-feldspar phenocrysts and dark-coloured glass-like matrix.
The phenocrysts are weakly aligned. Autobreccia textures are a common
feature with fragments ranging between several millimeters to over 50
centimeters. A banded texture is very apparent in the matrix which consist
of dark-coloured glass.

The intrusive relationship between the GQFP and the Pyroclastic
Volcanics suggests that the formation of the latter predated the GQFP.
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The relative age of the Pyroclastic Volcanics and the Mine Granite is not
known.

2.6 The Microgranite Dykes

The microgranite dykes are white, fine-grained rocks containing
about 30% quartz, 45% K-feldspar and 25% plagioclase. Accessory
minerals are ilmenite, apatite and zircon with secondary fluorite and
tourmaline. Grain sizes of major minerals range between 0.5 and 1.5 mm.
Like the Ardlethan Granite, the microgranite contains quartz and
tourmaline nodules (Sample RD107 from DDH B1185).

The microgranite dykes occur in the Ardlethan Granite, the
Pyroclastic Volcanics and the Mine Granite. Thin bands, generally 3 to 5
cm thick, of quartz, tourmaline and topaz alteration commonly occur in
the host Ardlethan Granite along contacts with microgranite dykes.
Several microgranite dykes in the Mine Granite are disrupted by the
brecciation (see Chapter 4). Fragments derived from microgranite dykes
were found in the Mine Granite, Carpathia-Blackreef, Stackpool Godfrey
and White Crystal Breccia Pipes.

One microgranite dyke intersected by several diamond-drill holes
(DDHs B1135, B1170, B1175, B1176, B1185 and B1198) on section 12N
(see Chapter 4 and Appendix 2) was intruded by a Mine Porphyry dyke at
a depth of about 300 m below the surface. This indicates that the Mine
Porphyry dyke postdated the microgranite dyke. As microgranite dykes
occur in the Ardlethan Granite, it is a clear that the Mine Porphyry dykes
are later than the main Ardlethan Granite emplacement.

Although generally the microgranite is homogeneous in texture and
mineralogy, the bottom part of the microgranite dyke intersected by
diamond drill hole B1185 (see Appendix 2) contains over 85% euhedral
K-feldspar megacrysts by volume.

2.7 The Mine Porphyry

The Mine Porphyry forms a swarm of Mine Porphyry dykes in the
Ordovician sedimentary rocks and the Mine Granite in the Ardlethan Tin
Mine area. The largest body of the Mine Porphyry is exposed in the main
open cut (Fig. 1-4). Many smaller bodies ranging in lengths between
several and hundreds of meters occur in the mine area. Several of them
are disrupted by the Carpathia-Blackreef and the Stackpool-Godfrey
Breccia Pipes (see Chapter 4).
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The Mine Porphyry consists of varying amounts of euhedral
phenocrysts of quartz and K-feldspar, from 15 to 30% by volume, in a
very fine-grained matrix. The primary accessory minerals within the
Mine Porphyry are not well known as the Mine Porphyry dykes are
almost always associated with strong hydrothermal alteration. However,
zircon and apatite are present in most of the Mine Porphyry samples.

The Mine porphyry is the youngest known felsic igneous intrusion
in the Ardlethan Tin Mine area.

2.8 The Mafic Dykes

The mafic dykes are composed of fine-grained, dark-coloured
dolerite. The extent of mafic igneous activity is unknown. Fragments of
mafic dykes occur in the Mine Granite Breccia Pipe within the
Wildcherry South deposit (see Chapter 4) suggesting that they postdated
the emplacement of the Mine Granite and preceeded the brecciation.

2.9 Summary

The main rock types in the Ardlethan area are the Ordovician
sedimentary rocks, the Mine Granite, the Ardlethan Granite and the
Devonian sedimentary rocks. The GQFP occurs as a marginal phase to the
Ardlethan Granite. The microgranite and the Mine Porphyry postdate the
Ardlethan Granite. Fig. 2-2 illustrates the geological history of the
igneous events in the Ardlethan area.
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Chapter 3
GEOCHEMISTRY OF THE GRANITOIDS

As described in Chapter 2, granitoids that occur in the Ardlethan
area include the Mine Granite, the Ardlethan Granite, the GQFP, the
microgranite and the Mine Porphyry. In this chapter their geochemical
characteristics are discussed in order to understand their genetic
relationship.

3.1 Samples

The geochemical data for the granitoids exposed in the Ardlethan
Tin Field were made available to the author by R. Paterson. Whole rock
samples were collected by R. Paterson and J. A. McDonald prior to 1981.
Samples Ardl to Ard99 were analyzed by the Geology Department,
Australian National University and samples Ard100 to Ard148 by the
Geology Department, University of New England. These samples included
relatively fresh to strongly altered rocks. The data (see Appendix 1) used
here were obtained from samples described as fresh specimens of the
Mine Granite, the Ardlethan Granite, the GQFP, the microgranite and the
Mine Porphyry (total 49 samples).

It must be pointed out that the Mine Granite and Mine Porphyry
samples described by R. Paterson as relatively fresh could be weakly
altered. Values of some of the highly mobile elements, such as Sn, F and
As, may have been modified by the alteration.

3.2 Types of the Granitoids

Chappell and White (1974) and White and Chappell (1977) divided
the granitoids in the Lachlan Fold Belt into S- and I-type granitoids on the
basis of their geochemical characteristics. The Mine Granite, the
Ardlethan Granite and related phases all fall into the category of S-type
granitoids according to their criteria of classification (Table 3-1).
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Table 3-1: Characteristics of I- and S-type granitoid

1 Relatively high sodium, NasO
normally >3.2% in felsic
varieties, decreasing to

>2.2% in more mafic types

3 CIPW normative diopside

or <1% normative corundum

4 Broad spectrum of composition
from felsic to mafic types

5 Regular inter-element
variations within pluton;

linear or near linear

variation diagrams

Relatively low sodium, NaoO

normally <3.2% in rocks with
approximately 5% K»O, down

to <2.2% in rocks of 2% KoO
A|203/(N820+K20+CBO)>1 A

>1%CIPW normative
corrundum

Relatively restricted in
compositions to high SiOo

Variation diagrams more
irregular

From Chappell and White (1974)

Table 3-2A: Whole rock compositions (Major Components in wit%) of the
Mine Granite (MG), the Ardlethan Granite (AG), the garnet bearing quartz-
feldspar porphyry (GQFP), the microgranite (Mic.G) and the Mine porphyry
(MP) in comparison to the averages of |- and S-type granitoids of the Lachlan

Fold Belt

I-Type* S-ype MG AG GAQFP MicG MP
No. anal. 532 316 8 20 7 4 4
SiOo 67.98 69.08 70.22 7578 7248 7572 76.30
TiO2 045 055 045 - 0.10 0.38 0.07 0.07
AibO3 14.49 14.30 1487 1286 1341 13.15 12.15
Fe2O3 1.27 0.73 052 034 093 0.28 0.40
FeO 257 323 253 098 175 0.77 117
MnO 0.08 0.06 0.05 003 0.04 0.03 0.02
MgO 175 182 126 0.11 050 0.19 0.17
Ca0 378 2.49 1.41 044 158 0.49 0.52
NacO 295 220 224 3.11 2.66 3.40 224
KoO 3.05 363 456 482 477 424 5.06
PoOs 0.11 0.13 0.19 013 0.7 0.19 0.06
SO2 0.04 0.01 0.00 0.05 0.08
H20+ 137 070 085 0.67 0.89
H2O- 0.17 014 022 0.24 0.25
Cco2 027 022 012 045 0.48
total 98.48 9822  100.15 99.77 99.86 99.91 99.79

* Data for S- and I-type granitoids are from Chappell and White ( 1083
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The average NajO contents of the Mine Granite and the Ardlethan
Granite are 2.24 % and 3.11%, respectively, while their average KO
contents are 4.56% and 4.82%. The calculated AlO3/(NayO+K,0+Ca0O)

of the Mine Granite is 1.33, and the Ardlethan Granite 1.14. Both the
Mine Granite and the Ardlethan Granite are corundum normative
according to CIPW normative calculations, and of high SiO» contents
averaging 70.22% and 75.78%, respectively (Table 3-2A).

However, comparisons of the whole rock chemistry, particularly
the trace element chemistry (Table 3-2B), suggest that both the Mine
Granite and the Ardlethan Granite differ significantly from the average
chemistry of S-type granitoids in the Lachlan Fold Belt summarized by
White and Chappell (1983).

Table 3-2B: Whole rock compositions (Trace elements in ppm) of the Mine
Granite (MG), the Ardlethan Granite (AG), the GQFP, the microgranite (Mic.G) and
the Mine Porphyry (MP) in comparison to the averages of I- and S-type granitoids
of the Lachlan Fold Belt

I-Type" S-type MG AG GQFP Mic.G  MP

No. anal. 532 316 8 20 7 4 4
Ba 520 480 341 106 680 93 183"
Rb 132 180 307 652 237 43 618
Sr 253 139 131 36 128 33 35
Pb 16 27 35 21 37 30 25
Th 16 19 18.2 28.1 232 25 63.0
] 3 3 6.9 27.0 5.1 6.4 24.0
zr 143 170 137 a2 250 22 210
Nb 9 11 19 34 19 7 125
Y 27 32 21 65 31 9 94
La 29 31 33 25 44 5 54
Ce 63 69 69 38 104 7 89
Nd 23 25 17 6 40 1 15
Sc 15 14 6 2 6 1 7

\Y 74 72 49 4 18 2 11
Cr 27 46 28 4 6 5 11
Co 12 13 6 5 4 8 4
Ni 9 7 10 4 3 7 6
Cu 11 12 19 13 4 14 36
Zn 52 64 69 40 73 40 36
Ga 16 17 19 23 19 18 26
Li 57 155 58 11 21
B 56 84 26 545 10
Mo 0 1 1 0 0
Sn 29 35 7 37 59
F 356 3400 914 425 2385
As 1 5 3 7 8
Sb 3 1 1 0 3
Ta 4 6 1 7 5
w 14 22 4 9 41
Bi 4 5 2 1 6

* Data for S- and I-type granitoids are from Chappell and White (1953
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The Mine Granite has higher Rb, Cu, Nb and U; and lower Ba, Y,
Nd, Cr and Ni than the average composition of S-type granitoids in the
Lachlan Fold Belt (White & Chappell, 198%). Similarly for the Ardlethan
Granite, Rb, Th, U, Nb, Y and Ga contents are higher than the average of
S-type granitoids (Table 3-2B) while most of other trace elements
analyzed are lower in varying degrees. The chemical compositions of the
microgranite and the Mine porphyry are similar to the Ardlethan Granite.
However, the chemical composition of the GQFP differs significantly
from the Ardlethan Granite. It appears to be intermediate in composition
between the Mine Granite and the Ardlethan Granite and this will be
discussed again below.

3.3 Harker Diagrams

Harker diagrams of major and trace elements are constructed to
compare their variations with the most important major component, SiO3.
Most plots show a continuous variations in compositions between the
granitoid units. The GQFP exhibits the largest range in SiO2, between
69.4 and 74.4 wt%. The Ardlethan Granite, microgranite and Mine
Porphyry plot at the high silica end of the GQFP trend; the Mine Granite
samples plot at the lower SiO2 end. Harker diagrams of selected major
and trace components are presented in Figs. 3-1 to 3-5.

The trends for a variety of components, such as TiO3, Al203,
Fez03, FeO, NazO, K20 Sr and Sc, show a high linear correlation
between all granitoid units (r>0.75) with increasing SiO2 (Figs. 3-1A &
3-1B). Harker diagrams of a number of components, including MgO,
CaO, Ba, Zr, Ce, Nd, V and Cr, however show trends in which the
Ardlethan Granite, GQFP, microgranite and Mine Porphyry samples
define a common linear trend (Figs. 3-2A & 3-2B) but the Mine Granite
samples exhibit a separate linear trend.

A third group of components, including Rb, Th, U, Nb, Y, Li, Sn,
F, As, Ta and W, crudely form typical Rayleigh fractionation trends with
increasing SiOz (Fig. 3-3A to Fig. 3-4B). The Ardlethan Granite,
microgranite and Mine Porphyry samples define the enriched, high SiO;
portion of the trend. There is also a tendency for the most enriched
samples to show a limited decrease in SiO2. The Mine Granite samples
exhibit a wide scatter in Sn concentrations which probably reflects a weak
overprinting of the mineralizing fluids associated with the main ore-
forming event.

A fourth group of components, including MnO, P205, Pb, Co, Ni,
Cu, Zn, Ga, B, Mo, Sb and Bi, does not define good linear trends. The
Mine Granite and GQFP samples generally poorly define a linear trend

23



which intersects at the high end a diffuse field defined by the Ardlethan
Granite, microgranite and Mine Porphyry samples (Figs. 3-5A & 3-5B).

Other geochemical plots such as Rb vs Sr, Rb vs Ba, U vs Ba and
Th vs Ba, illustrate similar Rayleigh fractionation trends as defined by
many of the Harker variation plots (Fig. 3-6A to Fig. 3-7B).

3.4 Discussion

The geochemical characteristics of the Mine Granite, Ardlethan
Granite, GQFP, microgranite and Mine Porphyry exhibited by Fig. 3-1A
to Fig. 3-5B can all be explained by a simple fractionation process. The
separate trends defined by the Mine Granite samples (Figs. 3-2A & 3-2B)
from the trend defined by the Ardlethan Granite, the GQFP, microgranite
and Mine Porphyry could mean that the Mine Granite represents a
mixture of cummulate and melt (Higgins et al., 1985), while the others
represent a dominantly melt trend. This interpretation implies that all the
granitoids in the Ardlethan Tin Field have a comagmatic origin: the Mine
Granite and the GQFP represent the early phases while the Ardlethan
Granite, microgranite and Mine Porphyry the late fractionated phases.
The Mine Granite samples fall on the fractionation curves on Figs. 3-6A,
3-7A and 3-7B in regions suggesting that the Mine Granite is a
moderately fractionated phase if it is part of a whole fractionation
process. This contradicts the previous conclusions. Because the Mine
Granite is significantly older than all the other granitoids in the area
(Chapter 2), it can not be more fractionated than the GQFP if they
formed by a common fractionation process.

An alternative interpretation is that the Ardlethan Granite, GQFP,
microgranite and Mine Porphyry represent products of a common
fractionation process and the Mine Granite represents an earlier event not
related to other granitoids in the area. This suggests that the GQFP
represents an early crystallized phase, the Ardlethan Granite,
microgranite and Mine Porphry represent progressively fractionated
phases of a common fractionation process. This interpretation is
supported by the timing relationship that Mine Granite is older than all
granitoids; the GQFP is an early crystallized marginal phase to the
Ardlethan Granite, the microgranite is later than the main Ardlethan
Granite body, and the Mine Porphyry is the latest intrusive in the
Ardlethan Tin Field (Chapter 2). Because the Mine Granite represents a
separate event, the Mine Granite samples can fall anywhere relative to the
fractionation trend defined by the Ardlethan Granite, GQFP,
microgranite and Mine Porphyry samples. Apparently, this interpretation
implies that the GQFP, microgranite and Mine Porphyry are daughter
phases of the main Ardlethan Granite.
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Fig. 3-1B: Harker diagram FeO vs SiO2

Open square: the Mine Granite; filled diamond: the Ardlethan Granite; fllled

triangle: the GQFP; +: the microgranite and X: the Mine porphyry.
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Fig. 3-2B: Harker diagram V vs SiO2

Open square: the Mine Granite; filled diamond: the Ardlethan Granite; filled

triangle: the GQFP; +: the microgranite and X: the Mine porphyry.
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Fig. 3-3B: Harker diagram U vs SiO2

Open square: the Mine Granite; filled diamond: the Ardlethan Granite; filled
triangle: the GQFP; +: the microgranite and X: the Mine porphyry.
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Open square: the Mine Granite; filled diamond: the Ardlethan Granite; filled

triangle: the GQFP; +: the microgranite and X: the Mine porphyry.
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Fig. 3-5B: Harker diagram Pb vs SiO2

Open square: the Mine Granite; filled diamond: the Ardlethan Granite; filled

triangle: the GQFP; +: the microgranite and X: the Mine porphyry.
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Fig. 3-6B: Variation diagram Rb vs Sr

Open square: the Mine Granite; filled diamond: the Ardlethan Granite; filled
triangle: the GQFP; +: the microgranite and X: the Mine porphyry.
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Fig. 3-7B: Variation diagram Th vs Ba
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The occurrences and the geochemical characteristics of the
granitoids of the Ardlethan Tin Field are very similar to those of the Blue
Tier Batholith, Northeastern Tasmania (Higgins et al., 1985, Turner et
al., 1986, Higgins et al., 1986, Mackenzie et al., 1988, Higgins, 1989).
Whilst there is a debate about the origin of the tin granites within the
Devonian Blue Tier Batholith, in the Ardlethan Tin Field fractionation is
clearly an important process which was responsible for tin enrichment in
the Ardlethan Granite, microgranite and Mine Porphyry. This is similar
to the fractionation model presented by Higgins et al. (1985; 1986).

3.5 Potentials of Tin Enrichment

A study of tin enrichment process during granitoid fractionation
(Appendix 3) has shown that the granitoids with the following
characteristics:

1. high in quartz and K-feldspar, low in plagioclase, biotite and
muscovite, and free of sphene;

2. high in volatiles and radioactive elements;
3. emplacement at a high level in the crust;

4. crystallized slowly under a high temperature gradient;

and
5. early crystallization of quartz and K-feldspar rather than plagiocalse
and micas

have a better chance to enrich tin into their late stage fractionates.

The characteristics of the Mine Granite: high in biotite (up to 15%
by volume) and low in quartz, early crystallization of K-feldspar and
biotite, and relatively low concentrations of radioactive elements, suggests
its potential to enrich tin into its late stage fractionates is very low.

The characteristics of the Ardlethan Granite: low in biotite and
muscovite (<7% by volume), high in quartz and K-feldspar, early
crystallization of quartz and K-feldspar, high in radioactive elements, and
high level of emplacement (Stone, 1969), suggest that its potential to
enrich tin into its late stage fractionates is high. This is supported by
Harker diagram (Fig. 3-4A) which indicates strong tin enrichment with
the degree of fractionation in the Ardlethan Granite.

As primary tin mineralization is almost always genetically related to

granitoids, there are two possible tin sources in the Ardlethan Tin Field:
the Mine Granite and the Ardlethan Granite. The above discussion
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suggests that the Mine Granite has a low and the Ardlethan Granite has a
high potential of producing tin rich fractionates. Therefore the tin
mineralization in the Ardlethan Tin Field is probably related to the
Ardlethan Granite.

3.6 Summary

The whole rock geochemistry data suggest that both the Mine
Granite and the Ardlethan Granite are S-type granitoids. The Ardlethan
Granite is strongly fractionated and the GQFP, microgranite and Mine
porphyry are its daughter phases: the GQFP is an early marginal phase;
the microgranite is a moderately fractionated phase, and the Mine
Porphyry is a strongly fractionated phase. The Ardlethan Granite has a
high potential to enrich tin during fractionation. Tin is enriched in the
Ardlethan Granite and its fractionated phases: the microgranite and Mine
Porphyry. It is likely that the tin mineralization in the Ardlethan Tin
Field is related to the fractionation in the Ardlethan Granite.
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Chapter 4
BRECCIA PIPES AND THEIR FORMATION

The Mine Granite, Carpathia-Blackreef, Stackpool-Godfrey and
White Crystal Breccia Pipes (Fig. 4-1) are the four main breccia pipes in
the Ardlethan Tin Field. They are located in an elongate zone about 0.5
km wide extending from the contact of the Ardlethan Granite northeast
for about 1.5 km. The alteration halos of the Mine Granite, Carpathia-
Blackreef and Stackpool-Godfrey Breccia Pipes overlap, forming an
elongated common zone of alteration (Fig. 4-1). The White Crystal
Breccia Pipe is separated from the zone at the surface but its alteration
halo joins the main alteration halo at depth.

The geology of the Mine area is illustrated on a series of plans and
cross sections (Fig. 4-2 to 4-15 See figure caption 4-13.

4.1 General Descriptions
4.1.1 The Mine Granite Breccia Pipe

The Mine Granite Breccia Pipe corresponds roughly to the main
open pit developed to mine the Wildcherry, Ardwest and Wildcherry
South deposits. It has a triangular shape on plans and the Wildcherry,
Ardwest and Wildcherry South deposits are situated at the three sides in
anticlockwise order (Fig. 4-10). As defined by the styles of brecciation
and limit of alteration and mineralization, the Mine Granite Breccia Pipe

dips about 600 WNW (Fig. 4-16).

The variations of styles of brecciation in the Mine Granite Breccia
Pipe are difficult to map out in detail because of the strong hydrothermal
alteration. Generally, there is a zonation from fragment supported breccia
around the margins to rock-flour supported breccia (Plates 4-1 & 4-2) in
the centre. The fragment supported breccia is composed of angular
fragments with abundant vug spaces. The rock-flour supported breccia is
composed of rock flour with or without vug spaces and minor elongated
fragments. The transition between the two types of breccia is gradual with
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fragmerit abundance decreasing and rock flour abundance increasing
towards the central zone. The abundance of rock-flour and the lack of vug
spaces in the central zone make it less permeable than the marginal zone.

SRR
AT i

Plate 4-1: Rock flour supported breccia in the Mine Granite Breccia
Pipe. This interval contains rounded Mine Granite fragments (slide
9-19, from diamond hole B1110 at down hole depth of 350 m)

Fragments in the breccia pipe are mainly of the Mine Granite. They
mostly range from several centimetres to several 10's of centimetres in
size. Angularity is highly variable. Large fragments, up to a couple of
metres across, occur in the marginal zone of the breccia pipe, for
example, along the southern wall of the Wildcherry South open pit. The
fragments are commonly cut by quartz tourmaline veins. A number of
large, 10-30 cm, angular dark coloured mafic fragments were found
within the Wildcherry South and Ardwest deposits. They appear to
represent a disrupted mafic dyke (Fig. 4-9 to Fig. 4-15) along the
southwestern margin of the breccia pipe.
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Plate 4-2: Rock flour rich breccia in contact with the Mine Porphyry.
Sample the central zone of the Mine Granite Breccia Pipe. This contact
relationship indicates that the Mine Porphyry was later than the
brecciation (Sample WY1, Ardwest open pit)

Rock-flour is composed of extremely fine-grained mineral debris,
generally less than 1 mm in size. In thin section it consists of very
angularly broken minerals of quartz and feldspars which are commonly
strongly altered to biotite, sericite or chlorite (Plate 4-3 & 4-4). Garnet
debris has been found in rock flour-supported breccia (sample RDW83).
Generally more chlorite occurs in samples from the upper zone. In the
central part of the breccia pipe the altered Mine Granite fragments cannot
readily be distinguished from rock-flour. However, the presence of
subangular clots of chlorite after K-feldspar phenocrysts and megacrysts,
which are characteristic of the fresh Mine Granite, and dislocated quartz
tourmaline veins are two useful field criteria. Also Clarke (1979) used
hydrofluoric acid etching on polished surfaces to highlight the boundaries
between fragments and rock flour dominated matrix.

Although the main Mine Porphyry dyke extends into the central
zone of the Mine Granite Breccia Pipe near the surface (Fig. 4-9 to 4-15),
it is not brecciated in this intensely brecciated zone. Contacts of the main
Mine Porphyry dyke within the breccia pipe are very irregular and it is
common to see numerous dykelets emanating from the main dyke into the
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Plate 4-3: Strongly chlorite altered rock flour-rich breccia and
nonbrecciated Mine porphyry (Sample WY10, Wildcherry South open pit)

rock-flour dominated matrix of the breccia. The Mine Porphyry also
forms thin coating (thickness < 1 cm) on the surface of Mine Granite
fragments. Samples from the central zone also show a limited degree of
mixing of rock flour and the quenched margins of the Mine Porphyry
dykes (Plates 4-2 & 4-3). These observations suggest that the emplacement
of the main Mine Porphyry dyke post-dates the main stage of brecciation
in the Mine Granite Breccia Pipe.

Small angular fragments of the Mine Porphyry only occur in
several small zones in the Ardwest deposit (Fig. 4-9 to 4-15). These
fragments are very angular, mostly ranging between 1 and 10 cm in size,
and commonly make up a large proportion (up to 60%) of the total
fragments (Plate 4-5) in these zones. Their distribution indicates several
small secondary breccia pipes (Clarke, 1979) postdating the emplacement
of the Mine Porphyry dykes. In these small pipes the vug spaces are filled
with large amounts of massive, black-coloured tourmaline crystals, which
are characteristic features of the Carpathia-Blackreef Breccia Pipe. This
suggests that their formation may be contemporaneous with the Carpathia-
Blackreef Breccia Pipe.
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Plate 4-4: Secondary biotite alteration in rock flour zone. This sample is
from the depth of the Mine Granite Breccia Pipe. It consists of mainly
quartz and K-feldspar debris rimmed by secondary biotite (From sample
RDW80, scale bar=0.5 mm).

Microgranite fragments are locally present in the southwestern
corner of the Wildcherry South deposit. This indicates that the
microgranite dykes predated the main stage brecciation in the Mine
Granite Breccia Pipe.

In summary, cross-cutting relationships suggest that two stages of
brecciation occurred in the Mine Granite Breccia Pipe. The first and main
stage formed the Mine Granite Breccia Pipe. The second stage occurred
only in several small secondary breccia pipes within the Ardwest deposit.
The emplacement of the microgranite dykes predated first stage and the
emplacement of the Mine porphyry dykes separated the two stages of
brecciation.
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4.1.2 The Carpathia-Blackreef and Stackpool-Godfrey
Breccia Pipes

The Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes are
exposed east of the Mine Granite Breccia Pipe. The central zones of these
breccia pipes are characteristically enriched in fragments of sediment
fragments (Plate 4-6). Fragment-supported breccia of mainly Mine
Granite fragments occurs in marginal zones. Dark-coloured massive acute

tourmaline alteration occurs in association with all the tin deposits in these
breccia pipes.

Plate 4-5: Angular Mine porphyry fragment supported breccia. Sample
from the secondary Breccia Pipes in the Ardwest deposit. The matrix is
mainly acute tourmaline (Sample WY24; Ardwest open pit).

The Carpathia-Blackreef Breccia Pipe consists of a number of
roughly N-S orientated subvertical zones which appear to coalesce and
diverge over at least a vertical distance of 500 metres (Fig. 4-4 to 4-7 and
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Fig. 4-17). The complex boundaries make it difficult to map precisely in
three dimensions, however data collected from surface exposures, mining
developments and diamond and percussion drill holes indicate that there
are many daughter breccia pipes ranging from less than one metre to
several tens of metres in diameters (Fig. 4-17). Two blind breccia pipes,
i.e. pipes not opening to the surface, occur as parts of the Carpathia-
Blackreef Breccia Pipe.

The Stackpool-Godfrey Breccia Pipe dips 600 WNW. It is exposed
at the small Stackpool open pit.

Plate 4-6: Breccia enriched in sediment fragments. This is from the
central zone of the Stackpool-Godfrey Breccia Pipe (Stackpool open pit)
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Plate 4-7: A rock flour pocket in the Mine Porphyry. This is from the
contact of the Carpathia-Blackreef Breccia Pipe (sample RD128, scale
bar=0.5 mm)

The Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes join
together at a depth of about 700 metres below the surface (Fig. 4-15).
Schematically, the overall geometry of these two breccia pipes is similar
to a tree, with a common trunk at depth. The Stackpool-Godfrey Breccia
Pipe represents a regular branch extending to the surface while the
Carpathia-Blackreef Breccia Pipe has many smaller sub-branches, some of
them extend to the surface, others are blind.

There are many rock flour pockets ranging from less than a
centimetre to several centimetres in diameter (Fig. 4-18) along the
hanging wall of the Carpathia-Blackreef Breccia Pipe. They extend into
the nonbrecciated host rock like the blind daughter breccia pipes and open
downwards into the Carpathia-Blackreef Breccia Pipe (Plate 4-7). They

appear to be streams of rock flour injected into the nonbrecciated host
rock.

As mentioned previously, the central zones of the Carpathia-
Blackreef and Stackpool-Godfrey Breccia Pipes consist mainly of

41




fragments and matrix derived from sedimentary rocks (Plate 4-6). In the
Stackpool open pit it is not difficult to recognize that they are fragments
of fine-grained sandstone, siltstone and shale. The fragments range from
several millimetres to about 10 cm and are mostly subangular in shape.
Vug space is very rare within the zone enriched in sediment fragments
and the breccia appears to be rock flour-supported. It is also common to
“see large fragments surrounded by smaller ones in the Stackpool open pit.
An extremely large sediment fragment, at least 10 m across, was
intersected by the decline linking the main open pit and the Carpathia
deposit. Diamond and percussion drill hole information suggest that it
occurs at the top closure of a blind daughter breccia pipe located about
120 m below surface between the Carpathia and Wildcherry deposits (Fig.
4-3).

Vertical variations in styles of brecciation were observed in both
the Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes. Samples
- from depth contain more angular fragments and less rock flour than those
near surface. Thus at depths greater than 300 m the breccias are
dominantly fragment-supported.

The Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes all
have marginal zones containing predominantly Mine Granite fragments
(Plate 4-8). These marginal zones vary from less than 1 m to over 50 m
in width and form a transitional phases to the nonbrecciated Mine Granite.
The characteristics of these marginal zones are very similar to the
marginal zone in the Mine Granite Breccia Pipe. There are abundant vugs
with vug infill minerals and exhibit intense hydrothermal alteration. The
footwall of the Stackpool-Godfrey Breccia Pipe lacks such a transitional
zone.

Mine Porphyry fragments occur in both the Carpathia-Blackreef
and Stackpool-Godfrey Breccia Pipes. Diamond drill hole information
indicates that they were derived from several Mine Porphyry dykes which
were disrupted during brecciation (Fig. 4-4 to Fig. 4-7 and Fig. 4-12 to
Fig. 4-14).
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Plate 4-8: Mineralized breccia of mainly angular Mine Granite
fragments. This sample is from the Blackreef deposit. The vugs are filled
by tourmaline, cassiterite and sulphides; the fragments are strongly
altered to sericite (Sample RB32)

It appears that the Mine Porphyry dykes immediately adjacent to the
Breccia Pipes are the sources of the Mine Porphyry fragments in the
breccia pipes. Diamond drill cores suggest that the Stackpool-Godfrey
Breccia Pipe intersects two Mine Porphyry dykes, one at about 700
metres below surface and the other at about 300 metres below surface
(Fig. 4-2). Samples from the surface exposure in the Stackpool open pit
and diamond drill cores at depth of 460 metres or more below surface all
contains about 1-3% Mine Porphyry fragments by volume whilst the
section between 300 and 460 metres below surface contains very few
Mine Porphyry fragments (Fig. 4-2). Such a distribution suggests upward
transport of Mine Porphyry fragments during brecciation. Very similar
features were found in the Carpathia-Blackreef Breccia Pipe (Fig. 4-4 to
4-7). Mine Porphyry fragments close to their parental dykes are larger
and more angular than those further away.
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Plate 4-9: Laminar mass flow patterns. This is from the rock flour-rich
zones in the Carpathia-Blackreef Breccia Pipe. Examinations of
orientated thin sections indicate that the flow was upwards (Sample
RD196, scale bar=2 mm).

Microgranite fragments also occur in the Carpathia-Blackreef and
Stackpool-Godfrey Breccia Pipes. Most microgranite fragments occur in
marginal zones. They range from a few centimetres to several metres in
size, significantly larger than most of the other fragment types. Diamond
drill core also indicates that there are microgranite dykes which were also
disrupted by the Stackpool-Godfrey Breccia Pipe (Fig. 4-2).

Samples from the hanging wall of the Carpathia-Blackreef Breccia
Pipe at depth of about 600 metres below surface contain mass-flow
textures made up of laminated rock and mineral debris, and elongated
fragments commonly less than 5 mm in size. They are regularly
orientated and parallel to the contact of the breccia pipe (Plate 4-9).
Orientated thin sections indicate that irregular pressure shadows occur
behind convex corners to fragments and on the tops of coarser fragments,
suggesting an upward flow direction. Similar features were also found at
depth in the Mine Granite and Stackpool-Godfrey Breccia Pipes.
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Another characteristic feature of the Carpathia-Blackreef and
Stackpool-Godfrey Breccia Pipes is the large amount of black tourmaline
crystals associated with cassiterite mineralization. This type of tourmaline
alteration is very typical of the Blackreef deposit where high-grade ore
contains more than 40% tourmaline. In the Stackpool deposit, this type of
tourmaline occurs in subvertical pipes around the central zone of the
Stackpool-Godfrey Breccia Pipe. Numerous massive tourmaline bands
were intersected by diamond drill holes in the zones around the Godfrey
deposit. Although tourmaline alteration is common in the Ardlethan Tin
Field, this type of tourmaline is characteristic of the Carpathia-Blackreef,
Stackpool-Godfrey Breccia Pipes, and the small secondary breccia pipes
in the Ardwest deposit.

4.1.3 The White Crystal Breccia Pipe

The White Crystal Breccia Pipe (Figs. 4-1 & 4-8) occurs in a
separate zone away from the other breccia pipes. It is characterized by the
occurrence of extremely large, angular to tabular, and inward dipping
Mine Granite fragments, large vugs and abundant vug infill minerals
(Paterson, 1976; Clarke, 1979; Clarke et al., 1984). The fragments are
mostly derived from the host Mine Granite. There are some microgranite
fragments.

The size of the Mine Granite fragments ranges from several
centimetres to several metres. The large fragments near the original
surface outcrop were commonly tabular in shape and dipped towards the
center. This feature points to a "collapse breccia” pipe structure
(Paterson, 1976; Clarke et al., 1984).

The Mine Granite fragments, although of a wide range of size, are
all very angular and unlike other breccia pipes in the Ardlethan Tin Field,
there is no rock-flour. The breccia is always fragment supported which
led to the formation of numerous vugs which may be up to 30x10x10 c¢m3
in size. The main vug infill minerals are tourmaline and quartz in
association with cassiterite, wolframite, arsenopyrite, pyrite, chalcopyrite,
sphalerite, galena, fluorite, and patches of cookeite (Plate 4-10).

Microgranite fragments also occur in the White Crystal Breccia

Pipe. They are very similar to Mine Granite fragments in terms of size
and angularity.
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Plate 4-10: Large vug in the White Crystal Breccia Pipe. The vug is filled
by sulphides (dark minerals) and cookeite (white patches). The fragments
are strongly altered and contain mainly topaz+tourmaline (from White
Crystal dump).

Fragments in the White Crystal Breccia Pipe are strongly altered to
an assemblage of topaz, tourmaline, quartz and sericite. Topaz alteration
is a unique characteristic of this breccia pipe.

4.2 Correlation Between Igneous and Brecciation Events

The igneous events in the Ardlethan Tin Field were in the following
order: the Mine Granite, GQFP, Ardlethan Granite, microgranite and
Mine Porphyry dykes (see Chapter 2). The timing of the mafic dyke
emplacement is unknown except that it is not found cutting units other
than the Mine Granite.

The Mine Granite Breccia Pipe, excluding the small secondary
breccia pipes in the Ardwest deposit, does not contain any Mine porphyry

46



fragments but is intruded by nonbrecciated Mine Porphyry dykes. This
suggests that the main stage of brecciation predated the intrusion of the
Mine Porphyry dykes.

The Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes
contain abundant Mine Porphyry fragments, indicating that their
formation postdated the Mine Porphyry intrusion. As the small secondary
breccia pipes in the Ardwest deposit also contain Mine Porphyry
fragments and have a similar type of black-coloured acute tourmaline
alteration, they were probably formed at the same time as the Carpathia-
Blackreef and Stackpool-Godfrey Breccia Pipes.

There is no direct evidence to define the timing of formation of the
White Crystal Breccia Pipe in relation to other breccia pipes in the
Ardlethan Tin Field. However, the collapse features and lack of intensive
brecciation possibly reflect a lower energy regime compared to the other
breccia pipes. This, together with mineralogy and alteration studies (see
Chapter 5), has led to the tentative interpretation that the White Crystal
Breccia Pipe was the last one to form in the Ardlethan Tin Field.

In summary, three brecciation events are recognized in the
Ardlethan Tin Field. The first event was the formation of the Mine
Granite Breccia Pipe. This was followed by the the emplacement of the
Mine Porphyry dykes, development of the Carpathia-Blackreef,
Stackpool-Godfrey Breccia Pipes, and the limited secondary brecciation in
the Ardwest deposit. The White Crystal Breccia Pipe is thought to be the
third event. Each brecciation event contains unique characteristics: the
Mine Granite Breccia Pipe is characterized by a rock flour-rich core; the
Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes by central
zones enriched in sediment fragments; and the White Crystal Breccia Pipe
by its large, angular, tabular and inward-dipping fragments, large vugs
and vug infill minerals.

4.3 Sources of the Sediment Fragments

The sediment fragments occurring in the Carpathia-Blackreef and
Stackpool-Godfrey Breccia Pipes are clearly foreign and must have been
transported into the breccia pipes during brecciation. There are only two
possible sources. Either they were derived from depth being transported
upwards during brecciation or they were derived from overlying
sedimentary rocks. The data support an interpretation that the sediment
fragments have been brought up into the breccia pipes from depth for the
following reasons.
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Firstly, studies of the compositions of rock flour and the
distributions of microgranite fragments and Mine Porphyry fragments in
the Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes (see above)
all indicate general upward movement. The occurrence of garnet debris in
rock flour-supported breccia in the central zone of the Mine Granite
Breccia Pipe strongly indicates that some contents of the rock flour were
derived from the GQFP at depth. The distribution of microgranite
fragments and mafic fragments in the Mine Granite Breccia Pipe also
suggests upward movements. A similar conclusion was made by Clarke
(1979) in his study of the source of the Mine Porphyry fragments in the
small secondary breccia pipes in the Ardwest deposit. In these locations
Mine Porphyry fragments occur only above the level where Mine
Porphyry dykes are disrupted by the secondary brecciation (Fig. 4-9 to
Fig 4-15).

Secondly, the well preserved flow texture (Plate 4-9) observed in
samples from the Carpathia-Blackreef Breccia Pipe indicate upward
movement. More importantly, the occurrence of sediment fragments in
blind breccia pipes negates the possibility of a collapse mechanism.

Thirdly, many Mine Granite fragments in the Mine Granite Breccia
Pipe, and sediment fragments in the Carpathia-Blackreef and Stackpool-
Godfrey Breccia Pipes, contain tourmaline veins. These veins occur only
within and do not pass fragments which indicate that they formed prior to
brecciation. Therefore the fragments must be derived from a place where
tourmaline alteration occurred prior to brecciation. As described in
chapter 2, the contact between the Mine Granite and sediments is
generally fresh and tourmaline alteration occurs only along the contact of
the Ardlethan Granite. DDH B1188 intersected zones of tourmaline
alteration at depth greater than 500 m in the nonbrecciated Mine Granite,
suggesting that the source of these fragments was likely beneath the
breccia pipe.

The presence of rock flour-supported breccias in the Mine Granite,
Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes also suggests a
high energy regime, conditions unlikely to be met in a "collapse” breccia
pipe, such as the White Crystal Breccia Pipe.

Finally, it is difficult to envisage that the narrow elongated breccia
pipes could form by just a collapse process. Generally, a collapse occurs
by withdrawing support. If the support withdrawal was over a large area,
the whole area would probably tend to sink rather than form several
narrow pipes. If the support withdrawal was localized, gravity itself
would hardly be sufficient to overcome the strength of the rock to initiate
brecciation, unless the host rock was very strongly fractured. There is no
evidence to suggest that those narrow sub-vertical pipes had a more
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strongly fractured precursor. Also as the breccia pipes all dip about 600

WSW, large scale downward movement of materials in these pipes is
difficult.

4.4 Structural Control of Brecciation

Although there are no large major faults, there are many small
faults and joints in the Ardlethan Tin Field. Measurements of strike and
dip show that these faults and joints define three linear trends (Figs. 4-19
& 4-20).

The first lineament (ESE) corresponds to the linear occurrence of
the GQFP stock, Mine Granite and Carpathia-Blackreef Breccia Pipes. It
extends further east southeasterly (Fig. 4-19) to Brown's and Paterson's
Knobs, two possible breccia pipes containing fragments of sedimentary
rocks stannite and sulphide mineralization. Between the GQFP stock and
the Mine Granite Breccia Pipe occurs another possible breccia pipe, the
Wheat Field Breccia Pipe (?) suggested by auger drill holes. A number of
creeks and alluvial deposits are sub-parallel to this trend (Fig. 4-19).

The second major lineament (NE) corresponds to the alignment of
the Taylor's Hill breccia zone, Carpathia-Blackreef and Stackpool-
Godfrey Breccia Pipes (Fig. 4-19). Again the orientations of several
creeks and parts of the tin anomalous area and an alluvials are sub-parallel
to this trend.

The third lineament (NNW) runs through the Little Bygoo, Big
Bygoo and Ardlethan Tin Mines. It is also expressed by the overall
distribution of areas of anomalous tin. It extends to the largest alluvial

deposit in the field (Yithan). There are several creeks align with this trend
(Fig. 4-19).

These data suggest that the brecciation in the Ardlethan Tin Field is
localized along these lineaments or at their intersections. The Mine
Granite Breccia Pipe has a triangular shape because it formed at the
conjunction of the three trends (Fig. 4-19). A fracture control to
mineralization is evident at Big Bygoo, Little Bygoo and Taylor's Hill
where mineralization occurs along joints or joint intersections (see
Chapter 1).

The White Crystal deposit does not lie on any of the major
lineaments discussed above but it does have an elongated aspects to its
distribution suggesting there are probably other minor lineaments in the
area.
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4.5 The Process of Brecciation

The importance of the relationship between mineralization and
breccia pipes has been recognized since the late 19th century (Hunt,
1887). Many models of breccia pipe formation have been proposed over
the last one hundred years and recent comprehensive review of breccia
pipes and processes of breccia pipe formation was given by Sillitoe
(1985). The processes which can lead to breccia pipe formation can be
summarized into seven categories:

1. Explosive brecciation by expanding volatiles (Walker, 1928; Norton &
Cathles, 1973; Burnham 1979 & 1985)

Fluid overpressure is often the result of volatile exsolution from a
magma. Explosive brecciation is caused when the fluid pressure
exceeds the lithostatic pressure plus the strength of the overlying column
of rocks. The quick release of the over pressured volatiles (Norton and
Cathles, 1973) usually results in near vertical circular opening breccia
pipes. Burnham's (1979 &1985) modelling of magmatic crystallization
showed that volatiles are accumulated during fractional crystallization.
When these fluids are exsoluted there is sufficient pressure to brecciate
the pre-consolidated rock explosively. The mechanism is similar to that
associated with volcanic eruptions. Brecciated rock fragments can be
significantly dislocated. Matrix-rich breccias could form if grinding or
milling was initiated by multiple pulses of brecciation. Fragments in the
breccia pipe could be of source rocks as well as country rocks.
Explosion by other mechanisms, such as cool ground water pool being
heated by intruding magma described as "phreatomagmatic” (Sillitoe,
1985) may also lead to breccia pipe formation through volatile
overpressure.

2. Brecciation by fault movements (Walters and Campbell, 1935,
Mitcham, 1974)

Breccia is often formed during fault movement and multiple movements
on a fault plane or series of fault planes may generate large masses of
breccia. The characteristics of the breccia mass depends on the nature of
the rocks and on the style of fault movement. As fragments are generally
derived from the fault surface, the breccia is made up of the same rock
type as the host. Grinding and milling of fragments can be very marked.
The breccia mass is usually bounded by fault planes and dislocations of
fragments is related to the movement of the fault are evident. This type of
brecciation is not necessarily associated with igneous or hydrothermal
activity.

3. Brecciation associated with igneous intrusion (Walters and Krauskopf,
1941, Sharp, 1979
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Igneous intrusion can result in intense local stress within the country rock
and may result in brecciation. An early consolidated shell of the igneous
body as well as the country rock may be brecciated by continued
intrusion of melt from below. The resulting breccia is generally located
along the contact with the igneous intrusive and is not pipe-like in form.
Such brecciation is often associated with hydrothermal alteration. The
size and angularity of fragments may be extremely variable.

4. Collapse brecciation by magma chamber withdrawal (Bryant, 1968;
Sillitoe and Sawkins, 1971)

Collapse breccias may result from a number of processes, for example,
the retreat of a magma chamber by thermal contraction (Bryant, 1968).
The negative pressure formed by such support withdrawal can cause the
overlying rocks to collapse when their strength can no longer hold their
weight (Norman and Sawkins, 1985). The model of forming breccia pipes
by vapor stoping (Norton and Cathles,1973) is a development of this
model. Generally, collapse brecciation is driven by gravity and proceeds
in a tensional environment. The resulting breccias generally do not
display any strong grinding or milling of fragments.

5. Brecciation by fluidization process (Reynolds, 1954; McCallum, 1985,
Shelnutt and Noble, 1985),

Fluidization occurs when a large volume of fluid flows through a channel
and transports rock fragments. This concept was originally established to
describe an industrial process utilized in large part to accelerate mixing
and chemical reaction in a bed of fine grained particles (Wilson, 1283),
and was introduced to geology to describe the similarities between such
a process and many aspects of breccias (McCallum, 1985). The driving
force is the flowing fluids. The rock fragments can move in the same or
opposite direction as the fluid flow depending on the velocity and the
density of the fluid-and the density and size of the rock fragments.
McCallum (1985)“performed a series of experiments to examine the
behaviour of fine-grained particles in a cylinder when compressed air
was blown through the bottom of the cylinder at different speeds. He
described seven fluidization states: fixed bed state, quiescient fluidized
bed state, aggregative bubbling state, aggregative slugging state,
dispersed suspension state, channelling state and spouting state with
increasing flux of air. Of the seven states described, only the spouting
state involves strong particle convection sufficient to produce matrix-rich
breccia by grinding of the fragments. Apart from the fluid, a pre-existing
fracture channel is apparently all that is required to initiate a fluidization
process.

6. Brecciation by solution and replacement (Bulter, 1913)
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Solution and replacement breccias are developed through the alteration
modification of fractured rocks by hydrothermal fluids. The edges, sharp
rims and smaller fragments in this situation are replaced by secondary
minerals. Such breccias generally lack dislocations and rock flour. Pre-
existing fractures are also needed to initiate such a process.

7. Chemical brecciation (Sawkins, 1969)

Chemical brecciation was suggested by Sawkins (1969). The process
involves differential expansion of minerals in the rock in response to a
change of physical or chemical conditions and the expansion could be
responsible for the brecciation. Breccias formed this way are composed
of very angular fragments which can be matched to adjacent fragments
indicating little dislocation.

Although many different processes may lead to breccia pipe
formation, most of them require a pre-existing structure and therefore
they may not be an independent process. Consequently, a breccia pipe may
have a dynamic history involving different processes at different times, or
at different locations in the breccia pipe, forming breccias of very
different characteristics.

The characteristics of the breccia pipes in the Ardlethan Tin Field
can be briefly summarized as follows:

1. Fragments are of a variety of lithologies,

2. Rock flour is a very common constituent except in the White
Crystal Breccia Pipe;

3. There were multiple events of brecciation;

4. There are nonbrecciated Mine Porphyry dykes in the Mine
Granite Breccia Pipe;

5. Fragments in the Mine Granite, Carpathia-Blackreef and
Stackpool-Godfrey Breccia Pipes were strongly dislocated upwards;

6. All the breccia pipes dip to the same direction suggesting that
they may converge at depth,

7. Brecciation was probably controlled by three or more major
lineaments and their intersections.

These characteristics in the Mine Granite, Carpathia-Blackreef and
Stackpool-Godfrey Breccia Pipes suggest that the processes which caused
the brecciation in the Ardlethan Tin Field were very complex. Explosive
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brecciation is likely to be a significant mechanism but the abundance of
rock flour indicates a complex evolution. Collapse brecciation probably
played an important role in the formation of the White Crystal Breccia
Pipe.

The very poorly sorted nature of the breccias in the Mine Granite,
Carpathia-Blackreef and Stackpool-Godfrey Breccia Pipes suggest that
fragments were not transported by, or at least not only by, fluid
suspension as developed in a fluidization process. The transporting power
of a fluidized mass depends on the speed of the fluid flow. The finer the
sizes of the particles, the easier they are to be transported by fluid. When
the speed of fluid flow decreases, the larger fragments tend to deposit
first and the smaller ones deposit only with further decrease of the speed
of fluid flow. This initiates a sorting process like that commonly seen in
fluvial systems. The existence of garnet debris also negates a simple
fluidization process, as garnet would have been reacted out easily had the
system been fluid dominated. The dislocations in these breccia pipes was
probably caused by forces with little sorting ability. Such a force could be
provided by intrusion of a magma. As nonbrecciated and brecciated Mine
Porphyry are present in the breccia pipes they may well represent the
highest expression of the breccia-forming intrusion.

These discussions lead to a general four stage model (Fig. 4-21) to
explain the formation of the breccia pipes. The first stage involves the
fluid exsolution and accumulation in the source magma chamber
(differentiates of the Ardlethan Granite). Stage two involves explosive
brecciation, at the weakest zones in the overlying rocks, along pre-
existing fractures or fracture intersections. Stage three is a collapse stage
which may follow the release of fluids and possible magma withdrawal.
The fourth stage is an intrusive stage. Apparently, not all the four stages
are required to form a breccia pipe. The Mine Granite, Carpathia-
Blackreef and Stackpool-Godfrey Breccia Pipes probably evolved through
stages one, two and four. The White Crystal Breccia Pipe evolved through
stages one, two and three.

4.6 Summary of the Magmatic and Brecciation Events

The brecciation and mineralization in the Ardlethan Tin Field is
interpreted to be the result of the hydrothermal events associated with the
intrusion and fractionation of the Ardlethan Granite.

The Ardlethan Granite intruded into the area following the Mine
Granite. Before most of the Ardlethan Granite had been crystallized, fluid
exsolution started which created overpressure and caused explosive
brecciation. The Mine Granite breccia pipe was formed. At this stage the
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crystallized shell of the Ardlethan Granite was probably not very thick,
melt from depth of the magma chamber followed the fluids and intruded
into the newly formed breccia pipe. Strong stressing was generated by the
intrusion, as well as by possibly multiple pulses of overpressured fluids.
Fragments in the breccia pipe were milled, ground and pushed upward.
Continuation of the fractional crystallization at depth in the magma
chamber kept a steady supply of fluids, which were focused into the
permeable marginal zones of the breccia pipe, resulting in the
hydrothermal alteration and mineralization.

Continual mineral deposition in open spaces in the Mine Granite
breccia pipe may have resulted in a reduction of permeability which led to
the second event of overpressure. This consequently resulted in the
brecciation of the Carpathia-Blackreef and Stackpool-Godfrey Breccia
Pipes and mineralization. When these two breccia pipes had been sealed
up by mineral deposition, a third brecciation event occurred which
formed the White Crystal Breccia Pipe. Finally the crystallization of the
Ardlethan Granite was probably complete. The White Crystal Breccia
Pipe collapsed when the overpressure was depleted.
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Fig. 4-1 The major Breccia Pipes in the Ardlethan Tin Field and
reference of cross sections. The Wheat field Breccia Pipe has not been
explored.

Note about plans and sections

Fig. 4-1 Drashed lines show the approximate boundary of inftense
alteration.
Fig 4-2 Dashed lines show the zons enriched in sediment fragments.

-+ The solid line on the righthand side shows the boundary of
intense alteration. Boundaries of breccia pipes are not marked
due to lack of information.

Fig. 4-3 Boundaries of breceia pipes are not marked.

Fig. 4-5 Boundaries of breccia pipes are not marked

Figs. 4-9 10 4-15
Filled triangles represerd mafic fragments. Boundariss of
breccia pipes are not marked.

Fig. 4-16  The Perseverance deposit and part of the Ardvwest deposit are
projected to this section to illustrate the relations between
breceiation and mineralization.

The author apologizes for any inconvenience,
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Fig. 4-2 Cross section 12N. The Godfrey deposit consists of five
subvertical lenses at the depth of the Stackpool-Godfrey Breccia Pipe.
The cross-cut relationship between the microgranite and Mine porphyry
dyke indicates that the Mine porphyry is later than the microgranite. The
distribution of microgranite and Mine porphyry fragments indicate the
contents of this breccia pipe have moved upwards (GRP: Godfrey
Reference Plane. Vertical scale in metres).
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Fig. 4-3 Cross section 8N. The major Mine porphyry dyke is not
brecciated in the Mine Granite Breccia Pipe (GRP: Godfrey Reference
Plane. Vertical scale in metres).
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Fig. 4-4 Cross section 3N. This is part of the Carpathia-Blackreef
Breccia Pipe. The distribution of Mine porphyry fragments in relation to
the two parental dykes indicate a general upwards movement (GRP:
Godfrey Reference Plane. Vertical scale in metres).

58



Zone enriched
in sediment
fffffffff

FFFFFFFFFFF
Mine porphyry

strong alteration

+-200




Fig. 4-5 Cross section 2N. The main Mine Porphyry dyke and its
small branches were disrupted by the Carpathia-Blackreef Breccia Pipe
and the distribution of Mine porphyry fragments indicates an upwards
movement in this breccia pipe (GRP. Godfrey Reference Plane. Vertical
scale in metres).
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Fig. 4-6 Cross section 0 N. The Carpathia-Blackreef Breccia Pipe
and disrupted Mine Porphyry dykes (GRP: Godfrey Reference Plane.
Vertical scale in metres).
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Fig. 4-7 Cross section 4S. Several small Mine Porphyry dykes
were disrupted by the Carpathia-Blackreef Breccia Pipe and Mine
Porphyry fragments were dislocated upwards. The Godfrey South
deposit is the deepest in the Ardlethan Tin Field (GRP: Godfrey
Reference Plane. Vertical scale in metres).
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Fig. 4-8 Cross section 24S. The White Crystal Breccia Pipe and its
alteration zonations are illustrated. CD refers to Fig. 1-4. (SC: weak
sericite and chlorite alteration. SS: strong sericite alteration with siderite.
ST: strong sericite, topaz and tourmaline alteration. GRP: Godfrey
Reference Plane. Vertical scale in metres).
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Fig. 4-9 Geological plan at RL 250 m. The Wildcherry, Stackpool,
Carpathia and White Crystal deposits occur as a ring of mineralization in
the Mine Granite Breccia Pipe. The Carpathia-Blackreef Breccia Pipe
has two openings, zones 2 and 3 (GRP: Godfrey Reference Plane).
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Fig. 4-10 Geological plan at RL 200 m. Two small blind daughter
breccia pipes, zones 4 and 5, occur on this plan (GRP: Godfrey
Reference Plane).
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Fig. 4-11 Geological plan at RL 150 m. Blind daughter breccia
pipe zones 4 and 3 join together. Mine Porphyry and mafic fragments
occur mainly southwest to the main Mine Porphyry dyke in the Mine
Granite Breccia Pipe (GRP: Godfrey Reference Plane).
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