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(i)

ABSTRACT

The stratigraphy, lithology, petrology and structure of the
rocks in the Avoca district are described. Graded bedding, a
phosphorite horizon and carbonaceous intercalations in a sequence
of Lower Polacozoic sediments and volcanics suggest deposition
in a shallow~water volcanic environment. The felsites represent
a pyroclastic rhyolitic suite and may be ignimbritic, analyses
of the roclts imply that the magma source was potassic.

The ore mineral textures at Avoca and their paragenesis
are considered in detail, and the first annotated description of
a series of lead-bismuth sulphosalts, gold and ullmannite is
presented. The mineralization is divided into a series of ore-
types. Conformable, lenticular cupriferous pyritic zones are
thought te have formed in a marine environment, possibly during
diagenesis, with mineral growth taking place below the sediment-
water interface. Trace element contents of the sulphides, sulphur
isotope results and the cvidence for contemporaneous explosive
volcanic activity support the notion that the supply of iron,
copper and sulphur was probably fumerolic. Magnetite zones
developed under different Eh and pH conditions. . Stockworks,
containing appreciable copper and, in somec cases, lead and zinc
werc developed stratigraphically below the pyritic zones by
hydrothermal mectal-rich fluids at a later date. Accompanying
wallrock altcrotion consists of silicification and potassic
metasomatism. It is suggested that the hydrothermal fluids were
chloride-rich, derived from the aqueous phase of an underlying
mogma and the metal contents may hove been of juvenile or connate
origin. Complex lead-zinc-pyrite mineralization resulted from
the reaction between the pyritic zones and the final fractions
of the hydrothermal fluids.

Crosscutting, vein-type cupriferous mineralization occurs
ot Bunmahon and lead-zinc veins occur elsewhere in S.E. Ireland.
These apparently comprise a pulsatory metasomatic scquence,
which is closely related to deformation and plutonism,

The geological enviromment and mineralization at Parys
Mountain arc analogous to that at Avoca, and a similar genetic
model is proposed.

Ccmparisons are drawn with comparable deposits elsewhcere

and the implications of the study are considered.
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SECTION 1

INTRODUCTIOI
1.1, Genqgg&

The mining districts described in this text occur along
a northecsterly line cutting obliquely across the British Isles
from the Waterford coast in S.BE. Ireland northwards to the Lake

District in Horthern England (Fig 1.1l.)

Avoca, the site of the major copper-lead-zinc deposit
in S.®. Ireland, situated in Co. Wicklow, is about forty miles
south of Dublin, Bunmahon, a former copper producing area on
the coast of Co. Waterford, is seventy miles southwest of Avoca

and marks the southwestern limit of the nineralization.

Parys lMountain, in northeast Anglese was once the
¥ * g ’

major copper nine in Britain.

l.2. Geological Framework

The Caledonian nmobile belt in Western Iurope includes
the Southern Caledonides (104), which collectively describes
the Lower PFalaecozoic rocks in the British Isles occurring
southeast of the Highland Boundary fault. (Fig l.1l.) The
Southern Caledonides are part of a paratectonic zone where
deformation was less intense than in the northerly orthotectonic
region (71 ), and contain the nining districts. The strati-

graphic sequence consists df:(Fig 1.2.)
1.2.1. Precambrian

Basenent roclis, tentatively divided into a Lower and
Upper Proterozoic sequence (13 ), are exposed along the axis of
a prominent median welt : the Irish Sea geanticline. (Fig 1l.l.)
The Lower Proterozoic rocks consist of the gneisses of the
Rosslare Coniplex and the Lleyn in North Wales, with the Arvonian
volcanics in fnglesey. The Upper Proterozoic (Monian) slates
and greywaclkes are exposed in S.E. Ireland and North Wales, and
accunulated in a Caledonoid trough. Dalradian sediments,
underlying Ordovician rocks in Western Ireland may be equivalent

to the llonian (201) and were probably deposited in a separate
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trough. A major isotopic event about 600 m.y. ago denotes the

Monian metamorphism.
1.2.2. Canbrian

Recent work by Downie and Tremlett (73 ) suggests that
the Clara Leries is the sole Cambrian representative in S.E.
Ireland. In North Wales, the maximum thickress of the Cambrian
occurs in the Harlech Dome, but on Anglesey none exists. The
Nanx slates on the Isle of Man may be the equivalent of the Clara
Series, and in the Lake District the presence of definite

Cambrian rocks i1s unestablished.

l.2.3. Lower Palaeozoic

S5iluro-Ordovician strata were deposited with minor
unconformity on underlying Cambrian in a much enlarged Caledonoid
trough. Pulses of igneous activity with concomitant meta-~
morphism occurred during the development of the geosyncline.

The Snoudon coniplex in North Wales and the Borrowdale Volcanic
Series in the Lake District demonstrate that volcanic activity
accompanicd sedimentation. Orogenic activity culminated with

the intrusion of the Leinster granite batholith along the axis

of the trough.

l.2.4. Upper Palaeozoic

Devonian, Carboniferous and Permian rocks rest unconformably
on the preceding strata and occupy a large basin of deposition
covering the cgentral British Isles. Tectonic movements associated

with the Hercynian cycle in Western Burope terminated deposition,

l.2.5. Post-Palaeozoic

Post-Palaeozoic strata border the site of the Lower
Palaeozoic trough and form outliers in W.E. Ireland. Tertiary
orogenic activity, volcanism and igneous intrusion took place

in the Highlands of Scotland and in Northern Ireland.

The Quaternary glaciation produced the present landscape.
Ice moved out from centres on the mountazin regions, excavated
the valleys, aud left the gently rounded highland areas

mantled by glacial debris.



1.3, Distribution of Mineral Deposits

In common with geosynclinal deposits in other parts of
the world, tlere are a large number of mineral deposits in the
Southern Caledonides (Fig 1.3). These are the southernmost
representatives of a metallogenetic province extending from

Ireland to Northern Worway.

In 5.4.Ireland, deposits in the Avoca mineralized belt
are found at 1) Bunmahon and 2) Caim in Co. Waterford, 3) Avoca
and 4) Glendalough in Co. Wicklow. In Britain, on an approxi-
nately linear extension of the belt, they occur at Parys Mountain,

Anglesey and Coniston, Lake District.

Flanlzing these occurrences there are many small deposits,
but detailcd consideration of them is beyond the scope of this

thesis.

1.4. Prescnt study

l.4.1. Purpose

There is considerable doubt about the origin of the
confornable pyritic deposits in the Caledonides. A study of the
ccononic geology of the Avoca district, Parys Mountain and certain
other deposits in the Southern Caledonides was undertaken to add
information to, and possibly resolve, the prevalent ideas on

the genesis of the mineralization.
l.h.2. BScope

In the Avoca district, about 40 square miles was mapped
at a scale of six inches to one mile (1 : 10,560) providing the
first geological map of the nine area., All the ancient workings
within the prospecting lcase were examined, and at the mine over
30,000 ft of drill core werelogged using a statistical method.
Accessible underground workings were studied and about 5,000 ft
of underground mapping was carried out. A lithological inter-
pretation of the wallrocks is given and structural data are

interpreted.

At Parys Mountain, surface exposures and workings were
examined and about 5,200 ft of drill core were logged., The

flooded underground workings were not studied.
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Recconnaissance work was carried out in the Bunmahon,

Caim, Glendalough and Coniston districts.

xamination of the physical and chemical features of
the mineralization and country-rocks was carried out in the
laboratory. The mineralogy and petrology are described and
whole-roclkk and trace elcment analyses are presented. Aerial
photographs werc interpreted and geochemical soil sample
analysis results discusscd. These aspects were studied in
detail at Avoca, but to a lesser extent at Parys Mountain

and the other deposits.

A total of nine months was spent in fieldwork during
the period 1967-70. Over seven months were spent at Avoca,
three weeks at Parys Mountain, two weeks at Bunmahon and one
week at Coniston. Prior to beginning resecarch, the writer

was employed as project geologist at the Avoca Mine,



SECTION 2

AVOCA DISTRICT

2.1. Regional Geology

2.1.1. Introduction

The Avoca district surrounds the mining area centred
north of the village of Avoca in Co. Wicklow (Map 1). The
district straddles part of the belt of Lower Palaeozoic rocks

which trend southwestwards across S.E. Ireland.

2.1l.2. Frevicus geological work

Generalized descriptions of the geology of S.E. Ireland
by Jukes and Haughton (125), and Smyth et al (207), Bishopp ( 30 )

and others, summarized the current data.

Tremlett (225) remapped a large area in Wicklow and
Wexford, which included the Avoca district. Although useful,
some of the wide-ranging conclusions he reached are highly

controversial.

Geological Survey maps of the Avoca district were published
in 1856 at the scale of one inch to one mile, based upon six inch
to one mile mapping carried out earlier by Kinahan and Du Noyer.

L revision was made in 1861 and Kinahan did further work in

1878. The major sheet meroir was published in 1888 (117).

In the nine area, Wynne (257), Odman (169), Jones (124),
OBrien (166), Murphy (158), Gordon-Smith ( 97 ), and Lampard(138) made
contributions to the local geology, but little work on a regional

scale was atteipted.

2.1.3. GStratigraphy

Dearth of faunal evidence and scarcity of diagnostie
inland exposure in S.E. Ireland, necessitates the use of litho-
stratigraphic correlations. Rocks are well exposed along the
coast, and study of these has revised previous theories. (Fig 2.1).
2.1.3%.1 Precambrian

Tﬁgdﬁosslare Complex (13 ) is a series of hornblende and

biotite nylonite gneisses and other nylonitic rocks, with an
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ENE - V3W trend, occurring in S.E. Wexford.

The Ballycogly and Cullenstown Groups, exposed in Wexford,
consist of quartzites, greywackes and pelitic rocks, with
greenschist facies metamorphism. The two groups may be

equivalent (13),

The Knockrath Series (224), exposed in Wicklow, consists
of about 4,000 ft of finely laminated, dark grey and black
slates with light grey quartzitic siltstones. Fuhedra of pyrite
are comion. The base of the series has not been identified and

relationships with the underlying strata are unknown.

The Bray Series conformably succeeds the Knockrath strata
and is more arenaceous, consisting of massively bedded green
and grey greywackes, with interbedded purple and grey slates or
nudstones (224). Metamorphism of the two series locally developed
quartzites from the arenaceous horizons. Isoclinal folding

about END axes i1s common, with an associated axial plane cleavage.

2.1.3.2. Capmbrian
The Clara Series, about 8,500 ft of black or dark grey
rnudstones and slates, has a Cambrian nmicrofauna (73). No

other Cambrian rocks have been identified in S.I. Ireland.

2.1.3.3. Ordovician

Succeeding strata were not lithologically described by
Trenlett and thus an aura of confusion surrounds his succession.
Crimes and Crossley ( 61 ) and Brenchley and Treagus ( 38)
revised the Ordovician stratigraphy through study of the coastal
exposvres south of Arklow. In the following description an

attempt is made to correlate these studies (Fig 2.1).

The Ribband Group consists of the Kilmichael, Clones
and Riverchapel Formations ( 38 ). These make up a thickness
of more than 3,000 ft. The Kilmichael Formation consists of
striped nmudstones and siltstones. Sandstones of turbidite
character are absent. The Clones Formation is of pale green and
grey siltstones, without any diagnostic fossils. The Riverchapel
Formation, churacteristic of the Ribband Group, contains purple,

green and buff interbedded slates and is of early Arenig age.
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It is tempting to equate the purple and grey slates of
the Ribband Group with the grey, Cunniamstown slates that
Trenlett placed above the Dunganstown sandstones. The lithology
and thickness is conparable (Fig 2.1) and the lack of fossils

similar,

The Ballyrmioney Group ( 38 ) unconformably overlies the
Ribband Group. A thin conglomerate at the base of the Courtown
Formation is succeeded by calcareous sandstones and silts with
a shelly fauna, indiccting a possible Caradoc age. Thus, the
Upper Arenig, Llanvirn and Llandeilo are missing from the

coastal succession.

The Ballintray Formation consists of black mudstones with
a sparse graptolitic fauna of Glenkiln age, and exhibits a
penetrative cleavage. The basal contact with the Courtown
Formation is usually tectonic, but, rarely, appears conformnable.
Interbedded silts become more numerous in the upper part and

tuffaceous intercalations occur.

The Ballymoney Formation is made up of intermediate and
acid tuffs having a lzharic breccia at the base, with inter-
bedded siltstonces and shales. The tuffs show channel features
and small slump-structures, grading is cormmon, but the massive
puniceous and feldspathic vericties are poorly stratified.

The upper part of the succession is unexposed, and thus a thick-
ness in excess of 2,600 ft is postulated ( 38 ). Cleavage is

especially nmarked in the pelitic rocks.

Tremnlett's Volcanic Series (225) is above a black shale
sequencc., Correlation of thesc shales with the Ballintray
Formmation is tempting, but there is a great discrepancy in
thickness. The Volcanic Series, which is similar to the Ballymoney
Fornation, consists of rhyolitic pyroclastics and minor basic
lavas interbedded with slates, limestones and sandstones. The
total thickaess, 8,000 ft, is much greater than the figure of
>500 ft given for the Ballynoney Formation exposed a few niles
to the southeast (38 ). Despite these differences, correlation
is made by the writer (TFig 2.1), because Ordovician strata may

be repcated by folds and faults and consist of a thinner sequence
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than previously recognized ( 38),

Overlying the Volcanic Series are about 4,000 ft of strata,
grey and black slates, the Castletown slates, and the Killoween
sandstone (225). The stratigraphic relationships of these rocks
is not known, they may represent an inverted succession of the

sequence described above.

2.1.3.k, gé&&fifﬂ

There are no proven Silurian roclts southeast of the
Leinster granite, but off the northwestern flank, o series of
greywackes and pelites exists. The pelites are buff weathering
slates, and psammitic nenbers range from impure chloritic
siltstones, a few centimctres thick to typical greywackes.
Primary sedimentary structures are widespread; grading, current
bedding etc.. The greywackes (on the basis of way-up evidence)
overlie the dark phyllites and are >4,500 ft thick ( 6 ).
The serics is overturned, and although dating of the strata is
not certain, the founa appears to be Silurian. ILower Palacozoic
rocks ciposcd in the Longford-Down massif, range from the Caradoc
(Glenkiln) to the Llandovery (Birkhill and Gala). The Silurian
on the northern flank of the Leinster granite may thus also

range up to the Wenlockian ( 40 ).

2.1.3.5. Upper Palaeozoic

Devonizn basal conglonerates rest unconformably on the
preceding strata. Upper 0ld Red Sandstone overlaps the south-

western morgin of the Leinster pluton.

Carboniferous rocks occur in a synclinal downwarp in
S.5. Uexford and border the Palacozoic strata to the west,

forming the central plain.

2.1.3.6. Ilesozoic and Tertiary

Mo BMesozoic or Tertiory rocks occur in $S.E. Ireland.

2.1.3.7- Quecternary
Pleistocene deposits, consisting of glacial sand, gravels,
noraine and boulder clay are widespread. Recent soil, blown

sand, peat, river and lake alluvia cover the bedrocks
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2.1.4. Iatrusive Rocks

2.1.4.1. Precambrian

The Carnsore Granite in S.E. Wexford, (Fig. 1l.l.) although
limited in surface extent, may be much larger, from the gravity
survey (12), It is a homogeneous biotite adamellite containing

xenoliths of the country rocks and a hornfels aureole.
2.1.4.2. Caledonian
a) Acidic

The Leinster pluton is the largest batholith in the
British Isles, and intrusion virtually coincided with the
climax of the Caledonian deformation. The mass consists of a
series of domes, steeply overturned to the west (40), and there
is a constant pitch of the roof of the composite body at 15-25°SW°
The granites are generally grey biotitic granodiorites, which

are partly porphyritic.

Post-tectonic sheet intrusions occur in the Lower
Palaeozoic rocks southeast of the granite. They are massive,
uniform rocl:s, ranging from quartz-porphyry to microgranite

in composition, and are of variable size (Fig. 1l.l.).
b) Basic

A group of dolerite-diorite bodies of medium size occur
within the Caradocian volcanic belts. They are typically quartz-
hornblende~plagioclase rocks with some biotite and pyroxene-

bearing varieties. An appinitic suite is also present.

2.1.5. Lcononic Geology

2.1.5.1. Copper

The Avoca mineralized belt is 10 miles southeast of the
Leinster granite margin. It is about 10 miles long and more
than 1,000 ft wide. (Fig. 2.2A.). The mine is in the centre
of the belt. A number of lenticular orebodies occur, seldom
possessing sharp contacts, the walls often being assay limits,
The ore zones have diffuse pyritic haloes in the wallrocks,
where alteration is apparent. The orebodies consist of massive
or disseminated sulphides in a siliceous or chloritic matrix.

Pyrite, chalcopyrite, sphalerite and galena are the major ore
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minerals. The ore zones are conformable with the local folia-
tion, dipping 550-'65°SE° Sporadic mineralization occurs

throughout the belt.

Bunmahon is an abandoned copper mining area. Steeply
dipping quartz veins, trending NW - SE cut across the strike
of Lower Palacozoic volcanics and sediments,and carry disseminated
chalcopyrite, pyrite, sphalerite and galena. Wallrock alteration

is minor,

2.1.5.2. Lead-zinc
At Glendalough, 12 miles northwest of Avoca, on

the ecster:. flani: of the Leinster granite (Fig 2.2A), there
are steeply dipping sets of N-S and NE-SW trending siliceous
veins with galena, calcite, sphalerite and minor chalcopyrite.
The veins are within the granite and show minor wallrock
alteration. Sinilar deposits occur at Glemmalure, Ballycorus,
Corbally and Brownsford, the latter being on the western

flank of the granite (Fig 2.24.).

Caim is 5 miles east of the Leinster granite margin and
30 niles southwest of Avoca. Ramifying siliceous veins with
disseminated galena, sphalerite and chalcopyrite occur in Lower
Palaecozoic silts and mudstones. No zone of alteration surrounds

the veins.

Barrystown, on the Wexford coast, has country rocks of
R ‘s . . . o
siltstones, Siliceocus veins with an E-W trend,dip 40" S and
concain chalcopyrite, galena and sphalerite., Wallrock

alteration is absent.

2.1.C. Structure and Tectonic Sequence

L synopsis of the structure and sequence in S$.#. Ireland
has been presented by Dewey ( 71 ) and the following is based

largely upon his paper (Fig 2.3.).

The fArklow-Waterford syncline (225) is the major fold
in the Lower Palaeozoic rocks southeast of the Leinster granite,
and Caradoc voIcanic and sedimentary strata exist within its
core. The deformed Lower Palaeozoic rocks are fault bounded on

the southeast margin by the Wexzford Precambrian block, forning
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part of the complex Irish Sea horst on the line of the Palaeozoic
geanticline (Fig 1l.l.). The Bray Series outcrops in an anti-
clinorium to the north, and the Leinster pluton dominates the

axial region.

The Arklow synclinorium and its associated Bray anti-
clinorium developed during an early Caledonian regional

deformation, D, . The synclinorium, at the northern limit is a

closed fold, virging southeastwards whereas to the south it
opens and becomes symnetric with a vertical axial surface. A
series of open monoclines, facing northwest developed on the
southeastern limb (71 ). This initial deformation produced a

steep regional penetrative cleavage, Sl, with a northeast trend.

A sccond deformation episode, D correlates with the

2!
neain intrusive activity of the Leinster pluton. In the region
to the southeast of the granite, foIlding developed with an
associated clcavage, 82, ranging from strain-slip to slaty,
with on Lil or E3E trend and northward or near vertical dips

respectively (71).

The third phase of deformation, D produced variable

31
structures locally. TFolding associated with a moderately intense
crenulation clecavage,

of Arklow ( 38 ).

83’ developed in the Kilmichael area south
A final stage of deformation, D#’ characterized by the

developnent of kink bands occurs throughout the region.

In suamary, the bullk strain rclations in Leinster during
the formation of the Caledonian tectogene consisted of an
inclined IM/-SE shortening coupled with stretching of a variable
inclination. These relations suggest origin at a relatively

decp structural level,
2.1.7. Gecochronology

2.1.7.1. Secdimentary rocks

Harper postulated a sequence of polyphase deformation in

the Lower Palocozoic scdinents (104)

4372 9m.y.
b) Late (Silurian) Caledonian cleavage event : 408% 7n.y.

a) Barly Caledonian cleavage event.

c) Deforumation with accompanying granite intrusion : 374i10m°y°
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Slate from the Knockrath Series gave an age of 450 m.y.
and slate from the Caradocian volcanic succession gave 454 m.y.
The latter age conflicts with the stratigraphy and Harper
inferred that the prescnce of detrital argon might account for

the increased value (104).

2.1.7.2. Granites

Intrusion of the Leinster grenite, dated as 386f9m.y. (135),
correlates with the final events denoted by Harper. The
Precambrian Caransore Granite in S.L. Wexford yielded an anomalous
isotopic age of 429 I 7n.y. (12), presumably a measure of

Caledonian overprinting.

2els7a3s IMineralization

A great deal of uncertainty surrounds the current inter-
pretation of lcad isotope ages. The fundamental constants have
recently been revised (170), and when the new constants are

applied to the data in Fig 2,28, most of the ages become J-type.

In the Avocae district, the discordancc between the model
age of the major mineralization 440~400 m.y. (157) and that of a
late stoge crosscutting vein at Bellintenple which is a mere
2 miles southwest of the mine, 210 m.y. (176), adds a measure of
credibility to the data presented. However, J-type and B-typec
leads do exist, and this suggests that regeneration, crustal
contamination and homogenization were probably significant in
giving risc to the discordant ages rcecordcd from the vein-typec

deposits.

2.1.7.4. Sunrary

—

Lead isotope data inply that mineralization has been a
pulsatory process, spanning a period from 440-150 n.y., and

generally pre-dating periods of plutonic crystallization (Fig 2.2B).

2,2, General Geology

2.2,1. Introduction

The area mapped during the current study (Map 1) includes
portions of sheets 130 and 139 of the one inch series of the

Geological survey of Ireland (Tig 2.4.),
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The limits of the prospecting licence held by Avoca Mines
Limited, enclose an area of about 40 square miles and contain
virtually all the known mineralization. This boundary serves

as an approximate limit to the map area.

The varied topography illustrates the effects of the
Quaternary glaciation. The summit of Croghan Kinshela (1993 ft),
at the southwestern nargin of the arcz is the highest pcint, and
the mean eclevation of the lower upland areas is 800 ft. At this
and lower elevations, glacial debris, drift and boulder-clay
occur, often infilling former drainage channels (Map 1). Glacial
striae are preserved on the higher ground. The rivers occupy

steep-sided glaciated valleys, with well-wooded slopes.
2.2.2. Stratigraophy

A number of factors hinder elucidation of a precise
stratigraphic succession for the map area. There is a narked
lack of oxposurc of sedimentary strata and no fossils have been
found. A penctrative cleavage, at a small angle to the bedding,
obliterates many primary features of the rocl: fabric. Faults,

often with indeterninate throws, complicate the outcrop pattern.

Representative lithostratigraphic scections, established
purely on the basis of lithology and constructed from cross-
sections, are shown in Fig 2.5. An Upper Volcanic Serics succeeds
2 Lower Laminated Series, which in turn overlies rocks of the

Cambrian Claras Series.

This succession is similar to stratigraphic sequences
elsewherc in S.E. Ireland (Fig 2.l.). The Lower Laninated
Serics is tentatively corrclated with the Ribband Group, and the
Upper Volcanic Scries with the Ballymoney Group. On this basis,
the Lower Laminatcd Series may be early Arenig, and the Upper
Volcanic Series Caradocian-Ashgill strata. (It is noteworthy
that in roclis similar to the Upper Volcanic Series, occurring
northwest of the map area, Jukes and Du Noyer (126) discovered

a non-diagnostic Caradocian fauna.)

2.2.,2.1, Clara Series

Rocks of the Clara Series bordering the northwestern

nargin of the nap area, consist of blue-grey to black siltstones,
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and itudstones with paler laminaec. On the basis of a microfaunal
assenbloge, found elsewhere, the rocks are Cambrion ( 73). A

proninent strike fault marks the base of the Series in this area
naking definite correlation impossibley and no fossils have been

found.

2.2.202+ Lower Leminated Scries

This series is dominated by o monotonous sequence of
light and dark, blue-grey, shaly nudstones and siltstones,
containing buff lomince. Purple and grey laminated siltstones
and nudstones occur at the base of the series. Individual beds
of mudstone arc up to 2 cm thick, but generally the laninae
range from 1 - 2 um in width. The norc silty layers contain
cross-bedding, and the coarsest units are graded. Clay grade
natericl precdominctes and seans of carbonaceous material are

relatively comnmon.

Towards the top of the succession, interbedded fine tuffs
and nassive tuffaceous horizons become irportant. These green
to buff coloured pyroclastics are generzally fine grained, with
beds ranging in thickness from less then 1 mm in the fine tuff
units to more than 30 c¢m in the coarscr naterial. Bottom-~
structurcs, chonnelling and cross-bedding occur, and gcading is
quite coimon (Plate 2:2,C,E and F). The loninae in the green,
fine tuff beds are exceptionally thin, lighter in colour and
nay originate through reworking of the pyroclastics.

The basc of the scries is not exposed, but purple znd
grey thinly bedded siltstones and nmudstones, a lithology typical

of the Ribband Group, occur at the southeast border of the map

area. These arc a key to the sequence.

2.2.2.3., Upper Volcanic Series

The Upper Volcanic Series consists of a sequence of inter-
bedded lavas, pyroclastics and scediments and is the host for

the major mineralization in the district.

Brenchley ond Treagus used a conglorieratce at the base of
the Courtown Limestone Formation as the basal narker for the

Ballynioney Group. This horizon has not been identified in the
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Avoca area, and thus the base of the Volcanic Series is arbitrarily
taken as the stage at which volcanic detritus assumes a major

role in sedimentation (Map 1).

Lithologically, the basal portion of the Series is a
scquence of scdiments and intercalated tuffs., The thickness of
individual beds in the sediments is variable up to 4 cm, and
generally the laminae range from 1 mn to 4 mn in width. The
pyroclastics are pale to dark green fine tuffs and lapilli tuffs.
Fine tuff horizons arce dominant and occosionally cross-stratified.
The lapilli tuffs are often graded and afford way-up evidence in
certain localities (Map l.). Finely laminated blue-grey to

buff siltstones and mudstones succecd the pyroclastics.

Interbedded with this sequence are. a series of rhyolitic
volcanic rocks, tcrmed felsites. TFelsite, is the field name
given to o distinctive rock unit - o compact light to dark grey
flinty material. These rocks form compound nasses greater than
500 ft thicl, conposed of relatively nossive units separated by
lenticles of 1opilli tuff, occasionally exhibiting grading of the
vitric and lithic frognents (Plate 2:B). The felsites occur as
relatively isolated outcrops but faulting has disrupted the

initial reclationships.

The felsites occur at the base of a lithological unit,
termed the Chlorite Zonc, which consists of light to dark, green
and grey rocks and serves as the sole 'marker-horizon'. These
rocks cre doninantly of pyroclastic origin and consist of fine
and coarse crystal-vitric tuffs. Intrusive volcanic and plutonic
rocks also occur, forming the bulk of the outcrop at the northeast
and southwest limits of the mineralized belt. Grading of the
pyroclasts is rare in the tuffs,and altcroation has destroyed the
prinary scdimentary featurces of the finer grained beds. Inter-
bedded siltstones and mudstones nre minor, and finely lominated.
Coarbonaceous secits are relatively common and are often spatially

associated with mineralization.

The Chlorite Zone is succeeded by a series of sediments
with pyroefdastic intercalations, lithologically similar to the

underlybag scquence, except for the rarity of felsite. Light
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and dariz blue~grey siltstones and nudstones are accompanied by

lithic and crystal tuffs which are grey-green to buff in colour.

Poot-depositional alteration of the volcanic rocks has
been intense, The felsites have suffered devitrification and
extensive silicification, whereas the intermediate and basic
tuffs have been altered into rocks consisting essentially of
quartz and chlorite. A penetrative cleavage has affected all
the strota; the siltstones and mudstones have been converted into

slates and nhyllites.

The Upper Volcanic Series contains the bulk of the rocks
previously referred to as the 'Avoca Schists' (158). The total
thickness ic unknown, but is probably greater than 5,000 ft (Fig 2.5.).

2.2.2.4, Intrusive rocks

A variety of intrusive rocks occur in the district, making
up a suite ranging from acid to basic. Hatch (106) and Trenlett
(225) published descriptions of the rock-types. The pioneering
account by Hatch produced a classification which is still pertinent
and lzrgely followed in the account below. A tripartite division
of the 'grcenstones' into diorite, gquartz-diorite and neta-
dolerite adequoately covers rocks of that type in the map area.

a) (Granite

Therc are two occurrences of granite in the district, at
Croghan Tinshela and Ballinaclash-Ballinacarrig. The granites
are shect-like ninor stocks. They are medium to fine grained
and light grey-white to pinkish-grey in colour, containing large
orthoclese feldspars. A proninent aureole of biotite andalusite
nornfels is adjacent to the Ballinoclash granite, and effects of
dynamic metamorphismii extend about 250 ft from the granite contact.
On Crogheon ¥Xinshela, however, no hornfels exists. This factor
nay be related to the difference in tine or node of emplacement

between the two granites.

b) Cuertz-porphyry and nicrogranite

Associated with the main Croghan Kinshela granite are a
series of dyke-like ninor intrusive sheets ranging in conposition
from quartz-porphyry to microgranite and aplite. These bodies

are broadly coaformable to the rcgional cleavage but show
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intrusive mnarginal relationships. Thicknesses are generally
about 4O ft but may be up to 100 ft. Fine to medium grained

and grey-white in colour they are of variable composition,

These acidic intrusives generally occur in the upper

part of the Upper Volcanic Series,.

c) Guartz-diorite

A series of stocks and associated lenticular dyke-like
bodies of qucortz-diorite concentrate at the north-eastern linmit
of the nap area, but nasses of similar composition occur through-
out the belt (Map l.). The rock is light grecenish-grey in colour,
nediun grained, sonetimes with dark plates of nmica (often
chloritized) up to 2 ruu in length, in a matrix of light, turbid

feldspar and quartz.

d) Diorite

Thesc rocks are green-grey in colour and differ from the
quartz-diorites in containing less quartz., Diorites tend to
occur as satellites to the najor intrusive nasses ond marginal
autonctasonatic alteration is conspicuous, forming a dense, dark
green, fine grained chloritic rocly which often contains specks

of sulphide.

e) lMetadolerite

Metadolerites occur as elongatc, lensoid dyke-like bodies
showing minor crosscutting relationships with the country-rocks.
Mediw: to fine grained and dark grecnish-grey, they contain laths
of amphibolec up to 3 mm in length, enclosed in a chloritic matrizx.
With increasing degree of alteration the rocks becone lighter in

colour,

f) Appinite

There is a solitary occurrence of appinite at Toberlownogh
on the northwest slope of Croghan Kinshcla (Map 1l.). The body
is shcet-like, 100 ft in width and is about 1,000 ft in length.
It is spotially associated with a lenticular intrusion of quartz-
porphyry, 500 ft away, and is enclosed in blue-grey siltstones
and nudstones. This occurrcnce, associated with the Croghan
granite, has many sinilar features to nembers of the appinitic

suite associcted with the Leinster pluton (41 ).
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2.2.3. Petrography

2,2.3%.1. Bedinentery rocks

The siltstones and nudstones consist of fragments of
quartz end feldspar (dominantly plagioclasc) in a matrix of
finely divided clay minerals, chlorite, sericitc and silica.
Highly ergillaceous scans contnin partings of carbonaceous naterial.
Pyrite is common. Megnetite, ilmenite and leucoxene nake up the

accessory iron oxide 'dust'! in the ferriferous laminae.

202.3%.2. Volcanic rocks

a) Tuffs

—

The mediwa and fine grained tuffs consist essentially of
feldspar, quartz, chlorite, calcite, epidote with accessory iron
xides, sphene and leucoxene. This assemblage is typical of low
greenschist facies netenorphism of intermediate to basic rocks (227).
In the relatively unaltered tuffs, the feldspar forns idiormorphic

grains (An ). Microcrysts of plegioclase (albite) occur

15-35
in the groundmass with calcite and chlorite. Distortion of twin
lamellee in plagioclase indicates post-crystallization deformation.
Phenocrysts of quartz are anhedral and chlorite corrodes the

grain outlines. IFluid inclusions are invariably present in the
guartz which is strain polarized. Granular, nicrocrystalline,
rcerystallized quartz, and chlorite occur in pressure fringes
surrounding quortz phenocrysts. Gress green, highly pleochroic
chlorite cccurs =s lath-like strecks zand wisps, sub-parallel to

the foliaticn. Anomalous brown interference colours suggest

that it is a nagnesiun-rich veriety ( 2 ). Epidote occurs as
subhedral groins included within feldspors and nlso as individual
anhedral grains and clusters in the chloritic natrix. Calcite
develops, through albitization and alteration of the feldspars,

cs irrcegulcor allotriomorphic segregntions. Leucoxene, sphene

and iron oxides occur as scattered grains, from the breakdown

of ferromognesion nincrals and nagnetite-ilmncnite.

Despitc extensive recrystallization, the fragnental
nature of these rocks is opparent when thin sections are viewed
in ordinary light with a partially closed diaphragm (Plate 2:G,H).

Positive identification of the nature of the pyroclasts is
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impossible, but from the whole-rock analyses material of andesitic,
and rhyolitic composition probably formed the bullk of the lithic
neterial. Chlorite-phyllites are the najor rock-type. Develop-
nent of truc phyllonites (212) is rare, being confined to those
arens where differcential novement has talken place along closely

spaced slip planes (e.g. the Chlorite Zonc in the nine area).

Microscopically the felsites exhibit a felsophyric texture,
with phenocrysts of quartz and feldspar in a felty cryptocrystalline
iiesostasis of quartz, micaceous minerals and scottercd feldspar
nicrolites (Plote 3). Accessory sphene and leucoxene arc ninor.
The quartz phenocrysts consist of rwultiple subhedral grains,
strain polcrized and exhibiting mortar texture. Fluid inclusions
are ubiquitous. The feldspar is albitic plagioclase (Ans),
with sinple, albite twin laonellae. Rupture and subsequent
rchealing of the feldspar phenocrysts with a granular nosaic of
recrystallized gquartz occurs, Plate 3:C,D., This implies post-
formational deformation. Chlorite and sericite surround the
phenocrysts in pressure fringes, and corrode the outlines of the
augen grains. Sphene and leucoxene occur as scattered granules

in the grcundmass, and epidote sometimes lines joint planes.

Tco discover the nature of these enignatic deposits, a
suite of samples was collected from the margin and main body
of reprcesentative felsites throughout the district. DNodular
structures ot the borders of individunl felsites consist of
knots of siliccous naterial. Rare spherulitic texturcs occur
(Plate 8:B), ond a parccutexitic texture develops around quartz
nacrocrysts (Flate 3: A-F), The lotter is probably the 'striae
fluxion' obscrved by Jukes (125). Streaked out lenticles of vitric

riaterial wnow devitrified and silicified may be origincl fiane.

Hatch (107) described the felsites as lavas, but other
writers have carefully avoided any conclusions. Secondary
silicification, which followed devitrification, is gencrally
intensc ncking study of the original characteristics difficult.
Beavon ct al. (21 ) indicated, that thc basal zones of sinilar
rhyolitic bodies are often the only region where diagnostic

textural infornation is retained. The presence of paraecutaxitic
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textures at the margins of felsites in the Avoca district and
possible original fiame suggest that they are a series of
rhyolitic pyroclastics which may be partly welded. Their large

aerial extent suggests that they may be ignimbrites,.

2.2.3.3. Intrusive rocks

The petrology of the granites was described by Haughton
(125), Sollas (209) and Hatch (117) and, although these descrip-

tions are out of date, the fundamentals are established,

The Croghan granite, which has a hypidiomorphic texture,
consists of idiomecrphic microperthite and anhedral quartz with
interstitial plagioclase feldspar (Plate 4:A). The microperthite
grains, wecaltly sericitized, contain subhedral included microcrysts
of plagioclase., The microcrysts of microperthite and quartz
have sutured nargins. Quartz grains are strongly strain polarized
and have warginal recrystallized microcrystalline zoncs. Graphic
intergrouth of quartz and potassium feldspar isminor. Plagioclase
(An25) occurs as subhedral grains, associated with gquartz and
biotite, in the interstices between microperthite laths. Anhedral
grains of sphene occur in the feldspar megacrysts, but more
commonly, accompany biotite. In contact with the enclosing
pelitic rocks the granite becomes granophyric, with a marked
increase in quartz and the amount of graphic quartz and feldspar
(Plate L4:B),

The Ballinaclash granite has a similar mineralogy and

texture, except that the plagiociése feldspar content increases

and grains of accessery zircon, surrounded by pleochroic haloes,

occur in biotite.

b) licrogranite and guartz-porphyry .

This scries of rocks is heterogencous, but typically
consists of microperthite and/or microcline, and quartz with
accessory biotite (or raorely muscovite), sphene and zircon having
a hypidiomorphic to allotriomorphic granular texture. Micro-

graphic intergrowth of quartz and feldspar, is prominent.

The zoning in idiomorphic potassium feldspar is revealed
by diffecreatial sericitic altcration of cores and margins. All

the quartz is strain polarized, anhedral and contains abundant
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fluid inclusions., Ragged plates of biotite commonly contain
included zircon grains with pleochroic haloes, and are locally
chloritized. Granular subhedral aggregates of sphene are

associated with the mica.

As the grain size coarsens, the macrocrysts of feldspar
and quartz develop mortar texture, the quartz sometimes becomes
porphyritic, strain effects become more marked and the degree

of feldspar alteration increases.

c) Quartz-diorite

These rocks consist of plagioclase feldspar and hornblende,
minor quartz, potassium feldspar and biotite, with accessory
apatite and enidote in a hypidiomorphic granular texture (Plate L4:C)
Idiomorphic oligoclase grains, weakly zoned, have strongly
saussuritized cores. Anhedral potassium feldspar and quartz
occupy tne interstices between the plagioclase megacrysts, which
are sonctimes rimmed by potassium feldspar. Subhedral prisms
and anhedral latis of hornblende are interstitial to the plagio-
clase. fLpatite grains occur in the feldspars amphibole, and
the groundmass as idiomorphic granules. Ragged chloritized
plates of biotite are common, with included limonitic dust.

Rare subhedral grains of epidote are disseminated in the matrix.

-3

his rock-type is defined by a modal quartz content in
excess cf 10¢/. It grades into diorite as the quartz content

decreases,

a) Diorite

The diorites are similar to the rocks described above,
being distinguished by a modal quartz content of less than 109
(Plate L:0)., The essential constituents are plagioclase feldspar,
potassium feldsnar, hornblende, quartz and biotite, having a
hypidiomorphic texture. Alteration of the plagioclase laths is
more intense than in the quartz-rich rocks and calcite and
saussurite develop. Potassium feldspar replaces idiomorphic
plagioclase and twin lamellze are distorted. Minor strain
polarized quartz occupies the interstices. Biotite is chloritized.
Ragged latiis and prisms of light brown hornblende are minor.
Apatite is comion, epidote is rare, and scattered grains of

pyrite occur,
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e) Mectadolerite

The nmetadolerites are a highly variable suite of rocks,
with a petrography that directly reflects their degrece of
alteration. Hatch (106) described the sequence of alteration
from the corc of a metadolerite intrusive traced towards its
nargin. The initial rock consists of uralite, oligoclase, and
accessory quartz, epidote and leucoxene., The plagioclase is
extensively saussuritized and calcite is present. Uralite occurs
as idiomorphic prismatic grains and plates. Interstitial quartz
is minor. Accessory anhedral grains of epidote and leucoxenc
occur (Plate L4:E).

As automctamorphism increases, the rock becomes foliated.
Uralite shows partial rin replacement by chlorite, plagioclase
becones incrcasingly albitic, quartz increasces and a crypto-
crystallinc groundmass develops fron the altcration products -
saussurite, calcite, cpidote and leucoxencec. Finally, chlorite
completely replaces uralite, quartz becomes an essential
constituent, the groundmass is cryptocrystalline, and sphene

becomes an accessory with calcite and lcucoxene (106).

The petrological similarity of the highly altered meta-
dolerite to a sheared intermediate or basic tuff is cvident.
Hatch (106) regarded all the greenstone masses, previously
designated ashes (130), as intrusives. A compromise between
these two views is nearer the truc situation (Map 1.).
Exanination of textures shown in ordinary light by thin sections
cut noriial to thc cleavage facilitates rcecognition of the
fregnentary naturc of the tuffs. A narked increase in epidote
also charactcerizes the volcanic greenstones and final proof is

given by the ficld relations.

f) Appinite

The appinite is a typical hornblendite, with ragged
ophitic plates of idiomorphic hornblende enclosing altered
plagioclasc feldspar in a mesostasis of feldspar and chlorite.
Accessory apatite, sphenc, zoisite, pyrite and leucoxene occur
(Plate 4:¥). 1iornblende exists in two forms; the primary
variety (Zac = 28-32°) is narginally altcred to a secondary

variety (Zac = 210). The primary hornblende contains inclusions
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of apatite and secondary hornblende producing a rude sieve

texturc. The secondary amphibole is marginally altered to chlorite.
The plagioclase (oligoclase) is strongly saussuritized and often
zoned. The mesostasis consists of chlorite laths, granules of

sphene and apatite, and euhedral microcrysts of hornblende.

Healed fractures in the hornblende megacrysts are evidence

of post-crystallization deformation.

2.2.4.Petrochemistry

The first analytical data on the rock types in the Avoca
district was presented by Haughton (125). Further contributions
to the chemistry of the granites and felsites were made by Sollas
(209) and liatch (107). A suite of felsites and tuffs have been
analysed by the writer, the results and their relationship to the

carlier data is discussed,

Anclyses were carried out by x-ray fluorescence, using the
technique described in appendix 1. The results are shown in
table 1, with earlier data. Descriptions of the samples are in

appendiz:z 2,

2.2.4.1, Major oxides

a) Bilica. 510, displays a large variation in the
felsites due to the varying intensity of secondary silicification.
The conposition of the Leinster granite, H1, and the major
mass of Croghan Xinshela, HL4 is close to the average granite
(162), whereas the Ballinaclash granite approaches the average
granodiorite. Sample H5 illustrates the increase in silica

content at the seclvages of intrusive granitic stocks,

b) Alumina. The altered rocks contain more alumina, due
to removal of the other constituents. Values vary with the

intensity of altcration.

c) Titenia. TiO, contents are gemerally low, but increase

2
markedly in altered tuffs, e.g. G.2, where appreciable epidote exists.
d) Iron, manganese oxide and magnesia. These constituents
show parallel behaviour, with higher contents in the altered
tuffs and intrusives, correlating with increase in ferromagnesian

minerals. Sample F,11l, showing enrichment in magnesia, is also



TABLE 1

CHEMICAL ANALYSES AND CIPW NORMS OF REPRESENTATIVE VOLCANIC AND PLUTONIC ROCKS FROM THE AVOCA DISTRICT
Specimen: F.1 F.2 F.3 F.4 F.5 F.6 F.7 F.8 F.9 F.10 F.1l1 F.l2 F.13 F.1l4 JH.1
Sio2 76.10 75.30 77.40 71.80 78.60 - 80.20 71.80 “60.80 80.00 79.60 73.00 76.60 76.00 77.70 81.36
A1203 9.74 13.43 10.22 12.57 10.51 10.00 11.40 16.76 ‘9.11 10.55 9.58 9.18 11.96 9.51 7.86
'J:io2 0.25 0.32 0.23 0.45 0.27 0.23 0.37 0.73 0.20 0.24 0.31 0.23 0.33 0.23 -
Fe203 1.89 2.25 2.34 2.44 1.33 0.24 0.89 1.65 1.68 1.77 * 1.63 2.01 1.87 3.32
FeO 2.39 0.lv 0.8 0.37 0.07 0.10 3.70 2.47 0932 0.66 3.63 3.07 0.22 1.49 -
MnO 0.01 * * * * * 0.01 0.03 0.01 * 0.03 * * % -
Mg0 0.30 0.03 0.14 0.38 0.04 0.01 0.27 0.32 0.07 0.02 1.95 0.04 0.03 0.10 0.45
Ca0 0.33 0.32 0.32 0.32 0.32 0.31 0.32 0.31 0.31 0.32 0.33 0.33 0.31 0.31 0.99
Nazo 0.02 0.22 0.10 0.56 0.10 0.49 0.02 0.37 0.01 0.13 0.25 0.44 0.01 0.02 2,63
K20 6.60 9.02 6.63 8.60 7.68 7.38 8.68 12.90 6.70 7.08 4.12 5,67 8.96 6.86 3.09
PZOS * 005 0,01 0.02 0.04 0.02 0.01 0.04 0.01 0.02 0,01 0.01 0.01 0.02 -
Total S * 0.03 * * * * * * 0.25 * * * * 0.18 -
H,0+ - - - - - - - - - - - - - - .
H,0- - - - - - - - - - - - - - -
TOTAL 97.63 101.04 98.25 97.51 98.96 98.98 97.47 96.38 98.42 100.39 93.21 97.20 99.84 98.11 99.70
Trace Elements: ppm
Co 17 1 x % * * * 5 * * * * * *
Ni 7 30 27 12 23 19 18 6 21 13 3 10 19 2
Cu 93 96 95 93 97 102 85 79 99 102 84 89 97 89
Zn 65 47 43 44 * 58 87 245 201 130 145 132 57 52
Rb 236 299 250 237 247 281 232 301 205 254 106 177 345 223
Sr 10 13 7 47 14 6 6 62 15 15 17 32 8 24
Pb 20 319 69 13 15 870 8 29 47 77 11 470 51 24

A =
CIPW Norms not detected
Qz 48.46 38.91 50.58 34.43 47.99 48.48 34.92 7.33 53.56 51.09 49.36 49.82 40.97 50.20 52.39
or 39.00 53.30 39.18 50.82 45.38 43.61 51.29 76.23 39.59 41.84 24.35 33.51 52.95 40.54 18.26
pl 1.81 3.12 2,37 6.20 2,17 5.55 1.69 4.41 1.56 2,56 3.69 5.29 1.56 1.58 22.77
co 1.96 2.84 2,32 1.81 1.55 0.69 1.41 1.72 1.30 2,14 4.13 1.74 1.71 1.5 =
o - - - - - = - - - - - - - - 2.42
wo
:i 3.18 0.07 0.35 0.95 0.10 0.02 6.14 2.82 0.17 v,05 11.07 4.01 0.07 1.06 -
ol - - _ - - - - - _ - - _ - - _
fo .
mt 2.74 - 2.10 - - N 1.29 2.39 0.48 1.43 - 2.36 - 2.71 -
ht - 2.25 0.89 2.44 1.33 0.24 - - 1.35 0.78 - - 2.01 - 3.32
ap - 0.12 0.02 0.05 0.09 0.05 0.02 0.09 0.02 0.05 0.02 0,02 0.02 0.05 -
Il 0.47 0.21 0.44 0.78 0.15 0.21 0.70 1.39 0.38 0.46 0.59 0.44 0.46 0.44. -
Ru - - - 0.04 0.19 0.12 - - - - - - 0.09 - -
Percent An 90.63 40.38 64.27 23.51 61.05 25.34 89.99 28.96 94.57 56.98 42.63 29.68 94.57 89.27 2.26

F.l - F.14 and G.1 - 2, by x-ray fluorescence.

JH.1, HG.l1 and 2, and H.l1 - H.5, from Jukes and Haughton (125).

FH.5 - FH.10, from Hatch (107).

Norms calculated on a CDC 6600 computer using programs devised by W.I. Ridley and B.M. Gunn.

(Description of samples in Appendix 2).

Analyst C.J.V.Wheatley

FH.5
70.6
15.3

0.7
1.7

0.8
0.8

2.7

6.1

0.9
99.6

1.0

14.1

FH.6
74.8
13.9

0.5
1.0

1.1

2,2
5.7

1.2
100.4

Fli.8
73.6
13.8
0.5
2.4
0.7
0.6
3.2
4.3

0.6
99.7

0.7

9.4

FH.9 FH.10

73.0
16,7
0.5
1.3

0.7.

0.5
4.2
2.2

1.2
100.3

7.1
13.0
38.0

6.5

3.7

71.2
16.8
0.8
1.5

0.9

0.8
4.7
2.0

1.5
100.2

32.2
11.8
43.7

5.5

4.3

1.2

8.6

6.1
47.60
14.82
0.97
0.59
9.63
0.52
4.22

5.33

1.67
3.66
0.19
0.14

89.20

14
20
70
136
116
99
24

. not determined

0.00
21.63
36.26

2.58
25.09

0.51
0.86

0.44
1.84

61.03

G.2
48.85
9.62
2.59
1.29
9.31

=~ 0.26

6.08
6.74
3.76
0.11
0.61
0.13

89.22

47
*

67
122
10
132
8

3.61
0.65
40.86

16.76
19.14

1.87

1.42
4.92

22.14

HG.1
52.08
15.60

5.75

2,57

k)

840
6.52
2.92
3.80

2.24
99.88

22,46
42.95

10.98
2.56

11.81

8.28
0.04

41.0

HG.2
57.88
15.20

7.50

1.35

6.34

4.81

2.67

3.03

1.04
99.82

10.58
17.91
43.13

2.59
16.48

46.1

H.1
72.07

H.3
70.80

H.4
73.66

14.81 18.00 13.64

2.22

0.33
* 1.63
3.06
4.87

1.09
100.08

22.7

0.80

0.24
©2.25
4.08
2.40

1.00 .
99.57

32,52
14.18
45.69

4.60

0.99

0.86

23.4 -

2.20
0.48
0.67
3.51
4.32

0.72
99.20

H.5
80.24
12.24

0.72

"0.89
5.58
0.40

]

100.07

34.06
25.53
33.03

1.97

2.27

2.36

9.5

44.18
2.36
51.63
1.01

0.35

0.77

8.1

68
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the nmost highly altered felsite.
¢) Line, Ca0 exhibits a similar distribution to the above.

f) Boda and potash. The felsites are highly potassic
and carlicr estimates of potash contents appear to have been
low (compare Haughton's analysis of the Bell Rock felsite:JH.1,
with the threce new cnalyses F.l to F.3.). Hatch (107) noted
sodic vericties TH. 9 and 10. There is no confirmation of
this amongst the new analyses, although sanples from the sane

localitices werce not reanalyscd.

g) Phosphorous. P205 shows a maximum value in the tuffs,

probably due to apatite in andesitic lapilli.

The incrcasced sulphur values reflect disseminated pyrite

in the more basic pyroclastics.

2.2.4.2. Trace elcments

a) Cobalt and Nickel. Cobalt and nickel contents arc
within the mean abundance figures for the rock-types (228),

with niclcl generally in excess of cobalt,

b) Copper, zinc and lead. Values of copper and zinc in
the tuffs are close to the mean abundance figures (87 ppm Cu and
105 ppm 2n) for basaltic rocks (228). The contents of zinc in
felsites arc conparable to those in siliceous igneous rocks;

60 ppnn (223), with samples F.8 to F.l2 showing cnrichreat. The
copper valucs in the felsites are greater than the mecan value
for granitic rocks 15 ppm (228). Lead contents are highly
variable, the uwean abundance figures being 6 ppm for basaltic
rocks and 17 ppir for granitic rocks. The anomolous values
within the felsites (samples F.2,6 and 12) nay be due to

deuteric or hydrothermal solutions accompanying the nineralization.

¢) Rubidium and strontium. Rb has a mean value of 243 ppn
in the felsites and 63 ppm in the tuffs. These figures reflect
the mean abundance of the element (228 ) which indicates enrichment
in greonitic roclis. The higher values correlate with high potash

content.

Sr is charcacteristic of early differentiates and the low

values in the felsites imply that they are late differentiates.
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Increased values in the intermediate tuffs suggest that they

are products of an earlier differentiation fraction.

2.2.5. Pctrogenesis

The petrogenetic significance of the rock analyses can
be considered in relation to a series of variation diagrams.(Fig.2.6).
CIPW norms heave been calculated for the analyses and are shown

in table 1.

2.2.5.1. Granitic rocks

Tuttle and Bowen (229) in a study of the systenm $10,-

KAlSiBOS-NaAlSi308-H20 at varying pressures, demonstrated that

the bulk of granitic rocks are of similar conposition and when

plotted as normative constitueuts fall within the area shown in
Figo.2.6A. The nean analysis of the Leinster pluton falls

within this area and that of the Croghan shect intrusive is
near-by and well within the distribution limits of the Newer
Caledonian granites demonstrated by Hall (102). The Ballinaclash
granite is enriched in soda, but grossly conforms to the other
data. The anomalous nature of the marginal facies of the

Croghan intrusive is apparcnt and is doubtless due to country

rock assimilation.

2e20502a Fclsites

Anclyscs of the felsites scatter widely when plotted
within the Q-Or-Ab-H,O system: Fig.2.bA. Some of the data
gathered by Hotch (107) fall within the field of Caledonian
granites, closc to the line joining minimunm cutectics, suggesting
that the felsite and granite nagmas nay be related. The new
analyses however, have a different distribution, concentrating
along the (-Or cdge. No nagnas with this composition are known,
and the felsites cannot have derived from the granitic nagna by
a noritel process of magnatic crystallization. Two of Hatch's
sanples: FH.9 and 10 plot in the intcrmediate zone noving
towards granitic composition, and support the idea of a connexipbn
betwecen the granite moagme and that producing the welded felsic
pyroclcstics. The felsites also show abnormal enrichment in

potash which requires an explanation.

It has been demonstrated by Lacy that, when water is
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added to a granitic melt, the structure breaks down with the
formation of hydroxyl groups (137). The alkali ions within the
melt are nore loosely held than their associated anions, and
transfer of alkalis only requires a thermal gradient and the
presence of a vapour phase (170). The basement below the Lower
Palaeozoic tectogene in S.E. Ireland was probably essentially
granitic in composition. During the Ordovician the basement was
probably tectonically depressed to a level in the crust sufficient
to transform it partially into a melt. The accumulating
eugeosynclinal pile of sediments and volcanics contained ample
pore water. It is proposed that this water acted in the manner
envisaged by Lacy to locally break down the structure of the
melt, Alkali-ion transfer in this medium aided by the conspicuous
thermal gradient, implied by the volcanic activity, would have
been considerable and a late stage melt-phase rich in Kt would
have dcveloped ( 44 ). This magma phase would rise to the surface
through zones of dilatation and on account of its intrinsic

high viscosity give rise to explosive volcanicity. ZEvidence of
this process at Avoca is afforded by the rhyolitic pyroclastics,
products of just such volcanicity. Devitrification of the pyro-
clastics was followed by silicification to form felsite.
Generation of the potassic rocks by this mechanism is favoured,
rather than mctasomatism by hydrothermal solutions, because the
felsites do not show a local,but regional enrichment in potash
and thus a primary source of potassium is more likely. Bodies

of Ordovician felsite elsewhere in S.&. Ireland are also
potassic,(C.J. Stillman, pers. comm.), confirming the relations

deduced at Avoca.

Post-dating the eruption of large volumes of the
potassic niagma fraction, the Leinster pluton was intruded,
having a mean composition lying close to the eutectic at 1,000

bars in the Q-0r-Ab-H,O0 system. Finally, granodioritic late

2
stage shect intrusives were emplaced, and developed marginal

assimilation effects.

The two other variation diagrams: Fig. 2.6B,C merely
endorse the characteristics of the acid rocks; the high alkali

content and enrichment of magnesia in Sample Fll is emphasized
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in the F-M-4 plot and the anomalous potash contents are striking

in the K-C~W diagram.

2.2.5.3. Intermediote pyroclastics and intrusives

These rocks on the F-M-A diagram, Fig. 2.6B appear to lie
on a calc-alkaline trend, compared with the typical tholeiitic
(Thingmuli) and calc-alkaline (Cascades) trends of Carmi.chael
(51) and are andesitic in composition. This follows reasoning
similar to that by Fitton and Hughes ( 86) who demonstrated
the presence of a calc-alkaline province in the southern Lake
District and North Wales, and allows projection of that province
during the Ordovician across the present Irish Sea area to

S.E. Ireland,

The K~C-1T plot Fig 2.6C, on which the Thingmuli and Cascade
trends are shown, essentially corroborates the above, although

the data is minimal and widely scattered.

2.2.6, Mineralization

There are & large number of mineral occurrences in the
Avoca district. The localities are shown on Map 1, and on areduced

scale in Fig, 2.7.
Moneyteige

Weaver (245) and Smyth (208) record iron ore production
from the gossans in this region 5% niles southwest of the Avoca
mine, where there are dumps and caved workings. The outcrops
indicate two narrow seams of siliceous megnetite ranging up to
15 £t thiclt, ond about 300 ft in length., Mineralization consists
of mognetite, hematite and disseminated chalcopyrite in a
siliceous matrix with a2 grade of about 1.5% Cu in dump materizal.
The wallrocliis are green tuffs, highly chloritic, with iron
oxide partings (Plate 8:G), locally intensely silicified and
typical of the Chlorite Zone. The detailed structure is
unknown, but the seams are broadly conformable with the regional
strike, and may be epigenetic stockworks of copper-rich siliceous
naterial intrusive into syngenetic iron deposit. DNo pyrite

occurs and no gold exists in polished section.
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Ballinasilloge

A scries of siliceous veins with sphalerite, galena and
minor chalcopyrite occur, about 1500 ft southeast of the
lMoneyteige deposits. Trial workings consist of a shallow adit
and a shaft (~150 ft deep) at the northeostern occurrence,
The country-rocks are silicified and chloritized pyroclastics
and sediments. The narrow veins crosscut the cleavage but are
broadly conformable with the regional trend. Localized high-

grading operations took ploce around 1860.
Alluvial Gold

Wicklow ecxperienced a minor gold rush in 1795 when a
22 oz. nugget purportedly from the Goldmines valley was exhibited
in Dublin (130). A1l the major strcams draining the northeast
and northwest flanks of Croghon Kinshela were extensively worked
until 1503 and 8,000 oz. were recovered (167). On the higher
elevations, an adit was driven and a series of trenches were
dug (Mcp 1, sheet 3). The source of the gold remains an enigma
as no mother lode was located. A reasonable hypothesis is that
the gold derived either from the pre-glacial gossans copping
the Moneyteige deposits or from gossans developed at Avoca,

wherc gold exists in the primary sulphide material (p.135).
Moreshill

A solitory shaft was sunk ot this locality, in black
slates which contain carbonaccous material. The mineralization
consists of thin (<2mm) scans of pyrite with minor disseninnted
chalcopyritec. The pyrite shows post-tectonic metablastic growth,
onc of the rarc examples from the district. Ullmoannite, a
rare nickel-antimony sulphide occurs in samples from the dumps.
Ylallroclzs are part of the Lower Lominated Series and scattered
pyrite euhedra occur within blue-grey to black shales and
siltstones. The corbonaccecous horizon implics that the metal
sulphides nay have originated within the scdiment and were

locolized by shearing during folding.
Knockmiller

2 series of thin (2-10 cn) seams of siliceous mincralization
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within cltcered siltstones 2and intercalated pyroclastics is
exposed ot the roadside. Mineralization consists of arseno-
pyrite, pyritc, sphalerite and galcna in varying proportions
within o siliccous matrix. The seams crosscut the cleavoge at
a spall angle. The high orsenopyrite content mekes this occur-

rence uinique.

Clonwillian

Tar

Lxposed in the western wall of an abandoned slate quarry
are o few thin scams (5-10cm) thick, carrying galena, calcite,
dolomite and guartz. The country rocks are siltstones and
nudstones with intercolated pyroclastics of the Lower Laminated
Series. The mineralization is crosscutting and mcoy be conten-

porancous with that at Ballintemple,a featurc noted by Smyth (208).
Ballykillogeer

£poil from o shallow pit contains disseminated chalco-
pyritc and pyrite within the altered margin of a silicified
metadolerite, and the scme minerals occur near a fault plane
exposcd to the north. This minor mineralizetion may be the
product of marginal alteration of the intrusive, but the

prospecct warrents further investigation.
Coolgarrow

An 2dit was driven on ferruginous fault breccia contoining
disseminctéd pyrite. The occurrence is minor, appears to wedge

out towards the southwest, ond probably is a supergene accumulation.
Ballycooz

Cole (58) and others, rccord active working around 1769
in this district, which is 3} milecs southwest of the mine.
A shallow 2dit and two drifts were driven, but 21l the workings
are coved., The mineralizotion consists of two en cchelon
bodies, o northern lode of siliceous magnetite with disscminated
chalcopyritc ond a southern lens of banded pyrite with minor
chalcopyritc. No trace of sphalerite, mentioned by Colec (58)

occurs. CGrob samples grade ~1.5-29Cu.

Vlellrocks are typiczl of the Chlorite Zone, grecen and

grey chlorite slates and phyllites. The mineralization is
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broadly conformcble with the regional trend. The megnetite-
rich orc appears to have been replaced by siliceous copper-
laden solutions, The bedded pyritc nay be syngenetic, A
sizeable surfoce magnetic cnomaly exists, but drilling

indicates thot the lenses wedge out in depth.
Ballintemple

On the southwest bank of the Aughrin River are abandoned
workings of cn old lead mine, now inaccessible. Mineralization

. . . . . . . o
consists of o crosscutting fissure-vein with o strike of 1207,

infilled with galena, dolomitc ond gouge. Smyth (208) recorded

e}

thot the seam varied from 2-20 cm in width, but this is recfuted
by others ( 58). Wallrocks are green-grey siliceous, chloritized
tuffs, with intrusive diorites. Isotopic age dota on galena

from this occurrcence (176) indicate an age of 210 % 4O n.y.,
which cgrees with the geological evidence that the mineralization

post-dcates that at the nine.
Aughrin River Roadside

A scries of intermittent, thin secams, 2-5 cm thick,
parzlleling the cleavage occur in roadside exposures. Minerali-
zotion consists of magnetite, pyrite and disseminated chalco-
pyrite. Host rocks are dork green chlorite phyllites in the

Chloritc Zonce.
Ballycoog Tord

At the base of the nearby cliff exposure, minor seans
2-5cm wide occur, containing pyrite, sphalerite and galena in
a siliccous natrix, The country-rocks are blue-grey to buff
tuffs, with interbedded sholes and siltstones of the Upper
Volcanic Serics. The nineralization crosscuts the cleavage in
the tuffs and is related to faulting. The trend of the scams
is closc to the cleavoge. This occurrence is similar to that

ot Knockmiller, but arsenopyrite is absecnt.
Knocknomohill

Surfoce pitting has opened up two lenses of siliceous
nagnetite, which termincte to the southwest agoinst a foult.
The lenses very in width from 1-6 ft. The mineralization

consists of mognetite, hematite ond quartz with specks of pyrite
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and cholcopyrite. Host rocks are iron-rich sediments and tuffs,
altercd to grecn chlorite phyllites, typical of the Chlorite
Zone, locally intensely silicified. The mineralization is
broadly conformable and although the precise structure is unknown
it apporently dies out rapidly in depth and may be an extension

of the mincralization described below.

Ballymoncen

Dunps ond & ruined engine house testify to former working
for copper and iron, around 1850, in this area, l% miles south-

west of the nminec.

A series of mineralized seans cross the nrea, but
correlation is difficult due to lack of exposure. The major
feature is o prominent foult which scparates the area into
two halves (Fige. 2.84).

To the west there are possibly two en echelon lenses of
siliccous nagnetite with minor pyrite, veined by later carbonates,
and indicated by surface pitting. Drilling has shown that the
lenses, which cre conformable in green chloritic phyllite, are
of limited extent. A stockpile of material (~ 200 tons) exists

near the adit portal with grades of ~ 50%Fe,

To the east, offset to the north by 600 ft ore a series
of orc lenses, developed from a shaft and adit (Fig. 2.8B).
The configurction of the mineralized zones is remorkably similer
to the Avoca mine. A banded pyritic zone stratigraphically
overlics o siliccous copper-rich zonce which hos o felsite in
the hangingwall. The minerslogy consists of pyrite, chalcopyrite
and sulphosclts (Ilate 24:G). The zones are conformable within
green chloritic phyllite, their extent is not known and extensions
to the mined out zones are excellent exploration torgets. The
zones probably have the same origin as their equivalents at

the Avoco minec.
Killecogh and Kilcoshel

A serics of ancient trial pits 2000ft northwest of
Ballymonecen indicate minor seams of siliceous chalcopyrite and
pyrite, often ot the morgins of dioritic intrusives. The country-

rocks cre blue~grey to buff laminated siltstones and nudstones
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with intercalated green tuff beds typical of the Upper Volcanic
Scries. The structure is not known in detail, but the

minerclization is minor.

In Xilleagh, a shaft (Cox's) has been sunk on a carbonaceous
horizon within shales and tuffs containing disseminated pyrite.
This may represent original iron sulphide formation in a carbona-
ceous shale, and the trace element content of the pyrite supports
this notion (p.176).

West Avoca: RBallygahan and Ballymurtagh

This is the site of extensive former operations, and
the present mine. A series of six en echelon lensoid lodes
occur, malzing up the present ore. Amongst the lodes two major
ore-types exist; pyritic and siliceous. The pyritic ore
consists of fine, medium and, rarely, coarse grainecd pyrite with
disseninated chalcopyrite and minor sphalerite and galena in a

highly chloritic host rock. (e.g. North, Pond and Central lodes).

The siliceous material consists of lenticles of quartz
with dissceminated pyrite and chalcopyrite and traces of galena
and sphaleritec. Extensive silicification and alteration of the
wallroclts produced siliceous chlorite and sericite schists,
phyllites and phyllonites. (e.g. North Lode South branch,
South and Hangingwall lodes). The geology and mineralization

are described in detail in section 2.3.5.

Avoca Valley

Horthwest of the mine are a series of short adits and
shafts driven on siliceous copper-rich seams. Thesc seans
rarely exceed 15 cm in width, and the country-rocks are andesitic
tuffs with interbedded siltstones and mudstones. The minerali-
zation is pyrite and chalcopyrite disseminated in a siliceous
natrix. These occurreaces illustrate the continuity of minerali-
zation in the central part of the belt and although minor,

sometimes persist sporadically for thousands of feet along strike.
Knockanode

A series of shallow abandoned workings and dump material

indicate scattered siliceous pyritic seams with disseminated
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gelena in a talcose phyllite. Host rocks are blue-grey siltstones
and mudstones and the mineralization is broadly conformable with

the cleavage,
East Avocc : Tigroney, Cronebane, Connary and Kilmacoo

This arca lying northeast of the Avoca fault, contains
extensive former workings and is the prime exploration target
for the present operation. At Tigroney and Cronebane, there are
two lodes: the northerly Main Sulphur lode consists of banded
and massive pyritic ore with significant sphalerite and galena.
The southerly, Hangingwall lode is a siliceous pyrite-chalcopyrite

ore with sphaleritc and galena.

At Connary and Kilmacoo, there arc two lodes; a northerly
pyritic lode and a southerly lode with sphalerite, galena, and

pyrite with disseminated chalcopyrite in a siliceous matrix.

All the mineralization at East Avoca is in the Chlorite

Zone, and is described fully in section 2.3.5.
Castle Howcord

A zonc has been explorcd by adits and narrow workings.

The mincralization is pyritic, consisting of banded pyrite, with
disscrninated chalcopyrite, becoming siliceous towards the
hangingwall., iallrocks nre bluc-grey tuffs, and the zone is
conformable with cleavage. The host rocks are similar to those
of the pyritic zones at the mine. Grab samples indicate grades
of n» 0,5 Cu over widths of 10-15 ft. The strike extent may

be about 300 ft. This occurence may represent syngenetic

pyrite in iron-rich tuffonceous sediments.
North Connary

Two prospect shnfts exist in black shale which locally
contains disseniinated pyrite. The host rocks are blue-grey
laminated siltstones and mudstones with intercalated tuff
horizons of the Upper Volcanic Series. Mineralization is
essentially pyritic, and the black shale contains specks of

carbonaccous material implying an original reducing environment.
Meetings ond Kingston

Adits and dumps indicate siliceous crosscutting lead-zinc
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veins, which are occasionally dolomitic, in siltstones and
mudstones with tuffaceous intercalaticons., Mineralization
consists of galena, sphalerite and minor pyrite and chalcopyrite
with quartz. The seams are nerrow, of limited extent, and are

broadly conformable to the schistosity.
Sroughmore and Rockstown

£ series of shallow adits, shafts and pits trace pyritic
mineralization. The mineralogy is exclusively pyrite and the
host rocks cre blue-grey to black siltstone, mudstone and tuff
with carbonzceous secams. The latter, with disseminated pyrite,
give risc to spectacular geophysicel anomalies. Drilling
indicates that thesc arc continuous along strike for thousands
of feet. Their frequent occurrence within this lithology,
makes geophysical interprctation hazardous, unless backed by

good ground geological coveragea
Bologh

L single shaft exists but there is no trace of the dump
material., It is on the prolongation of the mineralized belt

and may be o beorren prospect shaft.
Boallerd ond Ballycapple

Workings cre scattered over a strike length of 500 ft
and indicatc o magnetite zone which is 2% miles northenst of the
nine., Mineralization consists of banded siliceous nagnetite-
hematite lenses, up to 10 ft in width in buff and grey-grecen
chloritic mudstones and siltstones. A felsite body occurs in
the hongingwall. Murphy (pers. comm.) states that sampling
from 2 small stope returned an assay of 55% Fe over 6-8 ft,
and that a mean cssay for the ore is: 56% Fe ond 49 ¥Mn, The
gossans are highly mangoniferous, with up to 16% Mn ( 58).

This occurrence thins ropidly with depth.

Sunmary
The conformable mineral occurrences arce predominantly
in roclts of the Chlorite Zone, and crosscutting vein deposits

occur randonly throughout the belt.
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Three types of mineralization exist:

o) Lenticuler pyriticbodies, often with associated
siliceous cupriferous zones

b) Conformable magnetite lenses sometimes with associated
polymetallic mineralizction.

c) Siliceous polymetallic crosscutting veins.

The operating mine is in the centre of the mineralized

belt. Typec o) above, predominates and types b) and c¢) are minor.
2e2.70 Structure

Mo definitive morker horizons exist in the Avoca district,
and the structural scheme is developed from clecvage-bedding
relationsinips and associated minor structures. Poor exposure
results in an undue bias towards isolated outcrops, but the

effects of this are kept to o minimum.
Salient mesoscopic structural data are on Map 1.

The Avoca district has undergone at least three periods
of major deformntion, correlating well with the regional
sequence (p. 17 ). Minor structures are superimposed on major
features and only the mesoscopic elements can be recognized

in the field.

2.2.7:1. lcsoscopic Structure

a) Plenor

i) Bedding plancs, 8,

The lithological features of the rocks have already been
described, ond recognition of bedding in the finer grained
varicties (of the Chloritc Zone) is often inpossible due to the

nearly coincident regional cleavage, S However, in the

l.
norginal areas, somle measurenents of bedding were taken and
poles to these planes arc shown in Fig. 2.9B. The data are
minimal ond allow no positive deductions about the nature of

the first folds from the spread of the valucs.

ii) Regional Cleavage, S

1
A proninent slaty cleavage occurs throughout the district

and is penctrotive with the exception of the internal zones of
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the intrusive bodies. The cleavage has altered the rocks into
slates and phyllites in which the micaccous minerals arc orientated
sub-parcllel to the cleavage. The attitude of the cleavage is
remerkably consistent (Fig. 2.9). The average strike is 061°

and dips vory from 56—8008E. A well devcloped maxima exists,

ond the spread of the poles is probably due to small scale

superimoosed folds

iii) Fracture cleavege, S

2

A fracture cleavage, which crosscuts the minor fold
axes, is penetrative in the argillaceous units, but non-
penetrative in the more massive and arenaceous beds. This
cleavage is alwoys at a moderate angle to the bedding ond Sl’
and produces o kinked effect on the chloritic laninae. Few
readings of 52 werc obtained due to the scarcity of exposures
in the orgilloccous units. The available doata points to a

northwest trend and modernte dips to the southwest (Map 1l.).

iv) Axiol planes of minor folds

No cxamplles of F. folds occur in surface exposures, but

1

data relating to F, werc collected (Fig. 2.10B). Chevron folds

and kinlk bands arearelatively cornmon and with minor folds rcpresecnt
the F2 fold episode. The kink planes arc sometimes arranged in
conjugate scts (Plate 5:B) or moy merge into onc another forming
branching fracturce systems (Plate 5:4). The shapes of the minor
folds arc shown in plate 5:C. The form varies from concentric

to similor oand neither the wavelength nor amplitude is constant,
The distribution of the poles to minor folds and kink planes is

an exccllent conjugnte systemn.

v) PFoults

The fault pattern on Map 1 has been deduced from indirect
evidence from cerial photographs, coupled with ground observations.
Dircct evidence is given by offset of geological contacts., It
is not possible to determine the magnitude of displacement of

the faults due to the absence of marker horizons.

Treiilett (225) elucidated o maze of thrusts and faults

in the Avoca district, and assigned them to seven different scts,
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The present study simplifies this picture,

The rosc diogram, Fig.2.10C, illustrates the distribution
of the major surficial faults on which no dip direction can be

inferred. Threce dominant trends exist:
N-S, trending 174°

Vertical to sub-vertical oblique-slip faults arc predominant
and often have 2 sinestral tear component. As noted by Tremlett
these faults arc cut off by types b) and c¢) (see below) and
tend to cccur in pscudo-rift pairs. Faults of this type are

prominent at Tigroney, Crcnebane and Connary.
N.N.i/., trending 144°

These arc normal, dip faults, which are vertical to sub-
vertical, composed of a zone of multiple fracturec, frequently
have considerchle displacement (dextral or sinestral) and are
typified by the Avoca River frult. This fault correlates with
the Kirikece foult mapped by Tremlett northwest of the present

district.
E.N.B., trending 064°

These high angle strike foults are of minor extent,
gencrally with sinestral displacement. They may be sites for
the loceclization of late stage mineralization: e.g. Knockmiller,

Boallycoog Ford ctc., ond werc not recognized by Trenmlett.

A nojor, normal, high angle strike fault is the upper
boundory of the Upper Volcanic Series and has an average trend
of 0350. This fault, which nay have a throw of more than
5,000 ft corrclates with Tremlctt's northeasterly trending suite.
The present study, however, does not substantinte the Limerick
or Croghan thrusts postulated by Tremlett, and there is no

evidence for the major Castlemacadam or Ballinasilloge faults.

Foults on which inclinations could be measured arc shown
stercogrophicelly in Fig. 2.10D. Data are mininal, but corro-
borate the trends discussed above. Anderson ( 4 ) showed that
the redistribution of stresses adjncent to a major fault may
give risc to sccond order faults., The Avoca River fault has o

number of associcted faults, which may be of second order form.
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Chinnery ( 55) suggested that sccondnry foulting is confined to
the cnds of major faults and the fact that the Avoca fault
appears to die out when traced southeast of the present area

supports his contention.

211 the major faulting post-dates S, and probably also

1
82, and is therefore referred to o final deformation: D

3
vi) Joints

The distribution of joints in various rock types is
illustrated in Fig. 2.10. Joint planes in the incompetent
rocks (Platc 5:F)give rise to lineaments which arc clearly
visible on cir photographs. The distribution of the poles to
the joint plancs exhibit an indistinct concentration poaralleling
the regicncl (Fl) fold oxis and may be a-c joints. These
characteristicelly develop during the finel phase of orogeny,

when the regional stress relaxes (28).

b) Linear

et

i) Interscction of Sl and §O

The interscction of the regional cleavage ond bedding

produces o minor lineation on the cleavage trace. This lineation
is a microcrenulction or ribbing (Plate 5:E) with a wide varia-
tion in ottitude Fig. 2.10A. This variation may be due to over-
printing by loter deformation. A pronounced girdle is developed

in the »nlanc of S, and thus the linection is associated with

1
the axis of the najor Fl folds. (Assuming that SO is axial
planar te the F, folds).

1
ii) Bedding slip

Associated with the concentric ninor folds a fine bedding

slip lincation develops.

iii) Intersection of 82 and Sl

This feature which is rorely secn, gives rise to an

indistinct lineation on the trace of Sl.

iv) Axis of minor folds

There ore insufficient exposures to permit accurate

determination of the trend and plunge of nminor fold axes.
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v) Boudinage

Boudin-like structurcs occur in laninated blue-grey
slates 2t Kilmeocreo (Plate 5:D). The structures, with siliceous
rods, nay be pull-apart structurcs and not true boudins (180);

lack of exposurc does not allow o precise definition.

vi) Minercl clongation

Compresscd chlorite plates within the lithic tuffs
indicate a nineral elongation in the plane of Sl. Accurate
measurcrnents of the trend and plunge were impossible in the
surfnce exposurcs, but generally conform with the data collected
underground at the mine (p.90 ).

vii) Slickensides

The mojority of fault planes arc grooved by slickensides
which have varicble orientations. As directional indicators of
foult movement their use is controversial (177). Scveral periods
of movement hove taken plnce cach giving risc to differeing sets
of strictions. The sequence of movements is of little signifi-
cance to orec localization as faulting is post-ore,and detailed

study was not undertaken.

2.2.7.2. Mocroscopic Structurc

On the basis of way-up cvidence and cleavage-bedding
reloationships, the Avoca district straddles a monoclinal
structurc which is overturned towards the northwest(Fig. 2.11)

At Coats Bridge in Ballymorris townland, the cleavage-bedding
anglc diverges to ~540° Platec 2:D . and thus this point nust be
closc to the zonc of closurc of the nmonocline. The other fold
closurcs in the idealized scction have been deduced from the
rcgional outcrop pattern. Ilio closures applicable to Fl were
napped during this study, and the regional picture remains
uncertain. The najor folds arce relatively tight, with amplitudes

in excess of 3,000 ft and overturned axial plancs.

The intrusion of the Leinster pluton post-dated develop-
nent of Fl, was o pulsatory process (40 ) and took place with
loter satellite sheet intrusions along a NNE trend. This trend

is peralleled by the mejor strike fault bounding the Upper
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Volcanic Series, and thus the two structural events may be

interreloted.

2.2.7.%s Stress Distribution

The work of Anderson ( 4 ) allows prediction of the
stress distribution necessary to produce o set of fractures,
once complenentary slip surfaces have been recognizced. The
only.set of froctures in this study for which such data are
available cre the kink planes. Conjugate lkink planes, (Fig.2.1l0B)
produce two complementary girdles and the distribution of
stresses leading to the production of the kink planes is shown.
The meximum stress is vertical, and the minimum and intermediate
stresses plot close to the horizontal. This distribution is
characteristic of normal faulting ( 4 ) and of conditions in

the upper levels of the crust (177).

2.3 liconomic Geology

2.3.1s Introduction

The Avoca Mine is about one mile north of Avoca Village
and scvenr miles northwest of the port of Arklow., The area is
divided into two halves by the river forming an east and west
portion and the division is a geological break : the Avoca

River fault.

The regional and gencral geological setting have been
described, and in the following section, the stratigraphy,
lithology and petrology of the wallrocks is discussed, with the
structurc, mineralogy, geochemistry and genesis of the minerali-
zation. These factors are essential to understand the controls
of ore deposition and they also serve as guides for future

explorationa.

2.3.2, History of Mining

Goscans were reputedly worked in pre-llorman times (131).
Iron ore was ¢xtracted at Ballycoog, Moncyteige, Knocknamohill

and Ballard (Fig. 2.7), and mining waned in 1761.

Copper Mining, developed in about 1790, on the sides
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of the Avoca River and was dominant until 1840, Over 100 shafts
were sunk to depths verying from 20 ft to 650 ft using hand
noils, hammers and gunpowder. About 4 million tons of ore were
produced from the Tigroney Deep Adit. This ore was prinary -
chalcopyrite, with material from the zone of supergene enrichment.
Pyrite was rejected as waste. Copper was precipitated from the
acidic mine waters in ponds containing scrap iron (172).

The ore was transported to Arklow, and shipped to the South

Wales siielters in schooners returning with coal for the Cornish
punp engines., The ruined engine houses and stacks are a present-

day reuinder (Plate 14).

Sulphur became a vital commodity with the industrial
revoluticn in Britain. Sicily, the main producer induced a
rise in prices making recovery from pyrite economic. Pyrite
production dominated mining until 1880, when competition from
mines in Spain and Norway, and engineering difficulties made

extraction uneconomic, the nines becoming dormant.

Minor working took place during 191k-18 for copper to
supply Turopean war needs, and Mionrai Teoranta, the government
mining company extracted pyrite from West Avoca (257) during
1942-45, 1Iaternittant exploration took place from 1917-1949,
when work was intensified., The Ballygahan shaft was reopened
and deepened to 800 ft. A tunnel was driven 2,500 ft along the
strike of the orebodies at West Avoca, in the footwall of their
down-dip projection. Underground and surface drilling delimited
about 12 million tons at 1.13%! Cu. At Bast Avoca, 2 million
tons werc proved with. additional values in lead and zinc

(1.05% Pb and 1.50% Zn) (254).

Mogul Mining Corp. of Toronto took control through
St. Patrick's Copper Mines Ltd. in 1956. Sub-level transversc
and longitudinal open stope nining methods were employed, using
a 12° incline (Knight Tunnel) as access to the upper levels at
West Avoca. Developuient, loading and transportation of ore to
the 4,000 t.p.d. 1n1ill was nmainly trackless, and material from
the deeper levels was brought to the surface by a conveyor,

via an uanderground jaw crusher.
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A f211 in world copper prices added to dilution of the
ore in stopes due to breaking against a weak hangingwall and old
stopes, caused the company to pass into liquidation in 1962,
The mine wos maintained by the government, and in March 1969 an
option was exercised by Avoca Mines Ltd., controlled by Discovery
Mines Ltd. of Toronto. About 7 million tons of ore grading
0.98% Cu, after dilution, was proved. Production at 2,000 t.p.d.
began in 1970, Current mining at West Avoca involves longhole
open stoping for the South Orebody and mechanized trackless,
cut-and~fill for the Pond Orebody. The incline has been extended
to the 1670 level (Fig 2.12A). At East Avoca about 17} million
tons of ore is vproved, and will be worked from an open-pit on

Cronebane. Production at 500 t.p.d. is due in Autumn 1971.

Copper concentrate is shipped from Arklow to Europe, and
in addition 80,000 tbéns per annum of by-product pyrite will be

sold to Nitrigin Eireann, at Arklow for fertilizer production.

Revision of mining toxation stimulated operations at Avoca,
In 1956, the profits generated by new mines working non-bedded
deposits werc cxempt from Income and Corporction profits tax for
the first four years of production. In 1967, the 'tax holiday’
was incrcased to twenty yecrs for mines commencing production
before 1986.

2.3.3. Stratipraphy

The ccononic mineralization is in the Chlorite Zone of the
Upper Volconic Series, and Fig 2.12B shows the surface geology
of the mine arca. The rocks are a series of sediments and
volcanics, dominantly pyroclostics. Way-up evidence, from
grading of tuff lapilli exposed in the railway cutting south of
the mine, iudicates that the succession is overturned. (Other
localitices in Map 1 stress that this phenomenon is not restricted

to the nmine arco.

Lithological variations have been studied from drill cores,
and exposurcs underground at West Avoca. The extent of the

recent and former workings is shown in Fig 2.12A,
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(N.B. Mine datum is 1,000 ft above mean sea level and the

mine levels are numbered positively, downwards from this horizon.)

Roclt units have been established and the distribution of
these units on three levels at West Avoca is shown on Map 2, and
the geologicel 1level plons : Maps 3, 4, and 5. In cross-section,
changes in lithology are illustrated in Figs 2.13 cnd 2.14. (The
Ylest Avoca cross-section is coanstructed from drilling and develop-
nent data, whereas that of East :.voca is idealized, due to a
lack of drill-hole intersections.) Access to data gathered by
former mine geologists, OBrien, Murphy and Gordon-Smith was
provided by the company, but the interpretation presented herein

rests largely upon information gathered by the author.

Lanpard(1l38) recorded that Murphy established a scheme of
rock identification, but no information is available. The
following description is therefore the first annotated attempt

to lithologically define the rocks at Avoca.

Core was logged using a stetistical 'S/Q' Logging Method,
described in Appendix 4. The mineralogy of the rock units was
studied by optical and x-ray diffraction methods and the data

was compared with that in the text by Deer, Howie and Zussman(67 ).

2.3.3.1l. The Mine Schists

a) Lithology and Pcirography

The mine schists are a series of metamorphosed sedinents,
pyroclastics and lavas, converted into slates, phyllites and
phyllonites. True schists do not occur, but this terminology is

adhered to on account of long uzage at the nine.

The lithological divisions use two features of the rocks
as a basic. a) The proportion and character of the micaceous
mineral and b) the degree of secondary silicification. These
factors arc interrelated through wallrock alteration, a) reflecting
the primary roclk composition and, b) being the result of secondary
alteration.

(i.5. The colours refer to fresh rock, surface weathering
of the sulphide and chlorite produce a uniform buff coloured,

friable rock.)
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(i) ZLight grey siliceous chlorite schist

This reock type is closely associated with the siliceous
zones of mineralization and is common in the wallrocks surround-

ing the orcbodies (Map 2 and Fig 2.13).

Pale tuffaceous layers, 1-1.5 cm thick are interspersed
by dark olive green chloritic laminae, from 0.25~1 nn in width.
Seams of quartz, (1-1.5 mm) crosscut the penetrative cleavage,
delineated by the chlorite seams (Plate 6:C). In thin section,
the roclk consists essentially of quartz with minor chlorite, and
disseminated pyrite (Plate 7:F). The quartz is fine grained,
and hnas a saccharoidal fabric in which the grains have sutured
margins, contain numerous fluid inclusions and are strongly
strain polarized (Plate 7:B,C). The mean grain size of the
gquartz is 0.2 mm. The chlorite is pleochroic in olive greens,
has a small 2 V(-), shows anomalous violet interference colours,
implying that it is a ferroan variety. Disseminated pyrite

euhedra are 0,01-0.03 mm in size.

(ii) Dark grey siliceous chlorite schist

This is the major roclk type exposed underground and it
is the host rock for the siliceous zone nineralization., It
differs from (i), in containing more chlorite and this darkens
the colour of the rock (Plate 6:B). The chloritic foliae are
0.5-3%.0 i thick and the interstitial tuff layers have a width
of 0.5-1.0 cn. Hiliceous seaimns crosscut the foliation at small

angles and brecciate the tuff lenticles (Plate 7:E).

The'mineralogy and fabric in thin section is similar to
(i), but coarser in grain sizec. The pyrite granules, 0.05-
0.2 mm in size, concentrate in chloritic foliae. Slip planes
are narked by chlorite and the presence of a crenulation exists

on certain foliae (Plate 7:D).

An interesting variety of this schist occurs in the foot-
wall of the Fond lode. lMedium grey in colour, it consists of
chloritic fragments in a siliceous matrix with a rude agglo-
meratic texture (Plate 6:A). This rock may be similar to the

laharic breccia occurring in the area south of Arklow (38 ).
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At Avoca, the fragments range up to 6 cm in length, are about

2 ci thiclz and may be of andesitic material.

In thin section, the fragments consist essentially of
quartz with minor chlorite (Plate 8:D). The quartz shows a
recrystallized fabric with sutured grain margins and prominent
strain polarization, the texture is fine grained; dindividual
quartz grains ranging from 0.01-0.2 mn in size. The chlorite is

olive green and shows features similar to (i) and (ii) above.

(iii) Light grey sericite chlorite schist

This roclk~type occurs in the hangingwall of the Pond lode
and also in the hangingwall of the South lode (Map 2 and Fig 2.13).
Medium to fine grained, the roclk cecnsists of closely spaced
foliae (0.5-1.5 mm apart) parallel to the cleavage. The foliae
are sericitic and contain flattened ovate plates of chlorite;
1 cm by 0.5 cia, and about 0.2 mi thick. Elongation of these

plates givesrisc toa lineation (Plate 9:B).

In thin section the fragmental nature of the rock is
obvious (Plate 7:G,H). Essential constituents are sericite,
calcite, chlorite, feldspar and leucoxene with accessory quartz
and pyrite. The feldspar grains (~0.15 mn in size) are broken
and twin plancs are distorted, indicating a pre-cleavage origin.
Alteration of the feldspar to sericite is common. Pale green
chlorite malzing up the ovate plates, shows anomalous blue inter-
ference colours and does not contain disseminated pyrite grains;
these are scattered in the sericitic matrix. Carbonate; calcite
and dolomite infill pressure fringes around feldspar grains and
occupy crosscutting veins. Leucoxene rims feldspar grains and

is disseminated throughout the matrix. Quartz is rare.

(iv) Light grey siliceous sericitc schist

Typically occurring on the inmediate hangingwall of the
siliceous zone mineralization (e.g. South lode), this rock
contains highly siliceous tuff layers with sericite laminae,
giving a greenish-yellow sheen to the foliation planes. The
siliceous scams are 1-15 cm in width ahd the foliae vary from
0.5-1 mm in thickness, Fine grained pyrite is disseminated in
sericite scams, (Plate 6:E) and a slip lineation is visible on

cleavage planes.
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In thin section, sericite occurs in a matrix of fine
grained recrystallized quartz, cxhibiting a saccharoidal
texture. The sericite is strongly crenulated (Plate 9:D),

and much of the quartz is secondary.

(v) Green chlorite schist

This rock type is intimately associated with the pyritic
zones throughout the belt, and is prominent at West Avoca as
one of the Pond lode host rocks. Consisting almost entirely of
chlorite, the rock contains minor quartz and is intertanded
with pyritic lenticles, sometines with other sulphides. There
is a pronounced fissility and lustrous cleavage surfaces are
cormmon (Ilatel2A), and fine slip lineations are conspicuous.
The thickness of the individual bands of chlorite and pyrite

are geacrally 1-5 cn.

In thin section, chlorite is the essential constituent,
dork olive grecen in colour, with anomalous blue and violet
interference colours. Small euhedral granules of pyrite, fronm
0.02-0,0L ma in size are disseminoted throughout the chloritic
arcas (Plate 8:8). Within the pyritic lenticles, the grain
size of the pyrite increases to 0.1-0.8 mm and occasional

porphyritic groins occur.

(vi) Green-block chlorite schist

This rock unit (Plate 6:H) is one of the host rocks for
the pyritic zones, and differs macroscopically from the zbove

solely in colour,

In thin section there is an almost total absence of
quartz and the grain size of disseminated pyrite increases to

0.05-0.15 rsn (Flate 8:F). These factors account for the colour

differcnce,

(vii) Blue-black to bluec-grey chlorite schist

This is the third host lithology for the pyritic zones
(Map 2). The rock is similar to (v) and (vi), consisting of

interbandcd chlorite and sulphide lenticles.

In thin section, the chlorite is light olive green with

anonalous brown interference colours and a small 2 V(+),
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suggesting that it is magnesian ( 67 ); a supposition confirmed
by the whole rock analysis (sample A4.10, table 2 ). Pyrite
granules arc again disseminated in the chlorite (0.01-0.5 mm,

grain size) and the pyritic lenticles are generally 2-4 cm thick.

(viii) Black sericite schist

This rock unit occurs in the mining hangingwall of the
pyritic zones and is a soft, very fissile schistose rock which
causes problems in extraction of the adjacent ore as it caves
readily. Discocutinuous seams of sericite (1-2 mm in width)
are interspersed with siliceous laminae 1-3 mm thick, with
disserinated pyrite (Plate 6:D).

In thin section, the rock consists essentially of sericite,
calcite, and apatite with wisps of chlorite, minor quartz and
pyrite. The sericite occurs as small laths, and the apatite is
predominantly amorphous (collophane or dahllite) with micro-
crystalline grains of true apatite. Calcite extensively replaces
the collophane and the pyrite is of variable grain size. This
is the first annotated occurrence of a phosphorite rock in the

Avoca district.

(i) Graphite schist

Developed in zones of faulting (e.g. the hangingwall of
the Poné lode, West Avoca (Map 4)). The rock is a black fissile
slate (Plate 5:F) with metamorphosed carbonaceous partings.
Lamination is very fine (Plate 8:H), 5-20u in thickness, and
the lighter partings, are siliceous and contain disseminated

euhedral and spheroidal pyrite.
(xz) leached schist

Lieaching of the chlorite schists, described above, by
surface and ground waters produces a white friable rock. This
occurs on the surface at Cronebane, and underground in the hanging-
wall of the Ilorth lode at West Avoca (Map 3). The rock consists
essentially of silica, with illite and minor montmorillonite.

A siliceous boxwork is the sole remnant after extreme leaching.
(xi) Rhyolite

A pale grey aphanitic rock, which rarely possesses a
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rude foliation indicated by elongate ragged chloritic laminae,
is exposed in llo. 7 crosscut south, 1670 level, at its southerly
limit, and also in drill core. Considerable secondary silicifi-
cation by ramifying siliceous veinlets occurs, sometimes with
dolomite, and fine grained specks of disseminated pyrite are

common (Plate 6:G).

In thin section the texture is porphyritic (Plate 8:C),
and spherulites occur (Plate 8:B) in thne groundmass. The augen
consist of recrystallized quartz and the matrix is composed of

altered feldspar laths with sericitic cores.

The rock is texturally and lithologically similar to the
felsites described earlier. Contacts with the enclosing schists
are sharp, but there is no clear evidence of intrusion.
Lampard(138), and others, remarked on the difficulty of disting-
uishing between the sheared margin of a felsitic body and
silicified pyroclastic, but a mappable contact can usually
be found.

b) Wallrock alteration

HMany writers have pointed out that alteration of the
wallrocks is intense. DlNMurphy described the rocks as products of
profound alteration; 1lit-par-lit quartz veining and permeation,
silica metasomatism and chloritization (158). To quantify the
alteration cffects, partial whole-rock analyses of representative

rock units was carried out by X-ray fluorescence, using the
method described in appendix 1.

The whole core was assaycd during the exploration and
developnent programme at Avoca and thus it proved impossible
to obtain sufficicent samples to represent a complete transverse
section through the orecbodies. The lithological rock sequence is
based upon nacroscopic mineralogical variations, which relate to
differeuces in the bulk chemistry of the rocks. As a measure
of continuity exists in the roaclz units across the ore zones,
an idealized cross-strike section at West Avoca, was constructed
with sauples of representative rock units, which were analysed

for major and minor elements (Fig 2.15).
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The amount of contained sulphide in each sanmple was
minimized, as the purpose of the investigation was to discover
the nature of the host rocks. (The chemistry of the sulphides

is considered in a later section.)

The results of the analyses are shown in table 2 with
average mineral contents of the rock types. Variations in
some of the major oxides and trace elements are illustrated

graphically in I'ig 2.15.
(1) Hajor oxides

Silica. SiO2 contents are generally high, evidence of
silicification. Within pyritic zone (Pond lode) host rocks,
the amount of silica decreases markedly, to the extent that

sample Al2 contains virtually none as free quartz.

Alumina. The amount of A1203 largely depends upon the

amount of sericite in the roclk, and is low in the silicified

units.

Titania. TiO2 contents are low but increase in sampTes
G3, A7 and 45, which contain appreciable quantities of leucoxene

and, demonstrably, are altered pyroclastics.

Total iron. Variation in the amount of total iron,
expressed as Fe203, is large, and correlates with the proportion
of chlorite in the rock. The host rock units characterizing the
pyritic zones (and tyoical of the Chlorite Zone) contain
sufficient iron to be classed as iron formation (121). This

is a critical point in the genesis of the Avoce ores.

langanese oxide. Contents of MnO are low but increase

slightly in the iron-rich units.

Megnesia. MgO contents show a different behaviour to
the other major oxides. This is probably because magnesia distri-
bution is governed by the interplay of two factors: concentration
in dolomite, and/or magnesian chlorite. The latter explains

the high values recorded in samples Al10 and G3.

-

ime. The value of Ca0 is related to the calcite

content of the rock unit, exemplified by sample A2.
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4'. Green chlorite schist
7'. Blue-black chlorite schist
9'. Green-black chlorite schist
6'. Light grey siliceous chlorite schist
8'. Dark grey siliceous chlorite schist

chlorite schist

TABLE 2
_— - .
PARTIAL ANALYSES OF REPRESENTATIVE LITHOLOGICAL ROCK UNITS, WEST AVOCA
Major Oxides:Z A6 G3 A8 AS A7 - G5 A9 A2 All AlO
Sio2 75.65 46.0 56.80 68.10 42.00 45.00 74.00 38.40 35.75 40.00
¢ A1203 7.56 11.72 24.70°..6.47 29.50 25.70 8.95 25.60 10.26 10.04
. Tio2 .0.22  2.38  0.55 0.19 4.21 3.54 O0.41 0.32 0.32 0.25
Fe203 0.70 1.33 C, 1.57
FeO 0.14  7.23 3.90 13.60 5.10 5.56 3.90 3.50 37.50 22.85
MnO 0.01 o0.01 * 0.02 * 0.01 * * 0.04 0.03
Mg0 1.80 11.18 2.63 4.53 0.94 2.45 4.64 - 5.42 6.10 18.90
Ca0 .2.78 2.87 0.33 0.32 1.14 0.33 0.51 8.72 0.33 0.67
ﬂazo . 0.01 2.58 0.85 * 1.11 * 0.15 1.00 * *
KZO 6.82 . 1.17 -6.33 0.30 9.50 8.22 1.95 6.75 0.09 0.10
P205 0.01 0.26 0.02 0.01 0.70 0.05 0.06 6.28 0.02 0.02
Total S ~ 1.61 o0.15 0.87 1.32 1.63 0.23 1.20 1.43 1.10 3.14
TOTAL 97.31 86.88 96.98 94.86 95.83 92.66 95.77 97.42 91.51 96.00
S as FeS2 3.01 0.28 1.63 2.47 3.05 0.43 2,25 2.68 2,06 5.88
Trace Elements. : ppm .
Co 24 72° 17 50 - 64 60 190 30 - -
Ni 10 70 13 * 70 72 210 58 * *
Cu 92 84 100 502 95 986 150 83 50 534
Zn . 230 -.113 ‘138 128 118 1010 282 204 192 272
" Rb 204 47 268 16 341 ‘305 117 310 * 9
Sr * 59 41 * 35 18 * . 136 * *
Pb 152 52 85 122 4500 211 375 254 78 143
"% = Not detected
, . = = Not sought
Mineral Composition
Quartz . +HH T 4 + 4+ 4 ++ ++
Chlorite + 4+ +4++ + ++ + + 4+ A
Sericite + + +++ +H4+ H+E + -+ +
Pyrite + + + + + + + + ++
Calcite + ++ + +++
Dolomite ++ + ++ +
Graphite +
Rutile(Leucox.) ++ ++
- Feldspar ++ ++ ++ .
Collophane ’ ++
(dahllite) .
++++  30% Modal content
+++ 10-307 " "
- ++  5-102 " "
+ _1_ Sz ”" "
Description of samples : . )
A6 DDH 1644- 15'. Rhyolite_ : All  DDH 1353-11
G3 DDH 1644-236'. Light grey sericite chlorite schist Al0 DDH 1343- 6
A8 DDH 1632-210'. Light grey siliceous sericite schist Al2 DDH 1331- 4
A5 DDH 1644-304'. Dark grey siliceous chlorite schist A4 DDH 1332- 1
A7 DDH 1650-900'. Light brown siliceous ash A3 DDH 1332-
G5 P.Lode,720L,W.Ext.,HW.Light grey siliceous chlorite ~ Al DDH 1340- 10'.
schist
DDH 1332-147'. Graphite schist
A2 DDH 1331-136'. Black sericite schist G4

Al
77.60
5.75
0.14

8.70

0.01

2.26

0.32
*

0.53
*

10.25
95156
0.47

31

- 84
156
*
*

8

++4+
+++
+

+

Dark grey siliceous brecciated

1670L, 11 X-c S, 235' from portal. Dyke rock

G4
53.90
13.32
1.32
1.67
4.04
’0.03
5.22
2.80
4.01

" 3.26
0.75
0.14
90.46
1 0.26

89
88

132
69

700
18

+++
++
++

+++

Analyst ¢ C.J.V.Wheatley



FIG 2.15 70
MAJOR AND TRACE ELEMENT VARIATIONS IN AN IDEALIZED
CROSS-SECTION, WEST AVOCA
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Soda. Na20 contents are low or below detection, but the
increase in sample G3 is due to the sodic feldspar in this

pyroclastic.

Potash, K20 contents vary widely and depend upon the
sericite and/or feldspar content of the rock. In samples A6
and G5 the potash is dominantly provided by potassic feldspar
and in A7, 8, and 2 it is supplied by sericite.

Phosphorous. P2O5 is low except for sample A2, which

contains appreciable collophane (or dahllite) and apatite.

Sulphur. Contents of S reflect the amount of sulphide

in the rocl: unit.

(ii) Trace Elements

Cobalt and nickel. The erratic values are probably
contributed partially by contaminant sulphide. (It is interesting
that the cobalt and nickel content of graphite schist (49)
is high for both elements, whereas the contained pyrite shows
preferentiel incorporation of nickel (p. 175) with a content of

184 ppm, which is closely comparable).

Copper. Values arc generally low, showing an enrichment
in the host roclk for the siliceous zone mineralization (A5),
part of the pyritic zone (A1l0) and also the tuffaceous horizon
stratigraphically below the Pond lode (G5;-in the mining hanging-
wall). An increased content in the brecciated dark grey siliceous
chlorite schist on the footwall of the Pond lode suggests that

this rocz unit may have becen altered by deuteric or hydrothermal

cupriferous solutions.

%inc. The background level approximates to the mean
abundance figure for the pyroclastics (p.33 ). Values tend to
parallel those of copper without enrichment in the siliceous

zone. A distinctive high value occurs in the tuff horizon (G5).

Lead. A minor enrichment occurs in the pyritic zone
host roclis, with a higher value in the graphite schist (A9).
The footwall of the siliceous zone shows a marked increase in
value, a feature supported by mineral distribution analysis
of the South Orebody (Map 6).
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Rubidium. The rhyolite (A6) contains 204 ppm, which is
comparable to the mean for felsites from the Avoca district
(243 ppr). Otherwise, values of Rb correlate with the potassium

content of the roclis,represented by sericite.

Strontium. Contents of Sr arec often below the detection
limit, but a high value is recorded in A2, possibly because of
increased calcite content, or due to incorporation in collophane

by diadochic rcplacement of calcium (181).
c) Discussion.

The characteristics of the wallrock alteration can be
considered under four major headings:
(i) Introduction of silica and consequent silicification.
(ii) Development of chlorite.
(iii) ©Potassic metasomatism with the development of
sericite.

(iv) Devclopment of carbonate.

(i) Silicification

Undoubted tuffaccous and marine shale members in the
stratigraphic sequence sﬁggcst that the rock units represcnt
a sequence of tuffaceous sediments. Within this sequence, threc
episodes of silicification can be recognizcd. Although thesec
are locally distinct, similar cffects took place at different
periods of timc,depending upon the stratigraphic level in the
scdinentary pile.

a) Devitrification of the pyroclastics probably took
place within a system in which the connate waters were highly
siliccous. DMacroscopic and microscopic obscrvation confirms
that cxtensive post-formational silicification took place within
and outside the mineralized zones. This silicification
probably took place through the medium of circulating silica
saturated connatc water., (This produced the 'lit-par-lit!
effect mentioned by Murphy (158)).

b) In the siliccous mineralized zones, scams rich in
quartz arc demonstrably crosscutting and often accompanied by

sulphides. The quertz contains abundant fluid inclusions
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indicating possible crystallization from a hydrothermal fluid,
Hydrothermal solutioms, richin silica and alkalis, with dissolved
base metals were probably active and would have given risc to
silicification of the type associated with the siliceous zones.
c) The pore waters may have become siliccous during the
deformation which produced the regional cleavage, as they were
trapped in a eugosynclinal sequence rich in silica. These pore
waters migrated into fractures and pressure slacks deposited

silica, and produccd the third phase of silicification.

(ii) Chlorite

Chlorite is a prime indicator mineral in the rock units,
and thus its composition is of interest. Separation of pure
chlorite from the whole-roclk proved unrewarding, with the exception
of samples /[.1landl2, and therefore partial probe analysis of
reprecsentative, pure grains was carried out on the Geoscan
(cf.p.105 for details). The results are shown in table 3,
X-ray powder data are presented in table L4, and a reasonable

comparison with thuringite (ASTMS Card No.7-78) is illustrated.

A number of classifications of the chlorite minerals
have been suggested. Application of swelling heating and
dissolution tests, combined with X-ray diffraction, established
the absence of kaolin-type minerals at Avoca. A classification
of the chlorites based upon their optical characteristics was
used by Albee ( 2 ), and the relationship of the present data

to his scheme is shown in Fig 2.16A.

Hey (114) makes a primary subdivision into oxidized
varieties on the basis of the Fe203 content. In order to name
the chlorite associated with mineralization at Avoca, pure
mineral separates wcre obtained, using heavy liquid and magnetic
methods, from samples A.11 and 12 (2, 3 and 4 on table 3). (The
FeO content was determined using. the hot titremetric method.)
The results are shown in table 3, indicating that the chlorites are
clearlyoxidized(;4%Fe203). The data (Fig 2:6B) are scattered,

but the analyses generally correspond to a chamosite chlorite.

The presence of chamosite chlorite is the essential
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Table 3. DPartial probe analyses of chlorites from West Avoca.
1 2 3 L 5 6
Sio2 22,26 22,90 24,02 24,21 22.36 22.37
A:LZo3 15,98 18.91 16.30 16.95 19.36 20.20
Fe203 - 5.86 5.91 5.91 - -
FeO 27.27% 30.16 28.53 28,53 29.11x 32.52%
MgO 12.83 8.75 1o.41 10,61 7.45 9.37
Total % 78.34 86,58 85,17 86.21 78.28 84 46
(x Total Fe as Fe0.)
Numbers of cations, on the basis of 20(0).
Si 641 5.57 6,07 6,01 6,02 5,68 8
Al 1.59 2.43 1.93 1.99 1.99 2,32
A1 6.56 5.73 5.35 5.43 7,23 6.72 }\
Feol . 1.62 1.68 1.65 - - 15
FeZ*  2.68 3.06 3.01 2.96 3.27 3.4k J
Mg 2.75 1.59 1.96 1,96 1,50 1,78
Fe(Total) 4 49 o0.747 0.71 0.70 0.69 0.66
Fe + Vg

Description of samples:

(A5) DDH 1644-30k"
(A11) DDH 1353-114!
(A12) DDH 1331-49!

(s12) »

(AL) DDH 1332-16!
(A1) DDH 1340-10"

1t

(Analyst: P Suddaby)

Green chlorite schist

Dark grey siliceous chlorite schist.

Green-black chlorite schist.

"

Light grey siliceous chlorite schist.

Dark grey siliceous chlorite schist,



Table l:. X-ray powder diffraction data for chlorite

AVOCA ASTMS-7-78

Chamosite CoKa Thuringite CoKa'™

B L 14.02 9 14,1

10 7.07 10 7.07
- - 3 L, 726

LB k.70 2B L.57
“; 3.53 6 3.541
T 2.82 3 2.845
- - 1 2.642
.-4 2.55 > 2,576
T - 3 2.529
5 2.45 3 2,434
—7; 2.39 2 2.371
1 2.27 1 2.254
1B 2,16 0.5 2.062
L 2.01 2 1.998
2 1.885 1 1.878
1 1.822 0.5 1.818
- - 0.5B 1.745
1B 1.659 0.5 1.660
1B 1.566 1 1.563
Ty 1.550 3 1.532
1B 1.516 1 1.497
- - 0.5 1.458
2B 1.392 1 1.392

*Thuringite; Nessina, Limpopo, Transvaal.

75.
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characteristic of the Chlorite Zone, in which the pyritic and
magnetite-hematite zones occur. The chlorite is a well crystal-
lized metamorphic form, which could have derived from an
authigenic chamosite originating within sediments rich in iron,
alumina and silica. There is no evidence of metasomatism during

formation of the chlorite.

It is clear that the chlorite of the Chlorite Zone is an
environmental indicator, and not an index of metamorphic grade.
The Chlorite Zone denotes an intercalated 'iron formation' in

the lower part of the Upper Volcanic Series.
(iii) Sericite

Sericite is associcted with zones of siliccous minerali-
zation, and has formed either by potassium mctasomatism of
chlorite or through brecakdown of feldspars. It is invariably
associated with quartz which contains numerous fluid inclusions
and thus hydrothermal solutions rich in silica and K+,
associated with the siliceous mineralized zones, may have

caused the potassic metasomatism. The plates of sericite are

orientated parallel to the cleavage (Sl) and are crenulated.

(iv) Development of carbonate

Calcite and dolomite are the predominant carbonates.
Extensive dolomitization is associated with the tuff on the
hangingwall of the Pond lode, and calcite frequently occurs in
altered pyroclastics. Dolomite forms irrcgular veins and
stringers and is evenly disscminated in the groundmass of the
tuff. Crosscutting seams of pinkish or whitec dolomite (X calcite)
occur in the hangingwall of the lead-zinc rich portion of the
Pond lode. The dolomitized rock is associated with the phosphatic
and carbonaccous horizons, suggesting that the dolomitization

may be authigenic.

A distinctive dolomite-rich phyllite with a spherulitic
texture also occurs at the mine associated with the Pond lode
(M.V. OBrien, pers.comm.) and has been found elsewhere e.g.

at Rockstown (lMap 1,sheet 2)

Calcite occurs as an alteration product in the pyroclastic
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horizons, developing from the breakdown of feldspars.

Carbonatization of the schists and phyllites is of post-
depositional origin. Remobilization and recrystallization of
dolomite and calcite probably took place during deformation

under high pore-water conditions producing crosscutting veins.

The prescnce of ankerite, identified by Lampard (138),

was not corroborated.

d) Summary

Lithological features and analyses of the wall-rocks
indicate that a suite of tuffaceous sediments with an inter-
calated 'iron formation' exist and chlorite and secondary silico
formed during diagcnesis. Later hydrothermal activity by metal
laden, potassic, siliceous fluids caused scricitization and

extensive silicification.

During thec subsequent deformation, chlorite, sericite
and quartz vere partially rcorientated and recrystallization

took placc in pressurc slacks.

2+.3.3.2., Intrusive Rocks

a) Lithology and petrography

(1) liicro-diorite dykes

Undoubted intrusive rocks are rare in the mine area, but
thin (<10 ft in width) dykes have been cut by drill holes and
are ecxposcd in the hangingwall of the Pond and North lodes (lMap 2).
The roc!z is finc grained, grecnish-grey in colour, containing
scattercd glassy phenocrysts of quartz (up to 1 mm in diameter)
which arc set in an aphanitic matrix containing specks of pyrite.
Contacts, sometimes fault-bounded, are sinarp and a minor altera-~
tion zonc, 1 cm in width, occurs. The amount of pyrite
decrcasces away from the contact, suggesting that diffusion of

sulphur %ook place from the country rocks.

In thin section, the rocks consist esscentially of quartz,
feldspar and pyroxene. The quartz phenocrysts have overgrowths
of microcrystalline silica and feldspar laths in the matrix show

a rude trachytic texturc (Plate 8:A) in a groundmass of sericite
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and chlorite needles. Alteration is of variable intensity,

but in no casc could the original pyroxene be identified.

Lampard (138), in describing examples of this rock used
the term 'sodic microsyenite', however the whole rock analysis
(table 2) reveals a dioritic composition. A similar rocl:,
collected and described by Lampard, shows extreme alteration
and cuts pyritic material in the Grass Levels area at East Avoca.
This rocl: undoubtedly belongs to the same suite as the dykes
at West Lvoca. (The dykes appear generally to be stratigraphically

below mineralized zones, and occur at their margins.)

(ii) CQuartz-porphyry

A quartz-porphyry intrusive described by OBrien (167),
cuts mineralization at Connary and the ore is not appreciably
altered at the contact. This agrees with the features of
intrusive rocks noted above. Mackay (145) described tenorite
disseminated in the porphyry. The copper content of the intrusive
may be due partly to assimilation, but siliceous seams with
chalcopyrite are associated with the margin of the Ballinaclash
granite, suggesting that the porphyry magma may have been
enriched in copper, which concentrated in the marginal zones of
intrusive stocks. Sampling of the porphyry at Connary proved

impossible.

b) DPetrogenesis

Whole-rock, partial analysis of the microdiorite is
in table 2. The composition grossly compares with the average
diorite (162) and plots sensibly on the F-M-A and K-C-N
diagrams (Fig. 2.6B and C). Trace element contents of copper,
zinc and lead are close to the mean abundance figures. The
rubidiun and potassium content are not high, however, strontium
shows a marlied increase. This increase implies that the rock is
alkalic, but the analysis indicates that this is not so and

thus the value is anomalous.

The data supports the contention that the genesis of the
dyke roclis is related to the magma which gave rise to quartz-
porphyry and granitic intrusive activity during the climax of the

Caledonian orogene.
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2.3.4. Structure

Interpretation of the structure is critical to discover
the control for the location of the ore zones and to predict

extensions.

The mineralization has been deformed and pre-dates
1° A study

has been made of the deformation elements exposed in the mine

development of the prominent regional cleavage, S

workings. ialient mesoscopic structural data are recorded on
Maps 3, 4 and 5.

2.3.4.1. Mesoscopic Structure

(a) Planar

——— Aee

(i) Bedding planes, 8,

The primary silicate fabric has been almost wholly
reconstituted and ne original stratification exists. However,
as will be demonstrated in section 2.6, primary growth fabrics
do occur in the pyritic zones. The individual lenticles of
pyrite, incompetent during deformation, may therefore represent
the original planar fabric, SO. Quantitative measurement of
the attitude of discrete lenticles of pyrite was not possible,
because tuey tend to be discontinuous along the strike and
up-dip. (ualitatively the attitude of the pyritic horizons can
be gauged from detailed mapping of workings within the pyritic
zones. During the exploration and development phase, under-
ground workings are concentrated in the wallrocks and thus few
clean exposures of pyritic ore are found. Relevent data is
shown on Map; 4, and mapping of crosscuts in the Pond lode on
Figs. 2.17 and 2.18. Interpretation of these 'bedding structures!'

is considerad in the discussion.

(ii) Regional cleavage, Sy

A1l the rocks in the mine area are affected by a slaty
cleavage which is penetrative. Measurements of the cleavage
produce a consistent pattern, represented stereographically in
Fig. 2.19. he average strike is 0610, and dips vary from
52—69OSE, The spread of the values is due to overprinting by

later planar fabrics.
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FIG 2.19
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(iii) Fracture cleavage, S

2

Fracture cleavage typically develops in highly fissile
chloritic units and appears to be non-penetrative in the silicified
rocks. (Plate 11:H)., Poles to 82 planes are shown graphically
in Fig. 2.204 and a correlation with crenulation cleavage pole
distribution is evident (Fig. 2.20B). The sparse data indicates
a mean strike of 1300, with dips varying from 70°NE to 70°SW.
This corrcoborates the surface measurements, given in a previous

section.

(iv) Crenulation cleavage, S

2

In the siliceous rock units, crenulation of S, produces

1
a non-penctrative cleavage. The intersection of this crenulation
with Sl gives rise to a distinct lineation, with a steep pitch.
Stereographically, the data illustrate a mean trend of 1330

and dips averaging 75°NE. (Fig. 2.20B).

(v) Axial plane of minor folds, F

1

lfinor folds, predominantly drag-folds, are found in the
pyritic zones, and are well displayed in the 1300 level
Drive ilest (lap ). Attitudes of the axial planes are plotted
on Fig. 2.20C, with the axial surface lineations. The distribu-
tion indicates that the average fold axis is vertical, with a
trend of 0780 and a plunge of 22°E. The form of the minor folds is

illustrated in Plates 10, A to E, and 11:F. Wavelengths

and amplitudes are variable, from 5 ft to 10 ft and 2 ft to 5 ft
respectively., If the pyrite seams are parallel to So, these

minor folds are related to the Fl fold episode.

(vi) Kink planes

Hinlking of chloritic foliae commonly develops in the
fissile units. (Plate 9:4,C). Conjugate sets of planes occur
and poles to the planes are shown in Fig. 2.20D. The points are
distributed about two distinct girdles.

(vii) Faults

Dislocations are common, and three types of faults occur
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l. minor, 2, major and 3., open fissures and breccia zones.
1. Minor
Disruption of the foliation and of the mineralized
lenticles is common, and fractures on which displacement
is small (g1O0cm) are classed as minor. Poles to the
minor fault planes are shown in Fig. 2.21A. Three major
directions of faulting are apparent.
a) The dominant bimodel maximum indicates that the
majority of minor faults have an approximate north-south strike.
(& feature remarked upon, but not quantified, by Murphy (158)).
Strike, 179° and dip 84°W
Strike, 161° and dip 84°w.
These are normal and reversed oblique strike faults,

generally having a minor sinestral component of movement.

b) A series of steep normal faults is represented
by maxima, which indicate a strike of 1430 and dips
varying from 85°SW to 75°NE. These minor faults often
group together and collectively cause small-scale displace-
ment of the ore zones. Clay fault gouge occasionally
lines the fault planes, sometimes accompanied by remobil-
ized chalcopyrite, and, more rarely, by remobilized

sphalerite or galena. Supergene narcasite also occurs,

c¢) Strike slip faults give rise to a subsidiary
maxima with a strike of 047° and an average dip of
68°3E. These are essentially shear faults and, when
traced along their length, have a marked tendency to

merge into the schistosity.

2. Major

The major faults are oblique strike-slip faults
with a sinestral movement, either normal or reversed.
The fault planes are often smeared by gouge and strongly
slickensided. The projection (Fig. 2.21B) indicates an
average strike of 0260, and dips of 65°SE, Recognition
of these faults is of prime importance, as they may cause
considerable displacement of the mineralization. The
prominent Pond lode hangingwall fault clearly is reversed

(Plate 12:G). Faults of this type are primarily
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FIG 2. 21
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responsible for the en echelon distribution of the ore

zones. (Fig.2.13)

3. Open fissures and breccia zones

A series of faults with a mean strike of 169°
and steep dips from 7OOW to 75°E develop normal to the
regional cleavage (Fig 2.21C). The Great Head fault is
a typical example, mede up of a silicified breccia zone,
up to 15 ft in width. The faults are predominantly
normal, but a minor tear component may exist.

Open fissures infilled by angular fragments of
brolien rock from the fracture walls may be similar to
'a-c joints', and have formed when the regional stress
relaxed. Supergene chalcopyrite and granular crystalline

quartz encrust the fissure walls and the fault breccia.

(b) Linear

(i) Intersection of bedding and regional cleavage ; So and Sl

Stratification was not positively identified in the

wellrocks and thus there is no information about this feature.

(ii) Intersection of S, and S

1

£ distinct microcrenulation develops on the S, cleavage

1
trace, with a steep plunge. The attitude of this lineation
was not recerded because accurate measurement was difficult
and the attitude can be deduced stereographically, as the point

of intersection of the great circles containing the two cleavages.

(iii) Axis of minor folds

ixposures on the 1300 level enable accurate measurement
of the axes of drag folds in pyritic material (Map 4). A mean

trend of 078° and a plunge of 22°E exists.
(iv) Boudins

Boudins develop in the pyritic ore zones, especially in
portions of the Pond lode (Plate 10:F,G and H). The boudins
consist of chlorite with disseminated pyrite, and may be classed
as micro-boudins. Chalcopyrite infills the necks of the structures

and provides macroscopic evidence for remobilization and
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recrystaliization of chalcopyrite during folding. The form of
the boudin-nccks, tightly compressed, indicates marked contrac-
tion perpendicular to the foliation (180). An indistinct
elongation of the boudin cores has a southwesterly trend and

a small plunge.

(v) Tension gashes

En echelon sigmeid tension gashes infilled by quartsz
occur in the siliceous chlorite schists, occupying zones of
shear (180). (Plate 11:E). The gashes are often associated with

faults, and indicate the direction of movement.

(vi) 1Yineral eclongation

Plates of chlorite in the light grey sericite chlorite
schist (tuff) horizon on the hangingwall of the Pond lode, show
a marked linear elongation in the plane Sl (Plate 10:B). 1In situ
measurements of the trend and pitch from exposures on the 720
(Margaret) level arc plotted graphically on Fig 2.21D. The
distinct meaxima, trending 212° and plunging 38°SW, coincides

with the overall plunge of the mineralization.
(vii) Slickensides

Slickensides are common on the walls of major faults,
and a plot of the attitude of some striations is shown in
Fig 2.21E. B8Sets of grooves occur suggesting that movément was
pulsatory and not a distinct event (Plate 19B). A concentration
of points cxists, trending 027o with a plunge of 12° NE.
(Lampard rccorded (138) that striations on the walls of the

Great Ecad fault had a similar orientation.).

(¢) Discussion

(i) Relationship between cleavage S, and beddin S
) S g, 5

1

If the pyrite lenticles in the Pond lode are accepted as

representing the sole original stratification to have survived
deformation and metamorphism without obtaining a penetrative
fabric, then the nature of the first folds can be deduced from

the relationship betwcen cleavage, bedding and minor structures.

Detailed mapping of crosscuts driven at right angles to
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the foliation illustrates the relationship between folds in the
pyritic horizons and the cleavage (Sl), Fig. 2.18. The cleavage
dips more steeply than the bedding, implying that the Pond lode,
in the 1047 level crosscut south, occupies the right-way up

limb of an anticlinal structure.

(ii) Minor folds, F,

In terrain where there is no repeated folding, the minor
folds bhear a consistant relationship to the major structures
and reflect them in attitude (Pumpelli's Rule). The minor folds
in the Avoca arca possess a near-vertical axial plane and the
axis plunges 22° E. This suggests that the major fold structure

plunges at a low angle to the east.

The shape of the drag folds implies that a major fold
closure exists in the footwall of the Pond lode in the approximate

arca north of the Twin Shafts on the 1300 level (Fig. 2.22B),

(iii) Fracture and crenulation cleavage, S,

The near coincidence of the strike and dip of these two
structures indicates that they were produced by a system of
forces with a similar orientation (Fig. 2.21A and B).

(iv) Taulting

The analysis of faulting exposed in the underground
workings shows good agreement with the results from surface

mapping (cf. pe 51).

(v) 1lineral Elongation

The direction of mineral elongation is parallel to the
mean plunge of the ore grade material,which indicates that the
distribution of payable ore is governed by the state of stress
existing during metamorphism and deformation. The maximum
extension dircction is in the plane of the regional cleavage

(Sl) but is not coincident with the fold axis (Fig. 2.21D).

2.3.4.2. Mecroscopic Structure

Initial recognition of the possible existence of large

scale folding at West Avoca was by Murphy (158), who interpreted
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the macroscopic structure as a major overturned isoclinal syncline
in which the core was occupied by a schistose greenstone sill
having an overall plunge to the southwest at a small angle,

This view is currently supported by Platt (pers.comm.) who also
averrs that the major folds have a westerly plunge. Murphy
admitted that smell scale structures with an equivalent plunge

to the major folds are rare, prcof that little supporting
structural evidence exists in favour of that fold structure.

Knowledge of the macroscopic structure is thus somewhat confused.

The present study provides data which enable a fresh

interprctation of the macroscopic structure to be made.

The reclationship between cleavage and bedding and the
form of the minor structurces indicates a system of tight to
isoclinal folds which plunge to the east at a shallow angle.

These folds are parasitic upon the regional monoclinal structure
(Fig. 2.11).

The distribution of the mineralization in relation to
the macroscopic structure is in Fig. 2.22. The pyritic zones;
North, Pond and Central lodes are essentially a single horizon,
stratigraphically beneath which occur stockwork siliceous zones,

represented by the North lode South branch, Inner and South lodes,

A maximum extension direction in the Sl cleavage fabric
parallels the elongation of the orebodies. Remobilization and
recrystallizotion of the economic sulphides and the silicates
(except pyrite) during deformation is evident and thus redistri-
bution of ore grade material parallel to the direction of
maximum extension is plausable. (A similar relationship has

been denonstrated at Rammeclsberg (J.MMcM. Moore pers. comm.).

The presence of boudinage indicates that contraction
occurred perpendicular to the foliation, and the form of the
boudins at /voca illustrates that this contraction is consider-
able on the limbs of major folds. Silica migrated into tension
gashes and the minor folds are tight in style. The mesoscopic
structural evidence is therefore consistent with the development
of a2 macroscopic structure similar to that proposed. The structure

at East Avoca is not known, but probably corresponds to the
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FIG 2.22

Diagrammatic structural evolution,West Avoca.
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general picture at Viest Avoca.

2.3.4.3, Stress Distribution

In common with the surface data the only fracture surfaces
for which ccuiplementary sets cxist are late-stage kink planes
(Fig 2.20D). The maximum stress is near-vertical and the inter-
mediate and minimum stresses plot close to the horizontal.

Normal faults characterize late-stage displacements and this
orientation of stresses supplies the necessary conditions for

their formation in the upper levels of the crust (177).

2.3.5. Naturec of the Ore Zoncs

The individual zones of sulphide-rich material are
termed lodes, however, they are not true fissure-type
deposits and the connotation is a general one, indicating a
collection of closcly spaced nineralized seams. The local
usage, although primarily a miners phrase, has geological
application becausce the zones of mineralization are dominantly

'strata-bound', and can be precisely delineated.

The cssential features of the ore zones:; surface
expression, extent, major mineralogy, recpresentative grade

and typc, arc given in table 5.

2.3.5.1. liest Avoca

PO Sy

A sories of en ochelon lensoid lodes occurring close
together nmoliec up the present orebodies. Moving from north to

south across the belt they are: (Fig 2.13).

Vorth lode North Orebody

North lode, south branch (New lode) (undeveloped)
Inner lode

Pond Orebody
Pond lode

Ty

Central lode

South lode South Orebody

v-\.4/-., F

Hangingwall lode

a) North Orebody

(1) HNorth lode

This zonec provided the bulk of the sulphur mined during



1ABLE 5

ORE  ZONES _IN IHE AVOCA MINE _ AREA
WEST AVOCA EAST AVOCA
1 1
I NORTH OREBODY POJD OREBODY SUUTH OREBUDY r TIGRONEY W.CRONEBANE E .CRONEBANE COLNARY KILMACOO
1 1 1 L 1 1 1 1
r L — L 1 r ] I "  — 1
N.L.S.Br. "'DEAD
LODE NORTH (NEW) INNER POND CENTRAL  SOUTH HANGINGWALL LEAD-ZINC MAIN FOOTWALL HANGINGWALL GROUND" MAIN FOOTWALL HANGINGWALL MAIN FOUTWALL HANGINGWALL MAIN HANGINGWALL
T X I - l - n
Open pit Caved
+ workings Pits and
Surface Expression Caved Minor None Minor + Caved None None Caved workings + open pits caving Shallow pits and caving Pitting Trials and workirngs,
workings Open pit |Workings N
l ! | I I | l ]
Extent :
Strike length >2000' >1000' ~ 800" 22000' =1500" >2500" ~500* ~500'? >1500" ~1500' >1500" >1000" z'xooo'———
width 10'-40' ~5' 5'=30' 25'-30" 5'~ 245'[20'- 275) €15° ~30'? 15'-50" ~10' ~20" ? 15'-30'| <30' ? ? ? ? ?
Proven depth 2650 2150 2200 >1500" 21200' 22000 2200 ~300" 2800' 2600" 2600" ~ 200" >500'| 2600' ? ? ? ? ?
(or,vertical extent) - !
]
i
Major Mineralogy * PY»cp,81,| py,cp, PYsCP PY.Cp,mtl py,cp, PY,CP, py.cp py,sl,gn,cp Py slyun, | Py.cpasly|py,cp,sl, |{py,cp,sl,gn PYsCP,81,8! PYsCP,SL,8n 50,81, 1py,gn.sl,cp |
(*Symbols in Fig.2.23) (gn) (sl,gn) o (sl,gn)| sl,gn (si,4n) cp g0 gn PYsCP ;
J
Grade :
i
(representative) Cu % 0.5 1.5 <1.0 1.2-1.3 | 1.5-2.0 |1.0 0.8 0.3 1.5 2.0 1.0-1.5 ? 1.5 ? 0.5 1.5 ? ? Tr. 2.5 '
Zn % 0.8 . - - - - - ~7.0 3.0-5.0 1.0 1.5 1 2.0-4.0 ? 1.5 0.5 ? ? 14.0 2.0
Pb 2 0.1 - - - - - - ~ 3.0 1.0-3.0 0.5 0.5 ? 0.5-1.0 2 1.0 0.3 ? ? 15.5 3.0 l
. ]
s Z 25 10 - 25 12-18 6.0 4.0 15 15 12 6.0 ? 16 ? 5 ? ? ? 30 8.0 i
1
!
Nature (Zone type) Pyritic |Siliceous|Siliceous|Pyritic | Pyritic |[Siliceous|Siliceous | Lead-zinc Pyritic Pyritic |[Siliceous [Pyritic + |Pyritic| Pyritic|Siliceous [Pyritic|Pyritic |Siliceous [Pyritic|Siliceous !
Siliceous
J

76
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the latc ninetcenth and early twentieth century.

The mineralization is pyritic, massive and banded, with
minor disseniinated chalcopyrite, sphalerite and rare galena.
A significant increase in lead and zinc occurs tc the west,

but widths decrease.

The host rock is a green chlorite schist, and dark grey
siliceous chloritc schist forms the hanging and footwalls, and
in certainareas it is strongly leached. There is an overall
plunge to thc southwest, and faulting disrupts relationships
at the western cond, causing a thinning in values. Towards the
east, the intensity of mineralization decreases (169) and a

microdiorite dyke occures in the hangingwall (Map 3).

(ii) Horth lode, South branch (New lode)

This lode was developed from the Spa adit (Plate 1:A),

to a limited extent.

The mineralization is siliceous, ramifying veinlets
carrying dissemninated pyrite and chalcopyrite, with rare galena

and sphalerite.

The host rock is darl: grey siliceous chlorite schist.
Very little is l:nown about the mineral distribution and the lode
is cut off to the ecast by the Great Head and the Avoca River

faults, whilst to the west the mincralization diminishes.

The paucity of copper in the North lode mokes this a poor
exploration target in depth, however the character of the
mineralization mey change. The south branch, lying 300 ft
in the footwall, is a prime target, bearing in mind the regional
plunge of the mineralization to the southwest. (Recent drilling
confirms the existence of the latter in depth as the 'New!

lode (J.U. DIlatt, pers.comm.).
b) Pond Crebody
(1) Inner lode

liurphy (158) and others noted a zone of siliceous
mineralization in the footwall of the Pond lode called the

Inner lode (Fig 2.13).
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This lode appears to develop on and below the 1100
level. The mineralization is essentially made up of disseminated
pyrite and chelcopyrite in guartz. The host rocks are dark and
light grey siliceous chlorite schists, and in depth it may unite
with the Jouth lode.

nxtension of this zone in depth may provide further

reserves.
(ii) Pond lode

The surface outcrops are insignificant, but the lode
widens appreciably below the 600 level and is a source of copper
and sulphur. The lode is a banded and massive lenticular pyrite
zone with minor dissemimated chalcopyrite and lesser sphalerite
and galena., In the footwall there are magnetite-rich lenses,
with disscminated pyrite and chalcopyrite. The value of sulphur
decreases towards the margins of the lode and contents of lead
and zinc increase at the western end (an indication of the

Lead-zinc lode, see below).

The host rocks are dark green chlorite schists, with
dark grey siliceous chlorite schist on the footwall and a
'graphitic zoane’, or black carbonaceous shale, on the hanging-
wall. The hangingwall rocks are partly dolomitized, especially
in the west, where a tuff horizoa (light grey sericite chlorite
schist) assumes importance. (This rock is referred to by Murphy
(158) and otlers, as a 'greenstone'.) A phosphatic horizon occurs

within the shele.

The mineralized seams are not parallel to the foliation,
but inclined ot a small angle, and the plunge of the lode is
35°~400W. Iith increasing depth, the content of pyrite decreases
due to perumcation by siliceous veins, and to the east the lode
terminates against a reversed fault which causes a marked

thinning of values (Map 8).

¢) South Orecbody

(i) Central lode

This is the ore zone predominantly worked by the 'old

men' for copper and lies in the footwali of the South lode,



97 -

The ancient wortings are now marked by an open-pit(Plate 1:A).

The mineralization is banded and essentially composed of
pyrite with disseminated chalcopyrite, sphalerite and galena.
There are marked concentrations of lead and zinc on the hanging-
wall and Linahan (131) recorded a rich lead-zinc zone (kilmacooite)
in the upper levels in this lode, with up to 3.5% Zn and 1.5%
Pb over widths of 30-50 ft.

The host rock is a dark green chlorite schist with dark
and light grey siliceous chlorite schist on the hanging and footwall,
and the mineralized lenticles crosscut the foliation. The ore
zone plunges towards the southwest and the lode is interrupted
to the east by the Great Head and Avoca River fault system)
(Fig 2.1238). (Lampard (138) termed this lode 'Pond lode No.l.',
and although apt in the present structural context, the name
'Central! is adhered to, in order to facilitate comparison with

current mine usage.)
(ii) South lode

This occupies, essentially, the site of the major recent
developrnicnt and mining, producing surface caving a2long the

strike of the lode (Plate 1:A).

The moximum strike length is in excess of 2,500 ft and
widths vary considerably being dependent upon the cut-off grade
chosen and may exceed 100 ft, but are gencrally 75 ft (Table 5).
Mineralization consists of ramifying siliceous seams and veinlets
with disseninated pyrite and chalcopyrite and trace amounts of
sphalerite and galena (Plate 11:4,B). The grade is remarkably
uniform with a tenor of about 15 Cu and 6% 5, and was an

unccononic sourcc of copper for the ancients.

The host rock is a dark grey siliceous chlorite schist
with light grey varieties in the hanging and footwall (Fig 2.13
and Map 5). A discontinuous zone of sericitic schist occurs in
the hangingwell. An overall plunge of 35°-40°SW exists for the
centre of the lode which beccomes diffuse at its western limits
and is cut by the Great Head and other faults at the ecastern

margin.
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(iii) Hangingwall lode

This zone is in the hangingwall of the South lode.

Mineralization is siliceous, with disseminated chalco-

pyrite and nyrite.

Host rocks are dark and light grey siliceous chlorite
schists, sericitized in part, and the lode is discontinuous
vertically above and below the 1670 level. (A similar zone
occurs in the hangingwall of the South lode at the 1000 level
(Fig 2.13)). TFelsite, forming the conspicuous surface bluff of
the Bell Rock (Plate 1:A) is in the hangingwall.

d) Lead-zinc lode

A zone of lead-zinc enrichment occurs to the west of (and
en echelon with) the Pond lode and this is called the Lead-zinc
lode (Fig 2.12A). This mineralization, proved by meagre
drilling, contains reserves of about 500,000 tons with about

10% combined lead and zinc, and 2.8 oz/ton Ag(261).

Mineralization consists of banded sphalerite, galena and

pyrite with minor chalcopyrite, typical of 'kilmacooite' ore.

Host rocks are green and grey chlorite schists, and the

lode may be a faulted continuation of the Pond lode.
2.3.5.2. Hast hvoca.

The mineralized zone at East Avoca extends for a distance
of about 8,000 ft along the strike. Few of the workings are
accessible and the following description of the area is a
summary of previous accounts (7, 131, 257) coupled with the

writer's own observations.
a) Tigroney

A series of open-pits and surface caving (Plate 1:B),

indicate intensive former working.

Three poorly defined lodes occur : Main, Footwall and

Hangingwall.

The Main lode consists of banded and, rarely,massive

seams of pyrite, with disseminated sphalerite, galena and
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chalcopyrite. The Footwall lode is also a pyritic zone, but

enriched in chalcopyrite and depleted in sphalerite and galena.

The nangingwall lode dominantly consists of siliceous
veinlets, with disseminated pyrite, chalcopyrite,sphalerite and
galena. ©Situated in the hangingwall of this lode are discrete

siliceous zones which may carry high copper contents over narrow
widths.

Host rocks are dark and light grey siliceous chlorite
schists with sericitic zones on the hangingwall of the siliceous
lodes. Darl: green chlorite schists are the host rocks for the
pyritic zones. The mineralization plunges 350-4005W and terminates
to the east against the Great Fluccan fault, one of the faults
in the Avoca River fault system. To the west, values thin due
to the presence of a series of faults producing a cumulative
offset (Fig 2.12B).

b) Cronebane

In the west, there are minor zones, which received little
attention from the ancient miners, being termed 'Dead Ground!'.
The mineralization consists of a low grade pyritic zone in the
footwall of a siliceous zone; The Yellowbottoms and Blueburrows

lodes.

The cause of the decrease in intensity of mineralization
in this arca is not clear, and may be due either to post minerali-

zation structural effects, or simply variations along the strike.

In the east (Magpie-'B' Shaft section), a series of lodes
occurs. A main lode, essentially pyritic, has irregular hanging
and footwall lodes. The footwall lode is also dominantly pyritic
with high copper values and significant galena and sphalerite
(similer to the Footwall lode in Tigroney). The hangingwall
lode, is a siliceous zone with disseminated pyrite, chalcopyrite,

sphalerite and galena.

Host rocks throughout are chlorite schists with varying
degrees of silicification. Sericite-rich zones exist on the
hangingwell of the siliceous ore, and black shales with carbona-
ceous horizons locally occur. Dykes of intrusive microdiorite

(sometimes porphyritic) cut the footwall ore zones in the Grass
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Levels Adit and also the Magpie area.

c¢) Comnary

AR )

Three mineralized zones occur: a pyritic main lode, a
footwall lode of similar composition and a widespread zone of

hangingwall silicification.

The host rocks are a series of siliceous and chloritic
schists. Leached schist is common adjacent to fissures and

black, sometimes carbonaceous, shale horizons occur.

Intrusive microdiorite dykes have alsc been recorded (257).
The mineralization appears to plunge 350—4005W and the zone
terminates to the east against a prominent fault. To the west

the intensity of mineralization decreases.

d) Kilmacoo

Two major lodes occur, a Main lode; essentially pyritic
and lowr in copper, together with a siliceous Hangingwall lode.
This is the type area for 'kilmacooite!, a rock consisting of a
dense intergrowth of galena, sphalerite, pyrite and minor
chalcopyrite, Grades of this material vary widely but may be

>30% combined lead and zinc (Table 5).

The host rocks are green and grey chlorite schists, with
sericitic schists associated with the siliceous zones. The
mineralization appears to decrease in intensity towards the east
and the limits have not been precisely delineated. An interesting
feature is that felsite generally occurs in the hangingwall of
the ore zones in Tast Avoca and at Kilmacoo it also exists in
the footwall., Xilmacoo also is the apparent termination of
viable mineralization, this may have some structural signifi-

cance which is not yet clear.

2.3.6, The Ore Minerals and their paragenesis

2.3.56.1. Introduction

Aspects of the mineralogy and paragenesis of the Avoca
ores hove been studied. Odman reported (168) on polished

sections of material from the upper levels at East Avoca and
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the lead-zinc zone at West Avoca; his conclusions, in the light
of considerable experience of the Scandinavian deposits, are
useful. Sanples similar to those chosen for metallurgical tests
in 1967, were collected by the writer and are included in this
description. Lampard's work (138) provides extensive coverage
of the West Avoca deposits. Full use has been made of the
polished sections from that study as, in many cases, they
represent material it is now impossible to sample. A total of
over 25C polished sections have been examined including new
samples from Last and West Avoca together with material from

all the lnown mineral occurrences in the prospecting lease area.
The following description is an attempt to present an objective

conspectus of the ore mineralogy and paragenesis of the district.

2.3.6.2. Ore liineralogy

The elements of the mineralogy are shown in Fig. 2.23.
Primary ninerals are those formed during the initial period oxr
periods of mineralization (19), and those which formed from
descending surfece solutions, supergene (139). This distinction,
illustrated in the generalized paragenetic sequence (Fig. 2.27),

cannot bec rigorously applied.

The occurrence and distribution of the major primary ore
minerals depends upon their spatial arrangement within the
mineralized zone. As shown previously, a wide variety of ore
types exists, each with its own characteristic mineral associa-

tion. Tive broad divisions are recognized.
a) Tyritic zones (lodes)

Pyrite is the dominant mineral, either banded or as
massive lenticles with or without interstitial chalcopyrite,
sphalerite and galena in a chloritic matrix. Magnetite,
hematite, arsenopyrite, pyrrhotite, bismuthinite and native

bismuth are ninor, and gold is rare.

Represcntative examples are: MNorth, Pond and Central
lodes at VWest Avoca, the Main lode in Bast Avoca, the Castle
hHoward lode, the North lode at Ballymoneen and the South lode
at Ballycoog.
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b) Siliceous zones (lodes)

Major pyrite, chalcepyrite, sphalerite and lesser galena
occur within a siliceous matrix. Arsenopyrite, pyrrhotite,
bismuthinite, native bismuth, tetrahedrite, galenobismutite and

bournonite are minor with cobaltite and lillianite as trace

occurreicesa.

The South lode, South Branch of the orth lode and the
Hangingwall lode at Yesl Avoca are typical examples with the South

lode at Ballymoneen and the Hangingwall lode at East Avoca.

¢) Lead-zinc zones (lodes)

Banded sphalerite, galena and pyrite with minor arseno-
pyrite and chalcopyrite in a chloritic matrix. Tetrahedrite and
bournonite are rare., The Lead-zinc lode at West Avoca and the

zones at Kilmacoo are representatives, and include the material

known as ‘'kilmacooite',

d) lagnetite-zones (lodes)

Essential magnetite and hematite occur in a silico-
chloritic matrix with minor chalcopyrite and pyrite. Chalco-

pyrite, sphalerite, arsenopyrite, pyrrhotite and chromite are rare.

The minor magnetite zones in the footwall of the Pond
lode at Vest Avoca and those at lioneyteige, Ballycoog, Aughrim
River Roadside, Knocknamohill, Ballymoneen and Ballard, are

exanmples of this category.

e) Disseminated and vein-type mineralization

Throughout the wallrocks and within the stratigraphic
sequence, pyrite is ubiquitous. Minor veins with chalcopyrite,
sphalerite, arsenopyrite and galena also occur. Pyrrhotite,

.

and ullmannite are rare.

Represcntatives of this type occur at Moreshill,
Ballinasilloge, Knockmiller, Clonwilliam, Ballycoog Ford,
Ballintemple, Kilcashel, Knockuanode and Sroughmore (Fig. 2.7).

Supergene iron and copper minerals are formed in dump
material and open fractures underground. The zone of secondary

enrichment extends to a depth of about 200 ft below the surface
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but effects are minimal.

The occurrence of the various mineralogical types has
been described in a previous section, EXach type is not mutually

exclusive, gradations and diachronous relationships exist.

2.3.6.3. Laboratory Methods

Physical features and optical properties of the minerals
were examined in reflected light using a Reichert Zetopan ore
microscope. Identification was by reference to texts by
Uytenbogaart (230), Ramdohr (179) and Millman (152). Contrasts
with published data are recorded. Quantitative data on the

following properties was gathered on certain phases:

a) Indente%i~n icrohardness

Measurcment of the Vickers microhardness was carried out
with a Leitz Durimet microscope and an indenter attached. A
load of 50 gm was used for all the determinations in this work,
and applied for 20 secs, using the method of Young and Millman (258).

Values were derived from the formula:

VAN , = 18544 x L
- E
da
Where:
VEHN = Vickers microhardness number; kg/mm2
I, = Load applied; gm
d = Indentation diagonal of square; [

Measurements were madec on several grains of differing orientation
whenever possible.

b) Reflectivity

A Reichert Zetopan cquipped with a reflex microphotometer
was uscd, described in detail by Singh (204). Comparative
quantitative measurements werce made against the RSM Pyrite

Standard. Reflectivity is calculated from the formula:

RA e of mineral = Deflection value of mineral % K

Deflection value of standard

Where:
K = calibrated R} of standard and A = monochromatic wavelength

- in this case 546 nm, in air. It was not possible to obtain
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grains of known orientation and thus approximate figures are
given for bireflectance. The degree of dispersion was indicated

by comparison with Millman's data at 589 nm (152).

c¢) Electron-probe analysis

4 Combridge Microscan MK.l was employed to analyse
carbon-coated polished mineral surfaces. A constant accelerating
voltage of 25 XV wac used throughout. Average counts per ten
seconds from the sample were compared with the count rate from
standards whiich were pure metals or analysed samples. The
detection limit is 1.0%, or better, and thc precision of analyses

. T 5 .
is within = 5% of the relative valuc.

Guantitative data were corrected for errors due to
instrumental effects: absorption, overvoltage, atomic number
and fluorcscence, using a semi-empirical method (T.K. Xelly

and G.M. Stced pers. comm.).

A few analyses were performed on a Cambridge Geoscan
instrument opcrating at 15kV. The probe current was adjusted
to give a maximum count rate on the standards of 7000 c.p.s.
to avoid lorge dead-time corrections. Synthetic standards were
used, and other instrumental corrections were carried out on a
CDC 6600 computer using a program written by M.T. Frost. The

precision of the analyses is of the order of :1.5%,
d) X-ray diffraction

Small amounts of certain minerals were cxcavated from
polished scctions using a finc stecl needle and incorporated
in a small ball of rubber solution. The ball was mounted on a
drawn glass fibre and inserted in a Philips 11.46 cm (dia)
Debey-Scherrer powder camera. Zither Fe filtered CoKa
(A=1.7889°4) or Ni filtered CuKa ( A = 1.5405°4) radiation
was used. Interplenar spacings werce determined with the line
spacings being rcad on a Hilger Watts micrometer scale (< 0.05mm),
A correction was made for film shrinkage, and the relative
intensity of the lines was visually cstimated. X-ray diffrac-

tion anglecs were tabulated and the d values obtained from tables.
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¢) Etching

Inter- and intra-granular textures in the ore minerals were
revealed by surfoce etching using various reagents, following

technigues applied by earlier workers (230).

Pyrite was electrolytically cectched, with 10% chromic
acid solution employing a method similar to that described by
Lampard(138). Disseminated grains in a non-conductive ganguc

were treated with fuming nitric acid,

Sphalerite was etched with a 55% solution of hydrogen

iodide, and galena with hydrogen bromide solution (s.g., 1l.46-
1.490 ’

2.3.6.4. Primary Minerals

a) Dyrite: TeS,

(i) Pyritic zones

A complete gradation exists betwcen massive, and dissem-
inated pyrite, occurring within a chloritic matrix. The massive
secams arc made up of closely packecd cuhedral to subhedral
crystal aggregates with a variable grain size: O0,1-1.5 mm, often
only revealed after etching., Disseminated pyrite is sandwiched
between massive scams, and makes up the weakly mineralized
haloes surrounding the massive lenticles (Plate 13), where it
has a smaller grain size: 0.001-0.5 mm, however, porphyritic

crystals and aggregates do occur,

Slight variations in reflectivity often indicate the
presence of zoning in unetched specimens and thc non-stoichio-
metry of the pyrite. Anisotropy is very weak but none-the-less
distinct., The crystal morphology is dominantly cubic or semi-
cubic, with incompletely developed faces. Corrosion of the
crystal outlines and cores is ubiquitous and characteristic.

Zoning

Zoning in pyrite is almost universal and can be detected
prior to etching, but is obvious after treatment. Textures arc
illustrated in plates 1k, 15, 16 and 17. Ramdohr (179) stated
that zonation effects could be caused by (a) differences in

chemical composition between the zones, (b) inclusions of other
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minerals or (c) interruptions during crystal growth. Differences
in colour and hardness also give rise to zoning, e.g. in
bravoite, (233). At Avoca, the sub-grain boundary has a decreased
hardness and is initially etched. Inclusions of other minerals,
clays etc., during crystal growth may have given rise to sub-
grain inhomogencities, and may also have marked periods of
decreased crystal growth. Incorporztion of these extraneous
particles a2t sub-grain boundsries creates areas preferentially
lcached on etching. The cores of zoncd crystals often have an
octahedral habit (Plates 14, 16), but the observation by Ramdohr
(179) that the habit alters progressively to cubic in the outer

zones, is only partially substantiated.
Colloform textures

These arc common, especially in the upper mine levels in
the zones, (Plates 15,17:A) both botryoidal and reniform types

occur, Danded melnikovitic pyrite is characteristic,
spheroidal texturcs

Spherical and subspherical aggregates of pyrite concentrate
within the lead-zinc rich areas of the pyritic zones (Plates
23:1 and 3%).

Deformation textures

[any of the texturcs formerly ascribed to cataclasis and
deformation within the pyritic ores, arce now thought to have
been produced by leaching and this is considered further in the
discussion. Definite deformation fabrics due to mechanical
brecciation and brittle failure are shown by pyrite adjecent
to sliclhensides (Plate 12).

Inclusions

Inclusions rarely exist in pyrite from massive seams but
increasce with increasing matrix sulphide content. They occur as
“emulsion blebs of chalcopyrite, sphalerite, galena and pyrrhotitec
intimately related to zone and grain boundaries. This confirias
that unmizing of crystals is more complete at grain boundarics
than in cores. The minute (10 p) blebs of pyrrhotite occurring
with or without chalcopyrite are often included along zonec

boundaries.
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Grain boundary relations

As noted above, pyrite grains are normally strongly
corroded, especially in material from the upper levels or areas
exposed to surface oxidation and leaching (Plate 16:A). Zoned
crystals and crystal aggregates are replaced and differential
replacement is shown by initial attack and embayment along
fractures and zone boundaries. Melnikovitic pyrite (dirty
colloform pyrite - a very fine grained cryptocrystalline aggregate)

is very reactive to weathering (179) and has a brownish colour

- and decreased hardness in relation to unzoned pyrite. Etching

is rapid on material with these properties and produces textures
identical to those in material from the upper levels at Avoca,
(cf. Fig. 4387, in 179) (Plate 17). The 'dirty' nature of the
pyrite may be due to minute inclusions of clay grade material,
iron oxides and oxyhydroxides. These enlarge the free surface
of the pyrite available for reaction and thus increase the rate

of reaction with etch reagents.

(ii) Siliceous zones

Disseminated pyrite commonly occurs in the siliceous zones
in a silco-chloritic matrix. Lenticular seams of massive pyrite
with a siliceous matrix are rare, being dominantly confined to the
hangingwall portions of the zones. The grain size varies widely,
from 0.001-0.5 mm, depending upon the degree of aggregation.

Weak anistropy is universal and the morphology is cubic
with rare sub-cubic development. Corrosion and embayment of
crystal outlines by gangue and other sulphides is marked,

producing pseudocataclastic textures.
Zoning

In marked contrast to the pyritic zones, zoned pyrite
rarely occurs in the siliceous zones; the majority of grains
are euhedral to subhedral unzoned crystals or aggregates. The
zonal forms which do exist are shown in plate 18 and only occur
within areas of melnikovitic pyrite. The clear pyrite kernals
are more resistant to replacement and zonal textures are found
in the overgrowths of dirty pyrite. These melnikovitic areas
(Plate 18:C,D,E) infill the cores of lattice-works of clear

pyrite. These lattice-works may be remnants of former large
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zoned, corrcded grains. A similar relationship occurs in pyrite

from Cyprus (G. Constantinou pers. comm.)
Colloform textures

Colloform textures occur in the rare areas where melnikovitic

pyrite overgrows and replaces unzoned pyrite.
Spheroidal textures

Spheroidal textures are uncommon, except for corroded
atoll-like forms remaining after replacement of zoned pyrite.
At Tigroney, spheroidal pyrite occurs in lead-zinc rich material

from the hangingwall siliceous zone.
Deformation textures

lMechanical deformation is shown in plate 19, where
slickensided nmaterial has been sectioned. Chalcopyrite
complicates the relationships and prior to deformation, it
undoubtedly replaced the pyrite granules. On deformation,the
chalcopyrite behaved in a ductile manner and obtained the bulk
of the strain dy glide-twinning, followed by recrystallization.
Effects of strain on the pyrite were tius reduced, and granula-

tion and catcclasis only locally took place.
Inclusions

These concentrate in fractures or along the boundaries
of grains, but because there is much less zoned pyrite in the
siliceous zones, inclusions of chalcopyrite, galena, and
sphalerite are not as common in pyrite as they are in the

pyritic zones., Pyrrhotite inclusions were not observed.
CGrain boundary relations

In the abszence of chalcopyrite, pyrite grains are
euhedral to subhedral. However, in copper-rich material,
grains are stroangly embayed (Plate 25:4,B). The bulk of the
pyrite is unzoned and thus corrosion takes place at grain
boundaries and along fractures; where pyrite is zoned, prefer-

ential dissolution takes place at the zone boundaries.
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(iii) ILecad-zinc zones

Pyrite is usually banded sub-parallel to the foliation
in the individual lenticles of the lead-zinc zones, as a fine
grained matrix mineral to major sphalerite and galena. Anhedral
to subhedral grains and granular aggregates occur with a variable
grain size: 0.001-0.1 mm. Melnikovitic pyrite is common,
Anisotropy is weak, but distinct, and the crystal morphology is

sub-cubic to cubic. Embayment of zoned grains is marked.
Zoning

%oned textures after etching are illustrated in plates
16:C,D and 27. The prominent carecous replacement of pyrite by
sphalerite is characteristic. It is evident that sphalerite,
galena (and cilialcopyrite) are later in the paragenetic sequence
than pyrite. The grain boundaries of the latter are universally
corroded by the matrix sulphides. The coincidence of zones of
colloferm and spheroidal pyrite accumulation and the lead-zinc

rich portions of the mineralization is striking.
Colloform textures

These are comion, especially in partially oxidized material
from the upner levels at West Avoca (138). Radiating, botryoidal
and reniform textures occur, in addition to worm-like and atoll

structures.
Spheroidal textures

Unzoned pyrite is found in sub-spherular aggregates.
Framboidal pyrite is common, plates 20 and 34.

Deforuation textures

The matrix of the pyrite granules is either sphalerite or
galena. Un deformation the latter minerals are affected due
to an increased ductile behaviour. Remobilization is followed
by recrystallization, which is the main effect observed in the
assemblage. Pressure fringes around pyrite may be infilled by

sphalerite or galena (Plates 26:E and 29:G,H).
Inclusions

In common with zoned pyrite from other areas in the
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mineralized belt, the zone boundaries sometimes contain
inclusions of sphalerite, galena or chalcopyrite, as ovoid

blebs or segregations.
Grain boundary relations

Marked corrosion of the grain margins is ubiquitous,
pyrite being replaced by the base metal sulphides (Plate 16:C).

Preferential corrosion of zoned pyrite is common.
(iv) Hagnctite zones

- o

Pyrite is a minor constituent, occurring as disseminated
subhedral crystals: 0.001-1.0 mm in size, showing minor

replacemcnt by magnetite. It also replaces magnetite.
Zoning, colloform and spheroidal textures are absent.
Inclusions

Inclusions of both hematite and magnetite are common,

especially in fractures and at grain boundaries.
Grain boundary relations

Highly careous outlines are common and a poikilitic

texture is characteristic,

(v) Disseminated and vein-type mineralization

Disscminated pyrite occurs within a chloritic or graphitic
host. The grain size is highly variable: 0,001-1.5 mm,
Euhedral or subhedral crystals are common, either solitary or

as aggregates and they are often porphyroblastic (Plete 39:4).
Joning

This is common, and simple, with a few zones in each
crystal. Criginal euhedrazl cores are surrounded by later

anhedral overgrowths,
Colloform textures
These sometimes occur in oxidized material.
Spheroidal textures

The carbonaceous zone on the hangingwall of the Pond

lode at Viest Avoca contains myriads of framboidal pyrite
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spherulites (Plates 21 and 22).

Framboids have received much attention during the past
two decades (143), and are spherical to sub-spherical raspberry-
like aggregates of microcrystalline pyrite with a diameter
varying from <31l to >30u. The constituent crystallites range
in size from £0.51 to 6p. Agglomeration of framboids produces
a variety of shapes, from simple dumbells to complex clusters,
exemplified by material from Avoca (Plates 20,21 and 22). The
characteristics of microscopic framboidal pyrite (1L43), are

examined below.
L) External features

(i) Size. Analysis of the size distribution of
pyrite framboids from a pyritic carbonaceous horizon and
a. lecad-zinc rich ore seam are shown in Fig. 2.24.

(Sample traverses were made using a x60 objective and
measurements were taken with a Recichert micrometer ocular;
xS, to = 0.1u)

Framboidal pyrite spheres from the carbonaceous
rock have a unimodal positively skewed distribution
(Maxima = 3.5L) and a mean (observed) diameter of 3.8
(Fig. 2.2hkA). This corresponds to a true mean diameter

of 4.6, applying the corrcction procedure of Jackson
(in 143), where :

True Diameter = Average observed diameter

0.8165

In the lcad-zinc seam a more strongly skewed
distribution occurs (maxima = 7.54) with a mean diameter
of 12.1]t, corresponding to a true diameter of 14.8p
(Fig., 2.2LB).

The two populations of framboids are from syngenetic

(scnsu lato) and epigenetic mineralization.

There is a significant difference in size of
framboidal pyrite from the two environments. As the
two populations are from syngenetic (sensu lato) and

epigenctic mineralization, there may be a relationship
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FIG 2.24

A Size distribution of framboidal pyrite - Graphite schist,
Pond lode hangingwall, West Avoca.
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between framboid size and mode of formation.
(ii) Outline: spherical or sub-spherical.

(iii) Agglomeration

a) single; often with a carbonaceous 'sac'
visible (Plate 21:4).

b) Dumbell; with two units of similar sizc
(Plate 21:D).

c) Cubic; with four units of similar size
(Plate 21:E).

d) Cluster; with all units of similer size
(Plate 21:F,H,I).

The fact that framboids of similar size tend to
cluster together is confirmed by Kalliokoski and
Cathles (127) and Rickard (187).

B) Iatcrnal Characteristics

(i) Size of microcrystallites. There is a
gencralized size differentistion between the micro-
crystallites in framboids from the carbonaceous horizon
and the lead-zinc seam (Fig. 2.24). In the former it is
generally 1.0-1.54, although it may be 0.5p (Plates
21:3 and 22:4,B), and in the latter 1.5p-2.5p. Increase
in sizc of the component crystallites is thus accompanied
by increascd sizc of the composite framboid, a conclusion

reeched elsewhere by Wilson (in 127).

(ii) sStructurc. The crystallites are often
orcdered (Plates 21:B,C,F,H and 22:B). This conforms
grossly to cubic close-packing and corroborates observa-
tions by Xaliokoski and Cathles and Rickerd, who
postulated that electrostatic surface effects controlled

agglomeration (127, 187).
Inclusions

These are common where overgrowths of pyrite are present

and probably werc trapped during crystal growth.
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Grain boundary relations

fuhedra arc dominant with well developed crystal faces.

Replacement only occurs with zoned and colloform pyrite.

b) Chalcopyrite: CuFcS

2

& greatly increased tendency towards ductile behaviour
is shown by chalcopyrite in relation to pyrite. This fact,
together with a major affinity for the more siliceous portions
of the belt influences the distribution of chalcopyrite.

Oxidation and secondary cnrichment effects arc locally important.

Consideration of the pyrite paragenesis illustrates that
textures indicative of leaching and remobilization are present.
Although the original textures of chalcopyrite may have been
partially or wholly obliterated by recrystallization, the
asscemblage is described and in the following discussion,
tentative deductions about the form and nature of the various

concentrations of copper are made.

(i) Pyritic_zones

Chalcopyritc occurs as an interstitial cement to pyrite
grains aund apgregates; dnfilling the pore spaces formed by
leaching activity and partial replacement of primary pyrite
(Plate 2i), Remobilized, it occurs as infillings in crosscutting
fractures and shecars (Plates 12:G and 25:F). Rim and zonal

replaccuent of pyrite is common.

litching reveals the fabric (Plate 25). The grain size is
highly variable, but dominantly is 0.1-1.0 mm, as equidimen-
sional grains. In secondary shears and infilling pressure
fringes around pyrite, the grains are clongated parallel to the
foliation. (Therc is no evidence of translation during growth of
chalcopyrite in pressure fringes, and the cquigranular, direc-
tional fabric suggests that crystallization took placc within a

tensional environment.)
Deformation

Tyinning is almost universal and both lamellar and

polysynthetic types are common (Plate 25). Chalcopyrite,
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infilling latc stage cross-cutting fractures, is twinned thus
the association between twinning and zones of deformation,

noted by Ramdohr (179), is substantiated, Lampard (138)
demonstrated, however, that twinning could occur in chalcopyrite
which had crystallized in an open space, and so precise implica-

tions are impossible.
Inclusions

Inclusions are rare and usually consist of blebs of
sulphosalts, native bismuth or gold. Chalcopyrite is included

in pyrite, intergrown with pyrrhotite.
Grain boundary relations

Covellite replaces chalcopyritc in the zones of oxidation
(Plate 41:G). Relationships with galena and sphalerite are

considered under the headings of these minerals,

(ii) Siliceous zones

Concentrations of copper show a consistent average tenor
of ~»1,0¢ Cu., The optical characteristics, and fabric of chalco-
pyrite are similar to that in the pyritic zones, but the matrix
is siliceous. The textures are illustrated in plate 25:A,B.
Replacement of fractures in pyrite grains by chalcopyrite is

ubiquitous.

The grain size, recvealed on etching, varies about a
mean of 0.5 mm (Platc 25:B). The majority of grains are
equidimensional, untwinned and recrystallized. The twinning

appears to be simple and not translational.

Deformation characteristics in plate 19, illustrate that
chalcopyrite in slickensided zones is strongly twinned. Glide
and translation twinning is developecd in this case, and good

examples of shredded and bent twin lamellae exist (Plate 19:F,G,H).

Inclusions of sulphosalts and native bismuth, as ovoid

blebs and segregations, are rare,
Grain boundary rclations

Mutual boundaries occur against milky quartz (Plate 2L:H).

Minor threads of chalcopyrite sometimes penctrate the quartz
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grain boundarics.

(iii) Lead-zinc zones

The najor occurrence of chalcopyrite is as cxsolution
blebs in sphalerite, and as irrcgular segregations at grain
boundaries betwecen the sulphides, plate 28:B. The grain size
is generally lcss than that in the other zones: ranging from
0.025 mm to 0.1 mm. Equidimensional grains arc common and

twinning is minor.

Replacement relationships by chalcopyrite against
sphaleritec arc those expected from an exsolution product
(Platc 28:5), and mutual boundaries against galena are common.
(This may not illustrate a paragenetic feature, but a closc

similority in ductile behaviour).

(iv) Magnetite zones

Chalcopyrite occupices the interstices between magnetite
crystals and is similar to that in the pyritic zones. Thc grain
size is variable, with a mecan value of 0.5 mm (Plate 30:I).
ILquidimensional, gencrally untwinned grains arc common., In
schistose material the grains arc elongated parallel to the
foliation, hoving recrystallized in a tensional field. No

deformed twin lamellac cxist.

Grain boundory rclotions suggest chalcopyrite is of
later gencercotion than magnetite. Poikilitic magnetite crystals
arc infilled and cmbaycd by chalcopyrite, probably rcmobilized

during mctomorphism.

(v) Disscminated and vein-type mincralization

Thrcads and stringers of chalcopyrite, with pyrite, arc
dissemincted in the country-rocks, in a chloritic, silicecous
or graphitic matrix. Grain sizec is variable; ~ 0.5 mm, and
twinning is minor. The grains arc often clongated parallel to

the foliation.

Grain boundary rclations suggest penccontemporancous
crystallization of chalcopyrite and chlorite, although in

certain arcas chlorite necdles cut ccross grein margins of
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chalcopyritec. Inclusions of other sulphides occur as blcbs at

grain boundarics.
¢) Sphalcrite: ZnS

The physical properties of sphalerite arc onc of the
principle controls over the mode of occurrence., The tendency
towards ductilc bchaviour is slightly less than chalcopyrite
and much less than galena. Spholerite is the same generation,
or slightly later, in the parczgenetic sequence than chalcopyrite
and obviously later than pyrite (Fig. 2.26). The colour varics
from russet to a dcep red-brown, rcmobilized material being
lighter in colour. Characteristic rcddish internal reflecctions
are common. Neither zoning nor colloform textures occur and no

wurtzite was identified,

(i) DPyritic zones

Sphaleritc is interstitial to the pyrite grains, infills
open spaccs and strongly replaces zoned crystals (Plate 26:4,B).
Internal replaccement of zoncd pyritc by sphalerite produces

striking tcxtures (Plate 27).

Etching reveals a variable grain size, dominantly within
the range 0.1-1.0 mm, occurring as aggregates of roundcd to
polygonal grains. Therc is a tendency for the finer grained

matericl to concentrate at seam margins.

Deformation producces granulation and & decreasc in
sphalerite grain size, and has been referred to be McDonald (146).
Porphyroblastic undeformed sphalerite within scricite schist,
sometincs occurs with pressure fringes infilled by galena
(Plate 28:8,F), illustrcting the differcnce in ductile bechaviour

betwecen the two sulphides.

All scctions of sphalerite show marked twinning. Normally,
simple and polysynthetic twin lamellac (parallel to (111)) arec
developed. EIvidence for dislocation of twin planes is minor,

but examples are in plate 28,

Inclusions of chalcopyrite are universal in primary
sphalerite and arc absent in remobilized material (Plate 26:F).

This factor may cxplein the anomalously high iron contents
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recordec in the spectrographic analyses of primary sphalerites
and may be the reason for the close correspondence between

spectrographic and probe analyses of remobilized sphalerite (p. 184).

Plate

&}

28:B,C and G indiate that chalcopyrite inclusions
concentrate at grain boundaries. This is in contrast to Stanton
(215) and Ramdohr (179) who stated that twin planes were the site
of prefercential exsolution. (It can however, be argued that
original exsolution along twin planes at Avoca was followed by.
diffusion to the grain boundaries.) The inclusions are minute,
sub-spherical blebs 0.5U in size, which often coalesce to

produce larger allotriomorphic masses. Amounts of exsolved
chalcopyrite increase at sphalerite seam selvages, where

cooling duriang crystallization, would have allowed less

interstitial iron to be tolerated within the sphalerite lattice.

Replacement relationships at sphalerite grain boundaries
are shown by chalcopyrite, galcna and tetrahedrite; and

discussed under the headings of the specific minerals.,

(ii) Siliceous zones

Sphalerite is a minor constituent of the siliceous
zones at ifest Avoca, with irregular hangingwall and footwall
concentrations. At East Avoca the content of sphalerite rises
appreciably and it becomes a major mineral. Concordant and
crosscutting relationships occur within primary and remobilized
material respectively (Plate 26:E,G). Textures are similar to
those in the pyritic zones (Plate 26:E and F). The grain size
is variable, 0.1-1.5 mm, making up an interlocking mosaic.

Twinning is ubiquitous.

Deformation is not common, although twin lamellae are

occasionally bent,

Ovoid exsolution blebs of chalcopyrite occur, ranging
from sub-microscopic to 1.54 in size, and concentrate at
grain boundaries. Remobilized sphalerijite rarely contains
inclusions of chalcopyrite. Generally, sphalerite.associated
with chalcopyrite possesses a large number of inclusions, but,

associated with pyrite or quartz, the number is less.

leplacement of sphalerite by exsolved chalcopyrite is
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common. Pyrite exists as rounded groanules, and when zoned
(Plate 26:C) is deeply cmbaycd along zonal boundaries.
Characteristic atoll textures develop in intenscly corroded
(lcached) pyrite (Plate 27). In unzoncd pyrite the grain

boundary is rcplaced.

(iii) Lead-zinc zones

Sphalerite is the major constituent of these zones and
cxhibits textures similar to thosc alrcady described. Primary
sphalerite is invaricbly banded parallel to the foliation and shows
minor discordcnt effects (Plate 12:TF). Remobilized material

crosscuts corlier structures (Plate 12:1I).

The grain size is variable, and in monomineralic seams,
the grains may reach diameters of 2-5 mm. At the borders of
individucl scams the grain size decreasces, often spectacularly.

&n cven aggregote of rounded to polygonal grains is common.

Twinning is almost always present, and simple scctorial
twins tend to develop, however, polysynthetic twinning on (111)
is still prcdominant. Dislocation and distortion of twin pleoncs

is rarc,.

Inclusions of chalcopyrite, as ovoid scgregations at

grain boundarics, arc comaon and of a v-riable size.

Chalcopyrite, golcena and tetrohedrite all replace
sphalerite, which in turn corrodcs the outlines of pyritc and

chalcopyrite,.

(iv) Dlagnetite zones

Troce quantitices of sphalerite occur with chalcopyrite
(Plate 26:X). The grain size is small: 0.l mm cuhedral to
subhcdral and polysyntheticolly twinned. Minute exsolution
blcbs of chalcopyritce are common. Deformation textures do not
cxist, and sphaleritc crystallization probably overlapped that

of chalcopyritc.

(v) Disscminated and vein-type mincralization

Sphaleritec is a major constituent of siliccous vein-type

mincralization outside the mnin mine area, occurring with golena
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and chalcopyrite. The grain size is variable (Plate 29:D),
about a mean of 100W, and cquidimensional grains arc common.
A decrcase in grain sizc occurs near vein mergins. Twinning is

prcsent, but not distinct.

Deformation texturcs are not present and the assemblage
appeors to represent o close approach, or reapproach, to

equilibrium.

Inclusions of chalcopyrite are frcquent, as ovoid blebs
and marginal scgregoations, but they are not as numerous as in
sphaleritc from other zones., Rare clongate inclusions of
pyrrhotite occur in sphalerite ot Ballinasilloge, associated

with chalcopyrite and golena (Plate 33:D).

lutual boundary relations occur against galena. Breccia-
tion of included wollrock frogments testifics to the intrusive

nature of this mincralization.

d) Golena: PbS

.

This is the most ductile of the primory minerals. On
metamorphism and folding golena tends to migrate into pressurc
slacks and zones of dilatation, and this influcnces the mode of
occurrcnce. Galena is one of the final minerals to crystallize,
and reploaces every other major primery mineral. Sheared 'stcel!
galena wos absent; even in the most highly crenulated material

galena hoas reerystallized with an cquilibrium (?annenled) fabric.

(i) Pyritic zones

Alnost inveriably intergrown with sphalerite, galena
forms cuspate bodics at the groin boundorices of the enclosing

minerals,

Relatively uniform granular mosaics are the common mode,
no elongatc grains cxist. Zoning is absent and the equigranuloar
toxture suggests that it is the result of annealing and recrystal-

lization. (Plate 29).

Inclusions do not occur in galcna. A careous boundary

is oftcen shown by gnlena against chalcopyrite, and there is
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corrosion of sphalerite grain margins, and interruption of twin
boundorics. Remobilized supergene gnlena encrusts a fracture
planc in the pyritic zone on 1300 level at West Avoca, associated

with chelcopyrite and pyrite.

(ii) Siliccous zones

The grain size ranges from 0.1-0.5 mm, but in cvery
casc is lorger than that of adjncent sphalerite (Plate 29:F).
No clongate grains were identified and isolated scgregations
have cuspate outlines. Inclusions and zonal textures are absent.
Replocement textures are rare, however, thc cores of spheroidal

pyrite (Plates 23:I and 34) are occasionally infilled by galena.

(iii) ZLecd-zinc zones (kilm~cooite)

Gelene is'intimately associated with sphalerite, pyrite
and cholcopyrite (Plates 26, 27 and 28). Textures corrclate
with thosc in the pyritic zoncs; the golena occurs as allotrio-
morphic segregations composced of o polygonal groin aggregate,
The mcon groin size is 200p. No inclusions or deformation
textures were obscrved. Cuspate outlines are common and pyrite

granules have roundecd morgins.

(iv) licgnetitc zonecs

No golena identificed.

(v) Disscaincted and vein-type mineralization

Galeno is o major mineral in the siliccous vein type
deposits (c.g. Ballinasilloge) associnted with, or without
spholerite and dolomite (c.g. Ballintemple). Disseminated
galena occurs in scricitic and talcose schist at Knockanode,
Allotriomorphic masscs with a mean grain size of 150p orc common,
and cuspatce outlines are shown against other sulphides and
ganguc. Complex paragentic relationships cxist, but, in general,
golena crystallization post-dates development of chlorite and
the wallrock zlteration, and is probably contemporancous with
late stoge milky quartz. At Ballintemple, galena is encrusted

by dolomitca

Zoning and deformation textures were not observed. At
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Ballinasilloge an ovoid inclusion of pyrrhotite occurs in
galena (Plate 33:E), but otherwise the samples are free of

sulphide and sulphosalt inclusions.
e) DMagnetite: Fe304

llagnetite occurrences concentrate in prospects outside
the mine arca. The effects of metamorphism make dogmatic
conclusions ahout the origin of the magnetite hazardous,
The textural relationships are described and tentative deductions

made in the later discussion,

Ixsolved ilmenite lamellae are absent and the colour is
pinkish-brown, implying that the minor amounts of titanium
indicated by spectrographic analysis (section 2.3.7.) are held
within the lottice. Zoning was not observed within individual
grains, but at Knocknamohill cores of chromite with overgrowths
of magnetite werec identified (Plate 33:F). Martitization
often occurs, generally due to incipient weathering, in the

grab samples studied.

(i) Pyritic zones

At Vlest Avoca, magnetite occurs as two seams in the
footwall of the Pond lode, exposed in the 1047 level W. Drive,
extending to the 1300 level, from drill-hole data. Ragged
subhedral grains: 0.5-3.0 mm in size exist (Plate 30:4) and
appear to have been involved in tectonic events (Plate 30:B)
during which the grain boundaries were replaced. The occurrence
of magnetite may illustrate former oxidation effects. Inclusions
of rounded pyrite granules infill fractures, and chalcopyrite
and siderite embay the grain boundaries. Replaccment of magnetite

by pyrite, chalcopyrite, goethite, siderite and quartz occurs.

(ii) Siliceous zones

Absent.

(iii) Lead-zinc =zones

Absent.

(iv) Magnetite zones

Siliceous and more rarely dolomitic, banded iron ores occur

in a chloritic schist.
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lioneyteige: banded magnetite-hematite ore is found,
with interstitial chalcopyrite and quartz. Magnetite occurs as
subhedral to cuhedral crystal aggregates 0,15-0.25 mm in sigze,
and as tabular crystals, psecudomorphing hematite. Wispy
hematite replaces magnetite (Plate 30:F), especially in zones
of seccondary shearing. Interstitial chalcopyrite as allotrio-
morphic massces infills fractures, cleavages and corrodes the

magnetite grains. Selvage alteration to covellite is marked.

A number of occurrences exist on either bank of the
Aughrim River Valley. Euhedral and subhedral grains and aggregates
of magnetite vuith a variable grain size; 0.05-0.5 mnm, are
characteristic. Complex and contradictory relationships
between pyrite and magnetite (Plate 30) grains exist; magnetite
replaces pyrite and overgrowths of pyrite on magnetite occur
(Plate 30:D,J,). Magnetite replaces hematite and is itself

replaced by hematite.

L synthesis of the relations appears to be as follows:
alteration of primary pyrite, possibly by leaching, produces
hematite and hydrated iron oxides (limonite). Metamorphisn,
to give magnetite, is followed by later overgrowths of pyrite

and subscquent martitization.

At Ballard, the ore is banded (Plate 31:H,J) and consists
of cuhedral to subhedral grains of magnetite which vary in
size from 0.02-0.1 mm, siliceous matrix. Banding is due to
changes in grain size. Pseudo-graded bedding is illustrated
in plate 31:II. Altcration along cleavage planes (martitization)
to form hematite laths is rare (Plate 31:I). Grain boundaries
are replaced by jasperoid quartz which contains sub-microscopic
inclusions of hematite.
f) Hematite : CL--Fe203

Typically found as a secondary oxidation product, it also
occurs as a primary mineral in the magnetite zones, indicated
above. Twinning is beautifully developed (Plate 30:G and 31:D),

and there is no evidence of zoning.

Huhedral to subhedral tabular laths are common, with an
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average grain size of 0.5 mm by O.1l mm. Deformation of the
laths by the pervasive foliation (82) is almost universal

(Plate 30:H and 31:F). Magnetite pseudomorphs of hematite, are
common, and alteraticn of magnetite produces a second generation
of hemztite (Plate 30:F).

g) Arscnopyrite: FelsS

Occurs in the pyritic zones, cspecially the lead-zinc
rich areas (kilmacooite) particularly in the upper levels at
West Avoca., At Knockmiller o minor pyritic seam occurs, rich
in arsenopyritc. This is some distance from the mine, and the
paragenctic implications are not fully understood. Elsewhere,

the mineral is rare. (Fig. 2.23).

Plate 32 illustrates the textures. The grain size,
although variable, approximates to 40p. Euhedre or subhedra
develop and there is zoning (Plate 32:G). Inclusions of galena
chalcopyrite and pyrite were probably trapped during crystal
growth (Plate 32:D,H). Grain boundaries are planar, but at
Knockmiller, corrosion (due to incipient weathering) has becen

intense.
h) Chromite: FeCr,0,

Trace quantities occur in the iron ore prospect at
Knocknamohill. Rounded subhedral grains arc surrounded by an
overgrowti of magnetite and the grain boundary is bleached,
indicating iron cnrichment (Plate 33:F). The grain size is
dominantly 0,15 mm, Evidence of zoning, twinning and deformation

is laclking.

i) Pyrrhotite: Feq S
A rorce mineral, which occurrs as minute inclusions in
other sulphides. In pyritic zones the inclusions concentrate at

zonal boundarics in pyrite, with or without associated chalco-
pyrite (Plate 33:A-C).

Pyrrhotite occurs as allotriomorphic blebs up to 50u in
diameter, in pyrite. Inclusions in sphaleritc and galena are
confined to Ballinasilloge (Plate 33:D,E). Neither twinning nor

zoning were obscrved, Deformation textures and lamellae
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characteristic of unmixing hexagonal and monoclinic forms arc
absent. The structure and chemical composition are discussed

on p. 190,

j) Cobaltite: CoAsS

In a single sample, this mineral occurs as a subhedral
overgrowth on pyrite (Plate 34) in a matrix of sphalerite. The
grain sizc prohibited detajled study. Troce cobalt contents
exist in prrite (cf. Section 2.3.7.) suggesting that the cobaltite
may have originated through unmixing during crystallization or

metamorphisn.

k) Tennontite -~ tetrahedrite: (Cu,Zn,Fe,Ag,Hg)lZ(As,Sb,Bi)qSl3

Argentian tetrahedrite occurs in the lead-zinc rich
portions of the silicecous zones. Characteristic textures are
illustrated in plate 35:A-D. Allotriomorphic granular aggregates
exist with a variable groin size, with & mean of 30p. No inclusions
are present, twinning and deformation effects are absent, and the
grains ore associated with chalcopyrite, sphalerite, galena and

bournonite.
The composition of tetrahedrite at Avoca is considered
further in the discussion.

1) Bournonite: PbCusSbS

Rere, always closely associated with tetrahedrite,
bournonite occursas a marginal, and sometimes graphic, inter-
grouth. The groin size is vericble (20-40p) (Plate 35:4,B)
and a2llotriomorphic grains are common., Twinning and zoning are

absent and no indication of deformation exists.

The composition is close to that indicated by stoichiometry

(Table 6 sce overleaf):
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Table 6: Chemical composition of bournonite

Element % PbCquS3 1. 2o
Pb Lo 4 LL 6 43,8
Cu 13.0 13.6 14.2
Sb 2L .9 22.7 22.7
A g 19.7 19.3 20.5
Total % 100.0 100.2 101.2

1.] E. Avoca, Tigroney, 850L, HW. lode,
2. ) No.lA drawpoint: 5' from entrance. (VW2l4)

m) Native Bismuth: Bi

A

L minor accessory mineral occurring as minute blebs
within chalcopyrite and pyrite in the copper-rich portions of
the pyritic and siliceous zones (Plate 36:4-C). Twin lamellae
are obliterated by polishing scratches in the smaller grains but
twinning is visible in the larger grains. Zoning is absent and
there are no inclusions. An intimate association with other
bismuth sulphosalts is evident. Probe analysis confirmed the
purity of the mineral. (Plate 36).

n) Bismuthinite: Bi255

Closely associated with native bismuth, galena and
other bismuth sulphosalts, biswmuthinite occurs as allotriomorphic
grains of varioble size (Plate 36:B,C,) included in chalcopyritc.
It shows normal optical properties, and is greyish white in
colour with o strong anisotropy, becoming more marked under oil
immersion, ILamellar twinning sometimes occurs. Inclusions of
native bismuth are common and it occurs at the selvage of
aikinite grains (see below). Identification was confirmed by

probe analysis and x-rcy diffraction.

o) Galenobismutite: PbBi284

Troce quantities occur associated with bismuthinite
(Plate 36:D) and also rimming aikinite. Bright grey-white in

colour, strong pleochroism and anisotropy are shown. Skeletal
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intergrowths with bismuthinite occur (also in Ramdohr(178)).
The greains were too small for x-ray study and the composition by

probe analysis is tabulated below:

Table 7: Composition of galenobismutite

Element % Pb31284 1.
Pb 27.5 24,7
Bi 55.5 58.0
S 17.0 17.0

Totel % 100.0 99.7

1. Ballycoog; dump at lower adit portal (VW623)

p) Aikinite: PbBiCuSy

Associated with bismuthinite and native bismuth as
selvage minerals, aikinite occurs in one sample from Ballycoog
in a matrix of chalcopyrite and pyrite (Plate 35:G,H). Bright,
light bluish-grey in colour with a moderate bireflectance of
6.2, from olive-grey to light bluish-grey in air, becoming more
marked under oil immersion. Anisotropy is strong with sectorial
twinning, well shown under oil immersion. The reflectivity
range is 35.0-41.2% at 54énm, and the agreement with Millman's
data at 509mm illustrates low dispersion (7). The HV50 range
is 159.0-164 .4 Kg/mma, determined from six indentations with a
load of 50 g on grains of random.orientation. This value compares

well with published values (152, and 160). There is no
prominent cleavage, only allotriomorphic bleb-like segregations

occura.

The composition of aikinite from Avoca (determined by
probe analysis) is tabulated below, with reference to that of the

ideal formula and samples from Sweden (249).
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Table 8: Comwosition of sikinite
Element ¢ PbBiCus3 1l. 2. 3. L, 5.
Pb 36.0 29.8 28.2 33.5 26.0 22.1
Cu 11.0 8.k 7.6 10.0 7.5 6.5
Bi 36.3 L 4 45.9 37.0 Ll 5 53.0
S 16.7 17.6 17.8 19.5 22.0 18.4
Total % 100.0 100.2 99,5 100.0 100.0 100.0

1. Aikinite, Ballycoog; dump at lower adit portal (VW623),
2° 1" 11 n " 11] 1% 13 1"

3. Aikinite, Gladhammer, Sweden, from Welin (249).

4, Hommarite, " " " " " .

5. Lindstromite 1" " " " "
X-ray diffraction data are given in table 9.

The diffraction data compared with Welin's results
indicate that aikinite from Avoca has an intermediate composition
between lindstromite and aikinite from Gladhammer, and this is
corroborated by the probe analyses. A correlation was found by

Welin (249), between composition and the d spacing for

220
minerals in the bismuthinite-aikinite series, and the Avoca

analyses arc plotted in relation to the data in Figs. 2.254 and B.

q) Xobellite: Pb2(Bi,Sb)235

Kobellite 1is a rare bismuth sulphosalt which occurs with
native bismuth, bismuthinite and tetrahedrite, or alone, in a
matrix of chalcopyrite or sphalerite (Plate 35:E,F). It is
bright, light grey-white in colour, with a reflectivity rangc
of 32.9-38.7 ' at 546 nm, agreceing well with Millman's data at
589 nm and illustrating a non-dispersive nature. Bireflectance
in air is 5.8, becoming more marked under oil immersion. The
anisotropy is less than that for aikinite, but distinct. The
HV50 range is 132.1-136.2 kg/mma. These values agree with data
from Millman (152) at 100 gm, and confirm the results in (105).
Sectorial twinning is conspicuous. Allotriomorphic blebs and

lath-like grains contain inclusions of chalcopyrite, native



139
FIG 2.25
BISMUTH SULPHOSALTS FROM AVOCA
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Table 9. Comparative x-ray powder diffraction data for aikinite

Lindstrcnite Aikinite Aikinite
(249) Avoca: CuKa (249)
0 o] 0 %

aa) I aca) I a(a) I hicl’
5.836 2 - - L.862 1 -
L.037 L L,05 i L.069 b 220
3,790 3 3.81 1(b) 3.820 3 101
3.656 3 3.67 9 3.716 9 130
3.603 ? - - 3.626 6 111
3.568 3 3.59 9 3.600 8 310
3.305 3 3.31 1(b) 3.328 2 021,201
3.172 8 - - 3.194 9 121
3.151 10 3,17 10 3.171 9 211
2.898 1 - - 2.915 1 (oL'Te)
2.8 10 2.85 9 2.870 10 221
2.809 1 - - 2.840 1 140
2.743 2 2.75 1(b) 2.764 2 301,410
2.668 6 2.68 6 2.713 6 131,330
2.578 5 2.59 6 2.5%4 5 2Lo
2,528 3 2.53 2(b) 2.553 3 k2o
2.5497 3 2.51 1(b) 2.513 4 231,321
2,351 L 2,36 3 2.366 3 oh1
2.298 3 2.30 3 2.314 2 141
2.250 L 2.27 3 2.278 5 340
2.235 1 - - 2.250 2 510
2.163 2 - - 2.183 2 21
2.140 3 - - 2.157 L 421

- - - - - - 250

- - - - - - 520
2,011 6 2.02 b 2.024 6 440
1.979 5 1.977 L 1.993 5 431,341
1.961 1 - - 1.979 2 501,151
1.943 3 1.947 L 1.959 5 112,530

# Indices from (249)
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bismuth and bismuthinite., A distinct cleavage exists, parallel

to included chalcopyrite lamellae.

The composition of kobellite, by probe analysis, is

shown below in relation to the ideal formula:

Table 10, Composition of kobellite

Elementfi  Pb,(Bi,5b),Sg 1. 2. 3. L,
Pb L L L7.1 53.1 51,4 53.2
Cu % 0.9 1.9 2.4 1.0
Bi 29.9 2.1 19.8 22.3 3.6
Sb 8.6 L.5 8.2 7.1 9.6
17,2 15.7  17.3  16.4  18.6
Total % 100.0 100.3 100.3  99.6 100.0™

1. West Avoca, South Lode, 995L.(collected by W.J.Lampard).
2. " " DDH 1670-35A-163'. (V17.235B)
3° 1" " 1] 1" "
L. Hvena, Sweden (Anal. J.C. Rucklidge in (105))
# (0.5: Ag and 0.6%Fe also found)

X-ray diffraction data obtained from sample 1 are given
in table 1l.

Harris, et al (105) demonstrated that kobellite is a
member of a solid solution series with the general formula
5 PbS.lx'-(K2 83 where X is Bi and/or Sb. The Bi:Sb ratio in the
Avoca saiple is >1.1 and thus, it is a true kobellite.
Diagnostic d spacings, with intensities in parentheses, compared

with material from Hvena, Sweden are as follows:

Hvena (105) : 3.54(10) 3.41(10) 3.27(4) 2.72(5)
Mvoca : 3.57(2) 3.42(10)  3.29(7) 2.74(2)

r) Lillianite: Pb;Bi 8¢

Lillianite occurs (Plate 38) in a single sample from
the Central lode at West Avoca, with chalcopyrite and sphalerite,

enclosed in tetrahedrite within fractured pyrite. The lillianite
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Tabic 1l. X-ray powder diffraction data for kobellite

Kobellite
Avoca - CuKa

d(R)meas I d(R)neas I
L5k 3(b) 1.908 3
.23 3(b) 1..863 2
3.93 3 1.819 >
382 3 1.788 L
277 3 1.745 L
3.65 2 1.711 L
3,57 2 1.685 *(B)
3ek2 10 1.643 1(B)
3.29 7 1.536 +(B)
3,18 2 1.482 2(B)
3.1k 2 1.460 3
3.03 3 1.443 2
2.96 6(b) 1.h27 %
2.89 L 1.325 3
2.82 L(b) 1.308 2(B)
2.74 2(b) 1.288 2(B)
2.62 Z(b) 1.227 =+
2,56 Z(v) 1.209 1
2.37 2 1.191 3
2.32 2
2.27 2
2.15 6
2.09 6
2.03 6
1.988 1
1.961 1
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grain is ragged and allotriomorphic, bright light grey-white in
air, with a reflectivity range of 36.4-41.0% at546 nm, and shows
a moderate bireflectance of 4.6. Anisotropy is strong in both
air and oil, and twinning exists. No microhardness determinatign

was possible due to the limiting size of the grain.

Probe analysis of several points within the grain gave
the composition sct out in Table 12, contrasted with other

published data:
Table 12. Composition of lillianite

Elcment % Pb_Bi, S, 1. 2. 3.
Pb 50.5 L8.2 h5.2 41.8
Bi 33.9 3h.b 36.9 36.6
Cu 1.1 2.8
Ag 1.1 1.5
S 15.6 15.8 16.7 15.7

Total S 100.0 99.5 99.9 98.4

1. Lillianite, Gladhammar, Sweden from Palachc et al (172).
2. Lilliaanite, W. Avoca; DDH. 1670-32-65'. (VW234B)

3. WNeyite, Alice Arm, British Colombia, from Drummond et al.(74).

Neyite is a recently identified Pb-Cu-Bi sulphosalt from
British Columbia (74). The similarity of the analyses of neyite
and lilliaanite from Avoca imply equivalence, but x-ray data are
necessary for confirmation, as 1lillianite from Gladhammar was

shown to he a mixture of galcnobismutite and galena (25).

The sizc of the grain at Avoca hindered x-ray identifica-~
tion, and a very indistinct pattern was obtained, on which only
the following four lines could be measured (intensities in
parentheses): 3.41°%4(4), 3.03%A(3), 2.92°A(2) and 2.81°A(10).

These lines do not permit positive identification.
s) Ullmonnite: NiShS

This rare mineral occurs in one sample from disseminated
mineralization found at Moreshill (sce Map 1, sheet 3).

Ullmannite (Plate 39) forms a sclvage to chalcopyrite within
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poikiloblastic pyrite in black, carbonaceous, slate (Plate 39:A).
The mineral is bright white in colour with reflectivity in air at
546 nm of 43.2Y, agreeing well with Millman's data at 589 nm and
showing it to be non-dispersive. It is isctropic under crossed

nicols and there is no zoning.

The composition determined by probe analysis and the

X-ray results are in table 13:

Table 13 (a) Composition of ullmannite

Element % NiSbs 1. 2.
Fe 0.2 0.6
Ni 27.6 28.2 27.0
Co tr 0.2
Sh 57.3 55.7 54.0
As 0.8 1.9
s 15.1 14.6 15.1

Total % 100.0 99.5 938.8

s

1. Ullmannite, Sardinia, in Palache et al. (172).
2. Ullmarnite, Avoca, Moreshill shaft dump. (VW/520B),

(b) Comparative x-ray data for ullmannite

A B
0 o)
I d A(meas.) I d A(meas.)
vw 2.89 6 2.88
4 2.60 10 2.59
W 1.73 3 1.7k
A = Ullmanite from Avoca district. (Sample 2, above)
B = Ullmannite from Berry and Thompson (25)

The presence of significant iron, cobalt and arsenic
in ullmannite confirms the statement by Palache et al. (172),

that substitution by these elements is common.

t) Gold: Au

s s v et

A trace amount of gold occurs in one sample from the

hangingwall of the Main Sulphur lode at Tigroney as an ovoid
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bleb of elcctrum included in chalcopyrite infilling a fracture
within pyrite (Plate 40). The minute size of the grain precluded
the possibility of obtaining any reliable data on zoning,
deformation and other internal properties. Probe analysis

of the grain was carried out and the results are shown below:

Table 14k. Composition of gold

Llement %
Au 72.5
Ag 17.4

K Cu 0.7 .
% pe L. 8
* 5 4.6

Total 100.0

(}E Contaminants)

E. Avoca, Tigroney, M. lode, 850L, Nol.dwp. (VW10)

This analysis confirms Gay's ('90) statement that gold may
contain many trace elements, the commonest amongst which are
Ag, Cu, and Fe. Amounts of Fe and Cu are usually <15 and the
combined total of any others also <15. The anomalous iron and
sulphur values are probably explained by the gold occurring at
the pyrite grain boundary, included in chalcopyrite, and

scattered radiation is the source of the values.

2.3.6.5. Supergene Minerals

The najor primary mineral in the Avoca district is pyrite,
with or without chalcopyrite, sphalerite, galena, and magnetite.
Thus, hydrated iron oxides and covellite are the dominant supergene
assemblage. Outcropping mineralization gave rise to extensive
surface gossans, but ancient iron ore (ochre) workings have
removed the majority of this material. (One large boulder of
gossan occurs close to the ancient tramway from Ballymurtagh
to Avoca). BSubsurface oxidation has not been intense, but effects

exist to a depth of about 200 ft below the surface and also in and
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adjacent to fissures exposed in underground workings at consider-
able depths. The fissures are often waterfilled below the water-
table (approximatcly equivalent, in the West Avoca Mine workings,
to the 1500 level) and above this, supergene minerals encrust

the frecture walls, Within the mined ground, there is intense
leaching on the 720 level at West Avoca (Mep 3). At East Avoca
supergene effects are more marked and have beecn recorded at
depths of 200 ft, whilst 0ld mine records note a steatic clay

layer below the ochre gossan.

a) "Limonite' : Fe0.OH.nH,0

Limonite is the ubiguitous product of oxidized sulvhide
material, and counsists dominantly of goethite with minor to trace
amounts of hematite. Characteristic of the oxidized zones,

limonite coats the roofs and walls of old mine workings.
b) Goethite : a-FeO.OH

Goethite occurs as botryoidal and reniform masses and
isolated acicular crystals. Colloform textures are common and

pseudomnorphs of pyrite and magnetite sometimes exist.

¢) Hematite : a-Fe,0

2°3
Supcrgene hematite, is a product of the oxidation of
magnetite through martitization, and commonly occurs along the

octahedral cleavage (Plate 31:I).
d) Covellite: CuS

The major product of the oxidation of copper-rich zomnes
(Plate 11:G)., Covellite replaces chalcopyrite as allotriomorphic
granular masscs at grain borders and fractures, and also occurs
as a cementing medium in highly oxidized pyritic ore. Guided
replacement of chalcopyrite is rare, and no twinning or
zoning of grains exists. Ramdohr noted (179) that covellite
occurs at the limits of the zone of oxidation - giving rise to
the "blacl: copper ore' of the ancients. This is often mentioned

in old reports at Avoca (e.g. 169).
e) Marcasite: FeS,

Characteristically, marcasite encrusts fracture planes



138,

within the pyritic zoncs (Plate 41:B-F). A minor supergene
nineral, it occurs only in dry fissures (mainly above the level
of the present water-table). The . grain size is variable,
0.1-0.3 nm, euhedral to subhedral, and marcasite encrusts all

the primary ninerals,

f) DMative copper: Cu

The sole occurrence is within a fissure above the present
water-table at Vest Avoca (Pond lode, 1300 L - in the haulage
incline) with quartz and clay gouge. In mine openings, where
track is left, native copper precipitates on the iron, as
filiform masses, from the acidic mine water (e.g. 850 level at
East Avoca and 1300 level at West Avoca). The grain sizec is

highly variable, 0.5-1.0 mm, and well formed crystal terminations
often exist (Plate 39:A).

g) Malachite: uuZ(COB)zon5

Chalcanthite: CuSOq.SHao

These minerals are surface coatings on copper-rich sulphide
ore exposed in the mine workings. Chalcanthite also forms
reniform masses and is characteristic of the dryer areas of the
workings, probably originating by evaporation of copper sulphatec-
rich solutions before they intersected the water-table. These

minerals are both common in post-mine openings, e.g. southwestern
U.5.4. (172).

2.3.6.6. Gangue Minerals

Lampard (138) described the gangue minerals at West
Avoca, and this description is still valid, New observations

coupled with a synthesis of previous work is given below.

a) uartz

It has already becen shown that three (and possibly more)
relatively distinct periods of silicification exist within the

wallrocks and these are also present in the ore zones,

(i) Early quartz, which is disseminated and forms
seams that parallel the foliation, is dominantly murky white (grey),

fine grained: 0.01-0.05 mm, with a granular (saccharoidal)
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recrystallized texture. Individual grains have sutured nargins
and contain scattered fluid inclusions, grains of chlorite, and
are strongly strain polarized. Quartz of this type forms the
matrix in all the silicified schists and the colouration is

thought to be due to admixed chlorite plates. (cf. 34).

(ii) Milky, ramifying seams of quartz which are slightly
discordant with the foliation are characteristic of the siliceous
zoncs, The grain size shows an overall increase in relation to
the early quartz (0.02-1.0 mm), but a similar granular texture is
exhibited. Conspicuous sutured margins are common, the grains
are crowded with bubble inclusions and strain polarization is

marked.

(iii) ILate stage veinlets of quartz, produced during the
deformation, are the products of solution, mobilization and
recrystallization of silicc in fractures and open spaces. The
grain sizc is coarse, 0.5-2.5 mm, and mutually interfering
boundaries arc common. Strain polarization is shown and bubble
inclusions are frequent. The quartz veinlets are characteristic
of the siliceous zones and their wallrocks. A number of over-
lapping periods of faulting accompanied by later quartz infilling

are evident.

Btching basal sections of crystalline quartz from open
spaces in the mineralized zones, Lampard (138) dcmonstrated that
low quartz wes ubigquitous. All the quartz probably formed

below its inversion temperaturc in the Avoca deposits.

b) Chlorite

The naturce of the chlorite associated with the mineralized
zones has already been discussed (Section 2.3.3.1.,b). Optical
properties and anslytical data indicate that ferroan and
magnesian chlorites are present, with the former being dominant
as an oxidized chamositic form. The ease of solution and
recrystallization of chlorite explains its occurrence in
pressure fringes around pyrite (Plate 9:E) coating late stage

foliation planecs.
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c) Sericite:

e e

Associated with the marginal areas of the mincralized
zones and with disseminated medium to coarse grained pyrite,
this metasomatic product has been discussed (Section 2.3.3.1.,b).
It is a variety of muscovite and occurs as wisps and streaks
along the foliation, in zddition to infilling the pressure

fringes of pyrite grains.

d) Carbonates:

(i) Dolomite occurs as a gangue mineral on the hanging-
wall of the lead-zinc rich western portion of the Pond lode at
West Avoca, associated with late-stage crosscutting veinlets.
Although a remobilized sphalerite and galena occur admixed with
dolomite, the dolomite is not thought to be genetically associated

with the lead-zinc mineralization, resolving a previous dilemma(138).

(ii) Calcite is rarc accessory mineral within the
siliceous zones and may have originated through breakdown of

the feldspathic constituents,

(iii) Siderite is also rare, and occurs in association
with magnetite on the foot wall of the Pond lode on 1047 level
at West Avoca. It probably implies a change in Eh and pH
conditions during formation of the magnetite zones (discussed
further on p.203).

(iv) Smithsonite, recorded by Lampard (138) encrusting
pyrite on a fracture plane, is not substantiated by x-ray study

of the material; which indicates hydrated iron oxides.

e) "Graphite"

Disseminated pyrite, often exhibiting spheroidal textures,
is found with scams of metamorphoscd carbonaceous material in
the hangingwall of the Pond lode. No carbonaceous partings

occur in thec ore zones. Crystalline graphite is absent,
f) Apatite

A phosphate-rich horizon occurs in the hangingwall zone
of the Pond lode, and whole-rock analyses (Table 2) indicate that

contents of anatite within the ore zones are minimal.
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g) Leucoxene

Scettered grains of leucoxene occur in the siliccous
schists and anomclous concentrations (Table 2) may represcnt
leached (?) basic pyroclastics. Within the ore zones, leucoxene

is rarec.

2.3.6.7. Discussion

a) Introduction

e

The paragenctic scquence deduced from the mineral textures
in the Avoca district is shown in Fig. 2.26. Precisc time
relations are obscurcd by the overprinting effects of metamorphism,

and o scries of interconnected, overlapping events are envisaged.

Intérgranular and intragranular features of the mineral
fabric are discussed within the context of the ore mineralogy
in the following scction, and the fabrics of the major mincrals

arc sumnarized in Fig. 2.27.
b) Eyrite

This is the major ore mineral in the district, making
up over 90% of the sulphide moterial. A number of contrasting
morphologics occur and when these are related to ore typc and

paragencsis, significant facts emerge.

(i) Zoned crystalline pyrite

Tois is the commonest morphology, and characteristic of
the pyritic zones. Tuhcdral zoning, & ubiquitous feature, is
a primery growth fobric and not a product of metamorphic

rcerystallizetion.

In o study of the deformction at Rio Tinto, Read (182)
experimentally dcmonstrated the thermal instability of zoning
in pyrite by heating at 600°-700°C. At 700°C, under both static
and stress-annealing conditions, therc was a marked tendency for
zoning in pyritec to bec obliterated, but at lower temperatures the
zoning survived. Graf and Skinner (98) in a recent pcper,
support this contention. At Avoca (as at Rio Tinto) the tempera-
ture indicated for thc metnmorphism by the wallrock asscmblage

is gBBOOC, and this is for below the region in which zoning in
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FIG 2.27
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pyrite is destroyed. Thus, preservation of original growth
zoning in pyrite at Avoca is cxpected. The results of trace
clement partition between coexisting pyrite and chalcopyrite
(cf. Section 2.3.7.) suggest that non-equilibrium conditions
exist in the asscmblage, and that complete metamorphic homogeni-

zation is abscnt.

(ii) Colloform pyrite

Botryoidal and rceniform growths of layered 'clcar' and
'dirty, ., melnikovitic' pyrite are common in the pyritic zones,
especially the oxidized portions. A large variety of textures
occur and these display no wide-spread evidence of deformation,
such as brecciation etc.. Ruptures which do exist are of late
stage origin znd were not produced during the major metamorphic
episode. Preservation of delicate colloform banding is further
evidence that the pyritic layers have been largely unaffected by
the metamorphism, a feature noted elsewhere by Stanton (216)
and Read (182).

(iii) Fromboidal and sub-spherical pyrite

This form represents <5% of the pyritc at Avoca.
Framboidal pyritce occurs in the hangingwall carbonaceous schist
horizon of the Pond lode at West Avoca. This horizon, involved
in a complex reverscd fault system, is in =« deformation zone,
however, the framboidal forms are not altered into clliptical
shapes. This feature is also recorded from Rio Tinto (182).
Framboidcal pyrite occurs within a matrix of sphalerite and galena
at East and West Avoca in siliceous zone mineralization. The
matrix sulphides have recrystallized, but the framboids are
unaffected. Corrosion of framboid outlines is rare, but cores

are sometimes replaced by galena.

The resistance of framboidal pyritec to metamorphic
effects in matrix sulphides has been noted by Stanton (216)
and Croxford (63). Vallentyne (231) demonstrated that the maximum
temperature which recent pyrite spherules could withstand with-
out destruction of their morphology was 444000. It is thus
unlikely that this temperaturc was exceeded during the post-

depositional history at Avoca.
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Sub-spherical microcrystalline pyrite aggregates occur
in massive pyrite (Plate 23). This occurrence differs from
the framboidal forms discussed above, as there is an incrcase
in size of dindividual microcrystallites and of the overall
aggregate. The pore space in the nggregates far cxcecds that in
characteristic framboids. The textures suggest that the micro-
crystallites grew in an 'open space!', post-dating formation of
primary pyrite, possibly in a fossil supergene cnvironment.

Deformation of these aggregates is not observed.

(iv) Unzoned crystalline pyrite

This is characteristic of the siliceous zones. The
absence of zoning indicates near-equilibrium conditions at
formation. Large grains are rare and thus growth was probably
rapid in an unsupersaturated media (slow growth in a super-
saturated media produces large crystals, sce below). There is
no corrclation of unzoned crystalline pyrite with a diagnostic
trace element assemblage. Increased resistance to replacement
relative to zoned pyrite reflects the intracrystalline homogcecncity
of unzoned pyrite. Overgrowths of pyrite on zoned material are

of clear unzoned pyrite (Plate 14:A,G).
(v) Grain size

The metablastic naturc of pyrite in mectamorphosed ores
has been advocated by Vokes (240) and elaborated by Templeman-
Kluit (222). The basis of thc hypothesis is the crystalloblastic
series: quite simply, & series reflecting the relative internal
structural stability of minerals. Many European workers uphold
the view that metablastic grains are ubiquitous in metamorphosed
Caledonian dcposits. Vokes (240) suggested that there was
clear evidencc that increasc in pyrite grain size was parallel
to an increase in metamorphic grade within the Norwegian

Caledonides, indicated in table 15.

Table 15. Grain size of pyrite in the Norwegian Caledonides

Occurrcnce Size Grade
1. Leksdals Sy Lower chlorite
2. Ldkken and Grong 50-200u Greenschist

3. Folldal, Roros and Sulitjelma  mm-cm Upper Amphibolite
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Incrense in size of component crystals with equilibrium
ot progressively higher temperatures is well known in the study
of ceramics. ILquilibrium conditions arc a pre-requisite, however,
Vokes applicd this criterion to types 1 and 2 above, which have
certainly been metoamorphosed to temperatures well below the
lecvel at which zoned pyrite is homogenized and equilibrium reached.

In these cases a different explanntion must exist.

The large grains of pyrite in the fahlbeonds (disseminated
zones) surrounding the massive pyrite lenticles in Norwegian
deposits indicate slower crystal growth within a system super-
saturated with iron sulphide, and are probably not cvidence of
the dispersal of suitable neucleztion sites, as Vokes suggested.
The major factor in low greenschist terrain, responsible for
increasc in size of pyrite grains which are zoned and cannot
have been metamorphically reconstituted, is not metamorphic
thermal encrgy, but stable conditions during formation which
allowed slow growth of pyrite megacrysts. A study of etch
texturcs in Norwegian ores would probably confirm that zoned

pyrite cxists in types 1 and 2 in table 15.

Stanton (215) pointed out that parngenetic sequences for
stratiforn ores were simply o reflection of the crystalloblastic
series dcrionstrating a natural tendency towards attainment of
minimum interfacial free cnergies and cquilibrium at grain
boundaries., Disseminated pyrite is generally euhedral to
subhedral at Avoca, but matrix sulphide-rich scoms contain pyrite
with strongly cmbayed outlines. Vokes (241l) stated that at
Bleikvaséli, the order of increasing corrosion between sulphides
and ganguc was sphalerite, galena, gangue, thus corroborating
this study. Stanton, expressed this in o different way (215), by
stating that the prcsence of galena decreased the idiomorphic
developnient of pyrite. The absence of euhedra within matrix
sulphides was attributed to recrystallization during metamorphisn,
In the present context, and probably in the more general one =2lso,
the decrcasc in idiomorphism of pyrite is due to replacement by
solutions containing the matrix sulphides developed during ore

formation or succceding deformation periods.
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(vi) Cataclasis

The fvoca deposits, long been reputed to lie along a
'shear zone', have been described (138) as showing ample evidence
of cataclasis in the mineral textures. Cataclastic features have
been ascribed to pyrite. The present study indicates that
evidence of true cataclasis is rare, being confined to areas
adjacent to slickensided fracture surfaces. These surfaces are
coated with a black granular pyritic dust, and if chalcopyrite is
also present this has been smeared out along the grooved surface
(Plate 19:4). This surface has a recrystallized fabric,
generated by mechanically induced ductile deformation. Similar
features occur at Rio Tinto (182) and in massive pyrite ore at

Skorovasg, Horway, as mirrored surfaces.

Cataclasis requires the brittle fracture of pyrite.
Robertson (188), Graf and Skinner (98) and others, have presented
pertinent data on the behaviour of pyrite and concluded that
little evidence existed for plastic behaviour. Pyrite is an
extremely brittle substance and has a tendency at confining
pressures >2.5-3 kb to obtain moderate irrecoverable strains
by homogencous cataclasis. It is relatively insensitive to
temperature variation and minor intracrystalline deformation
takes place. The strain is obtained by grain fracture and
rotation together with compaction of the pore volume.

(B.K. Atlzinson, pers.comm.). The current work of Price (178)
illustrates that crustal deformation must take place at strain
rates of 10710 to 1072 sec™t or faster, which are considerably
below those predicted from measurements along the San Andreas
fault. In addition, the stress available to drive deformation
processes under crustal conditions will be <50 bars for faulting,
and certainly <1 kb for folding. Under geologically meaningful
conditions it is thus unlikely that pyrite will exhibit more
than a minimal amount of strain before fracturing, even in the
presence of the high pore water pressures thought to have
ezlsted in the present environment. Quite large confining
pressures are needed to promote homogeneous cataclasis even at

temperatures up to 400°C. The pore water pressure in the prescnt
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context is close to the confining load pressure in value.

Very deep buricl and a stress >5 Kb is then nccessary for
cataclasis., Wholesale cataclastic deformetion of pyrite is
therefore unrealistic within the geological environment at Avoca.
(The effccts of chemical mobility have not been enumerated, but
are believed to be of minor significance). The large divergence
of differential strain rates between pyrite and the other major
sulphides, chalcopyrite, sphalerite and galena makes it reasonable
that the latter may wcll have been deformed and recrystallized
(see below). Localizecd brittle failure howeyer, exemplified by
slickensided shear planes, occurs and may be caused by a non-
uniform stresc environment close to the upper limit of the
elastic region. This changes suddenly when traced laterally
confirming the strictly transient nature of these shears and

the inhomogeneity of the mineralization. A feature also noted

at Rio Tinto (182) and Skorovass (241). The essential character-
istics of a cataclastic texture are illustrated in plate 19:C-E.
The méjority of textures previously termed cataclastic arc.
therefore now considered to be the products of leaching or,

replacencnt.

(vii) ZLeached Textures

The recognition of textures indicative of lecaching
activity in pyritic ores is of relatively recent origin. Read
(182) sparked off the hypothesis, and current workers on the
etch textures of pyrite, are demonstrating and widening the

scope of this theory.

The key factor is the relative porosity shown by pyrite
grains and aggrcgates. (Porosity in this context being equivalent
to void volume). Banding in the pyritic zones is due to varia-
tions in grain size of the constituent pyrite and to intercala-
tions of chloritic laminae. Within massive sulphide lenticles,
when a series of scections is taken normal to the foliation,
variations in porosity become noticeable. The magnitude of the
porosity is proportional to the amount of leaching that the
pyritic material has undergone since formation. Leaching

effects are beautifully shown in plates 15 and 16. In zoned
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crystalline pyrite the zone boundaries are the lines of least
resistance to replacement and, consequently, initial embajment
takes place along them. If the grains are unzoned, replacement
concentrates at the grain boundary. When melnikovitic pyrite is
present in the zonal scheme, this suffers preferential dissolution
once the zone boundary has been breached. Cataclasis could not
produce similar textures, as fracturing would randomly cut across
zonal boundaries and not be controlled by the inhomogeneity of

the pyrite granules. Following a scheme devised by Read (182)

the characteristics of leached textures are laid out below:

Table 16. Characteristics of leached textures in pyrite

DAY LUACTIING STRONCG LEACLING

1. ZLow porosity. 1. High porosity.

2. Replacement of zonal 2. Replacement and often complete
boundaries obliteration of melnikovitic

pyrite and zone boundaries
producing atoll textures.

Embayment of unzoned crystal

margins.
3. Straight sided narrow 3., Careous, wide corrosion
corrosion channcls. channels.

The overall porosity at Avoca is highly variable, but a
crude qualitative zonation across the pyritic lodes can be
deduced. An apparent increase in porosity occurs from foot-
wall to hangingwall. Superimposed upon this are many local
variations., At the scale of individual lenticles, it is some-
times noticcable that the porosity in the footwall region is
greater than that in the hangingwall. Lead-zinc rich zones in
the hangingwall of the Pond lode at West Avoca and at Kilmacoo
in Bast Avoca show a notable increase in porosity relative to
the corrcsponding pyritic zones. 1In siliceous zones the rorosity
of pyritc is much greater than that in the pyritic areas, and it

remains remarkably consistant throughout the zones.

This spatial distribution of leached arecas may have some
genetic significance (cf. Section 2.3.10). Leached textures are

critical in the interpretation of pyritic mineralization, but are
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also conspicuous in the zones rich in matrix sulphides, described

in the following section.

c) Chalcopyrite, sphalerite, and galena

Each of these minerals shows replacement features against
zoned and unzoned, colloform and framboidal pyrite in the major
deposits at LEast and West Avoca, and they are thus considered

together.

The tenor of copper is variable, and the presence of
leached textures in the pyrite suggests that the copper-rich
seams may represent zones of former secondary enrichment.
These enriched zones would have succeeded an initial quasi-
homogeneous distribution. (The uniform tenor of copper in the
siliceous zones may be significant in this respect). Metamorphism
resulted in recrystallization of the chalcopyrite and, in

certain areas, remobilization into crosscutting fractures.

In the siliceous zones, chalcopyrite replaces pyrite
grain boundaries - evidence of the leaching activity of the

copper-rich solutions,

The fabric of chalcopyrite in the outlying prospects
confornms to that in the central mine area; it is generally
interstitial to, and replaces, pyrite or magnetite, having a

recrystallized grain mosaic.

Sphalerite and galena occur in the siliceous zones and
in the marginal areas of the pyritic zones. The pyrite granules
show characteristic leached textures and provide convincing
evidence that the lead-zinc rich solutions differed markedly
in composition from those that gave rise to the pyritic zones,

and werce highly corrosive to pyrite.

Atkinson (pers.comm.) has demonstrated that deformation
of galena, chalcopyrite and similar minerals is dependent upon
temperature. Deformation is largely obtained through intra-
crystalline mechanisms; gliding and twinning etc., thus, plastic
deformation of galena, sphalerite and chalcopyrite may be
expected at Avoca. Stanton 215) and Stanton and Gorman (217)

indicated that the effects of this‘deformation are often
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obscurced by recrystallization, and the textures of the ore

minerals at Avoca support this.

In the outer prospects, similar fabric relations occur,
but at Ballintemple, late stage doTomite encrusts galena. At
West Avoca dolomite on the Pond lode hangingwall crosscuts earlier
structures and probably crystallized later in the paragenetic

sequence than galena.

d) Magnetite ana hematite

Lt Vlest Avoca, magnetite-rich seams occur in the footwall
of the pyritic Pond lode; which, stratigraphically, correlates
with the base of this pyritic zone. The magnetite is replaced
by siderite which in turn is replaced by the later iron and
copper sulphides. The stability relations of the iron minerals
are summarized in Fig. 2.32, and a minor change in Eh and pH,
with increase in dissolved carbonate could account for this
association, The creditability of this increcases as growth
must have talken place in the ncar-surface environment, where

conditions probably fluctuated.

At Moneyteige, Ballycoog, Knocknamohill and Ballymoneen,
siliceous magnetitc seams occur. The trace element assemblage
(Section 2.3.7.) in the magnetite does not imply a definite
origin hydrothermal and the field relationships are not
diagnostic. Thesc occurrences may thus be considered with the
banded megnetite of Aughrim River Roadside and Ballard. In all
cases, the chloritic host rock may be the product of metamorphism
of an iron fTormetion, and the oxides scdimentary deposits
related in time and space, to the mine arca sulphide accumulation.
The location of the deposits, marginal to the central area,
suggests that they arc a differing depositional facies. James
(121) in a najor study of the cnvironments of iron ore formation,
deduced four 'facies': sulphide, carbonate, silicate and oxide,
The sulphide facies is represented by the pyritic zones, which
occur in a non-granular silicate host rock (chlorite). The
magnetite and hematite occurrences may represent the two oxide
facies: magnetite and silicates (Moneyteige etc.,) and

hematite and jasper (Ballard).
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e) Minor Sulphides

Arscnopyrite is closcly associated with lead-zinc minerali-
zation and conflicting textural relationships occur with pyrite
(Plate 32:4,B,C,% and F). Pyrrhotite universally occurs as an
exsolved phase. The solc occurrence of cobaltite has been
documented, and it may derive from mctamorphism of cobalti-

ferous pyrite.

f) Tennantite-tetrahedrite

The importance of the tennantite-tetrahedrite mineral
series in the Irish base metal province has been high-lighted
by the discovery of mercurious tennantite at Gortdrum (256).
Tetrahedrite has long been known as a host for silver (172),

and thus its occurrence at Avoca is of interest.

Probe analysis of representative samples of tetrahedrite
from Avoca is shown in table 17, in relation to analyses from
Silvermines, Co. Tipperary, and other Irish polymetallic deposits,

at Bummahon, Tynagh and Keel.

A compositional break exists between material from
Avoca, BDunmahon and Silvermines and that from Tynagh and Keel
suggesting that tetrahedrite might be a metallogenetic indicator.
Samples of tetrahedrite-tennantite from other deposits were
analysed and the results are given in table 17, with other
rublished data.

The pilot study suggested that the Irish lead-zinc
deposits in Lower Carboniferous strata contained tennantite
and that the Caledonian copper-rich deposits contained tetrahedrite.
As demonstrated in Fig. 2.28, although a grouping of the data
exists, no precise metallogenetic inferences can be made., It is
clear, however, that silver concentrates in tetrahedrite, and

is absent from tennantite,

g) Precious Metals

The precious metal content of the ore at Avoca has been
studied cursorily in the past. There is a dearth of analytical
data, but OBrien (166) concluded that gold showed a statistical

correlation with chalcopyrite and sphalerite. This is corroborated
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Table 17. Probe analyscs of tennantite-tetrahedrite fron

Aveca and other areas.

Elenentff 1 2 3 L 5 6 7 8
Cu 3l L 36,7 34,9 34,6 35,5 35,0 329.8 20. b
Fo L,9 2.2 3.9 3.7 0.6 - 2.1 2.6 2.5
Zn 2.6 3.9 2.5 2.6 6.5 4.3 5.0 5.1
Ag 1.8 2.2 2.6 2.3 1.6 1.7 % 18,2
Sb 29.8 29.b 29,8 29.7 28. 4  27.3% 8.7 25.5
As 1.1 3 0.8 0.3 0.5 1.9 16,6 x
S 25,0 26,0 24,7 24,8 24,7 24,2 28.2 28.3%

Total 99.6 100.4 99,2 98.0 97.8 96.5 100.9 100.0

Elcnent 9 10 11 12 13 14 15 16
Cu 3h.,7 2.6 16.4 37.9 41,9 41.3 42,3 37.8
Fe 1.7 1.3 0.3 0.6 %e3 6.6 5.6 3,0
Zn 5.7 6.1 1.0 8.2 L,3 . 1.9 b b
Ag 3l S.4 23.7 = % s = %
Sb 25.1 28.2  30.L 9.1 2.8 x 2.2 25.0
As 2.7 0.8 0.4 16.2 20,1 23.8 18.9 2.4
s 25,2 2k,5 24,1 29,0 29.7 29.1 28.5 25,6

Total 93.2 98.9 <96,3 101.0 102.1 101.8 99.L4 98.2

Qo ° ° .

N 0V W
14

O
°

100
11.
12.

13.
14,

15,
16.

a = Sulphur calculated by difference
Analyscs 1- an - y e writer
(Anal 1-5,9,10 d 12-14 by th iter)

West Avoca, S.lode, DDH 1670-35A-162', (VH235L4)
" " " DDH 1670-352-163'. (VW235B)
East Avoca, Tlgroncj, ;J lode, 850 level, No 1A dwp. (VWalh)
" " 1A " " 1 1
Bunmahon, Ballynarrid, Cllff section, (B.50)
Silvernines, Co.Tipperary. (Steed in (173))
Tynagh, Co.Galway. (193)
Kcel, Co.Longford (173)
Parys uouniﬂln, Anglescy, Hillside opencast, Bluestone adit dump(308)
" Morfa-du, Ida shaft dump (P71)
Dolgellau, HMerionethshire, N.Wales. (91)
Buchans mince, Newfoundland. (RSM.2130)
Skorovass mine, Grong, Norway, HW of orebody. (Specimen fron
F.M.Vokes)
Bleikvassli mine, Norway, Nordland opencast. (Specimen fron
F.M.Vokes)
Sulitjelna mine, Norway (211)
Rio Tinto nine, Spain. (211)
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FIG 2.28

TENNANTITE - TETRAHEDRITE MINERALS
from various deposits
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FIG 2.29

CHART OF THE SULPHOSALT ASSEMBLAGE AT AVOCA
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in the current study (Plate 40). OBrien also found an association
between silver, chalcopyrite and galena. Spectrographic and

probe data suggest that the bulk of the silver at Avoca is in
galena and tetrahedrite, with traces in bismuth sulphosalts
(lillianite). Haughton (108) noted a lead-zinc seam at Connary,
supposedly with tetrahedrite, carrying 6-12 oz/ton Ag and

0.5 oz/ton Au.

The textural relations suggest that gold was one of the

final ore minerals to crystallize, confirming the stability data.

h) Sulphosalts

Intimately associated with the matrix sulphides, the
sulphosalts crystallized during the final stages and the inter-
relationships are summarized in Fig. 2.29. The occurrence of a
varied suite of bismuth phases and tetrahedrite is a distinctive

feature.

2.3.7. Trace Element Distribution

2e3a7elo Introduction

8t

Applications of the trace element content in sulphides

concentrate on the following facets of economic geology:

1., Indicators of ore genesis.

2. Temperature of crystallization of ore assemblages.

3. Distinction between primary and remobilized sulphides,
Lk, Delineation of metallogenetic provinces.

5. Mineral Lxploration.

Information on the distribution of trace elements in the
ore minerals from the Avoca district has been obtained in the
past from toth raw ore and mineral separates. Previous analyses
by Lampard (138) of pure samples of pyrite, galena and sphalerite,
and by Butler (46) of mine concentrates do not provide satis-
factory conclusions to the points above. A series of 140 new
analyses have been made by the writer in an attempt to clarify

the situation.

2.3.7.2. Method of Analysis

Quantitative determination was made of the following
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elements: Ti,V, Cr, Mn, Co, Ni, Ga, Ge, is, Mo, Ag, Cd, In, Sn,
Sb, Pt, Au, and Bi with Fe, Cu, Zn and Pb which were sought as
contaminant indicators. Ba, and Hg, were determined qualitatively.
A D.C. arc optical emission spectrographic method after Bray (37)
was employed, using a Hilger Large Quartz spectrograph, E.742.
Pure mineral separates were mixed with an equal weight of high
purity carbon powder containing 0.04% Pd as an internal standard
and burat to complétion at 9A. BSpectra were recorded on Kodalk B1lO
plates. A seven-step sector (ratio 2:1) was used for plate
calibration. The lines used are given in appendix 3 and

densities were read on an A.R.L. microphotometer and converted

to relative intensities by mecans of the self calibration

procedure (1). Standards for pyrite, marcasite, chalcopyrite,
magnetite and hematite were made by diluting 'specpure' mixes

of the elements to be determined, in a ZnS-FeO base. Sphalerite
and galena standards were made in a pure ZnS and PbO base
respectively. The precision of the method, expressed as a
relative deviation, is within I oasg. Analysis of the CAAS
standard sulphide ore number 1 (A. 1763) is in good agrcement

with the recommended value (246).

A series of semiquantitative analyses of selected pyrite
samples were carried out for selenium by x-ray fluorescence.
Approximately 2 gm of pure pyrite powder was pressed into a disc
(Appendix 1), and an infinitely thick sample was obtained (165).
Analyses were made on a Philips vacuum x-ray spectrograph:

PW 1540 using the conditions summarized in table Al  (Appendix 1).
Count rates for the samples were compared against those obtained
from standards, consisting of spiked Q.M.C. Rock Standards.

Matrix effects are admittedly present, making the data semi-
quantitative at best, but the constant grain size reduces

enhancenent effects to a minimum.
2:307 230 Results

The results are presented on tables 19-23 (specimen

numbers refer to the R.S.M. Spectrographic collection),



TABLE 19 /
/

SPECTROGRAPHIC ANALYSIS OF PYRITE - AVOCA DISTRICT, UNDERGROUND

WEST AVOCA

Sample

No. Locality Description

A.1636 N.lode, 720L; Marg.Adit X-c, HW. Mass,.py, dissem.cp
1648 " " " " noom Dissem.py
1944 " " ; 150'W.,X-c, Centre Mass.py, dissem.cp
1941 " -y " HW. Mass.py, dissem.gn, cp and sl

A.1686 N.lode, S.Branch; 720L Drive E Dissem.py, cp with qtz
17"1 n n " " " n "

A.1637 P.lode, 720L; Marg.Adait X-c, HW. Mass.py, dissem.cp
iggg P.%ode,1037L; H;Driv$, FW, Maaﬂ.mt/hm,“diasem.py with qtz

" "
ig;g . 1300L; H;DrIVﬁ, FW. Diazem.py and :1,"with qtz
"
1638 " " ; DDH 1332-10' Banded py, dissem.cp
1759 " " DDH 1332-66° n " "
1760 " " ; DDH 1332-79* " " "
1761 " " ; DDH 1332-130' " " "
1649 " " DDH 1338-251° Dissem.py and mag.
1905 " ™ ; DDH 1347-164" Dissem.py and gn with qtz
1842 » " ; DDH 1354-111' Dissem.py in graphite schist*
1883 L n 3 DDH 1352-1“}' " " " " +
A.igEB P.%ode,l}eOL; H;Dr1v3. FW. Crustirorm supergene py, wi:h q:z:
Crustiform supergene mc, with qtz

A.1727 P.lode, S.Branch; 720L Drive E Banded py, dissem.cp
172 C.lode, 1670L; DDH 1670-32-65"' " " "

A.1737 S.lode, 1670L; 3 X-c S, FW, Dissem.py and cp, with gtz
1871 " " 3 DDH 1670-15-186" Dissem.py with c¢p, gn, sl, and qtz
1626 S.lode, 1670L; DDH 1670-40-333* Mass.py
1729 " " ; DDH 1670-35A-163" Banded py, dissem.cp
1845 " "™ ; DDH 1670-P1-244" Dissen.py, with 31 and gn
1723 P.lode, 1670L; BWT.Extn.ll X-c S Dissem.py in micro-diorite dyke®*

EAST AVOCA - TIGRONEY

A.1745 Main iode“ 850L: No 1 dwp; HW Banded py & cp, with sl & gn
1746 : . 3 : : Banded py, dissem.cp
o7 S - faan ny, dlzemcr
1749 " " : " ; Centre D;:d:d ﬁg' °p with avz
1750 " " ; " ; FwW Banded py, dissem.cp
1751 " " H " " liass.py, dissem.cp
1752 " " H flass.py, dissem.cp
-

A.1753 HW.lode,850L ; No 1A dwp; EW Dissem.py, with qtz
1754 " " ; " " " Dissem.py, with qtz
1755 " " ;" " Centre #u33.py, with cp, 51 & gn
1756 ” " R Banded py & cp. With qts
1757 " " H " weon iMass.py, dissem.cp
1758 n o " ; " " " " " "

Detection Limit

A1l sumples have a matrix of
chlorite schist, except *

Contamination
Indicators % Trace Elements ppm S

Cu 2Zn Pb TS Cr Mn Co Ni Mo Ag Sn Bi Co/Ni
1.0 . 25 1250 * 390 660 22 310 * 150 * 30,00
0.5 . . 220 5 620 145 . 30 12 25 . -
2.0 * 0,25 * o+ 21 290 6 * 2 99 * 48,33

. * 1.5 * * 68 . 2 30 10 . . -
0.5 . . 47 *+ 37 135 * 320 6 * 890 -
6.0 . . 25 5 60 180 2 660 2 . 500 90.00
0.5 * 0.25 80O * 54 56 2 38 2 25 *  28.00

L] . . 25 5 8 17 L3 . » . * -
0.5 . . 68 * 70 142 2 37 * 58 560 71.00
0.5 * 0.5 * 5 42 34 3 30 47 36 12000 11,33
0.5 * 1.0 33 5 120 2 30 19 37 9200 60.00
1.5 * 0.25 730 60 190 34 420 2 92 . -
1.0 . . 48 5 50 94 2 215 2 . 500 46,00 ~
1.0 . . 48 8 60 98 2 30 4 25 500 49,00
0.5 . . 490 8 56 64 2 30 2 25 500 32.00
0.5 . . 230 5 17 83 2 150 2 . * 41,50

. . fe 88 5 142 10 190 1550 * . . 0.05

. . . 78 * 20 10 178 1000 * . . 0.06
0.5 . . 38 5 22 28 . 53 »* . . -
0.25 . . 55 ¢ 34 102 * 100 6 25 500 -
0.25 . . By« 275 147 96 ¢ . . -
0.25 * 0.25 38 * 108 200 * 12000 6 . . -
1.5 . .. 3% 5 22 175 *+ 320 6 37 590 -
0.5 * 0,25 51 5 71 10 * 51 B * . -
0.5 * 1.0 ¢ * 205 . . 30 41 - 30 500 - -

» L . 25 5 110 10 L 72 - L] L] T -
1.5 . . 25 . 98 » 5 53 2 . L] -

* 1,0 1.0 370 5 290 . . 30 * 25 . -

. . . 3750 16 145 600 650 30 2 . . 0.92
2.0 1.0 0.75 25 5 94 165 2 320 56 . 300 82.50°
1.5 . 4 66 * 62 28 2 71 4 . * 14,00
1.5 . . 78 ¢ 120 82 2 52+ 4 . 810 41,00
2.0 . . 57 * k2 115 2 51 10 49 *  57.50
0.5 . . 128 * 68 156 2 86 34 « 78.00
1.0 . . 62 * 64 172 2 630 10 . v * 86,00
0.5 . . 25 * 51 285 2 330 . 600 142,50
1.5 . . 29 * 82 203 | * 106 210 . 500 ( -

. * 0.25 590 * 132 23 * 105 7 . . -
0.25 . . 330 * 33 10 . 66 2 25 . -
0,25 1.0 0.25 93 5 48 10 * 190 12 25 . -
0.5 2.0 0.5 82 * 235 55 . 235 26 25 . - \
2.0 * 0.25 69 *+ 185 32 * 66 8 25 . -
2,0 1,0 0.5 25 7 115 37 2 76 1 25 500 18.50
0.25 1.0 0.25 25 5 5 10 2 30 2 25 500 ‘

The following elements were below detection : (limits in ppm) Ga(60), Ge(20),
€da(100), In(700), Sb(100), Ba(l00), Pt(50), Au(350) and Hg(500). V. was
found in 1649(75 ppm), but was otherwise below detection(50). As. was found
in A.1638(2900 ppm), but was otherwise below detection(B00).

* = not detected

8GT



TABLE 20

SPECTROGRAPHIC ANALYSIS OF PYRITE - AVOCA DISTRICT, SURFACE, WITH COMPARATIVE ALiFLE!
AVOCA DISTRICT - SURFACE
Sample Contamination
No Locality Description Indicators % Trace Elements ppm
. Cu 2n Pb Ti Cr Mn Co Ni Mo Ag Sn  Bi ‘' Co/Ni
A.1687 Ballinvally,E., Sh.dump Dissem.py, in black slate * . . 880 26 5 137 47 30 2 * . 2.91
1724 Moneyteige ;SE., Sh.dump Dissem.py, in grey phyllite . * . 8200 14 66 167 120 30 = . . 1.39
1725 Coolbawn;NE., dump " R . » 9500 22 100 220 165 30 * * _* 1,33
1762 .Ballinvally;N., dump Dissem.py, in sericitic tugr_ A 0.5 * . 127 10 920 50 51 30 2 25 500 0.98
1672 *Knockmiller;W., roadside Banded py, with asp in seriecitic tuff 0.5 2.0 1.0 2220 18 2000 61 130 . 3 . . 0.47
1673 Ballycoog;S., lode,dump Banded py, dissem.cp  * 1.5 * » 98 * 360 900 8 78 2 96 500 112.50
1674 Ballycoog; " " Mass.py, dissem.cp + 0.5 *  0.25 118 * 310 260 38 2150 2 . . 6.84
1675 Knocknamohill;NE., pit Dissem.py, in sericitic tuff . . * + 120 * 27 680 8 * . * 500 85.00
1676 Killeagh;Cox Sh, dump Dissem.py, in graphite schist b . b i 69 10 235 . . . * 0.04
1773 Ballymoneen;Stockpile Mass. mt/bm, dissem.py 0.5 ' * . 78 5 800 143 98 30 b * 500 1.46
1774 Ballymoneen;Eng.Sh.dump Mass. py, dissem.cp + 1.5 * * 210 5 5 110 2 43 4 28 500 55.00
1726 Kilcashel;W., dump Dissem.py, 'in sericitic schist . . . 215 . 46 146 * 97 =+ 82 . -
1742 Kilcashel;E., dump Dissem.py, " " * * * 25 5 16 150 2 71 2 105 *  75.00
1743 Kilcashel;E., dump " " " . b * 255 5 49 760 2 110 * 470 630 380.00
1782 Ballymurtagh;E., dump Dissem.py " " . *0.25 84 5 18 465 2 115 * . * 232.50
1870 Ballymurtagh;E., dump " " " . . * * "5 5 250 2 30 * . * 125.00
A.1650 Castle Howard;N.,lode, adit Mass py, dissem.cp + b4 * . 147 5 14 . * . . . b4 -
1781 Kilmacoo;Cross Roads Sh. dump Banded py, with gn & sl * * * * 99 5 23 10 2 30 8 . . 5.00
1677 Sroughmore ;Glebe Adit dump Dissem.py, in sericitic schist * * b 345 * 5 10 b4 * 2 . . -
1684 Sroughmore ;Road Adit dump " " " 4 * * 660 * 310 . 2 90 ¢ * . -
A.1948 Ballinacarrig; Quarry Dissem.py, with cp and qtz . . * 1150 5 150 10 98 30 o« . . 0.10
A.1731 Giendalough;Van Diemen's lode dump Dissem.py; with sl, gn & qtz * 2,0 1.0 1270 d 48 760 270 77 45 . . 2.81
COMPARATIVE SAMPLES
A.1769 Lékken, Norway; 400m L., Hovedgruben Mass.py, dissem.cp * * . 25 * 500 * 13 39 20 * b -
A.1768 Folldal, Norway;Copper orebody, Banded mt/hm py, with qtz . . b 25 . 35 20000 54 520 18 . « 370.37
- Tverrfjellet
A.1TT1 Skorovass, Norway; 680m L. Mass.py, dissem.cp and sl u.5 4.0 - 54 * 36 * 2 35 2 * . -
1772 Skorovass, " " Mass.py, dissem.cp 0.5 * * 25 * 18 285 2 33 - . * 142,50
A.1770 R8ros, Norway;Storvarts Mine, dump Banded py, with po 0.5 - * 110 * 13 255 5 52 5 * . 51.00
A.1736 Elba, Italy; Pyritohedron * * * 880 10 33 320 360 30 - . * 0.89
A.1763 CAAS, Standard Sulphide Ore - 1 0.5 * * 8100 1350 2700 500 10000 30 2 . *
Recormended Value(246) 0.8 . . 8000 360 1100 510 14000 10 4 3 ]
Detection Limit 0.25 1.0 0.25 25 5 5 10 2 30 2 25 500

+ Samples with matrix of chloritic schist The following elements were below detection(limits in ppm) : Ga(60), Ge(20),

As(800), €d(100), In(700), Sb(100), Ba(100), Pt(50), Au(350), and Hg(500).

V. was found in 1724(115 ppm), 1725(195 ppms, and 1948(200 ppm), 1763(660 ppm),

but otherwise was below detection(50). -
ot
()

* 'z not detected



TABLE 21

: ’
SPECTROGRAPHIC ANALYSIS OF MAGNETITE

- AVOCA DISTRICT, WITH COMPARATIVE SAMPLES

MAGNETITE

Sample
No

A.1689
1688
1786

A.1660
1788
1661
1789
1662
1790
1663
1784

A.1665
1791

A.1775
A.1783
"a.1785
HEMATITE
A.1664
A.1787

Locality

W.Avoca; P.lode; 1047L; FW
v . " n

"

" " 3 1300L; DDH 1338-251'

.Mongyteige; E.shaft dump
1 "

Bal%ycodg; §. dump
Knocknamohill; NE. dump
n 1" "

Ballymoneen; S. dump
" " "

Ballard; dump at opencast
n . " n "

Folldal,Norway;Copper orebody,Tverrfjellet

Skorovass, Norway; Adit level

Kiruna, Sweden;. Rektor dump

Ballard; dump at opencast

Kiruna, Sweden; Rektor dump

v

Description

Mass.mt/hm, dissem.py with qtz
. 1" " 1 " "

Dissem.py and mt

Mass., mt/hm, with qtz & cp

Mass, mt/hm with qtz
Mass. mt/hm with qtz

" "  with qtz & cp
Masﬁ. mtﬁhm wiEh qtz

Mass. mt/hm with py & dolomite
n n n "

"

Banded mt,hm, qtz
" n n

Banded mt/hm, py with qtz
Mass.py, mt/hm, dissem sl

Mass. mt/hm

Banded mt, hm, qtz

Mass. hm/mt
Detection Limit

Contamination
Indicators % race Elements ppm
Cu Zn Pb Ti vV Cr Mn Co
0.25 * * 43 * * 1775 *
* * * 25 * * 1175 *
0.5 * * 110 * 5 3050 *
0.5 * * 260 * * 250 10
* * * 175 50 * 225 10
* * * 680 100 5 2200 10
0.5 * ¥ 500 290 * 1825 10
* * * 480 570 * 1000 10
* * * hoo 355 * 1375 @ *
* * * 130 150 55 1500 10
* * * 750 135 20 3100 30
* * * 90 210 10 170 10
* * * 25 250 * 290 *
0.5 * * 25 100 5 530 28
Q.5 2.0 * 25 63 * 200 *
* 0.5 * 3250 3000 5 1000 41
* * 0.25 8oo 116 * 2250 10
* * * 94 1700 5 -Us55 *
0.25 1.0 0.25 25 50 5 5 10

The following elements were below detection

Ge(20), As(800), Ag(2), Cd(100), In(700), Sb(100), Ba(100), Pt(50),

Au(350) and Hg(500).
* = not detected

~

#D # e

10
16
22
10
13

18
12

2

Mo

59
120
45
Ly
4o

68
4o

380
78

610

4o
*

4o

Sn

820
1000

A%
LR SR 2K N A

*

*

*®

25

Bi

3600
*

LR K 3K BE B BE BE 3

* ®

*

*

500

(limits in ppm) Ga(60),

09T



TABLE 22

SPECTROGRAPHIC ANALYSIS OF CHALCOPYRITE - AVOCA DISTRICT , WITH COMPARATIVE SAMPLES

AVOCA DISTRICT

Sample L. Contamination
No Locality Description Indicators % Trace Elements ppm
. Zn Pb Ti Mn ‘Co Ni° Mo Ag Sn Bi
A.1807 W.Avoca; N.lode S.Branch; T20L Dissem.py, cp with qtz : * * 110 2 * * 0 * 400 00
9 3 5
A.1818 W.Avoca; P.lode; DDH 1332-66" Banded py, dissem.cp * * 230 210 110 * 1250 5 25 500
1825 " ; " ; DDH 1332-130" " " * 0.25 1000 860 136 2 50 14 113 500
1803 " H " ; DDH 1338-251" B Dissem.py, and mt b * 138 265 75 2 480 10 25 *
1641 " s " 3 1300L W.Drive Mass.cp in fault zone * * 25 5 * * 30 2 760 3500
1876 .. " ; " 5 " " Crustiform crystalline cp & qtz * ot * 5 . 2 30 2 620 .
A.1793 W.Avoca; C.lode; DDH 1670-32-65" Banded py, dissem.cp * * 110 350 10 = 94 4 470 500
A.1804 W.Avoca; S.lode; 1670L; 3 X-c S Dissem.py, cp with qtz * 0.25 52 18 * - 2 1k0 10 335 2000
1875 " R " ; DDH 1670-15-186" Dissem.py, with cp, gn, sl & gtz * 0.5 230 225 26 2 34 y 310 b
A.1809 E.Avoca; Tigroney;M.lode,850L,No 1 dwp Banded py, cp with sl and gn * 0.5 93 350 42 * 140 45 135 500
1810 " " " " " Banded py, dissem.cp * * 175 340 135 * 120 10 25 670
1811 " " " " " Mass.py, dissem.cp * * 125 190 10 . 40 5 340 .
1812 " " " " " Banded py, cp with qtz * * 25 15 * 3 30 8 260 - B
1813 " " " " " Banded py, dissem.cp * 0.25 T4 300 115 * 620 6 150 500
1814 " " " " " Mass.py, dissem.cp * 0.25 37 43 * 2 30 21 420 .
A.1815 E.Avoca; Tigroney;HW.lode,850L,No 1A dwp Mass.py, with cp, sl & gn 1.0 0.25 25 30 * 2 30 150 190 .
1816 " " " " " Mass.py, dissem.cp 2.0 0.25 66 360 10 2 126 35 335 500
1817 " " " " " Banded py, dissem.cp, gn, sl & qtz 3.0 2.0 25 220 10 2 30 22 265 .
A.1792 Moneyteige; E.Shaft dumﬁ . Mass. mt/hm with qtz & cp ' * * 97 150 * * 30 20 * *
1690 Ballycoog; S.dump at adit " " " * * 25 690 40 * 30 5 * 1750
1829 Ballymoneen; N.Shaft dump ) Banded py, cp, in sericitic schist * * 82 49 * * 30 3 4oo 760
1694 Kilcashel; E.dump ) Dissem.cp in chloritic schist * 0.25 135 3000 10 36 30 66 275 hd
A.1891 Glendalough; Van Dieman's lode,dump Dissem.cp in qtz * 0.25 25 5 * 2 30 10 210 .
COMPARATIVE SAMPLES
A.1826 Lékken; Norway; NOOm.L., Hovedgruben Mass.py, dissem.cp. * * 100 70 42 2 48 72 * *
A.1828 Skorovass; Norway; 680m L. Mass.py, dissem.cp ) : * * 51 5 . 30 3 25 *
A.1827 R8ros; Norway; Storvarts mine dump Cp. segregation in chlorite schist * * 91 49 51 6 30 28 * *
Detection Limit 1.0 0.25 25 5 110 2 30 2 25 500

The following elements were below detection : (limits in
ppm) V(50), Cr(10), Ga(60), Ge(20), As(B00), Cd(100),
In(700), Sb(100), Ba(100), Pt(50), Au(350) and Hg(500).

* = not detected

97T



TABLE 23

SPECTROGRAPHIC ANALYSIS OF SPHALERITE AND GALENA - AVOCA DISTRICT
SPHALERITE
Sample .
. No Locality Description
A.1882 H.Avoca;P.lode;l}OOL.w.,ﬁrive(Fw.) Dissem.py & sl with gtz
1894 " " " " " Crustiform sl on fracture
1884 W.Avoca;S.lode ;DDH 1670-P1-244" Dissem.py with sl & gn
1898 " " DDH 1670-15-186" Dissem.py with cp, gn, sl & qtz
1893 : " " DDH ;670-50-750' S1, infilling fracture
A.1836 E.Avoca;Tigroney;850L, HW.lode Banded py, dissem.cp, gn, sl & qtz
1895 " " " (] " " " n
1881 " " " " Crustiform sl on fracture
A.1877 Ballinasilloge; dump at adit Dissem.gn, & sl with qtz
1892 Knockmiller; W., roadside Dissem.asp, py, sl & gn in sericitic turr+
1878 Kilmacoo; Cross-roads Sh. dump Dissem.sl, gn, py & cp in qtz*
A.1885 Glendalough; Van Dieman's lode dump Dissem.sl in qtz*
SPHALERITE and GALENA ,
A.1937 W.Avoca; N.lode; 720L, HW. Banded py, with dissem.cp, sl & gn
A.1940 " ;Lead-zinc lode;DDH 1047-46" Banded py, sl & gn
Detection Limit
All samples except *, with a chloritic
matrix
GALENA
Sample
No Locality Description
A.1935 W.Avoca; P.lode;1047L; HW. Crustiform gn, with py & mec.
A.1865 W.Avoca; C.lode;DDH 1670-PBB-123"' Dissem.gn & sl, in sericitic schist
A.1900 W.Avoca; S.lode;DDH 1670-15-186' Dissem.py with cp, gn, sl & qtz
1903 W.Avoca; P.lode;DDH 1347-164" Dissem.py, gn with qtz
1901 E.Avoca; Tigroney;850L. HW.lode Banded py, dissem.cp, sl, gn & qtz
1864 " " " " Crustiform gn, with sl
A.1861 Ballinasilloge; adit dump Dissem.gn & sl, with qtz
1862 Ballintemple; Shaft dump Crustiform gn, dolomite and qtz
1863 Knockanode; Adit dump Dissem.gn .
1860 Kilmacoo; Cross-roads Sh. dump Dissem.sl, gn,py & cp in qtz
A.1866 ° Glendalough; Van Dieman's lode dump Dissem.gn and sl in qtz

Detection Limit

Contamination
Indicators %

Cu Pb

w

0.25

2.0
0.25

0.25
0.25

The following elements were below detection :
Ge(10), As(500), Ba(100), Pt(50), Au(350), and Hg(500).
(68 ppm), but was otherwise below detection when Fe>10%,30 ppm and when

I
o©

e
-2 o o i I 4 [22Y*2Y
< R

OO E EUWY VH- W

0.05

Fe < 3%,10 ppm.

Contamination

Indicators %
Fe Cu
3.7 .

v

0.05 0.25

The following elements were below detection :
Ni(5), Ge(10), As(500), €d(100), Ba(100), Pt(50), Au(350) and Hg(500).

OO # »

2.
1.
.

1.0

Trace
Ti Mn
10 320
48 1000
660 1750
14 280
120 120
260 1200
60 970
10 46
10 1000
10 2200
66 760
10 35
10 108
2240 1175
10 30

Co
10
10

10
80
.

125
31
10

24

*

58

127
M

10

Trace Elements

Ti
17
82

10

*

10
10

13
5000
120
10

56
10

-Mn
550
91

60
4o

360
9

31
400
3500
51

5
5

Co
10

10
10

Ga
47
T4

15
10
90

21
16
10
10

.
10

150

10
-

10

Elements ppm

Ag

15
14

26
11
33
20

2

ppm
Ga Ag
10 167
10 190
10 112
15 1100
1w om
*+ 820
* 270
* 500
10 175
* 1550
« 185
10 2

cd In
720 10
1740 205
1040 10
940 50
1480 210
500 132
330 94
2350 127
1650 340
560 10
1260 35
3800 262
* 2i5
*. 10
100 10

* ® & ®

56
30

Sb
570

10000

200
180

*

1000

*
»

1250
100

(limits in ppm).

Sn

30
134

215
*
1700

350
190

200

88
30

245
1000

"=

50

v(10)

Sb
100
*

860

-

100

was found in A.1901(96 ppm), but was otherwise below detection(10-30).
was found in A.1864(18 ppm), but was otherwise below detection(10).

not detected

M = Major

* =

245

50

(limits in ppm) V(10), Cr(5), Ni(
Mo was found in A.189

In

5),
5

o
(<]

, Cr(10), DO
Mo



2.3.7.4. Interpretation

a) Contamination Indicators

Polymetallic base smetal deposits often exhibit an intimate
association between sulphides. Ore microscopy reveals that
pyrite, magnetite, chalcopyrite, sphalerite, and galena at Avoca
are closely related. 1In a paragenetic sequence involving
crystallization, solution, mobilization and recrystallization

(Fig. 2.26), contaminants in mineral separates are expected.

Recently, Einaudi (80) challenged Fleischer's (87)
conclusion that the bulk of the copper in pyrite analyses
occurred as admixed chalcopyrite or other copper minerals, by
revealing copper zoning in pyrite from Cerro de Pasco., Similar
zonation of nickel in pyrite is reported by Constantinou (pers.
comm,) from Cyprus and Steed (pers. comm.) from Holloford,

Co. Tipperary, Ireland. However, these pyrite samples are
unnmetamorphosed, and the vast bulk of analysed pyrite has come
from deposits similar to Avoca which have been metamorphosed.
Metamorphism in the Avoca district has not reached chemical
equilibrium, but expulsion of trace copper and other elements to
form exsolved phases at grain boundaries, occurs (cf. p.126).
Fleischer's contention may apply with metamorphosed pyrite,
provided that the grade of metamorphism is below that for
homogenization (cf. p.141). A similar deduction can be made

for the contaminants in magnetite, chalcopyrite, sphalerite and
galena. Values are in per cent, but with the exception of zinc,
the eleucnts werc determined to their detection limits (Tables
19-23). An cxcellent correlation exists between the contaminants
and the mineral associations in the original specimens. 1In

general, sepcraticn has been effective.

b) Pyrite (Tables 19 and 20)

old e roaa

Titanium. The mean value is 92 ppr. Titanium normally
concentrates in independent oxide and silicate minerals. Ilmenite
(FeTiOB), titaniferous magnetite, and rutile (Tioz) account for
the bulizx of the element associated with basaltic rocks.

Titanium values in pyrite may be contributed by ilmenite or

rutile inclusions along the zonal boundaries of individual grains,
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and trace amounts may be in impurity silica. The high values
however, strongly suggest that pyrite can contain appreciable

titanium.

Pyrite (A.1723) from the micro-diorite dyke contains
3,750 ppm titanium. The host rock is eanriched in titanium (228),
implying that the pyrite crystallized within the dyke. There

is no previous data on the titanium content of pyrite at Avoca.

Vanadium. The detection limit is rarely cxceeded, but
75 ppm was found in A.1649, 115 ppm in A.1724, 195 ppm in
A.1725 and 200 ppm in A,1948, Titaniferous iron oxides and
magnetite arec often enriched in vanadium, and enrichment in
titanium occurs with A.,1724 and 1725. However, because magnetites
at Avoca generally contain <300 ppm titanium and contamination
of pyrite by magnetite is 1% it is inconceivable that the
titanium in the pyrite is the result of contamination by titani-
ferous iron oxides or magnetite. Lampard (138) obtained similar
results, as did Butler (46). Fleischer (87) admitted that only

scanty information on vanadium contents was available.,

Chromium. Values in pyrite arc gencrally below the
detection limit. £ strong octahedral site preference and
consequent earichment in early crystallates from silicate rnielts
is shown by crystal-field theory (64). Concentration in chromite
(Fe,Mg)(Cr,Fe,Al)204 and diopside rcsults in only minor amounts
being available for sulphides. The sole high value, £.1638, with
80 ppm nay be irherited from the original sediment, due to an
increased availability of chromium. On wecathering, where the soluble
complex ion (Crou)z- is formed, precipitation takes place with
metallic ions, especially lead, by adsorption on hydroxides, or,
within muds under reducing conditions. Chromiun may thus be
contained in the pyrite lattice. Enrichment of arsenic and
lead in £,1638, cmphasizes the possible prescnce of reducing
conditions in the scdiment, supporting this suggestion. Butler
(46), obtaincd low values, and the clement was not detected by
Lampard (133). No indcpendent sulphides of chromium exist,

but tracc quantities within sulphides have teen reported (181).

Mangonese. The mean value is 64 ppm. Manganese is not
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known to enter iron sulphide. The rare high values are probably
either due to incorporation of surface films of MnO2 during
diagenesis, in response to changes in Eh and pH conditions, or
to incorporation during metamorphism, as descrete inclusions

at crystal and zonal boundaries of silica impurities.

The single sample of marcasite, A.,1947 contains 34 ppm
whicn does not corroborate Fleischer's statement (87) that
manganese is absent in this mineral. However, the value is low
and thus of little significance. Lampard obtained random
qualitative values (138), and Butler (46), the higher mean

expected from a sulphide mix,

Cobalt, Values are distributed around a mean of 41 ppm.
Independent sulphides of cobalt, linnaeite, (00384) and
cobaltite, (CoAs)S as occlusions cause high contents in magmatic
iron ores and hydrothermal sulphides. Cobaltite occurs ih
polished section, and inclusions of this mineral may account for
the anonalous values. Significant variations are considered

further in the discussion.

Ficlkel The mean is 18 ppm. A low value is implied by
the elemental gcochemistry of nickel, which indicates concen-
tration in ores associated with early formed magmatic rocks,

particularly norites and peridotites.

The significance of absolute nickel values and the

Co/Ni ratio are considered in the discussion.

Arsenic. Generally undetected, with the exception of
A.1638; 2,900 ppm. This value is due to admixed arsenopyrite,
which occurs in polished section. Lampard (138), made no direct
determinations because of the insensitive method, and the common
presence of arsenopyrite in the upper levels at West Avoca.
Butler records (46) arsenic values, and Fleischer regards

arsenic in pyrite as indicating impurity (87).

Molybdenum. The mean is 44 ppm. Molybdenum virtually
always occurs as the individual sulphide MoSZ, however, the
covalent radius Moq+ (1.291°4) is close in size to Feot (1.165°1)
and Ti4+(l.324°A) suggesting possible diadochic substitution
of molybdenum for iron and titanium. There is no molyb-

denite, so the element is probably present as a diadochic
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substitution for iron in the pyrite lattice. The higher values

are close to the upper limit (300 ppm) found in black shales by
Vine (235).

Scuples from graphite schist, A.1842 and 1883, show an
enrichment. This nay be similar to the high value quoted by
Kaplan et ai. (128) in pyrite from a nodule, and also confirms
Vine's correclation of molybdenum with carbon content. Vedepohl's
note of increcased accumulation in near-shore clays (247) is
satisficd if the corbonaccous horizon originatced as an anaerobic
nud in a localized basin of pyroclastic deposition. Fleischer's
(87) mean value (10-30 pprm) is of the same order as that at
Avoca. No significant spatial variation was detected, adding
support tc Lampard's (138) conclusion that a vertical decrcase
in valuc did not exist in the deposit. Results from concentrates

by Butler (46 ) are similar to those in this study.

3ilver, The mcan is 6 ppm. Silver dominantly concentrates
in the sulphide phrse during magmotic evolution, forming
sulphides and sulphosalts. The influence of contamination by
included geolena and/or tetrahedrite is shown by a correlation
of high valucs with lcad. Neglecting thesc anomalous values,
the conclusion of Lompard (138), Butler (46) and Fleischer (87)
that valucs of silver in pyrite are low, is confirmed.

Tin., Values arce generclly below the detecction limit.
This supports the conclusion of former workers that contents of
tin in pyrite ore generrlly low. At high tenperatures sulphides
can contain opprecicble tin, and the results therefore suggest
thaot pyrite ot Avoca crystallized at a relatively low temperature.
The residuc of sample A.1743 (470 ppa), was exanined by ore
microscopy and nicroprobe for included tin minerals, but none
werc dcteccted. Stannite, as inclusions along zonal boundaries

in pyrite or within impurity silicates remains a possible source(87).

Bismuth. The majority of the results are below the
detection limit, and valucs are highly erratic. Anomalous valucs,
A.1843 and 1730, arc from samples in which native bismuth and
bismuthinite ore visible in polished section, and a correlation
with lend content is cevident. This amplifies conclusions of

Butler (46), Lompard (138) and Fleischer(87), each of whon
invoked contamination.
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Celcnium. A table of semi-quantitative values is given
below:

Table 24, I{-ray fluorescence analyses of selenium in pyrite

S
aggle Locality Description

A.1636 N.lode,720L;HW at Marg. Adit X-c Mass.py,diss.cp.

1648 " n " " n Diss.pye.

1637 ¥.lode " " " " Mass.py,diss.Cp.
1638 P.lode,1300L;DDH 1332-10"' Banded py,diss.cp
1759 . b DDH 1332-66" " "
1626 S.lode,16701;DDH 1670-40-33%! Mass.py.

1650 Castle Howard lode:Upper Adit Mass.py,diss.cp.

1748  Mein lode,850L; Tigroney, Nol dwp Banded py,cp+qtz
1757 I lode, 850L; Tigroney, NolA dwp Mass.py,diss.cp.

(% not detected)

The results confirm Anderson's (3) conclusion, that

seleniun contents in pyrite are low.

Ga, Ge, Cd, In and Sb were below the detection limit,
confiriming theoretical predictions of their absence in pyrite,
Boyle (35) reported minor amounts (<10 to 400 ppm) of antimony
in pyrite from KXeno Hill, however, the presence of coexisting

antinony-rich galena and sphalerite implies contamination.

The detection limits for Ba, Pt, Au and Hg were high,

and their absence in the analyses is therefore expected.

In table 20 analyses of comparative pyrite samples
from other pyritic deposits are shown with results from the
CAAS Standard Sulphide Ore-l. Values largely conform to the
pattern at Avoca, but there is a wide variation in cobalt and
nickel content, and tin is absent. Metallogenetic implications

of these facts are considered in the discussione.

c) Magnetite (Table 21)

Titaniun. Values surround a mean of 282 ppm. This

figure is greater than that in pyrite and reflects enrichment in

Se
ppri
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the magnctite lattice, there being a continuous relationship
between magunetite and the ulvospinel molecule FeZTioq (67).

The titanium value in magnetite from Kiruna A.1785 (3,250 ppm)
is high on account of ilmenite lamellae in the magnetite. At
Avoca, samples from unweathercd underground material have lower
titanium contents suggesting that submicroscopic ilmenite

alteration lamellae contribute some of this element.

Vanadium. A mean value of 162 ppm illustrates the known
enrichment of vanadium in magnetite with respect to pyrite.
Crystal-field theory indicates that there is no octahedral or
tetrahedral site preference, so that diadochic substitution of
Fe3+(05640A) by V3+(O.?4°A) may take place. However, camouflage
by Fe2+(0.740A) is the probable explanation for concentration
of vanadium in magnetite rather than ilmenite (64). Studies on
the Skacrgaard minerals confirm this (242). A marked increase
occurs in the Kiruna sample: A.1785 (3,500 ppm) illustrating

enrichment in titaniferous iron-ores.

Chromium. The mcan value of 7 ppm is slightly greater

than that in pyrite.

Mangancse. The mean value of 1070 ppm is that expected
from magnectite forming in a sedimentary cnvironment, as shales
contain 650 ppm manganese (228). Rare high values may be

duc to surface films of MnO2 incorporated during crystal growth,

Cobalt. The majority of the values are below the

detection limit (10 ppm).

Mickel. As with cobalt, the bulk of the values are

below the detection limit (2 ppm).

Molrhdenum., A mean value of 74 ppm is compatable with
the content in magnetite forming in a sedimentary environment.
Enrichment in the samples from Ballard and TFolldal, lNorway,
A,1665 and 1775 (%80 and 610 ppm respectively) has no identified
source, as aolybdenite does not occur in polished section.
Increasce in organic matter in the sediments might give rise to
anomalous values., Possible line interference by iron cannot

be discounted, and the results arc thus of minor significance.

Tin. A mean value of 144 ppnm illustrates concentration
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of tin in uwegnetite with respect to pyrite. High tin values are
known from many magnetite deposits (69). Polished sections were

studied for tin minerals but none were observed.

The elements Ga, Ge, As, Ag, Cd, In and Sb were below

detection and Ba, Pt, Au, and Hg were absent.
d) Hematite

Trace elements in hematite from Ballard and Kiruna,
Sweden, are given in table 21. Contents resemble those in

corresponding magnetites and confirm the elemental geochemistry,

e) Chalcopyrite (Table 22)

Titanium, The nean value of 131 ppm is close to that
for samples of pyrite and confirms the similarity in chemistry of

the two sulphides.

Manganese., The mean of 359 ppm is nmuch higher than
that quoted by Fleischer (87) (10-49 ppm), and the value is
excessively weigited by anomalous results which may be due to

incorporation of MnO, surface films.

2
Cobalt. The nean value, 33 ppm, is similar to that for

pyrite. Auger (10) refers to an increase of cobalt in chalco-

pyrite with depth at Noranda, however, there is no evidence of

this at Avoca,

Miclkel. The mean value of 3 ppm is close to the
detection limit, and conforms to the distribution shown by

nickel in coexisting magnetite and pyrite.

Molybdenum., A definite increase of the mean value,
155 ppm, over that in pyrite. DPolished section study failed
to reveal riolybdenite, and thus chalcopyrite from Avoca contains

ninor molybdenun.

Silver. The mean, 20 ppnm, is unduly weighted by a few
high values which correlate with lead content, indicating
inclusions of galena or tetrahedrite. The ductility of chalco-
pyrite ic near that of galena, and during metanmorphism they will
migrate into low pressure areas., Mechanical separation of

individual phascs may be difficult, and zones of low pressure
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containing fine grained sulphide intergrowths may also explain

the variations found by Auger (10).

Tin, The mean value of 265 ppm is greater than that in
pyrite and nagnetite.. No tin minerals were idemntified in
polished section, but the high values may be due to minute

crystals of exsolved stannite (87).

Bismuth. The intinate association of bismuth sulpho-
salts and native bismuth with chalcopyrite has been described

(Section 2,3.6.) and this gives erratic results,

The elements; V, Cr, Ga, Ge, As, Cd, In, Sb, Ba, Pt,

Au, and Hg, were undetected,

Analyses of conparative samples from deposits at
Glendalough, Lokken, Skorovass and Roros are also given in
table 22, 'The trace element asseriblages show only minor
differences fron those at Avoca. Titanium and manganese contents
are low and the tin value at Glendalough is close to the mean

already quoted. The Horwegian saitples show no tin enrichment.

£) Sphalerite (Table 23)

Titanium. A rniean value of 115 ppm is similar to that
in coexisting sulphides. Fleischer (87) suggested that titanium
was contributed by silicate gengue, and this is possible in the

current samples,

¥anganesc. The mean value, 880 ppn, is relatively
high, but there is a wide scatter. Fleischer (37), Boyle (34)
and others,suggested that increase in manganese content paralleled
that of iron. At Avoca, remobilized sphalerite (low iron) has
a mean content of 390 ppi manganese, and primary material (high
iron) contains 1050 ppr, confirming this postulate (Table 26).
The reason nay be fundamental; remobilized sphalerite, containing
less iron than its primary parent, crystallized at a lower tempera-
ture. The thermal stability of the zinc blende structure
increased at this lower temperature, and acceptance of manganese

in the lattice decreased.

Colour variations in sphalecrites have been ascribed to

changes in iron content, but Manning (147) deduced that the
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. . . ‘s + .
reddish colour is due to interstitial Fe3 ions. Manganese
content has also been suggested as giving colouration. At Avoca,
increase in both iron and manganese are paralleled by darkening

in colour of sphalerite, thus little further can be deduced.

Cobalt. A nean valuc of 32 ppu exists. In the past,
Fleischer (37) and others, invoked contaminant chalcopyrite as
the sourcc of cobalt in sphalerite., At Avoca, chalcopyrite
contains a mcan of 33 ppm cobalt, and as contamination of
sphalerite is generally 5%, this suggestion is not fcasible.
Sphalerite at Avoca nust therefore contain minor amounts of
cobalt.

Gallium. A nmean value of 27 ppn confirms theoretical
predictions of gallium occurring in the sphalerite lattice,
on account of a relatively high tetrahedral crystal field stabili-
zation energy (221). Lampard's data (138) gives a higher but
similar result, and Fleischer's (87) indication of an increase

in gallium with decrecase in temperature has somne support from
table 26,

lolybdenum. 65 ppn was found in £.1895, and Fleischer
notes (87) that molybdenum is almost always present in sphalerite
in small amounts. (This statement may heve originated because of
line interfercnce, as sensitivity depends upon the iron content

of the sphalerite, as indicated on table 23),

silver. The neanvalue, 16 ppm, is probably due entirely
to contaniination by inclusions of galena or tetr~hedrite, and
a good corrclation with lead exists. Lampard (138) and Fleischer

(87) reached the sane conclusion.

Codniurie. This is the characteristic clement which
occurs in sphalerite. The covalent radii of cadmium and zinc
are compatable: . Cd2+(l,48oA) and Zn2+(l.31°A), and the crystal
field stabilizotion energy for tetrahedral coordination is high,
accounting for diadochic substitution of cadmium in the zinc
sulphide lattice. The mean value of 1150 ppm for sphalerite at
Avoca, confirms these theoretical predictions. Fleischer
notes (07) increasc of cadmium in light sphalerite with reference

to darker variecties. At Avoca, prinary sphalerite is burgundy
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red, wherecas the remobilized form is russet. The mean cadoiun
value for primary svhalerite is 880 ppm, and rerobilized material
contains 1850 ppm (Table 26). Groves and Loftus-Hills (101)
found no significant correlation between cadmium and iron in
sphalerites fron Tasmania and the significance of this is

considercd in the discussion.

Indium. This element is geochenically similar to
cadmiun, the mean value is 106 ppr, and its presence is also
characteristic of sphalerite. Fleischer (87) remarked on a
decrease in indiun content with increase in iron. The present
study corroboratecs this, however, line interference by iron makes

any precise conclusions hazardous.

Few values are available for tin contents and the
erratic distribution of results is probably strongly influenced
by contamination. Similarly, antimony and bismuth show irregular

distributions expected from contamination.

The elements V, Cr, Ni, Gey As, Ba, Pt, Au, and Hg,

were below detection.

g) Galena (Table 23)

Titanium. The mean value, 530 ppn, is high on account
of some anowmalous values, which arc possibly duc to inclusions

of rutile in impurity silica.

Manganesc. The nean valuce of 510 ppm is high and sinilar
to the titanium content. ¥Fleischer (87) suggested that aduixcd
sphalerite gave rise to anomalous nanganese values in galcena.
Anounts of contrminating sphalerite in galena at Avoca are
5%, and nanganese contents are generally significant, so that
manganese in galena could not be supplied only by sphalerite
impurities. The nanganese content is due, perhaps, to included

surface films of MnOa.

Cobalt, Values are predominantly below the detection
1imit and are unduly weighted by A.1901, with 225 ppm, and a

sample contaninated by pyrite and chalcopyrite.

Galliwn., Generally not detected, suggesting that the

recorded valucs may be due tc contanination by sphalerite; a
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conclusion also reached by Fleischer (87) and Lanpard (138).

tHolybdenun. Only found in A.1901, 96 ppm and, as

previously stated, this sample is contaminated.

Silver. This is the characteristic elenent occurring
in galena; with a nean value of 490 ppm. Inclusions of tetra-
hedrite, which is argentian, may cause an enrichment, but the
size of the values indicate that there is undoubtedly scme silver
present in solid solution in galena. Covalent radii: Ag+(1.3390A)
and Pb+(l¢3580A) imply that diadochic substitution of silver in

galena is possible.

Indiuri, This element only occurs in A.1864 (18 ppm),
and the somplce is contaminated by zinc indicating that the

indiun may be included in impurity sphalerite.

Tin. The mean value of 51 ppm, is low and nay be due
to included silicate impurities. Fleischer states (87) that
contents generally are 100 ppm and this is confirned. Inclusions
of stannite arc comnon, cspecially in association with tetra-

hedrite (103) and this may explain Fleischer's higher values.

Antinony. Erratic results are due to intergrown tetra-
hedritc, noted from polished section study. This secns to be
the explanation for commonly reported antimony in analyses of
galena (37).

Bisnuth. An erratic distribution exists, and as
galenobisnutite and other sulphosalts have been described from
polished sections, values arec probably due to impurities.

A comparative sample of galenn from Glendalough,
A.1866, contained a similar trace eclement assenblage to sanples
from Avoco (Table 23).

2.3.7.5. Discussion

a) Theorectical predictions of clement distribution

Trace clenent distribution in mineral phoases must take
into account the geochemical character of the elements.
Goldschmidt's rules (94,95), successively modified by various

workers allow a neasure of prediction of the trace elenient
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distribution within ionically bonded phases; oxides and silicates.,
However, sulphides have covalently bonded structures and thus the
rules are inapplicable. Recently, Nickel (159) has applicd
crystal~field thcory to the vagaries of sulphide solubilities

and structural stabilities, This is the first attempt to

explain sulphide behaviour, and illustraotes the lack of study

on sulphide solid solutions. Burns' nonograph (45) summarizes
current theoretical predictions, and describes the evolution

from Goldschmidt's original postulates.

Nonc of the existing hypctheses, clone, are capable of
cxplaining the behaviour of conplexly bonded compounds. The
controls of sulphide solid solution are not yet fully understood,
and thcoretical predictions of trace elcment distribution are

severely limited.

b) Applications of trace element analysis

Tracc clements nay enter a mineral during crystallization
from the parent fluid phase, and as such may be fingerprints of
the original environment. This clue nmay give diagnostic

informotion on the genesis of the nineral.

Mechanisns of incorporation of trace elements arec varied;
by inclusion os descrete phases along zonal boundaries, cither
capturcd during growth, or exsolved during cooling. The elenents
nay be adsorbed into lattice defects in the crystal, or taken
into solid solution through diadochic substitution at inter-
stitial lattice sites. Each of thcsce nodes of entry into the
lattice and subscquent incorporation probably operated during
formation of the nineral assemblage at Avoca, and this factor is
considered in the discussion., A review of the relevence of tracec
clement studies to sulphides has been given by Loftus-Hills and
Solomon (140) with a geochemical treatment by Taylor (221).

The standard texts of Goldschmidt (96), Krauskopf (133), Runkama
and Sahama (181) and Wedepohl (248), have been used for general

reference.

(i) Indicators of orec genesis

This has been the prime application of the mass of data

accunulated to date. A wide variety of clenents and element
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ratios hove been used with divided results; at present there
is no known diagnostic troce element indicator, but by judiceous
consideration of the severzl criteria, tentative conclusions

nay be recched.

Cobalt, nickel and Co:Ni ratio in pyrite
Noddaclk and Noddack (163,16L4) indicated that magmatic
sulphides generally contained in the region of 2,100 ppnm Co
and 31,400 ppn Ni, with a Co:Ni ratio of 0.07. Berg and
Friedensberg (22) suggested that hydrothermal sulphides had a
Co:Ni ratio >0.1, and often >1.0, they also stated that the ratio

rose to 830 in hydrothernal pyritc. Several workers have noted
that wherce scdimentary pyrite and magratic pyrite occur together,
the sedimentory pyrite shows a much lower ratio (53, 112, 191).
Hawley and Nichol (111) showed that bydrothermal pyrite had a
higher rotio than pyrite from ultrabasics. In basic rocks, the
Co:Mi rcotio riscs with increasing acidity, reflecting the
differeince in geochemical nature as nickel is extracted morec

rapidly into the solid phasc during differentiation.

Davidson(66) proposed the Co:Ni ratio as an indicator of
ore genesis, and maintained, that since in normal sediments the
ratio was always <1.,0, roatios >1.0 were characteristic of granites,
This hypothesis wns based uron the behaviour of cobalt and nickel
in silicates, and as sulphide structurc is totally different it
nust have very little relevence to the Co:Ni ratio in sulphides.
The pioncer study of cobalt and nickel in pyrite was by Hegemann
(112), on 730 sonples from Central and Northern Turopean ores.
This was followed by Cambel and Jarkovsky (48 and 50) on 800
sonples of pyrite fronm Czechoslovakian deposits and by Loftus-
Hills and Solomon (140, and pers. comn,) reporting on the initial
phose of a study of about 1,000 sanples from Tasmania. The
current results form a contribution to this global pool of

information.

Absolute values of cobalt and nickel in relation to the
lode~types are shown in Fig.2.30. The graphs illustrote that
the Co:¥Mi rotios at Avoca are generally high. The lower values
contain high nickel contents and occur in pyrite from carbonaceous

schist; A.1842, 1883 and 1676. This corroborates Davidson's
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(66) noted enrichment of nickel in black shales, and the results
correspond remarkably well with the average values of 20 ppm Co,
and 200 ppm Ni, quoted by Hegemann (112) as characterizing
sedinmentary pyrite,

The sample from the intrusive dyke rock, A.1723, with
Co:Ni = 0,92 is close to the average ratio for igneoué rocks of
that composition., Velikoborets, in a study-of the relationship
between cobalt content and pyrite morphology, has recently
demonstrated (234) that contents are invaricbly higher in pyritic
zones which are readily leached i.e. composed of melnikovitic
pyrite. The present study broadly substantiates this, the results
illustrating that pyrite from pyritic zones at Avoca, which contain

abundant melnikovitic pyrite, is enriched in cobalt (Fig. 2.30 and 31).

In relation to data from other deposits, some inferences
nay be drawn (Fig. 2.32). Correlation with deposits in the .
Norwegian sector of the Caledonides is nade using Hegemann's
(112) results coupled with the writer's. Lokken, Stordo and
Skorovass, with similar degrees of metamorphism, and broadly
equivalent ore types and environment to that at Avoca, show
comparable Ni:Co ratios (Fig. 2.32A). Values given for Roros,
Folldal and Sulitjelma have greater cobalt contents which cquate
with a narkedly higher degrce of metamorphism (Amphibolite facies).
An incrcasc in cobalt with increasing metamorphic grade was also
suggested for the Czechoslovakian ores by Cambel and Jarkovsky
(50). However, Velikoborets (234) concluded that increasing
netonorphic grade resulted in decrease of cobalt content.

Strict interpretation is therefore obviously impossible.

Two pyrite sanmples from Lokken with high nickel contents
fall within the field of pyrite occurring in graphite schist at
Avoca, and although Hegemann does not mention any carbonaceous
material in the Lokken sanple, it may have been present, finely
divided, in the chloritic matrix. This fact nay be cited as

support for a syn-sedimentary origin of the Lokken deposit.

The Tasmanian results, (Fig. 2.32A) indicate that a high
Co:Ni ratio cxists in pyrite from ores associated with Cambrian

volcanics. This feature is also shown at Avoca, where pyrite
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FIG 2.32

Co and Ni in pyrite from comparative
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falls into a similar field as the pyrite from the Mount Lyell
and Roseber: ~ Hercules ores. Pyrite from the Ballincarrig
Granite (A.1948) is in the field of the Devonian granite (in
Tasnania), which post-dotes the Mount Lyell mineralization, in
the soime way as the Caledonian Ballincarrig granite post-~dates

the Avoca nineralization,

Pyrite from the Noranda district (191) shows an equivalent
distribution (Fig. 2.32A4), and has been ascribed to the products
of volcanism by Roscoe. Samples of sulphide from the Red Sea
thernal brine arca (128) show enrichment in cobalt (Fig. 2.32B).
These sulphides are unnmetamorphosed, and after metamorphisn
the Co:Mi rotio would no doubt rise, placing the value in a field

inplying o correlation with volcanisn.

tavelin and Gabrielson (89) stated that solution to
genesis was impossible on the basis of analyses of nickel and
cobalt becouse ninor changes in the chemical poarameters, Eh and
pH, had o greater effect upon trace clement distribution than
the nature of the environment, the temperature of formation, or
the degree of metamorphism. Considering current studies of the
factors which influence trnce clement distribution (192)certain

inferences nay be made obout the Co:Ni ratio in pyrite at Avoca:

1. The Ca:MNi ratios do not allow any dogmatic conclusions
about genesis.

2. & norked similarity is shown to pyrite from other
deposits, which exhibit similar degrees of metanorphisn,
conparable orc types and have rceclated lithological
settings. Many of these zre thought to have

originated through a process of volcanisn.

Selenium, and the S:Sc ratio in pyrite

Goldschnidt and Hefter (92), Goldschmidt and Strock(93)
and Carstens (52) suggested that contents of selenium in pyrite
rclated to genesis. Edwards and Carlos (78) reported that in
sedinmentary pyrite selenium wos generally low; 1 to 10 ppm.
Carstens found that sedimentary pyrite had S:Se ratios of
1: 500,000 to 1:40,000, whereas hydrothermal pyrite had
S:3e¢ ratios of 1:10,000 to 1,20,000. Coleman and Delevaux (59)

[#)]
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pointed out that this did not hold in the presence of volcanic
natter. Thus, discrimination must bemade in every case, between

seleniun enrichment on a provincial and on a local scale.

Loftus-Hills, Groves and Solomon (141) concluded that
Tasmania was a low seleniun province and that the selenium
content of pyrite was an unsatisfactory genetic indicator.
Cambel and Jarkovsky reached no definite conclusions, but found
some cvidence of an increase in selenium with increasing depth

at Smolnik (50). Anderson (3) presented a review of earlier
data,

At Avoca the selenium contents are low, with S:Se ratios
>30,000 and they are not typical of deposits associated with
voIlcanism found elsewhere (3). Mount Lyell in Tasmania (141)
shows a sinilar enrichment and fronm that area the conclusions
have already been stated. At Folldal, in Norway, Waltham (243)
noted that fine grained pyritic ore contained 10 to 20 ppm Se,
increasing to 40 ppnm in coarse grained ore. The current study
points to higher Se contents in massive lenticular pyrite seans
than in cross-cutting siliccous ores. This provides an interest-

ing corollary between the Irish and Norwegian deposits.

The results of the analysis of seleniunm in pyrite tend
to mitigate against a truly hydrothermal origin for the siliceous
ores at Avoca, but do not disprove a volcanic origin for the
pyritic scams. Any conclusions based upon such approximate
and meagre dota can only be regarded with extreme caution,
especially as the selceniun content of pyrite may be influenced
by the crystal form (50).

Titanium, vanadium, nanganese and nolybdenun in pyrite

Cambel and Jarkovsky (49) suggested that Ti, Mn.and Mo
were enriched in sedimentary, relative to hydrothermal, pyrite.
The: current data is inconclusive, but the relatively low values
of these elenents in Avoca pyrite adds a small neasure of
support for a sedimentary origin. Carstens (52) noted the
reverse relationship for vanadium in pyrite. The absence of
vanadiun in pyrite from Avoca thus corrclates with a hydrothernmal

origin, but Carstens' exanple of a hydrothermal deposit was
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Lokken and the author, in common with other writers, contends that
it is partly syn-sedinentary and thus little value can be attached

to the relationship.

Cadmium in sphalerite

Ivanov (118) found that sphalerite fron Cu-Zn-pyrite
deposits and from Pb-Zn-pyrite deposits in extrusive volcanic
sequences have lower than average cadnium contents. Thus,

Groves and Loftus-Hills (101) concluded that low cadnmiun contents
in sphalerite night indicafe a genetic association between the

ores and volcanisn,

The nean cadniun content of sphalerite at Avoca is 1,140
ppr1 and that at Glendalough, in mineralization associated with
the Leinster granite, is 3,800 ppn. This shows a striking
sinilarity to the results from Tasnania (101) where the mean
cadniuri content in sphalerite from Pb-Zn deposits associated
with volcanics is 1500 ppa, .and that in nineralization associated
with Devonian granites is 2,900 pprie A clear distinction exists
in both regions between the two varieties of sphalerite. By
conparison, it can thus be inferred that the deposits at Avoca

are related to volcanisn.
Sunmary

Evidence fron trace elenent contents in sulphides fromn
the Avoca district indicates that the pyritic zones accunulated
within tuffaceous sediments and that the source of the netals

and sulphur may be volcanic. The siliceous zones do show
typical nagnatic-hydrothernal features and may be of hybrid

origin.

(ii) Tenperature of crystallization of ore assenblages

Studies on ore thermonmetry involving trace element
partition or incorporation depend upon equilibrium conditions
being reached. Troshin and Troshina (226) postulated that
any consistant partition of elements between coexisting ninerals
probably indicated equilibriunm conditions in an essentially
diadochic substitution. To test this hypothesis, Fig. 2.33,

illustrates Co and Ni contents in coexisting pyrite and chalcopyrite.
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A constant partition does not exist implying that conplete
equilibriun was not attained during metamorphism. (Minor
inhonogeneities; 2zoning, twinning, etc., which occur in polished

section, also indicate incomplete chemical equilibrium.).

Iron content of sphalerite

The najor geothernmometer has been based upon the iron
content of sphalerite within the ZnS-FeS system. Kullerud (134)
presented data which has since largely been discounted (17).
Iron contents determined spectrographically in sphalerite fron
Avoca produce excessively high results. Some of the samples
‘are inpure, and thus this is expected. To check the data,
probe analysis of pure sphalerite (as free from inclusions of
chalcopyrite as possible) was carried out. The results are
shown in the following table, conpared with the spectrographic
data:

Table 25. Conparative probe and spectrographic analyses of iron

content in sphalerite, Avoca District.

A. Primary sphalerite

%Fe
, Probe Spec.
A.1937  W.Avoca; N.lode, 720L, HW 3.5  18.0%
1882 " ; P.lode,1300L, FW 5.7 6ol
18384 " . S,lode, DDH 1670-Pl-244’ . 3.3 L7
V. 823 " : Pb-Zn lode, DDH 1O47-46! 1.2 -
VW 64 E.Avoca; Tigroney, 850L, Main lode 6.0 -
1896 LU " " HW lode 7.9 12.9%
1895 woo " " " " L_8 .12.3x
1877 Ballinasilloge; dunpat adit 7.8 5.42
1892  Knockmiller; W., roadside 8.4 6.9%
VW 822 Ballycoog Ford; cliff exposure 8.8 -
1878 Kilnacoo; Cross-roads shaft dunp 3.2 7.8
B. Remobilized sphalerite.
A.1893 W.Avoca; S.lode,DDH 1670-50-750" 1.3 1.9
xSpecimen contaninated with CuFe82 and FeS2

%value diluted by contaminant quartz.
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Agreement between the two analytical methods is good when
the samples for spectrographic analysis are clean, but discrep-
ancies exist with impure samples., Difficulty in mineral separation
indicates that microprobe analysis is the most effective method

of analysing iron content in sphalerite.

Cadmium content of sphalerite

Groves and Loftus-Hills (101) summarized evidence for the
application of increasing cadmium content in sphalerite as a
geothermometer, but conclusions are at present divided, as
Roedder (189) and Sawkins (196) correlated increase of cadmium
content with falling temperature and an increase in salinity
of the parent media.

Silver and bismuth in galena

Van Hook (232), in a study of the AgZSTBiZSB-PbS system,
noted that the solubility of silver in galena, in the presence
of bismuth, could be extensive even at low temperatures. One
sample containing 3.76% Ag was reported. In the absence of
bismuth, up to O.4 mol.% Agzs is soluble in galena at ?OOOC, and

in the absence of silver, up to 9.0 mol.% Bi is soluble in

S
273
galena at 800°C. The solubility decreases rapidly with decreasing
temperature, and the degree of solid solution may be of use as

a geothermonmeter,

At Avoca, the mean content of silver in galena is 490 ppm
Ag (equivalent to 0.06 % Agzs). Bismuth occurs in the assemblage,
and as other sulphide and silicate geothermometers indicate a
maximum temperature of 435000 during metamorphism, the silver °
content of galena is well within predicted limits. Bismuth

contents in galena are erratic and may be due to contamination.

Selenium in sulphides

The possible use of selenium as a geothermometer was put
forward by Goldschmidt and Strock (93), but available data is
scanty. Bergenfelt and Sindeeva claim (23,203) a general
correlation of selenium content with temperature, and Suzuki,
through measurement of selenium within a fumerole, showed that

increasing content was proportional to temperature (220). Hawley
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and Nichol (110) reported that availability was a more important
factor than temperature. In a survey of Tgsmanian results
Loftus-Hillg,Groves and Solomon concluded that the selenium
content was an unsatisfactory geothermometer (141). The meagre

data in the current study do not allow any specific deductions.

(iii) Distinction between primary and remobilized

sulphides

In a specific mineral deposit, remobilized sulphides
will probably have a depleted trace element assemblage in

relation to primary material.

A comparison of the mean trace element contents of

primary and remobilized sphalerite is given below:

Table 26. Trace elements in primary and remobilized sphalerite

Trace Elements - ppm
no. Ti Mn Co Ga Ag ca In Fe %
Primary (8) 136 1060 42 16 19 880 78 5.9
Remobilized(3) 59 390 7 58 9 1860 180 1.4

A decreased thermal instability in the sphalerite
lattice reduces the available sites for trace elements. This
fact is confirmed by the elements Ti, Mn, Co, Ag and Fe, of
which only iron and manganese are theoretically predicted to
occur in sphalerite. FHowever, Ga, Cd, and In are acceptable in
the lattice and contents at Avoca increase with decrease in
tenperature of crystallization. Statistically, the data has

extreme drawbacks because of the small number of analyses.

It was not possible to obtain sufficient primary and

remobilized material of any other sulphide.

(iv) Metallogenetic Provinces

Metallogenetic provinces contain certain elements in
excess of their mean crustal abundance and they are often
related to tectonic elements (27). Warren and Thompeon (24l)
and Burnham (43) noted that enrichment of certain trace elements

in sulphides could characterize specific provinces. The data
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from Avoca sulphides indicates that in the Caledonian geosyncline,
the sole diagnostic trace elements of the Southern Caledonides
are possibly tin and molybdenum, both of which are absent in

sulphides from Norwegian deposits.

(v) Iiineral Exploration

General

To establish whether there was a caiaracteristic
trace element in pyrite which could be used in mineral explora-
tion, a statistical analysis was made of trace elements in
pyrite from Avoca associated with base metal mineralization and
that in pyrite in the country-rock. Logarithms of the trace
element valuecs were taken, and means and standard deviations

calculated, The results are in table 27 below:

Table 27. Statistical analysis of trace elements ir pyrite,

Avoca District

A B c

Mean  Diln.  Mean [N Mean i
Ti 1.830 0.674 2.313 1.119 1.963 0.820
Mn 1.842 0.491 1.696 0.804 1.809 0.571
Co 1.539 1.077 1.878 1.008 1.614 1,064
Ni 0.069 1.034 0.897 1.11L 0.252 1.106

Mo 1.841 0.894 0.948 1,298 1.642 1.054

(Values in logarithms)
g:zgizSOf n=49 n=14 n=63
A= Samples of pyrite associated with base metal
mineralization.
B= Samples of pyrite unassociated with base metal
mineralization.

C= Pool of samples.

It is clear that no statistical difference exists between
the groups, with the conclusion that pyrite associated with base
metals and that unassociated with base metals probably originated

from the same source. The country-rock sequence is pyroclastic
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and thus a volcanic origin for the iron and sulphur in pyrite

at Avoca is probable.

Mercury

It is now well known that anomalous quantities of mercury
are often associated with sulphide deposits (119), especially
those which contain appreciable zinc and/or sulphosalts. In
Ireland, discovery of mercurian tetrahedrite at Gortdrum in 1968
(256) stimulated enquiry into mercury haloes surrounding other

ore deposits.

Mineralization at Avoca contains abundant zinc in certain
zones, and tetrahedrite occurs, so that anomalous mercury contents
and a resultant halo are likely. The spectrographic method used
in this study has a high detection limit for mercury and this
precludes detection of trace quantities in separated sulphides.

In order to provide some information, a reconnaissance suite of

stream scdiment samples were collected.

A total of 14 samples have been analysed for mercury using
the method described by James and Webb (120) on minus 80-mesh
fractions. To check the significance of the results the samples
were also analysed for arsenic, as this element is characteri-
stically associated with mercury in dispersion haloes, using
the Gutzeit (modified) method.

The results are shown in Fig. 2.34. The data is minimal,
but anomalous values in streams dréining known mineralization
are encouraging, as they show enrichment of several orders of
magnitude over the apparent 'background level'. The highest
values arc accompanied by anomalous arsenic content, which adds

weight to the relevence of this pattern.

Stream sediment sampling has not been applied to any
extent in the Avoca mineralized belt, due to fear of contamina-
tion by ancient workings. This pilot study demonstrates that
analysis of trace mercury content in stream sediments may well

prove to be a valuable exploration tool.
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2.3.8. Mineral stabilities and phase relations

2.3.8.1 Gceothermometry and geobarometry

a) Pyrite-pyrrhotite

Arnold (8) demonstrated the variation in composition of
pyrrhotite with temperature. In addition, the increase in valuc
of the d102 spacing of pyrrhotite is sympathetic with iron content,
and antipathetic with the temperature of formation. Measure-
ment of the d102 spacing of hexagonal pyrrhotite coexisting with
pyrite can thus be used to estimate the formational temperature.

The following conditions must first be satisfied:

(i) Equilibrium between pyrite and pyrrhotite must be

proved and if not, only a minimum temperature can be estimated.

(ii) The pyrrhotite must be hexagonal, because many
natural pyrrhotites are monoclinic or a combination of hexagonal
and monoclinic forms (47) and these cause large errors in the

dy oo SPacing. Arnold (9) and Yund and Hall (60) summarize the
current status of the method.

The sizec of pyrrhotite grains at Avoca (Plate 33) made
isolation and nmeasurement by standard x-ray diffraction techniques
(8) impossible. Probe analysis (using the Geoscan) of represent-

ative pyrrhotites gave the following result:

Composition of pyrrhotite

Element % 1. 2. 3.
Te 60.93% 60.30 61.18
54 39,32 38.79 38.96
Total 100.25 99.09 100,14

1. E.Avoca, Tigroncy, 850 L. Main lode.
Ca Castle Howard, stope off upper adit.

3. " 1" " 1" 1

This deota, in relation to the stability ficld of pyrrhotite
(Fig.2.355%), indicates a low temperature form, either monoclinic

or hexagonal. The formation of pyrrhotite at Avoca may well
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PYRRHOTITE AND ARSENOPYRITE STABILITY
RELATIONS

A. Composition of pyrrhotite in relation to the Fe-S system.
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B. Phase relations of arsenopyrite at various pressures
with reference to temperature and composition.
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have taken place at g 304 L 6°C, and Arnold (9) demonstrated

that under these conditions pyrrhotite could form from components
with a composition betwecen pyrite and pyrrhotite in the presence
of pyrite, therefore the results from Avoca are plausible.
Desborough and Carpenter (68) deduced that applications of the
composition of pyrrhotite might be completely meaningless,

and thus no precise geothermomctric deductions can be made.

b) Arscnopyrite

The usc of arsenopyrite as a geobarometer was suggested
by Clarik (56) and (57), who presented curves relating pressure
variation tc the dl}l spacing. Barton (15) confirmed the
phase relations. The temperature must be independently
determined and the arsenopyrite must have formed at its arsenic
or sulphur-rich limit, the pressure of the assemblage can then
be estimatecd by x-ray study of coexisting arsenopyrite.. The
d131 spacing is a function of the As-8 ratio. The method (56)
envolves powdering arsenopyrite with fluorite (I : I) under
acetone and making into a smear mount. It was not possible to
obtain sufficicnt material from the Avoca mine, but at
Knockmiller, arscnopyrite is a major mineral phase., Zoning in
the arsenopyritec suggests inhomogeneity and slight temperature
variations, applying the determinative curve, give rise to huge
pressure changes. The dl31 spacing was determined (Fig. 2¢35B) and,
assuming a temperaturc of crystallization of 200-SOO°C for this
vein-type occurrence, a low pressure is indicoted ( 1-50 bars),

corresponding to ore deposition in the ncar surface environment,

Arsenopyrite melts at 702° I 3°C (57) and the upper limit
of stability of arsenopyritc and pyrite is 491° £ 12°%, fThese
provide uscful tempcerature limits (see below) for the formation

of the epigenctic mincrals in the mine area.
c) Sphalerite

The sphalerite geothermometer, first postulated by
Kullerud (134), latcr suffered modifications by Skinner, (205)
Einaudi (79) and others, to the extent that Barton and Toulmin
(18), suggested that the method should be discarded. 1In spite

of this condemnation,the iron contents of sphalerites from Avoca
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are shown on Fig. 2.36, illustrating the rclationship of values
to the various determinative curves. A separation between

primary and remobilized sphalerite exists.

Kelly and Turneaure (129) noted an equally distinct
separation between 'iron-rich' and 'iron-poor' sphalerites
from Bolivia. The composition break occurred at 19 mole % FeS
and this was correlated with the abundance of exsolution
products. At Avoca primery sphalerite contains exsolved chalco-
pyrite whercas remobilized material is barren. At Keno Hill (36)
Boyle and Jambor demonstrated unrealistically high formational
temperatures by applying Kullerud's curve to sphalerites and,

interestingly, his values arc comparablc with those at Avoca.

d) Exsolution textures

The geothermometric applications of exsolution textures
must be judiciously applied and Brett (39) has cast severe doubt

upon the validity of any interpretations.

Initially it must be shown that true exsolution has taken
place; the solvent phase must have exsolved from the solute to
form an cxsolved phase on rapid cooling of a bulk composition

within a solid solution field.

(i) Chalcopyrite from sphalerite

This texture originates below the deposition temperature
of the host sphalerite. Eorchert (33) and Buerger(42) estimated
a temperature range of 350° - 400°C at 1 bar. (With increasing
pressurc the lower temperature is approached). Marmo's data
(150) added cvidence in favour of the lower tempcrature.

Brett (39) illustrated that the texture mighf form over a wide
range of temperature and much lower than previously indicated.
Any precise gecothermometric implications are therefore impossible,
but Vokes (237) and Shreyer et al., (198) presented meaningful
results. The indicated tempcrature of <350°C for the Avoca ores,,

is not contradicted by this evidence.

(ii) Pyrrhotite from sphalerite

This rclationship only occurs in onc outlying prospect;

Ballinasilloge. Kullerud (134) postulated a temperature range
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of 138-89#00 at g1 atmos. prossure for this texturec. The temper-
ature of.$35OOC, indicated by the wallrock assemblage, thus
appears realistic. Pyrrhotite connot exsolve from sphalerite
unless excess sulphur is added from an external source (16). The
spatial association of pyrrhotite (Fe
(CuFCSE-x

without any change in the metal-sulphur ratio is possible.

l-xS) with chalcopyrite

) confirms that simultancous exsolution from sphalerite

(iii) Pyrrhotite from chalcopyrite

Yund and Kullerud (259) revealed that a change in the
tic-lines in the Cu-Fe-S system occurrcd at 3340 : 1700.
Isometric cubanite and pyritc give way to pyrrhotite and chalco-
pyrite. This rcaction is very slow and the assemblage of pyrite
with or without cubanite might be cxpected at Avoca, but it does
not exist. However, pyrrhotite and chalcopyrite intergrowths
occur and they do not appear to be high temperature conversion
products, and therefore probably developed.g}}ho I 1700, but

could have cxsolved at a higher temperature.

¢) Thermoluminescence

Lampard (138) rcported the results of a study cn samples
of carbonate from Avoca. Cnalcite, from the tuff horizon and
dolomite from the hangingwall of the Pond lode at West Avoca
gave no distinct pcaks; indicative either of deposition at a

tenperaturc >300°C or the insensitivity of the method.

f) Fluid Inclusicns

The application of fluid inclusion studies to thermometry

is well established. Two methods of approach exist (190):

(i) The homogenization method; which consists of determ~
ining the filling temperature of the inclusion by observation

on a heuting stage.

(ii) The deccrepitation method; in which a sample of
crushed material is heated and a sudden increasc in decrepitation
of the inclusion cavities occurs as the filling temperature is
exceeded (205).

Minute inclusions occur in quartz associated with the

mineralized lenticles in the siliceous zones. Eight samples,
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chosen by Lampard, were studied by Smith who reported (138);
that very indistinct decrepigraphs were obtained. A number of
sets of inclusions were present and one set possibly filled at
ZOO—BOOOC. Smith concluded that additional work would probably
not produce more significant data, and thus the method has not

been pursued further.

g) Univariant points

(i) Quartz inversion

Basal scctions of quartz etched by Lampard (138) and
revealed fcatures indicative of low quartz and consequent
formation at <573°C at 1 atmos. (Possibly at a higher

temperature under increased pressure).

(ii) Arsenopyrite and pyrite

The upper limit of stability for this assemblage is

491°C 2t 1 atmos. (The temperature increases by 18°C per Kb).

(iii) ©Native Bismuth

The melting point is 271°C,but is of dubious significance
as the mode of occurrence indicates derivation from a melt at a
higher temperature. The textures are compatable with a maximum

metamorphic temperature of\535000°

(iv) Galecnobismutite

The melting point of 750°C suggests that crystallization
took place below this temperature, and the textures indicate

that galcnobismutite may be an cxsolution product.

h) Sulphur Isotopes

Analysis of the isotopic composition of sulphur from
twelve samples of pyrite and four samples of sphalerite from
West Avoca by Jensen are in (138). These results arc shown in
Fige 2.374. There is a good correlation with results from ore
deposits which have similar features and a tentative correlation
with volcanism implied. Solomon et al. (210) have presented an
analysis of isotopic data from metamorphosed conformable deposits
around the world, and the data from Avoca conforms to the

general pattern (Fig. 2.37B).
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SULPHUR [ISOTOPES

A. Isotopic ratios at Avoca contrasted with other deposits
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i) Trace elecnents

Distribution coefficients of trace elements between
coexisting phases and their geological significance has already

been discussed.

3) Summary
The geothermometric and geobarometric indicators in the

Avoca ores are summarized in Fig. 2.38.

2.3.8.2. Phase relations as environmental indicators

a) Pyrite

The textural features reveal contrasting types of pyrite

and the differences are significant.

Pyrite is formed under a wide range of conditions and

Rickard has ably discussed (186) the differing modes of formation.

In the normal marine sedimentary enviromment, (Fig. 2.33)
the major form of reactant iron is goethite. Sulphidation of

goethite takes place as follows; (D.T.Rickard, pers. comm.)
2FeOOH  + 3H28aq——-—-—9 2FeS  + S + OH™ aq + 38,0

Mackinawite (FeS) is produced, which reacts with available

polysulphide ions to form pyrite:-
Fel, + Sz-aq — FeS,c + Sa-aq

Simultaneously, further polysulphide ions are released and react
with remaining wackinawite.. Initially, fine crystals of pyrite
(melnikovitic) are produced, because there is insufficient time
for crystal organization as temperatures are low and the rate

of growth is slow.

Primary, zoned, crystalline pyrite exhibits porphyroblastic
forms and implies growth at a low temperature (<100°C) in an
acid enviromnment supersaturated with iron (compare Fig. 2.39
and 2.40A). The presence of melnikovitic pyrite at Avoca
emphasizes the thermometric conclusion as it probably crystallizes

at even lower temperatures.

Baas-Becking et al. (11) demonstrated that the pH of

pore waters in most marine sediments occupied a restricted
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FIG 2.38

TEMPERATURE VARIATION DURING FORMATION

of the Avoca deposits
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STABILITY RELATIONS OF . IRON(I)

Eh and pH diagram illustrating the fields of near-

surface environments.
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STABILITY RELATIONS OF IRON (i)
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field (Fig. 2.39) in which the pH.varied from 6.8-8.2, in the
sea-water environment the pH varied from 7.6-8.3. In the

present context, the relationships of the iron species as shown

in Fig., 2.40A are therefore oversimplified. Berner (24)
illustrated that concentration of hydrogen sulphide in pore

waters during ore deposition is an important factor, and in
accumulation of syn-sedimentary pyrite, would be critical,
Formation of pyrite probably took place in an open system in

which the sulphur, produced during sulphidation of goethite,

would have been lost to the overlying water. This, combined

with precipitation of iron sulphide, would have lowered the
content of dissolved polysulphide. In this environment, new
stability relations exist, exemplified by Fig. 2.40B, showing
relationships at a pH of 7.5 (not unreasonable for pore waters)
and demonstrates the wide field of pyrite stability. A large
number of assumptions have to be made in applying these diagrams,
but the dominance of the pyrite field in an aqueous medium similar
to that expected in pore waters below the sediment water interface
during the formation of the pyritic zones is obvious. This is

amplified in the discussion of genesis.

Framboidal pyrite in carbonaceous shales indicates that
strongly reducing conditions existed locally and that growth

took place at low temperatures, possibly within gas vacuoles (187).

Unzoned crystalline pyrite occurs with pyrite showing
primary growth fabrics. As it forms under so many divergent

conditions, little can be deduced from its presence.

b) Iron oxides

The phase relationships of the oxides, carbonate and
sulphides of iron in water at 2500 and 1 atmos. pressure are

illustrated in Fig. 2.404.

Coexisting magnetite and siderite with pyrite indicate
fluctuating conditions. The field of siderite encloses strongly
reducing conditions and requires greater than atmospheric
amounts of carbon diox;de (Fig. 2,40C). The total dissolved

carbonate must be >10° otherwise, the siderite field
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will disappear. Thus, magnetite and siderite in the Pond lode
may indicate a local change in the amount of dissolved carbonate
in the depositional environment, possibly due to an increase in
carbon dioxide from fumaroles. The facies variations inherent
in the presence of coexisting magnetite and hematite have

already been discussecd,

@) DBase Metals

When the minor minerals are excluded, two major 'systems'
of mineralization appear:
(i) Pyrite and chalcopyrite
and (ii) Sphalerite and galena,

which are both contained within a siliceous matrix.

These siliceous zones are crosscutting and have other
features which point to an epigenetic origin. Textures indicate

the corrosive nature of the metal-bearing siliceous n=:dia.

A grecat deal of research has been completed on the synthetic
and natural sulphide systems, mainly by Kullerud and his co-

" workers. A summary appears in Barton and Skinner's paper (17).

(i) Pyrite and chalcopyrite with excess silica

The textural relationships are entirely consistent with
Kullerud's work on the Cu-Fe-S system. Fig. 2.41B illustrates
relations at temperatures close to those suggested by other

indicators.

Holland's work (115) on the thermochemical stability of
sulphide systems with respect to chloride-rich solutions is
summarized in TFig. 2.41A. The field of 'hydrothermal fluids'
includes the mineral assemblages at Avoca. The activity of
silica determines whether or not silicatc replaces the oxide
field. Fig. 2.41A illustrates conditions in the absence of
silica, but the hydrothermal fluids at Avoca probably contained

excess silica and thus silicates may be expected.

(ii) Sphalerite and galena with exXcess silica

The synthetic systems and thermochemical predictions do not
indicate any anomalous relationships in the mineral associations

at Avoca.
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A. Composition of liquid and vapour phases which can be
in equilibrium with common mineral associations in
hydrothermal ore deposits
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d) Wallrock and base metal assemblage

Meyer and Hemley (151) in a discussion of wallrock
alteration presented a diagram covering part of the field in
Fig.2.k1A,and on which the mineralization and alteration at Avoca

can be plotted (Fig.2.42).

Field 3 illustrates the coexisting phases in the mine area
assemblage, and diagrammatically the development path: early
magnetite is followed by pyrite with or without coexisting
chalcopyritc and finally exsolution of pyrrhotite occurred.

The matrix is chlorite and minor sericite with excess silica.
Excess total dissolved 002 is represented by siderite and late

carbonates,

Field A diagrammatically represents the iron ore occurrences
in which magnetite, hematite and minor pyrite and chalcopyrite
coexist in chloritic wallrocks. The higher oxygen fugacity of.
this field may equate with a near surface énvironment, whereas,

in the mine areca, mineralization developed at a lower level.

-

2.3.9. Mineral and metal distribution

Mineralization in the Avoca deposits exhibits a crude
zonal pattern. Certain mineralogical and elemental variations
along the regional strike and down the dip, are examined in this
section, and rclated to the structure and stratigraphy. The
possible usefulness of the zonal pattern as a genetic or cnviron-

mental indicator is then discussed.

2.3:9.1. Mineral distribution

A direct consequence of using the S/Q logging method is
that major mineral distributions can be graphically presented
from the dato contained in the log. Examples of this are shown
in Maps 6 and 7, displaying distributions at West Avoca in a
pyritic zone; the Pond lode, on the 1300 level, and a siliceous
zone; the South lode on the 1670 level.

a) Pond lode (Map 7)

Quartz, A distinct concentration of disseminated and

vein quartz occurs in the fcotwall of the ore zone and therec are
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irregular concentrations in the hangingwall. The overall content

of gquartz in the ore zone is low.

Pyrite, A marked compound scam rich in pyrite occurs in
the footwall of the ore zone and this correlates with the green-

black chlorite schist horizon (Map 4).

Chalcopyrite, An even distributior of chalcopyrite exists
in the footwall, and there is evidence of some concentration in

the hangingwall.

Sphalerite and galena. Sphalerite is enriched in the
hangingwall of the lode and galena has a sporadic distribution.
Amounts of both minerals arc low throughout, except for a
concentration at the western limit, forming part of ?he Lead-

zinc lodce.

Lampard (138), in a statistical study of assay data,
demonstrated that there was o decrease in the content of chalco-
pyrite, sphalcrite and galena with increasing depth in the Pond
lode. Concentration of sphalerite and galcena occurred in the
western portion of the lode, with enrichment in the upper levels

on the hangingwall,
b) South lode. (Map 6)

Quartz. There are indistinct zones of anomalous quartz

content on the hangingwall and footwall of the orc zone.

Pyrite. Medium to fine grained disseminated pyrite has
a uniform distribution, with admixed chalcopyrite. A discontinuous
zone of coarse grained pyrite occurs in the footwall, in the
central. and castern portions. The hangingwall also contains a
zone of coarse grained pyrite, which passes into medium and fine
grained material with depth into the country rocks. (At the
western limits, the presence of Central lode sulphide-rich

lenticles is obvious,)

Chalcopyritc. An ubiquitous associate of vein quartsz,
chalcopyrite occurs as sporadic concentrations in the lode.
Massive chalcopyrite seams tend to be more abundant in the

hangingwall (e.g. Fig. A.1).

Sphalerite and galena. Sphalerite and galena are
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mainly restricted to the eastern (hangingwall) limits of the

lode lining fractures or shear voids or, rarely banded.

Lampard's results (138) were not at variance with these,
and showed, in addition, that the footwall of the South lode
was enriched in sphalerite and that the proportion of sphalerite
and galena in the upper levels was sympathetic with sulphur

content (largely represented by pyrite).

20309929 I'Ietal I‘atiOS
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Stanton (213) and Lampard (138) discussed the metal
abundances at Avoca, and the following synthesis is drawn from

their worl:.

a) Pond lode
Lampard demonstrated that the mean Zn:Pb ratio was ~ 2.51:1,

and that copper and zinc were antipathetic, a fact also noted

by Stanton.

Typical metal ratios from the pyritic zones at Avoca are
shown in Fig. 2.43A. The dominance of zinc over lead, which

holds turoughout the ore zones, is obvious.
b) South lode
An increase of the Zn:Pb ratio with depth was noted by

Lampard, from ~ 3:1 to L4:1, but the paucity of data makes this

conclusion dubious.

The metal ratios in the South lode, and typifying siliceous

(lead-zinc free) mineralization are shown in Fig. 2.43B.

¢) Lead-zinc lode

A mean Zn:Pb ratio of ~ 2.5:1 appears to typify the
lead-zinc rich material at West Avoca (138) and is also

characteristic of the East Avoca mineralization.

Metal ratios approximate to the distribution shown in
Fig. 2.43C.

2.3.9.3. Relationship between mineral distribution

and lode structure

Conolly (60) developed a method for illustrating the shape
of a lode deposit which consists of selecting an arbitrary

inclined reference plane and measuring the distance of a constant
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METAL RATIOS, WEST AVOCA

A. Pyritic zones

Pb Zn

B. Siliceous zones Cu

Pb Zn

C. Lead - zinc zones

Cu

Pb Zn
(Weight °/.) (After Lampard, 1960)
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representative marker horizon in the lode from that plane. The
distances are plotted on a longitudinal section, contoured, and
produce a useful picture of the lode shape. Visual comparison
of the Conolly contour diagram, on which major structural
features orc superimposed, with a contour plot of assay x width
value, strikingly illustrates any relationship between lode

structure and nineral (metal)distribution.

The lodes in the Avocz district are not true fissure
veins, for wlkich the Conolly diagram was initially devised,
but date woas collected for voth the Pond and South lodes to
discover whether any useful conclusions cmerged. A planc
inclined at 51°S with a bearing of 180° (T.N.) was chosen as the
refercnce planc. A contour interval of 10ft was taken, as mine

assay valucs are universally for 5 ft lengths.
a) South lode

A diagrem showing contours of the distance between the
footwall of the lode and the reference plane produces a uniform,
featureless plot, and the metal value diagram merely outlines the
limits of the mineralization, revealing no more than a conventional

assay section.
b) Pond lode

Contours of the footwall of this lode illustrate some

interesting features, (Map 8).

The Conolly diagram demonstrates the presence of two major
domal areas (Map 8:A) which equate with areas rich in lead-zinc
and poor in copper (Map 8:B). Marked change in slope of the

contour surface coincides with faulting.

The Copper Value diagram illustrates the prominent

pitch of maxinum enrichment, 58°sw, corresponding to a plunge
of 42°SH., The arcas of low copper value, in relation to the
overall mineral distribution, coincide with enrichment in lead-
zinc. (The incoming of the Lead-zinc lode is indicated by a
low at the western 1limit on the 1300 level. Below this level,
the low enlarges and may equate with the presence of intrusive
microdiorite dykes crosscutting the lode (Map 2)). Faulting

causes a reduction in metal value, illustrated by the intersection
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of the central fault zone with the lode.

2:3.9.4k. Discussion

Spatial mineralogical and metal zonation in sulphide
deposits has long been recognized (139) and many attempts have
been made to correlate the observed sequences with hydrothermal
and/or supergene effects. The primary objective of any study
must be to determine which of these two processes has been
active in producing the zonal arrangement, and this may provide

significant genetic information.

The Avoca deposits are lenticular zones of banded, massive
and disseminated ore, broadly conformable to the regional folia-
tion, and as such may be termed stratiform (218). Stanton has
enumerated the characteristics of this type of deposit (214).
Occurrences in the Kupferschiefer and in the Zambian copper belt
are termed normal stratiform deposits; being enclosed in a
predominantly sedimentary sequence. Avoca, in common with many
other deposits in the Appalachian-Caledonian orogenic belt, and
similar eugeosynclinal sequences around the world, is typical of
the volcanic category as it occurs within an essentially volcanic
sequence. Mineralogically, these stratiform deposits consist of
either pyrite or pyrrhotite with variable amounts of sphalerite,
galena and chalcopyrite (213). Minor to trace omounts of arseno-
pyrite and sulrhosalts also occur, making up a sequence
equivalent to the assemblage at Avoca (with the exception of
pyrrhotite). Zoning has been described within these deposits by
several writers (5, 144, 191, 238) and the universal feature
noted is the lack of correlation between enrichment in copper

and that in lead-zinc,

Roscoe (191) and Lusk (1l4) found that zones of lead-
zinc enrichment at the stratigraphic base of the Noranda and
Heath Stecele deposits were adjacent to porphyry rocks, possibly
representing volcanic necks, and suggested a volcanic-exhalative

genesis for the mineralization.

Zoning is a three dimensional feature and may be either
lateral (approximately parallel to the foliation, in this case)

or transverse (normal to the foliation). At Avoca the lateral
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variations are marked by the incoming and dying-out of mineralized
zones on a megascopic scale e.g. the qualitative changes in
character of mineralization with depth at West Avoca. Transverse
zoning becomes important on a mesoscopic scale within individual
zones and this can be studied in detail through drillhole inter-
sections. Interpretation of the ore textures indicates that

the pyritic zones retain evidence of primary growth fabrics and
have a syn-sedimentary origin, in part at least. The postulated
structural scheme suggests that these pyritic zones are strati-
graphically underlain by siliceous zones, representing stock-
works., These siliceous zones exhibit crosscutting (epigenetic)
relationships to the host rocks and have almost certainly been

produced by hydrothermal ore fluids.

Copper is present in both the pyritic and siliceous zones
as chalcopyrite, which predominantly has a recrystallized grain
fabric: thus, its origin is in doubt. It is reasonable to
suppose, however, that the copper in the siliceous zones is of
hydrothermal origin, and the copper in the pyritic zones probably
has a syn-sedimentary origin similar to the pyrite. The tenor
of copper is remarkably uniform in the siliceous zones and shows
local variaticns within the pyritic zones (emphasizing that a
difference exists between the two types of mineralization).

The siliceous, stockwork zones, probably formed during a
relatively distinct period of mineralization and thus might be
expected to contain an even distribution of copper. The bedded
pyritic zones, on the other hand, show evidence of formation
within a system rich in iron sulphide in which conditions
fluctuated and were idecal for the production of local concentra-
tions of cocpper. The latter might well be related to the acid
sub~surface water movement and would therefore have a somevhat

random distribution.

Enrichment in zinc and lead is generally confined to the
margins of the ore zones at West Avoca, showing a statistical
sympathy with sulphur content in certain areas (138). At East
Avoca, appreciable zinc and lead also occur in the siliceous
zones in oddition to the marginal occurrence at Kilmacoo.

Lampard (138) suggested that the distribution of zinc and lead
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at West Avoca might be related in some way to the presence of
pyritic bands and was probably superimposed on, but not influenced
by, an earlier stage of pyrite-chalcopyrite mineralization.
Detailed examination of the mineral fabrics supplies the key to

the mechanism, by indicating that dissolution of the marginal
portions of the sulphur-rich pyritic zones by circulating
chloride~rich metal-laden fluids probably caused precipitation

of the zinc and lead sulphides. These fluids were almost certainly
genetically associated with the copper-rich fluids of the

stockworlk zones, and a mechanism for partitioning a lead-zinc

rich fraction must be sought.

it is well known that ore deposition is not a simple
phenomenon and the nature of ore forming solutions is poorly
understood. If the ore fluids at Avoca werce hydrothermal and
chlcride~rich, deposition of copper would have preceded zinc
and lead (14) and the latter would only have been precipitated
when the solubility of the fluid was radically altered. In this
casc, this criterion is provided by a sudden increase in
dissolved sulphur on dissolution of pyrite. (This concept is

elaborated in section 2.3.10).

To date, no satisfactory scheme to exploin the lack of
correlation observed between copper and lead-zinc enrichment
has been put forward, but the mechanism outlined above may supply
this requirement. In order to apply the theory to a specific
volcanic stratiform deposit it is necessary to know the strati-
graphic reclationships, and to differentinte the zonal sequences
in orec zoncs which are not of equivalent origin (e.g. at Rio

Tinto, in 252),

The fvoca deposit is a type example where a hydrothermal
(epigenetic) zonal sequence has been superimposed on an earlier,
syn-scdimentary (supergene) zonal pattern. It is noteworthy
that a similar situation exists at Tilt Cove, Newfoundland (26)
wherce there is a volcanic-stratiform pyritic deposit in.the

continuation of the Caledonian mobile belt in North America.
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2.3.,10. Genesis

2.3.10.1, General

The genesis of the ores in the Avoca district depends
heavily upon evidence for the depositional environment. Meta-
morphism effected the sulphide and silicate assemblages to a
varying, but relatively minor degree. It is thus possible to
make realistic proposals about the depositional environment

and metallogenesis.

The country-rocks are a pyroclastic sequence with
sedimentary intercalations and indicate a volcanic environment.
There is no positive evidence that the source of the ore consti-
tuents was cogenetic with that of the enclosing rocks, but
results from a study of trace elements in pyrite from the sediments
and pyroclastics suggests that a similar genesis of the iron
and sulphur is possible. Sulphur isotope studies (138) corro-
borate this and appear to negate an origin of the svliphur from

sea-water sulphate.

Mineralogical study and macroscopic spatial relationships
indicate the existence of a number of ore types. The genesis of
each type is considered serarately despité the fact that differ-

ing types of ore may occur close to one another.

2.3.,10.2. Pyritic zones

The primary nature of the pyrite forming the bulk of
these zones has been established through textural evidence,
Intercalations of iron-rich chlorite signify derivation from a
ferrous silicate (chamosite) during diagenesis, or from meta-
morphosed iron-rich .tuffs or sediments. Regardless of the
alternative chosen, a submarine environment appears likely,
This notion receives support from the nearby presence of high
energy sediments, graded tuffs, showing evidence of deposition
from turbidity flows. The presence of phosphorites indicates

that the depths of water were generally shallow (223).

Pyroclastic deposits associated with the iron~rich
horizons indicate that rapid changes took place in the formational

topography, the uplifted areas providing abundant material for



215.

erosion. The sources of iron could therefore have been erosional,
fumarolic or some combination of the two. The genesis of the

sulphur was probably through the fumarolic exhalation of st or SOZ.

Regardless of the precise mode of discharge of iron and
sulphur into the marine system, they would have been oxidized,
forming goethite and sulphate anions, in the environment
envisaged. Melnikovitic and zoned crystalline pyrite indicate
growth at temperatures 510000, it is noteworthy that the reported
temperatures from effusive submarine brines in the Red Sea are
40-60°C (29).

Goethite must have been accumulated, for dense pyritic
layers to develop, freely or adsorbed on clay particles on the
sea bottom. Redox potentials and pH conditions in this situa-
tion were no doubt continually fluctuating and the supply of iron
was not constant. The pyritic layers are laterally continuous
and show no evidence of disruption by sedimentary mechanisms,
slumping etc. (Fclding and displacement of iron sulphide seams
can be shown to have occurred after lithification). Bottom
currents have not affected the sulphide layers and there is an
absence of abrasion amongst the pyrite grains. No suitable site
for the accumulation of pyrite above the sediment-water inter-
face is therefore indicated, a fact born out by Figs 2.39 and 40O
and the thermodynamic calculations of Curtis and Spears (65).
This study demonstrated that pyrite could only attain stability,

in sediment masses.

The formation of the primary zoned and colloform pyrite
is postulated as having taken place below the sediment-water
interface, under requisite redox potential and pH conditions.,
The presence of abundant zoning in the pyrite grains implies
slow growth, and changes in composition of the fluid medium in
which the grains were growing, a situation compatible with
growth within the sediment pore waters. Indication of local
reducing environments are provided by intercalated horizons of
carbonaceous material, and within these horizons, aqueous ionic
sulphur may have been produced through the bacterial reduction
of sea-~water sulphate. Slow reaction, possibly during diagenesis,

could have created the framboidal pyrite.
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Sulphur isotope data support the notion that the sulphur
was volcanic. Derivation of the iron and sulphur from surface,

subsurface and/or submarine fumeroles appears feasible.

2.%.10.3, Siliceous zones

The siliceous zones stratigraphically underlie the pyritic
zones., Crosscutting relationships are shown with the enclosing
wallrocks and the mineralization has the characteristics of a
stockworl: below the conformable pyritic zones. An envelope of
intensive silicification is common, sericitization is important
and primary textures in pyrite are lacking. This ore-type is

demonstrably epigenetic.

A distinctive suite of pyroclastic material (felsite),
generally occurs stratigraphically below the siliceous zones.
These reprecsent large volumes of highly felsic magma, and the
presence of a similar magma at depth appears reasonable.
Burnham (44) stated that the aqueous phase from a felsic magma
would become chloride~rich in the waning stages. He calculated
that the initial fluid would contain 0.35 M NaCl, 0.2 M KC1,
0.04 M HC1l, and 0.005 M CaClZ, and at a temperature of 700-75000
and at pressures of 1,000-2,000 bars, would have a pH of 5-6.
Furthermorc, cooling below the solidus of a felsic magma in
contact with quartzo-feldspathic rocks would decrease the amount
of bonded K© and H+, and the excess would become available for

incorporation in hydrothermal fluids.

Additional cevidence for a felsic magma chamber below the
accumulating pile of eugcosynclinal scdiments is afforded by the
post-tectonic granodioritic complex at Croghan Kinshela and
the Leinster nluton. The sedimentary sequence is dominantly
quartzo-feldspathic in character, and the sericitic alteration
zone accompanying the siliceous mineralization testifies to
the activity of potassium~-rich fluids. Analyses of the felsites
substantiate anomalous concentfations of potassium, and the

relevence of Burnham's study is confirmed.

The ore constituents in the siliceous zones have certainly
been deposited from fluids, and the source of these fluids is

inferred to be related in some way to the products of the
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aqueous hydrothcrmal phase of the underlying felsic magma.

Transport mechanisms of metals in ore formation have been
studied experinentally in some detail recently. The solubility
of the ore metals, demonstrated by Helgeson (113), is generally
low, cxcept in chloride-rich brines. It appears reasonable to
suggest that the ore constituents at Avoca were transported in

chloride-rich solutions,

The volcanic environment postulated for the accumulation
of the pyritic zones was obviously an area of high geothermal
activity and a suitable locus for the chloride solutions. The
solutions may have moved to the surface through conduits related
to the feeder channels for the magma, driven by a mechanism
similar to thet which operated at Wairakai (81). The chloride-
rich, nectal laden solutions would meet circulating connate and
meteoric waters ncar the limits of their ascent to the surface.
The zone of mixing of differing fluids would have been an ideal

site for orc metal deposition.

The incrcase in porosity of the pyritic zones towards
their basc is evidence for the leaching activity of circulating
porc waters following formation. This would have resulted in the

pore woters having an increased acidity.

The chloride-rich metal brincs would have been highly
corrosive to the primary zoned and colloform pyrite. In the
stratigraphically lower levels of the pyritic zones, mixing of
the pore waters and the chloride solutions took place in the
presence of pyrite, Strong corrosion of the pyrite resulted in
a rapid increase of reduccd sulphur species in the system, which
would have rcacted with the copper, zinc and lead from the metal
brine to form sulphide, TIron from the replaced pyrite became
incorporated in the sphalerite lattice, thus accounting for the
high iron content of primary sphalerite. Sawkins (196) reccently
proposed that brecciation textures in pyrite from the Providencia
Mine, Mexico, were due to the activity of a supersaturated
hydrothermal solution. This suggests that leaching of pyrite by
chloride-rich solutions may be of more frequent occurrecnce

than is gencrally recognized.
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The effects of fluid mixing, coupled with a sudden decreasc
in temperature and pressure resulted in the development of stock-
work zonce at lower levels. The presence of unzoned crystalline
pyrite in these siliccous zones, its corroded nature and the
absence of primary growth texturces may indicatec deposition at
above 100°C, in the presence of a corrosive medium, possibly
chloride-rich., This model is consistent with the temperatures
recorded at depth within geothermal systems,(ZOO-ZOOOC) (82).

The stockwork mineralization at West Avoca was cupriferous and

at East Avoca it was lead-zinc rich,

Burnham (44) stated that the ore metals would be deposited
in the order: iron, copper, lcad, and zinc from hydrothermal
solutions. This conforms with the spatial distribution of ore
types at West Avoca, wherc lead and zinc occur at the extremitics
of the mincralization. The picture at Bast Avoca is probably
similar, but precise correlation will have to await the results

of more drilling and development information.

The genetic development of the orebodies at Avoca is

illustrated schematically in Fig. 2.22 (p.92).

The presence of the major economic mineralization in
the centre of the mineralized belt may not be fortuitous. This
may have delineated an area of incipient crustal weakness which
provided tlic zone of diiztation in which thec fumarolic and

magmatic activity originated.

At cither end!of the mineralized belt are possible
remnants of the eroded cores of basic to intermcdiatce cone
volcanoes. Thesc may have provided the pyroclastic debris
deposited in the intervening trough. Major mineralization
occurs in z zomne of increascd pyroclastic deposition. (This

supports the idea of a centrzl zone of subsidence.)

The discussion has so far tacitly assumed the presence of
anomalous silica and metal concentrations in the chloride-rich
ore solutions. The source of thc silica may be the felsic magma
at depth or possibly hydrothermal leaching of the walls of the
conduit through which the fluids rose to the surface. Similar

reasoning opplics to the source of the metals, iron, copper,
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zinc and lcad, minor metals and non-metals in the final elemental
assemblage of the siliceous zones. Arsenic and bismuth are
amongst the latter and are characteristic of volcanic exhalations
(251), which supports the notion that the metals were derived
from volcanic sources, possibly with additions from deep connate
fluids contained in the sedimentary pile. Trace element contents
of the Lower Palaeozoic sediments indicate that these were a

potent source of metals (194).

2.3,10.k Lead-zinc zones

Textures indicate that the primary colloform and zoned
pyrite in the lead-zinc zones originated through a process
identical to that described for the pyritic zones. The lead
and zinc being brought to the surface within chloride-rich hydro-
thermal fluids. Deposition took place at the site of inter-
action between these fluids and pore waters in the presence of

pyrite, which suffered extcnsive replacement.

2.3.10.5. Magnetite zones

The magnetite zones generally occur at the limits of the
mineralization, outside the mine area, within similar rocks
although pyroclaostic material is less prominent., The source
of the iron and the mechanism of its fixation in the sediments
was almost certoinly the same as for the pyritic zones.

Magnetite, siderite and chamosite can only form under Eh and
pH conditions that are typical of sediment pore waters (65).
The siliccous (jasperoid) magnetite-~hematite lenses probably
originated from siliceous iron-rich sediments, below the sediment-

water interface possibly during diagencsis.

2.3%.10.6 Disseminated and vein-type mineralization

Disseminated pyrite in the sedimentary rocks probably

developed from the sediment pore waters during lithification.

The siliceous veins carrying, lead, zinc and other metals
which occur sporadically throughout the district may have
originated from remobilized metal-rich fluids. These possibly
developed, during folding, by the mixing of connate and juvenile

waters
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The crosscutting lead mineralization at Ballintemple
has an cquivalent age date to the deposits at the margin of the
Leinster batholith. No genctic connexion exists between the
Ballintemple mineralization and the Leinster granite, but
remobilization of connate fluids in the surrounding sedimentary
sequence may have occurred concomitant with the hydrothermal
activity developed during consolidation of the pluton. The
presence of cncrusting dolomite and absence of pyrite, chalco-
pyrite and sphalerite at Ballintemple testifies to the unique

naturc of this latc-stage paragenesis.

2.3,10.7. Post-depositional changes

The onset of metamorphism, folding and faulting post-
dates the major mineralization at Avoca. The boundary between
lithificotion, diagenesis and metamorphism is diachronous,
but the effects of later deformation and associated metamorphism
are casy to decipher. Minor remobilization of the sulphides
took plece, and chalcopyrite and galena migrated into pressure
slacks. Thec crosscutting scams of dolomite associated with the

Pond lode probably also originated at this stage.

Surergene effects have been produced by circulating

groundwaters and surface weathering.

2.3.10.8. Summary

HineraXization within the Avoca district developed in
two major, coantrasting enviromments, and the formational

sequence is diocgrammatically illustrated in Fig. 2.22.

a) Iron accumulation in the scdimentary-diagenetic pore
waters of a pyroclastic sequence produced conformable pyritic
layers and magnetite (% hematite) horizons, under varying

Eh and pH conditions.

b) At a later stage, siliceous mineralization developed
from migrating chloride-rich metal laden fluids, localizcd where
they mixed with connate and meteoric waters close to the pyritic

ZONCS,

The source of the ore constituents is a matter for
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conjecturc, but evidence from sulphur isotope and trace element
studies favours a fumarolic origin for the iron and sulphur

in the pyritic zones. The metals in the siliceous zones may
be derived from partial fusion of the crystallinc basement,

or have becn leached from previous sediments,

Metamorphism and folding resulted in localized small-
scale rcrobilization and the development of minor crosscutting

veins,
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SECTION 3

OTHER DEPOSITS IN S.E. IRELAND

3.1 Bunmahon, Co, Waterford

3elale Introduction

Mining in the Bunmahon district began in 1730 (58), with
workings on veins occurring along the coast and inland around the
villeges of Bunmahon (Plate 50:A) and Annestown (Fig. 3.1).
Opcrations ceased in 1878, and subscquent minor production took
place during the period 1904~7. The total output was about
25,000 tons of shipped ore and concentrate (167). Prospeccting

is being carricd on at present.

3.1.2. BStratigraphy

The district (Fig. 3.1) is at the southern limit of one
of the two belts of (?) Caradocian volcanic rocks which occur in
S.E. Ireland. Country-rocks arc part of the Ballymoney Series
(75), intruded by crosscutting dioritic dykes and overlain by

Upper 01ld Red Sandstonc conglomerates.

Detailed stratigraphic relationships arc not clear, but
a traverse from east to west along the coastal section summarizes
the scquence (183). At Anncstown, the sedimentary rocks are,
black shales with minor calcareous horizons. Felsitic rocks,
consisting of interbedded tuffs and lavns become important

towards the west. EBast of Knockmahan, shales and mudstones occur

with intcerbedded tuffs and lavas. Volcanic rocks are abundant
in the Bunmchon arca, with interbedded shales. The total sequence

is probably greater than 10,000 ft thick, post-dates Bala strata

and is almost certainly Caradocion.

3.1.3., Lithology and Pctrography

The scdimentary rocks are fine grained, evenly laminated
shales and wudstones, purple, green and black in colour. Beds,
0.5-1.5 cm thick are separated by thin lamince 0.2-0.5 mm in
width. Rore colour banding delineates the bedding. In thin
section, the rocks consist of a microcrystalline aggregate of

quartz and clay minerals with rare feldspar grains. The laminae
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are composcd of a felty mass of clay mincrals and these are

sometimes reorientated parallel to the foliation.

The volcanic rocks are coarse, medium and fine grained
tuffs with interspersed flows. Blue-grey, green and buff in
colour, the lavas are often massive, flow banded and also show
columnar jointing. Green, epidotic lavas with calcite impregnated
vesicles occurring near Bunmahon have rude pillow-structures. In
thin section, o felsophyric texture exists in the felsitic rocks,
with phenocrysts of quortz and plagioclase feldspar set in a
cryptocrystalline matrix containing scattered grains of epidote
and leucoxene (Plate 50:F).

The tuffs are green to grey in colour and the pyroclasts
are graded. The rocks, in. thin section, consist essentially of
feldspor, pyroxene, quartz, calcite, sericite and epidote with
accessory iron oxides and leucoxene. Despite intense deuteric

alteration, their fragmental nature is apparent (Plate 50:E).

3.1.4, Petrochemistry

Analytical data relating to the felsitic rocks has been
published by Phillips (175), Hatch (107) and Reed (184). New

analyses by the writer are shown in table 28.

Reed remarked that the felsites were generally potassic,
with the eixception of the analysis by Phillips which suggested
that sodic varieties existed. Anclysis B.21 in table 28, confirms
the potassium enrichment. This feature is cnalagous to that
described from the Avoca district and o similar mechanism, for
the generation of 2 potassium~rich, potentially explosive,

magma froction is proposed.

The andesitic tuffs (B. 2, 3 and 34 in table 28) have
major oxide contents which only differ slightly from the values
at Avoca., Their calc-alkaline affinities stress the petrological

unity of the volcanic lineaments in S8.E. Ireland.

Trace element contents of the rock-types illustrate
comparable values to those at Avoca and are typical of the mean
elemental abundance figures (228) for rhyolitic and andesitic

igneous rocks,
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Table 28 Partial analyses of rocks from the Bunmahon district,
by X-ray fluorescence.

Majo§woxides: B.21 B.2 B.3 B.3k
810, 72.20 51.80 50.60 53.50
A1203 15.67 13,00 11.05 13.85
Ti0, 0.31 0.87 0.66 0.79
Fe203 1.31 0.24 1.15 1.82
FeO 1.04 6.76 6.80 k.59
1n0 0.03 0.27 0.15 0.18
MgO 1.35 6.12 10.45 5.66
Ca0 0.3h4 3.60 3.96 6.04
Na,0 1.15 5,00 3.72 L ,00
K0 3.61 0.70 0.38 1.07
P,0 ® 0.1k4 0.08 0.10
Total S 0.03 0.16 0.17 0.14
H,0 + — — -— —
L0 - —_ —_ - —
Total 97.03 88.62 89.17 91.74
# not detected — not sought
Trace Llcments:
(ppm)

Co = 35 57 3h
Ni 23 82 189 139
Cu 104 128 80 97
Zn Lo 143 127 95
Rb 186 18 15 29
Sr 8 152 199 186
Pb 25 30 13 10

Analyst: C.J.V. Wheatley.
Description of samples:

B.21 Felsite., Cliff section, 2,000 ft west of Tankardstown lode,

Knockmahon.

B.2., Tuff Footwall of Tankardstown lode, 100 ft from contact,
Knockmahon

B.3 Tuff Hangingwall of Tankardstown lode, 50 ft from contact,
Knockmahon

B34 Tuff Hangingwall of Trawnamoe lode, 20 ft from contact,

Bunmahon.
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3.1.5. Wallrock alteration

The veins crosscut the intercalated volcanics and sediments,
and wallrock alteration, restricted to within a few centimetres

of the vein walls,consists of silicification and minor sericite
and chlorite,

3.1l.6. Invironment of deposition

Interbedded sediments and pyroclastics make up the sequence.
Marine conditions persisted during the deposition of shales and
fossiliferous limestones, and the pyroclastics, ash-fall or ash-
flow tuffs and lavas may be aerial or submarine. The graded beds

suggest sub-aqueous deposition (85).

3.1l.7. Intrusive rocks

Intrusive dyke rocks are well displayed in the coastal
section (Plate 50:D) and range in composition from quartz-
diorite to dolerite (184). Petrologically, these roclks are

similar to those in the Avoca district.

3.1.8. Structure

3.1.8.1. Mesoscopic Structure

The current study only permitted reconnaissance work on

the structure.

a) Planar

Bedding and cleavage are not coincident, but cut each

other at a small angle. The cleavage is non~pcnetrative,

becoming more vprominent in the argillaceous members, with mean
. o
strike of 0557,

Minor kink bands and chevron folds develop close to faults.

Faulting may be considered under two categories, (i)

vein infilled, and (ii) barren.
The vein-faults have two prominent directions:

(i) 135-165°; infilled by quartz and chalcopyrite,
sphalerite and galena.
(ii) O?Oo; infilled by quartz and chalcopyrite. Steep

dips to the east and west are common (65-85°).
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Barren faults are often accompanied by a clay gouge zone
up to 5 ft thick, have a trend of 0350, displace the vein faults

and dip steeply to the east and west.

The vein faults may correspond to the steep normal faults
at Avoca, which displace the ore zones. The barren faults are
oblique strike slip faults. Fracture planes in the altered

tuffs are often lined with epidote.
b) Linear

En echelon sigmoid tension gashes infilled by quartz are
common adjaccnt to faults. An indistinct lineation develops by
elongation of vesicles in the lavas within the plane of the
cleavage, but is non-coincident with the fold axes. This is

similar to the situation at Avoca.

Slickensides commonly occur on fracture planes, but the

direction of movement could not be deduced.

3.1.8.2. Macroscopic Structure

4 system of monoclinal folds about NE-SW axes facing
northwest characterizes the regional structure (71). The folds
vary from tight to open and are sometimes isoclinal. The
productive veins crosscut the fold system and may infill a-c
joints related to a tensional cpoch of the Caledonian orogeny.
Many similar cxamples have been figured by Weisser (255) from

the North American Cordillera.

Tentative deductions about the regional stress distri-
bution indicate a NW-SE compression, followed by NE-SW tension

accompanied by metasomatic activity.

3.1.9. liineralization
3.1.9.1. Form

The mineralization at Bunmahon consists of true lode-
type fissurc infillings (Plate 50:B,C ). Two generalized
ore tyoecs occur: 'a) siliceous veins with disseminated chelco-
pyrite and pyrite, and b) siliceous veins with sphalerite,
galena and minor pyrite and chalcopyrite. Veins of type (a)
are the commonest and the characteristics of the two types are

given in table 29.
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Knockmahon

Table 29 Mineralization at Bunmahon
A B
Vein-type Copper Lead~-zinc
Host-rocks Tuffs and lavas Tuffs and Ilavas
§ (2Caradoc) (2Caradoc)
135 - 165° 165 - 175°
Orientation Stcep dips to Steep dips to
East and West East and West
Chalcopyrite Sphalerite
Ore Pyrite Galena
ninerals Pyrite
Chalcopyrite
Tetrahedrite
Ganguc Quartz Quartz
minecrals Calcite
Dolomite
Baritc
Strilze Length !'short!’ 'short!
Maxa. Depth 1000 ft shallow
Av, Width ~10 ft ~ 3 Tt
Wallroclk Minor Minor
alteration silicification silicification
Major lodes at
Exauples Bunmahon and Kilmurrin and

Ballynarrid
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3.1.9.2., Ore Mineralogy

a) Primary Ifinerals

Disseminated pyrite euhedra occur in the vein material
and the wallrocks. The grain size is variable : 1.,0-0.05 mm
and porphyroblastic crystals are rare. Etching does not reveal
any zonal structures, indicating that the pyrite is probably
stoichiometric (Plate 50:G). The morphology is cubic, and
colloform and spheroidal textures are absent. Inclusions of

chalcopyrite (c. 50 B, in size) are minor,

Chalcopyrite fills the interstices between quartz grains
as allotriomorphic masses. IEtching reveals a recrystallized
granular (?anncaled) mosaic. The grain size is variable, 1.0~

0.2 mm. Twinning is inconspicuous and inclusions are absent.

Sphalerite is a minor mineral which occurs, associated
with galecna, in the interstices between quartz and calcite
grains. It is pale russct in colour, and ctching reveals a
recrystallized grain mosaic with equilibrium interfacial angles.
The grain size varies from 1.,0-0.2 mm. Ovoid blebs of chalco-
pyrite arc common inclusions, and rare segregations of tetra-

hedrite occur at grain boundaries. Twinning exists (Plate 50:H).

Galena occurs with sphalerite, and etching revecals a
recrystallized grain fabric, with a grain size of 1.0-0.5 mm,

There arc no inclusions.

Tetrahedrite, with sphalerite and galena, occurs in
material from Dallynarrid. Allotriomorphic granular texture
exists, and the grain size is 25 p. Probe analysis indicates
(Table 17) that it is an antimony-rich member with 1.6% Ag,
and if extensive lead-zinc veins are located, tetrahedrite will

be a significant source of silver.

b) Supergene minerals

Supergene copper minerals occur as surface coatings on

oxidized vein material but are not important ore minerals.
c¢) Ganguc minerals

Quartz is the major gangue mineral and contains abundant
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fluid inclusions. Clear and milky varieties exist. Calcite,

dolomite and rare barite become important in the lead-zinc veins.

The generalized paragenetic sequence is illustrated
in table 30.

Table 30. Generalized paragenetic sequence at Bunmahon.

Primary

Ore Minerals: Syngenetic Epigenetic

Pyrite
Chalcopyrite
Sphalerite —
Galena

Tetrahedrite —

Gangue Minerals

Quartz —
Calcite
Dolomite ——

30le9.3. Trace element distribution

The trace elements in eight samples consisting of pyrite,
chalcopyrite and galena are shown in table 31. Analysis was

by spectrography, as described in section 2.,3.7.2.

Values of Ti, Cr, Co, Ni and Mo in pyrite are low,
seldom exceeding the detection limit, and together with manganese,

the values are comparable with data from Avoca.

The elements in chalcopyrite are similar to those found

at Avoca with the exception of tin, which decreases.

Titanium in galena is low, and the manganese content
supports the notion that some manganese is in the galena lattice.
1180 ppm Ag confirms the presence of silver in solid solution in
galena and the antimony content suggests the presence of

contaminant tetrahedrite.
3.1.9.k, Genesis

Trace element indicators of ore genesis are not diagnostic.

The Co:Ni ratio in pyrite is 0.33-1.42 and thus derivation
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TABLE 31

SPECTROGRAPHIC ANALYSIS OF SULPHIDES, BUNMAHON AND CAIM

BUNMAHON
PYRITE - .
Sample Contamination
No Localaty Description Indicators % Trace Elements ppm .
Cu Zn Pb Ti Cr Mn Co, Ni Mo
A.1946 Tankardstown;Tankardstown lode,shore Dissem.py and cp * * * 25 * 88 10 30 39
1943 " ;Rowes lode, shore Dissem.py,cp & qtz * * * * * 33 10 25 30
1625 Knoclkmahon;shore,E.of Boneyaught lode Dissem.p: * * b 25 5 90 1o 7 96
1945 " 3 " ,W.of Seven Dials lode "o * * * * * 90 10 9 30
Detection Limit 0.25 1.0 0.25 25 5 5 10 2 30
The following elcments were below detection (limits in
ppm) : Ga(60), Ag(2), Cd(100), Sn(25), Sb(100).
CHALCOPYRITE
, Zn b Ti An Co Ag Sn
A.1795 . Tankardstown;Tankardstown lode,shore Mass. cp * * 245 510 * 64 71
1692 " ;Rowes lode, shore "o * * 43 5 10 2 52
1691 " ;Trawnamoe lode, dump Dissem,cp * * 79 5 * 2 *
Detection Limit 1.0 0.25 25 5 10 2 25
The following elements were below detection (limits in
ppm) : V(50), Cr(5), Ni(5), Ga(60), Mo(30), Cd(100),
Sb(100).
GALENA
Fe Cu Zn Ti Mn Ag Sb
A.1934 Ballycarrid ; Cliff Section Dissem.gn, cp & qtz 1.0 1.0 * 10 1000 1180 370
Detection Limit 0.05 0.25 1.0 10 5 2 100
The following elements were below detection (limits in
ppm) : V(10), Cr(5), €o(10), Ni(5), Ga(10), Mo(10),
Cd(100), In(10), Sa(30). *
CAIM A
CHALCOPYRITE
Zn Pb Ti Mn Ag
A.1796 Engine Shaft, Dump Dissem.cp, gn with qtz * * 81 100 10
Detection Limit 1.0 0.25 25 5 2
The following elements were below detection (limits in
ppm) : V(50), Cr(10), Co(10), Ni(5), Ga(10), Mo(30),
€d(100), Sn(25), Sb(100).
SPHALERITE .
. Cu Pb Fe Ti Mn Ga Ag Cd
A.1886 Engine Shaft, Dump Dissem.gn_& sl with qtz 0.25 1.0 4.0 2300 960 33 22 500
Detection Limit 0.25 0.25 0.05 10 5 10 2 100
- The following elements were below detection (limits in
ppm) : V(10), Cr(5), Co(10), Ni(5), Mo(10).
GALENA
Fe Cu Zn Ti Mn Ag Sb
A.1867 Engine Shaft, Dump Dissem.gn with qtz 0.88 * M 500 4700 260 600
° Detection Limit 0.05 0.25 1.0 10 5 2 100

The following elements were below detection (limits in
ppm) : V(10), Cr(5), Co(10), Ni(5), Ga(l0), Mo(10),
€d(100), Sn(30).

The following elements were below detection throughout
(limits in appendix 3) : Ge, As, In, Ba, Pt, Au, Hg
and Bi. .

* = not detected
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of the iron from hydrothermal (22) or volcanic sources (140) is
a possibility. Ti, Mn, and Mo values in pyrite are all low,
suggesting that the source of the iron may be hydrothermal (49)
and the absence of vanadium also correlates a hydrothermal

origin (3).

There are few geothermometric indicators in the mineral
assemblage. The iron content of sphalerite (probe analysis) is
1.7%Fe, equivalent to 2.7 mole % FeS. The content of silver
in galena suggests a relatively low temperature of origin (232).
Application of exsolution textures indicate little, and the

qucertz appears to be the low temperature form,

The mineralization demonstrably post-dates the deposition
and consolidation of the country-rocks, and this is substantiated
by the lead isotope age determination (176) (300 m.y.) (cf.

Fige. 2.2A). Structural relationships suggest that emplacement
took place during a tensional phase of the Caledonian orogeny.
The presence of abundant felsic pyroclastic activity, during the
Caradocian implies the existence of a similar magma at depth, and
it is not unreasonable to relate the hydrothermal activity,

which produced the mineralization, to a final aqueous phase of
the magma. The presence of abundant dyke rocks testifies to

late stage magmatic activity.

A crude pattern of metal zoning exists in the Bunmahon
'district, with a central copper-rich zone fringed by one richer
in lead and zinc, and this situation is paralleled amongst the

gangue ninerals:- calcite, dolomite and barite becoming
important in the outer zone (Fig. 3.2). If this zonal scheme

is correlated with patterns of epigenetic metal zoning elsewhere
(e.g. 76), it may be that the focus of mineralization lies close

to the Tankardstown/Stage lode complex.

In summary, mineralization at Bunmahon is leptothermal,
eplgenctic and may be the product of ramifying hydrothermal
fluids which derived their contained metals from a magma phase,
from connate fluids in the sedimentary pile, or @& combination of

these two sources.
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3.2 Lead-zinc occurrences

3.2.1. Caim and Barrystown, Co Wexford

3.2.1.1. Geology

A sequence of mudstones, siltstones and sandstones
probably of early Arenig age (Ribband Group) is cut at both
these localities by a series of fault zones which have an
approximate I-W trend crosscutting the regional NE-SW foliation,

(Fig 2.24) and containing abondoned lead workings.

At Caim, about 5 miles from the margin of the Leinster
grunite, quartz veins infill sub-vertical fracture zones and also
ramify through the wallrocks. A 'breccia ore' is produced,
similar to that occurring in the Silvermines district (185).

The lodes exist for over 40O ft in strike length and flooded
workings cxtend to about 250 ft in depth (58). Mineralization
consists of disseminated galena with sphalerite and minor chalco-
pyrite. The gangue minerals are quartz, calcite and siderite

and wall rock alteration is slight, and limited to silicification.

At Barrystown, narrow fissures trending ESE-WNW are
infilled by lodes which dip 40-60° NNE (208). They have
been worked for about 800 ft along the strike and to depths of
about 300 ft (58). Mineralization consists of disseminated
galena, sphalerite and minor chalcopyrite, in a gangue of
quartz and calcite., Vallrock alteration is slight and confined

to silicification.

Ore mineral textures are similar to those in siliceous
vein-type mineralization at Avoca. The paragenetic sequence
appears to be the same at Caim and Barrystown, and is shown below:
Table 32. Generalized paragenetic sequence: Caim and Barrystown.

Mineral Time ————>
Pyrite —_————
Galena

Sphalerite
Chalcopyrite - -

Quartz
Calcite




235,

Spectrographic analyses of the trace elements in
chalcopyrite, sphalerite and galena from Caim are in table 31.
Low Ti, lin and Ag in chalcopyrite correspond with the values in

chalcopyrite from Avoca and Bunmahon.

In sphalerite, the high Ti supports the notion that
it is present in sphalerite lattice and could not be supplied
solely by contaminants. Mn and Ga have values similar to those
recorded from Avoca. The silver value correlates with lead
contaminants. The cadmium content of sphaleritc is low, and

3.8% Fc is present.

In galena, the titanium value equates with that in
galena at Avoca, and the manganese value is high, possibly due
to impurity sphalerite, but almost certainly also present in the
galena lattice. The silver content is below that at Avoca and
Bunmahon and the presence of antimony suggests that tetrahedrite
may be present, although none was observed. (At Barrystown 60-70

oz/t. Ag is reported in the lead concentrates - a high value).

302012+ Genesis

The veins crosscut the sediments and thus must post-
date deposition of the rocks. Caim gives a B-type lead isotope
age of 560% 30 m.y., and Barrystown a normal age of 280%80 (176).
Amongst the ore minerals and trace elcecments there is no precise
genetic cvidence, but the presence of fluid inclusions in the
gangue quartz suggests that mineralization was from hydrothermal
solutions. The mineral assemblage is leptothermal. The ore
fluids may have originated within the sedimentary pile, and

localization becn contingent upon the presence of suitable

structural openings,

302.2. Glendalough, Co. Wicklow

3.2.2.1. Geology

In this district, a number of narrow fissure veins
occur at the margin of the Leinster pluton (Fig. 3.3). The
geology of the arca has been described by Smyth (208),

Cole (58) and OBrien (167). The veins trend north-south and

cast-west and are generally less than 3 ft in width., Individual
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veins (Luganure lode) are up to 4,000 ft in length and have
been worked to depths of 1,000 ft. Mineralization consists of
disseminated galena with sphalerite, and minor chalcopyrite
and pyrite within a gangue of quartz, calcite, dolomite and
barite (208). Wallrock alteration is slight, consisting of

kaolinization and development of sericite,

The textures of the ore minerals correspond with those
in vein-type mineralization elsewhere. Allotriomorphic
granular aggregetes of galena occur (grain size: ~s 0.1 mm),
with mutual boundaries against sphalerite. Chalcopyrite occurs
as anhedral masses and also as exsolution blebs in sphalerite.
Disseminated euhedral pyrite grains are common. The paragenetic

sequencc appecars to be:

Table 33. Generalized paragenetic sequence, Glendalough.

Galena
Sphalerite
Pyrite —
Chalcopyrite — - ————— -~

Quartz - -
Calcite — -
Dolomite ?

Barite ?

-

Spcctrographic analysis of trace elements in pyrite,
chalcopyrite, sphalerite and galena from Glendalough are showm
in tables 20, 22 and 23, scction 2.3.7.

Contents of elements in pyrite are low and the Co:Ni
ratio is 2.81. Chalcopyrite is similar to that at Avoca, values

are generally low except for a high tin content (210 ppm).

Sphalerite contains high cadmium (3800 ppm) and low
iron (0.7;.). Ga and In. are relatively high, and silver content
(260 ppm) is accompanied by 860 ppm antimony which suggests
contaminant tetrahedrite, however, none was identified in

polished section.

Galcna contains low Ti, Mn, Co and Ga, and
185 ppm silver acccompanied by 1250 ppm antimony suggests tetra-

hedrite contamination
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3e2.2.20. Genesis

The mineralization is cpigenetic and leptothermal,
deduced from the cocexisting ore and gangue minerals. The
intimate spatial assocaition with the Leinster granite supports
the idea that ore deposition was related to a phase of hydro-
thermal cctivity associated with the cooling of the pluton.
This notion is corroborated by the lead isotope age (220 m.y.)
(176).

3e203. General

L sinilar suite of veins occurs at Glenmalure (Fig. 3.3)
where mineralization consists of galena, sphalerite and pyrite
with a gangue of quartz, baritec and fluorite (208). At
Ballycorus, Brownsford, Shankill and Killiney.veins carrying
galena and sphalerite have been recorded (58), and native
silver occurred at Ballycorus (208) (Fig. 2.2A). At Corbally,

a siliceous vein with galena and sphalerite cuts a dioritic
intrusive which post-dates the consolidation of the nearby

pluton and gives a lead isotope age of 150% 60 m.y. (176).
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SECTION &
ANGLESEY

4.1. Parys Mountain

bh,1.,1, Introduction

Parys Mountain is in northeast Anglesey (Fig. 4.1, inset),
about 17 miles south of the port of Amlwch. The 'mountain'
rises to LS4 ft above sea-level, is 1} miles long by ¥ mile

wide, and elongated VISW-ENE.

Discovery of the mine was in 1768, and until 1883 the
property was worked continuously and is reputed to have had the
highest output of copper in the world for a time (148). The
total quantity of ore mined was about 3} million tons, producing
more than 100,000 tons of copper. The grade of the run of mine

=1

ore was ~ >¥iCu and hand picking at the surface enriched this

to about 5/'Cu prior to transportation to Amlwch for smelting.

Intermittent activity followed over the next 60 years,
copper being precipitated from mine water in settling ponds at
Dyffryn Adda. A resurgence of prospecting activity occurred
in 1957-0 and the workings above water-level were reopened,
mapped and sanpled. Northgate Exploration Ltd., through their
subsidiary, Anglesey Copper Mines(UK) Ltd, drilled a series of
inclined holes in 1961-62, north of the old workings to evaluate
the deposit in depth. The option lapsed, and in 1966 Canadian
Industrial Gas and Cil resumed drilling to complete the Northgate

programmne. ixploration is continuing.

Aspects of the geology have been covered by several
authors. Greenly (100) produced a comprehensive account of
the geology of the district and Manning (148) described the
mineralization. The stratigraphy and structure were discussed

by Bates (20) and Hawkins (109), who also studied the petrology
of the rock types.

L,1.2. Stratigraphy

The stratigraphic scquence is shown in table 3L4. Precise
relations are not clear due to an absence of diagnostic fossils

from the shale outcrop to the south of the felsite mass (Fig. L4.1l),
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. }
and also in the Parys Shales.,

No volcanic rocks are known to post-date the Caradoc,
it is thus likely that the whole Ordovician sequence is of
Caradoc age or earlier. '
Table 34  Parys Mountain, stratigraphic relations
Age Lithology Thickness

feet
Devonian Conglomerates, sandstones 500+
and marls
Silurian Grey Shales ?
(Liandovery)
? ? ? ?
Rhyolitic suite:lavas and
tuffs with intercalated 600+
sediments. (TFelsite)
~N
ORDOVICIAN Black shales ]
Grey shales { Parys Shales 720
Grey micaccous shales{
. . ! 1200+
with sedimentary i
breccias /
THRUST
PRECAMBRIAN Pale green phyllites ?

(Amlwch Beds)
(after Hawkins (109))

1’!’.1050 Litholog‘ 2

The Precambrian Amlwch Beds are metasediments in the
Bedded Scries of the Mona Complex (201). The rocks consist of
pale green and grey chlorite phyllites: altered shales, grits
and mudstones. The beds are 1-2 cm thick and conglomeratic
horizons occur, with pebbles up to 4 cm in length, of various

- lithologies, and are frequently deformed.

A sequence of blue-grey to black micaceous phyllites and
shales occur at the base of the Ordovician (?) strata, inter-

calated with breccias which Hawkins (109) recognized as sedimentary.
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These breccias contain assorted rock fragments in a fine grained
mudstone matrix, Greywacke horizons also occur, with the beds
varying in thickness from 5-50 cm. Bluc-black, finely laminated

shales complete the scries, which has been termed the Parys
Shales (Fig. 4.1)

The felsite is a rhyolitic suite, of tuffs, lavas and
sediments. The rocks are greenish-grey to buff coloured, massive
and flinty. Hawkins (109) initially identified tuff horizons at
Parys Mountain, and these are the only recorded Ordovician

volcanic rocks from Anglesey.

Silurian strata are blue-grey to black thinly laminated
graptolitic shales. The shales to the south of the felsite mass
are of similar lithology and have provided a meagre fauna,

which Bates suggestcd might also be Ordovician (20).

Conglomerates, sandstones and marls of Devonian age,

occurring south of the area, complete the succession.

Light to dark grecen, medium to fine grained intrusive

dolerites occur at scattered localities in the mine area (Fig. 4.1).

L,1.4k., Pctrography

The scdimentary rocks consist of essential quartz, as a
granular mosaic, and feldspar, as anhedral fragments, with the

interstices filled by laths of sericite and chlorite.

The felsitc is compesed of rhyolites, tuffs and inter-
calated siltistones and mudstones. The rhyolites exhibit a well
developed felsophyric texture in thin section, with a micro-to
cryptocrystalline mosaic of quartz and feldspar set in a matrix
of finely divided clay minerals. Spherulitic textures have
been rccorded (109), and in the less altered material eutaxitic
textures have been identified (F.J. Fitch in 109), but the
effects of devitrification and secondary silicification in the
samples studied by the writer, make any dogmatic textural

conclusions impossible (Plate 42:C-E)..

The lithic tuffs contain angular pyroclasts of mudstone
and siltstonc (109), with rare feldspar grains, pyrite euhedra

and leucoxenc in a groundmass of chlorite and sericite.



Table 35

Partial analyses of felsites from Parys Mountain

by X-ray fluorescence

Major oxides:

(%)

3i0 70.30 74.10
A1203 16.84 14,05
Ti0 0.27 0.19
Fe203 1.84 0,16
FeO 0.15 0.0L
MnO E k=4
MgO 0.48 0.05
Ca0 0,32 0.32
Na,0 1.10 0.68
K.,0 8.20 9.78
P205 0.01 0.01

Total S 0.16 0.20
H20+ - -
H,0- - -

Total $9.67 99.58

Troce Elements:

(ppm)

Co 4 %
Ni 45 27
Cu 96 108
Zn 35 122
Rb 207 211
Sr 35 12
Pb 314 9,450

~r

not detected
not sought

Description of samples:

F.15.
F.16.

Felsite, Foel-newydd quarry, at northern end.

Felsite, Foel-newydd quarry, at southern end.

Analyst: C.J.V. Wheatley

2h3,
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The dolerites in thin section exhibit a rude trachytic
texture with altered plagioclase laths 1-0.5 mm in length

ophitically cnclosing chlorite needles and grains of leucoxene

(109).

L.,1.5. Petrochenistry

Apart from analyses of the shales, (100), there is a
complete laclk of analytical data on rocks from Parys Mountein
The results of x-ray fluorescence analysis of two samples of

rhyolite from the felsite suite are shown in table 35.

The rocizs are petrochemically similar to felsite at
Avoca. Contents of the major oxides are comparable and enrich-
ment in potassium is noteworthy. Amongst the tracc elements,
there is a correspondence with values at Avoca, cxcept for the
anomalous lcad content of F.16. Mineralization containing lead

occurs close by, and thus contamination by disseminated galena

is likely.

4,1.,6. Pctrogencsis

The felsites from Parys Mountain plot near the Q-Cr
edge in the Q—Or-Ab-HEO system (Fig. 2.6A). The basement in
Anglescy is essentially granitic, and following reasoning
similar to that already given for the Avoca district, it is
suggested that the felsite was a late stage product from partial
fusion of the bascement. Alkali-ion transfer was aided by a
thermal gradient (implied by volcanism), and a vapour phase
contributed by connate water at the base of the sedimentary pile.
The mechanism for cnrichment in potassium was probably similar
to that at Avoca, and may have been increased by metasomatism

associated with wallrock alteration.,.

L.,1,7 Vallrock alteration

Intensive pecrmeation by quartz veins produces extensive
silicification, and sericitc develops in the argillaceous

units. Minor chlorite occurs.

4,1.8, Environment of depositicn

Marine conditions predominated during the Ordovician and
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interstretified pyroclastiés: appear at the top of the succession.
It is not clear whether the tuffs were aerial or submarine,

Marine, graptolitic shales occurred’ in the Silurian.

L,1.9, Structure

L,1.9.1. Mecsoscopic structure

a) Planar

Bedding(so), parallels the cleavage in the limbs of the
macroscopic fold structure, and crosscuts the foliation at the
southwest end of the mountain. The strike varies from 45-70o
and the dips range from 40-60° NW. Bates (20) found a strike
maxima at 65° dipping 50-60°N, and a girdle about an axis

plunging 20°nz,

Cleavage (Sl), the most prominent planar fabric in the
rocks, is dominantly non-penetrative and locally produces
phyllites. A well developed maxima with a strike of 70o and
dip of 55°N was obtained by Bates (20).

Small-scale dislocation of the strata is common, and the
importance of major faults is obvious from the geological map.
The Carmel Head Thrust plane dips 30-60°NNW and is sub-parallel
to the cleavage and bedding. Associated with this structure,
fractures developed in the incompetent felsitic rocks, and minor
slip in the competent shales., These minor faults have a strike-

slip sense of movement (20).

Late-stage normal faults, often with. a wrench component
occur with two major orientations: (a) 150°, dipping 80°NE and
(b) 20° dipping steeply cast and west (20). Sinestral movement
occurs on the Carreg-y-doll crosscourse and dextral movement on

the Great crosscourse.

Joints, sub-vertical and normal to the regional trend

are typical a-c joints.
b) Linear

Axes of minor folds have a trend of OhO—OSOo plunging to
the NE and SW at a small angle.

Crude boudinage of some of the quartzitic units in the
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felsite suite exists, and the ductile sulphides, sphalerite and
chalcopyrite migrate into the necks of the structures. There is
no evidence of recrystallization or brecciation of the shale,

simply plastic flow of the matrix sulphides.

Associated with the fracture zones, tension gashes and
rectilinear systems of quartz veins developed. Slickensides
occur on fault planes, often accompanied by clay gouge. The
nature of the slickenside surfaces indicate that repeated move-

ments took place.
The mesoscopic structures are summarized in Fig. L.2.

4,1.9.2. lMacroscopic Structurec

The decarth of faunal evidence in the shales which occur
to the south of the felsite mass results in disagreement over
the macroscopic structurc. Greenly (100) suggested that the
felsite was a thick sill-like intrusion, and with the shales
was later folded to give an overturned syncline containing
Silurian rocks in the core (Fig. 4.3A). Manning (148) contended
that the felsite might be a forked dyke (Fig. 4.3B) and that
the Silurian shales occupied the core of an eroded fold. 1In
the most recent interpretation Bates (20), considered the
southerly shales were not Silurian, as inferred by Greenly, but
possibly Ordevician, on the basis of a re-examination of the
fauna and the structural evidence in the Hillside opencast.
This suggestion makes the major structure a syncline, and is
favoured by the writer (Fig. 4.1, insct) as this style of
dcformation is matched by the lithology and petrography of the
rocks. Thec outcrop of the felsite delineates the model fold
and the plunge of the syncline may change from northwest to

southwest along the outcrop.

Boudins indicate marked contraction perpindicular to the
bedding occurred adjacent to the felsite mass, evidence of the
incompetence of the siliceous body relative to the more competent

shalese.

L,1.9.3., Stress Distribution

Bates (20) identified 160o as the principle stress direction
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for the area and suggested that a compressional phase giving
folding was followed by a tensional phase accompanied by faulting.
Precise interpretation is impossible because the macroscopic
structure has to be assumed. Conjugate fracture systems do

exist, but they have not yet been fully elucidated.

Lk.1.10. Mineralization

Manning (148) described the mineralization in general
terms and Greenly (100) gave a list of ore minerals, but no
details of the textures and ore mineralogy have been published.
The writer examined a total of 30 polished sections of represent-

ative mineralization, from grab samples and diamond drill cores.

4,1.10.1. Nature of the ore zones

In common with Avoca, the zones of mineralization are
termed lodes, but they are also not true fissure-fillings, a
feature noted by Greenly (100). A series of eight lodes exist
and the interrelationships between each of the zones is not
clear because the critical workings are either caved or flooded.
The lodes arc broadly conformable with the enclosing strata,
dipping 55—750N, and their configuration is illustrated in
Fig. 4.3C. The contact between felsite and Silurian shale is
intensively silicified and mineralized, coataining medium to
fine grained disseminated pyrite with ramifying seams of chalco-
pyrite,sphalerite and galena. This forms the so-called Bluestone
ground; site of the open pits (Platc 42:A,B). To the north
are siliceous lodes made up of guartz seams with disseminated
pyrite and chalcopyrite. The major representative is the
Carreg-y-doll lode. The mineralization can be divided into a
series of ore-types (Fig. L.4t) and these are remarkably similar
to those at Avoca. The close correspondence between the minerali-
zation at the two localities has been remarked upon by many
writers (208, 84,100).

4.1.10.2. Orec Mineralogy

a) Primary mincrals

The paragenctic sequence is illustrated in fig. 4.6.

(i) Pyrite. Pyrite is the commonest sulphide and occurs



Fig. L.b

Mineralization at Parys Mountain

Mineralogy

Ore type Host rock (matrix) Major Minor Example

Pyritic Black shale Pyrite Pyrrhotite Disseminated in

Zone Chalcopyrite Sphalerite shale units.

Galena

Siliceous Shales and tuffs Pyrite Pyrrhotite Carreg-y-doll lode

Zone (silicified) Chalcopyrite Tetrahedrite Golden Venture lode
Sphalerite Bismuthinite Charlottes lode. N. Discovery lode
Galena Native Bismuth N. + S. Branch lodes.

Lead-zinc Shales and tuffs Sphalerite Tetrahedrite Morfa-du and Black

Zone Galena Bournonite Rock lode. Clay Shaft lode
Pyrite (Bluestone)
Chalcopyrite ’

Veins Shales, tuffs and Galena Tetrahedrite Great Crosscourse.

lavas. Sphalerite Carreg-y-doll Crosscourse

Chalcopyrite
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Size distribution of framboidal pyrite -
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in each ore type except the late-stage veins. Pyrite is
generally disseminated and rarely massive, with cubic and
pyritohedral morphology. Euhedral to subhedral grains and
crystal agpregates are common, with a variable grain size:
1.0-0.02 mm (predominantly 0.1l mm). Hawkins noted (109) that
pyrite only occurred as pyritohedra in the black shale units
and was cubic in all the other lithologies. He also showed a
size differentiation, pyritohedra being ~ 0.5 mm diameter and
cubic cuvhedra £0.5-2.0 mm., .This factor presumably reflects
the availability of sulphur, iron and neucleation sites

during grain growth.

Features of the pyrite fabric are illustrated in plates

L4345, and the similarity to pyrite from Avoca is obvious.

Zoning is present in many pyrite grains, from the pyritic
and lcad-zinc zones, but not as common as in similar material
from Avoca. Colloform textures, as overgrowths on crystalline
pyrite, are common (Plate 44) and the cores of colloform
aggregates arc preferentially replaced (Plate 43:I,J).

Melnikovitic pyrite also occurs,

Spheroidal textures exist in the pyritic and lead-zinc
zones (Plate 43:G,H), Atoll-like textures occur in the dissem-
inated polymetallic sulphide zones and there are framboids in
the bluestonc zones. Analysis of the size distribution of
apparent framboidal pyrite diameters from Parys Mountain is
given in fig. 4.5. The distribution is unimodal and positively
skewed with a maxima at 5.5 W, corrcsponding tc a true diameter
of 6.8 |, using Jackson's correction procedurc (in 143). The
outlines of the nmicrocrystalline zggregates are spherical or
subspherical. (Plate 45). Single and dumbell forms predominate
and in clusters, the individuals tend to be of similar size.
Amongst the internal characteristics, the size of the micro-
crystallites ranges from 0.5-2.0 @ and ordering is common,.
Replacement of framboidal pyrite by chalcopyritc, sphalerite

and galena occurs.

Evidence of cataclasis of pyrite is rare, except

adjacent to fractures (Plate 43:E). The corroded grain boundaries
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of pyrite arc due to replacement by the matrix sulphides. 1In
areas of vpyrite devoid of matrix sulphides, euhedral forms are
universal. Inclusions are rare, but emulsion blebs of chalco-

pyrite and pyrrhotite (10 p) do occur.

In summary, the textures in pyrite at Parys Mountain

mirror those at Avoca.

(ii) Chalcopyrite. Chalcopyrite is the primary matrix

sulphide at Parys Mountain and occurs as a cement to the pyrite
grains in the cupriferous lenticles. Textures are shown in plate
46, Allotriomorphic masses are common, and the grain size, revealed
by etching, is variable: 0.2-0.02 mm. The grains are generally
equidimensional, but in pressure slacks, elongate grains occur.
Twinning is ubiquitous and lamellar and polysynthetic forms are
present, probably developing from crystallization within a stressed
environment. Inclusions, blebs of sulphosalts and native bismuth,
occur in chalcopyrite, concentrated at grain boundaries., DMNMutual
boundary relations are shown against quartz, and chalcopyrite is

replaced by sphalerite.

(iii) Sphalerite. Sphalerite is contemporaneous with,
and also slightly post-dates, the crystallization of chalco-
pyrite, and occurs in every zonal type. The colour of sphalerite
is russet and internal reflections are found. Etching (Plate 438)
reveals a variable grain size: 0.6-0.05 mm. The common occur-
rence is as an aggregate of polygonal grains with a marked
tendency for comaminution at the margins of sphalerite seaus
(Plate 46:C~E). This is related to deformation possibly related
to cooling. Twinning is universal and distortion of twin
lamellae is illustrated in plate 48:C. Inclusions of chalco-
pyrite arc common and concentrate at grain boundaries and along
twin planes. £ variety of exsolution patterns exist and are
often related to grain growth and the crystal morphology (Plate
47:A-D). TReplocement of sphalerite by exsolution chalcopyrite
is common and mutual boundary relationships are shown against
galena and sulphosalts. Sphalerite replaces zoned and

melnikovitic pyrite (Plate 47:E and F).

(iv) Galena. Intimately associated with sphalerite,

allotriomorphic masses of galena with cuspate outlines are
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common in the complex lead-zinc orc (Plate 48:F znd H).

Etching reveals a highly variable grain size: 0.3-0.05 mm, as
granular mosaics (Plate 48:J)., There are no inclusions.. Mutual
boundary rclations are shown against quartz (Plate 48:I), and

sulphocalts replace galena.

(v) Pyrrhotite. This rarc mineral occurs as ovoid

blebs (up to 25 P in size) in pyrite.

(vi) Tetrahecdritec. This mineral occurs in lead-zinc

rich material associated with galena (Plate 49:A-E). Allo-
triomorphic masses are common and the grain size ronges from
25-50 L. No inclusions arc prescnt, and twinning and deforma-
tion cffects arc abscnt. Analyses of representotive samples
(Table 2,17) indicate that the tetrahcdrite from Parys Mountain

is argention. Tetrahedrite rcplaces zoned pyrite (Plate 49:E),

(vii) DBournonite. Trace quantities of bournonite occur
as o marginel intergrowth with tetrahedrite and the grain size

is €15 u.

(viii) Uative Bismuth. A minor mineral, associated with

bismuthinitc, native bismuth occurs as inclusions in chalco-

pyrite (Plate 49:F,H).

(ix Bismuthinite., Closely associated with native

bismuth, bismuthinite occurs as allotriomorphic grains included

in chalcopyrite (Plate 49:F H).

b) Supergenc Minerals

A varied suite of supcergene minersls is developed at
Parys Mountain and Greenly (100) provided a list of the species
found. Pyritc breaks down to form limonite, goethite and
hematite, and derived from the copper content are native copper,
covellite, molachite and chalcanthite. The lead-rich ore gives
rise to anglesite and miniun, and the silver concentrates as

native silver, which was recorded from the gossans (100).

¢) Gangue Ifincrals

tuartz is the major gangue mineral and is primary and
secondary, developed during the cextensive silicification.

Chlorite is minor, and sericite occurs as a preminent wallrock
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alteration product associcted with the siliceous zones. Talc,
gypsum and barite are recorded by Greenly (100) but have not

been identificd by the writer.

d) Summary

In sumnary, the ore mineralogy at Parys Mountain is
similar to that at Avoca, and an equivalent suite of ore textures

exists., This suggcsts that a similar genesis may have operated.

4.1.10.3. Troce element distribution

Trace elements in samples of pyrite, chalcopyrite,
sphaleritc and golena have been anclysed spectrographically
using the method described in section 2.3.7.2. The results are
in tables 36 and 37.

Ti, Cr, Mn, Ni and Mo contents are low. The erratic
silver values reflect enrichment within the ores,although there
is no corrclation with lcad, tetrahedrite does occur with pyrite
(Plate L2) ond this may contain the silver. Tin is absent
except for o mingle specimen which nay contain stannite
occlusions. Dismuth minerals probably contribute the crratic

bismuth valucs,
b) Chalcopyritc

Ti, Mn, Co, Ag and Sn contents arce low, but a few high
cobalt and manganesc volues cxist. Nickel enrichment parallels

that of cobalt, and the bisruth rcflects the presence of bismuth
minerals. N

c) Sphalerite

“i, Mn, Co, Ga and In arc low. The high silver content
is probably duc to included tctrahedrite as the values arc
accompanicd by an incrense in antimony. The cadmium content
(1400 ppm) confirms the geochemistry of this element. The

erratic tin valucs may be due to contamination.
¢) Galeaa

Pi, HMn and Co contents are low and the Ga value is

erratic, the high value is not paralleled by zinc enrichment



TABLE 36

SPECTROGRAPHIC ANALYSIS OF PYRITE AND CHALCOPYRITE,

PARYS MOUNTAIN

PYRITE
Sample
No Locality
A.1779 W.opencast;Central boss
1780 E.opencast;Bluestone Adit
- dump
A.1733 DDH - M1 C - 1207'
1732 " " 1210°
1841 " " 1270
1906 " " 1285
1734 " " 1410'
1651 pbi - M 3 - 536"
1735 " " 542"
-1738 " " 577
1739 " " 656"
1744 " " 693"
1740 " " 1002°
A.1624 Rhosmynach;Exp.SW. of
shaft
CHALCOPYRITE
A.1640 W.opencast; N.wall
1873 W. " ; Central boss
1874 E. " ; Bluestone Adit
- ) dump
1797 DDH - M 1 C - 454!
1799 " [1] 1207 1
1798 " " 1210
1800 " " 1244
1801 " " 1410'
1802 DDH - M 3 - 542
1805 n 1 577 1]
1808 1} - n 693!
1806 " " 1002'
A.1639 Rhosmynach;Exp.SW. of

shaft

Description

Dissem.py with qtz & sl & gn
Dissem.py, cp with qtz

Dissem.py with cp, qtz & sl

Cp, py and qtz

Banded py,sl in qtz with gn & cp
.n " " " "

Cp, py and qtz

Dissem.py, with qtz

Banded py with qtz, dissem.cp
Dissem.py with cp & qtz

Py stringer in phyllite with qtz
Dissem.py, with qtz & cp

Py, cp with qtz

Banded py,cp,with qtz in greenstone ¥

Detection Limit

Dissen.cp
Dissem.cp with py, gn & qtz
Dissem.py, cp with qtz, sl & gn

Dissem.cp, with py & qtz
Dissem.cp with py

" " with py & qtz
Dissem.py, cp with qtz, sl & gn
Cp, py & qtz
Banded py with qtz, dissem.cp
Dissem.py with cp & qtz
Dissem.py, with qtz & cp
Py, cp with qtz

Cp, py in sheared greenstone +

Detection Limit

All samples have siliceous
matrix except where noted *

Contamination
Indicators 7% Trace Elements ppm

Cu Zn Pb Ti Cr Mn Co Ni Mo Ag  Sn Bi Co/Ni
0.5 1.0 1.0 45 5 11 10 17 30 41 * * 0,59
0.5 2.0 1.0 29 5 19 14 8 30 74 * 2600 1.75
0.5 1.0 0.25 25 * 45 270 21 52 5 * 500 12.86

* 1.0 1.0 210 *# 52 180 100 30 21 * 3200 1.80
0.5 2.0 1.0 25 5 335 31 10 62 16 * * 3.10
0.5 2.0 0.5 25 * 260 45 7 70 18 * *  6.43
5.0 1.0 0.25 25 8 96 410 11 30 34 365 500 37.27

* * * 88 * 37 270 24 30 2 * * 11.25
0.5 * * 32 5 17 290 13 30 2 * * 22.30
1.5 * * 45 5 16 350 18 30 4 * * 19.44
0.5 2.0 0.25 195 5 58 135 60 30 11 * * 2.25
0.5 * * 36 5 33 260 5 30 2 % * 52.00
2.25 1.0 * 38 5 31 10 2 30 22 * * 5.00
3.4 * * 75 5 5 390 7 30 18 * * 55.71

0.25 1.0 0.25 25 5 5 10 2 30 2 25 500
The following elements were below detection (limits in ppm) : V(50),
Ga(60), Ge(20), As(800), Cd(100), In(700), Sb(l00), Ba(l00), Pt(50),
Au(350) and Hg(500).

Zn Pb “Ti Mn Co Ni Ag §n Bi
* * 118 5 * * 6 59 *
* 1.0 25 15 * 2 10 25 *
2.0 0.75 25 5 * 2 36 120 500
* 0.25 40 31 10 * 8 25 *
* * 108 237 10 * 3 71 *
* * 135 59 10 2 4 25 500
* 0.25 91 840 29 2 14 25 *
* 0.25 99 36 10 2 17 90 3100
* * 137 82 210 7 9 25 *
* * 380 275 135 10 13 25 *
* * 88 300 110 * 2 * 500
* * 120 30 * * 43 25 *
* * 44 137 450 * 11 * *
1.0 0.25 25 5 10 2 2 25 500

The following elements were below detection (limits in ppm) : Cr(5),
Ga(60), Ge(20), As(800), Mo(30), Cd(100), In(700), Sb(l00), Ba(l00),
Pt(50), Au(350), and Hg(500). V. was found in A.1805(120 ppm) but
was otherwise absent(50).

* = not detected

LG8



TABLE 37

SPECTROGRAPHIC ANALYSIS OF SPHALERITE AND ~ GALENA, PARYS MOUNTAIN

SPHALERITE
Sample Contamination s
No Locality Description Indicators 7% Trace Elements ppm
Cu Pb Fe Ti Mn Co Ga Ag Cd In Sn  Sb
A.1887 W.opencast; central boss ‘ + Dissem.sl, gn & qtz with py * 2.8 1.0 6.3 10 115 10 58 53 1600 10 165 *
1888 E.opencast;Bluestone Adit dump Banded sl, gn with py 2.8 0.75 3.6 45 140 18 61 390 1580 10 30 265
1889 " 5 " " " " 1.5 0.25 5.3 10 52 10 74 42 2050 10 500 100
1890 " P " Dissem.sl in qtz with gn 0.75 0.5 5.3 10 190 10 90 280 1700 10 235 100
1897 Parys;Morfa-Du Eng.Shaft dump Banded sl, gn & py 0.75 0.5 2.7 76 300 17 27 800 1360 - * - * 1170
A.1879 " s DDH - M 1 C - 1270' Banded py, sl in qtz with gn & cp ¥ 0.25 0.25 13.8 10 100 75 29 13 1420 58 * *
1880 " " " - 1285 Banded py, sl in qtz with gn ¥ . 3.0 1.0 17.0 10 80 10 10 135 * * * *
Detection Limit 0.25 0.25 0.05 10 5 10 10 2 100 10 30 100
The folléwing elements were below detection (limits in ppm) : V(10),
cr(5), Ni(5), Ge(10), As(500), Mo(10-30), Ba(l00), Pt(50), Au(350),
Hg(500), and Bi(50).
GALENA
~ Fe Cu Zn Ti Mn Co Ga Ag Sn Sb Bi
A.1868 W.opencast; central boss Dissem.sl, gn & qtz with py * 2.9 * * 135 5 10 % 800 * * 110
1869 ~ E.opencast;Bluestone Adit dump Banded sl, gn with py 1.7 * 2.0 138 8 12 10 550 113 188 *
1902 Parys;Morfa-Du Eng. Shaft dump Banded sl, gn & py 5.8 * # 10 97 28 210 920 * 345 *
A.1899 " ;DDH-M1C - 1285' Banded py, sl in qtz with gn ¥ 2.45 * 1.0 .10 5 % 10 550 * % 730
Detection Limit ) 0.05 0.25 1.0 10 5 10 10 2 30 100 50
* Samples with siliceous The following elements were below detection (limits in ppm) : V(10),

Cr(10), Ge(10), As(500), Cd(100), Mo(10-30), Ba(100), Pt(50),
Au(350) and Hg(500). Ni was found in A.1902 (8 ppm) but was other-
wise below detection(5).

matrix & remainder with
chlorite

* = pnot detected

8G3
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and the source of the gallium is unknown. The mean silver

content (~ 700 ppm) is higher than that at Avoca and the values
corrclate with antimony indicating impurity tetrahedritec. E1
Shazly ct al (83) found only 50 ppn silver using semi-quantitative
nethods. The tin and bismuth values are erratic and probably

duc to inclusions.
¢) Discussion

In general, the similarity of the trace element contents
of sulphides to that described from Avoca is striking. The
Co:Ni ratio is >1.0 (Table 36) and thus the sulphides may be
associatcd with volcanism. There is no sulphur isotope data
from Parys lMountain and the cndmiun content of sphalerite is

not 'gronitophyle', but volcanogenic.

Lvidence for the temperature of crystallization of the
ores is minor. There is no constant partition of troace elements
betwcen cocxisting sulphides, which suggests that the assemblage
is not at cquilibriun, supported by minor inhomogeneities
anongst the sulphides c.g. zoning and twinning. The iron

contents of sphalerite show a similar distribution to that at

Avoca:
Table 38 Comparative analyses of iron contents in
sphalerite, Parys Mountain.
%Fe
Probe Spec.
A.1887 Boss in Great opencost 2.0 6.3
1879 DDH M-1-C, 1270 1.8 13.8x
!
1880 DDH M-1-C, 1285 1.5 17 .0
P.97 DDH  M-10, 1492° 1.8 -

% Spccimen contaminated with CuFoS2 and FeSZ.

The cadmium content of sphalerite is noan-diagnostic and
the content of silver in galena (O.OB%AgZS) is within the expeccted

limits as therc are associated bismuth minerals (232).

In the context of metallogenctic provinces, the presence
of tin and molybdenum in pyrite is similar to that at Avoca,

and thus the geochemical similarity betwcen the two deposits is
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highlighted, VYiork in progress on thc geochenical atlas of
Great Britain has delineated an anomalous tin area associated
with copper at Parys Mountzin, but the explanation for this is

not fully understood (F.Urquidi, pers. comm.).

4L.,1.10.4. Mineral and metal distribution

A crude pattern of metal zoning cxists at Parys Mountain, the
pyritic zones ere stratigraphically above the siliceous zones,

and lead-zinc zones are associcted with them.

a) Mineral distribution

Detciled zcnalysis of diamond drill corc using the S/Q
logging ncthod was not undertaken. Mineral variations were

studied qualitatively.

(i) Pyritc. Amounts of pyrite arc generally less than
in the pyritic zoncs at Avoca, and the highest sulphur contents

occur in thc blucstone zones (~30%S).

(ii) Chalcopyrite. Grophs of assay data from the

Carrcg-y-doll lode (W.Manning, pers. conn.) indicate minor
concentration of copper on the hangingwall or stratigraphic base,
of the lode, but the general distribution is uniforn; similar

to cupriferous siliceous zones at Avoco,

(iii) Sphalecrite and galena. Bluestone orc contains

the nmaximun concentrations of lead and zinc, but no quantitative

data is ovailable.

b) Mectal ratios

The Zn:Pb rotio in bluestone ore is generally 3:1 -2:1
and is therefore brocdly equivalent to that in kilmacooite
(2.5:1), but the ratio at Parys Mountain sonetimes beconcs
1:1 and thus the overall lead content is higher. There is

appreciable silver in the galena and therefore this foctor

is inportant.

Generalized nctal rotios for the siliceous lodes are

shown overleaf:
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Cu

Siliceocus lodes

Y(,,/fBluestone

b Zn

c) Relations between mincral distribution and lode structure

Insufficient data exists to construct a Conolly diagranm
for any of the ore zones. Level plans of the Carreg-y-doll
lode indicate that the mineralization plunges steeply to the
northwest (Fig. L4.7.). It is not clear to which structural
element this elongation of values corresponds, but as at Avoca,

the values plunge in the plane of the cleavage.
4,1.10.5. Genesis

Geothermonetric and geobarometric indicators amongst
the ore ninerals are inconclusive. The temperatures of ore
deposition were leptothermal. Primary zoned pyrite suggests
that growth took place at low temperatures (glOOOC), in an
environmnent supersaturated with iron, and melnikovitic pyrite
emphasizes this conclusion. The occurrence of framboidal pyrite

in the lead-zinc zones, indicates ore deposition at low temperatures.

As at Avoca, two major 'systems' of mineralization exist:
a) Primary, bedded iron sulphide (pyrite) and b) iron, copper,
lead and zinc polymetallic sulphides and sulphosalts, exhibiting
crosscutting relationships to the wallrocks and demonstrably
epigenetic. Iliach of the ore types at Parys Mountain has an
analogue at J\voca, and it is reasonable to infer a similar

origin.

Tost~dating deposition of the argillaceous rocks, growth
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of pyrite took place below the sediment water interface. The
felsite exemplifies explosive felsic volcanicity and a salic
magma fraction probably existed at depth. Hydrothermal fluids
became active after the deposition of the Silurian shales, and
were probably related to a cooling phase of the underlying

magna. Increased heat flow provided by the cooling magma drove
the fluids, which were probably chloride enriched, to the surface,
possibly through dilitation zones related to the volcanic

feeder channels or later intrusions. In the near-surface
environment the fluids came into contact with circulating connate
waters in the highly porous felsite, and stockwork copper-rich
siliceous zones developed. The rapid change in the composition
of the fluids on interaction with the pyritic zones caused
precipitation of the sulphides and formation of complex lead-
zinc rich material typical of this area. Potassic and silicic
metasomatism of the wallrocks is evident from the development

of sericite and quartz. During subsequent deformation, late-
stage cross-cutting fractures were infilled by siliceous fluids
charged with lead and zinc. This probably derived from connate
water which possibly had leached the metals from the sedimentary

pile.

L.2. Rhosmynach

Three narrow, shallow dipping lodes occur 13 miles
west of Parys Mountain ﬁith an ecst-west trend in Silurian
shales. The lodes, worked in about 1917, are of minor extent.
A paximum strike length of 600 ft exists and abandoned workings

extend to depths of 120 ft.

& body of felsite occurs on the hangingwall of the middle
lode, and intrusive hornblendite has been recorded at depth (70).
Minerclization consists of disseminated chalcopyrite and pyrite
with minor sphalerite and galena. Native bismuth and bismuth-
inite occur and account for the bismuth content in trace element
analysis of chalcopyrite (Table 36). Supergene native copper
has been found (70). Gangue minerals are prcdominantly quartz
and chlorite, and these are also the major wallrock alteration

products.
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Although little is known of the detailed geology,
probably a similar genesis to that at Parys Mountain operated.
Epigenetic, hydrothermal fluids enriched in silica probably

produced ramifying stockwork zones in an area containing

evident intrusive activity.
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SECTION 5

RELATED DEPCSITS

5.1. The Southern Caledonides

The mineral deposits already discussed are only a selection
from the Southern Caledonides of Great Britain and Ireland. There
are numerous other occurrences in this belt of rocks (cf. Fig. 1.3)
and the copper deposit at Coniston is on a linear extension of
the metallogenetic belt which includes Bunmahon, Avoca and Parys
Mountain., Coniston occurs in Ordovician volcanic rocks and as
it may provide significant information about metallogenesis in

the region, the deposit has been studied in reconnaissance,

5¢1.1. Coniston

A series of steeply dipping fissure veins cut rhyolites
and tuffs of the Borrowdale Volcanic Series (Fig. 5.1). The
veins trend northwest-southeast at Paddy End and east-west at
Seathwaite. Extensive workings testify to considerable mining
activity in the last century and the Bonser Vein has been
worked to a depth of about 1500 ft (77) (Plate 51 A-C).

Recently an cxploration programme was initiated on the property.

5.1.1.1. Lithology, petrology and petrogenesis

The country-rocks are dominantly green, medium grained
pyroclastics, with ignimbrite horizons (156) and the lithology
has been described by Mitchell (153) (Plate 51:D). Generalized
descriptions of the petrography have been given (154) but no
analytical data exist. Analyses of representative rock types
by the vwriter are shown in table 39, The rocks are petrochemically
similar to the suite at Bunmahon, but have an increased potash
content, which is paralleled by the rubidium and strontium trace
element content and reflects an increase in potash feldspar.
This similarity reinforces the petrogenetic unity of the Ordovician
volcanic lineament extending from the Lake District to S.E.

Ireland,

5.1.1.2. JJallrock alteration

Wallrock alteration is slight, rarely extends for more
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Table 39 Portial analyses of rocks from the Coniston
. district, by X-ray fluorescence.

Major oxides: C.l C.2 C.3
¢4

830, 54,20 54 .80 58.30
A1203 15.03 16.52 11.98
Ti0, 1,18 1.39 0.67
F0203 0.57 1.00 1.22
TeO 6.00 4,56 6.46
MnO 0.36 0.62 0.34
Mg0 2.37 3.48 2,97
Ca0 0.78 0.74 0.48
Ha,0 2.35 0.98 1.13
K0 7.58 8.03 5.68
on5 0.42 0.12 0.16
Total S 0.03 0.0k 0.05
H20+ - - -
H,0-~ - - -
Total 90.87 92.28 89.94

Trace Elements:

(ppuw)

Co 12 12 15
i ® 27 1L
Cu 81 80 82
%n 113 222 168
Rb 210 238 156
Sr 86 113 50

Pb 39 38 58

Analyst: C.J.V.Wheatley

~

h

= not detected
- = not sought

Description of samples:

C.l Tuff., 200 ft cast of Hospital adit portal, Paddy End,
Coniston.

C.2 Tuff. 200 ft west of Triddle vein surface pit, Paddy
End, Coniston.

C.3 Tuff. 800 ft northeast of Hospital adit portal,
Prddy End, Coniston.
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than a few centimetres from the vein walls and is limited

to silicification.

5.1.1.3. ZInvironment of deposition

The depositional environment may have been aerial or

subnarine, ash-fall tuffs and lavas exist (154).

5.l.1l.4., Intrusive rocks

A narrow quartz-porphyry intrusive dyke occurs near
Lever's Water and is the only evidence of intrusive activity.
The trend of the dyke is close to that of the lodes, suggesting
that intrusion and mineralization may have taken place whilst

the same system of forces operated.
5.1.1.5. Structure

Pre-Bala deformation produced open NNE trending folds
which are at 45° to the late Silurian folds and result in a
dome-basin interference pattern in the Lake District. Broad

late-stage folds have slaty cleavage of varying intensity.

5.1.1.6. Mineralization

The mineralization occurs as true lodes, and two vein-
types can be recognized, emphasizing the similarity to the
mineralization at Bunmahon : a) Siliceous veins with disseminated
chalcopyrite and pyrite, and b) minor veins with galena and
sphaleritc. Magnetite also occurs at the vein nmargins (A.P.

Millnan pers. comm.) and appears to replace chlorite (Plate 51:E).

The ore minerals consist of chalcopyrite, pyrite, magnetite,
and minor sphalerite and galena. Native bismuth and bismuthinite.
are associoted with chalcopyrite (Plate 51:F). Arsenopyrite
and nickel and cobalt minerals occur (77). The ganguc nminerals

are quartz, calcite and dolomite.

The generalized paragenetic sequence is given below:
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Table 40 Generalized paragenetic sequence, Coniston
Ore Minerals: Syngencetic Epigenetic

Magnetite

Chalcopyrite

Pyritec

Sphalerite

Galena

Arsenopyrite ? ?
Native Bisnmuth

Bisnuthinite

Quertz
Calcite

Dolonite

50lel.7« Trace element distribution

Trace clements in eight samples of pyrite, magnetite,
chalcopyritec, sphalerite and galpna arc shown in table L41.

Determination was by spectrography, as described in section 2.3.7.2.

In pyrite, values of Ti, Mn, Ni and Ag are low. The
cobalt rises to 550 ppm, and the bismuth content is presumably

contributed by bismuth minerals.,

The clements in magnetite and cholcopyrite are similar
to thosc found at Avoca, but the tin magnetite is markedly

reduced.

In sphalerite, Ti, Mn, and In are low, and the high
cobalt value and silver content are possibly due to impurities.
The cadmiun content (2360 ppm) is high and appreciable tin is
present (18C ppm).

Mangonese and cobalt are low in galena, and the silver
content (1230 ppm) implies that therce is some in solid solution.
The presecnce of contaminant tetrahedrite is suggested by the
antinony content and high tin value (87)., The bismuth is

probably duc to contamination.

5.1.1.8. Genesis

Indicators of genesis amongst the trace element data are



TABLE 41

T

SPECTROGRAPHIC ANALYSIS OF SULPHIDES AND MAGNETITE,

CONISTON DISTRICT

PYRITE

Sample

No Locality

A.1767 Paddy End;Hospital level,Dump
1942 " " "

MAGNETITE

4.1938 Paddy End;Hospital level,Dump

CHALCOPYRITE

A.1939 Paddy End;Hospital level,Dump

SPHALERITE

A.1930 Paddy End;Hospital level,Dump

GALENA

A.1936 Paddy End;Hospital level,Dump

Description

Mass.py, dissem.cp
Dissem.py with qtz

Detection Limit

Mass.mt/hm, dissem.cp & qtz

Detection Limit

Dissem.cp with py

Detection Limit

Banded sl & gn with cp & qtz
Detection Limit

Banded sl & gn with cp & qtz

‘Detection-Limit

Contamination
Indicators 7 Trace Elements ppm
Cu Zn Pb Ti Mn Co Ni Ag Bi Co:Ni
* * * 30 155 10 10 2 * 1.0
0.5 * * * .. % _ 550 15 5 10000 36.7

0.25 1.0 0.25 25 5 10 2 2 500

The following elements were below detection (limits in ppm) :
v(50), €d(100), In(700), Sn(25), Sb(100).

Cu Zn Pb Ti v Mo Ni Sn
3.0 . % * 340 440 1750 15 340
0.25 1.0 0.25 25 50 5 5 25

The following elements were below detection (limits in ppm) :
Co(10), Cd(100), In(700), Sb(100), and Bi(500).

Zn Pb Ti Mn Co Ni Ag.
* * 25 19 10 5 3
1.0 0.25 25 5 10 5 2

The following elements were below detection (limits in ppm)
V(50), €d(100), In(700), Sn(25), Sb(100) and Bi(500).

Cu Pb Fe Ti Mn Co Ag €  In Sn
0.25 * 2.6 10 425 107 7 . 2360 10 180
0.25 0.25 0.05 10 5 10 2 100 10 30

The following elements were below detection(limits in ppm) :
v(10), Ni(5), Mo(10), Sb(100), and Bi(50).

Fe Cu Zn Mn Co Ag Sn Sb Bi
. 3.8 * 1.0 32 10 1230 475 265 103
0.05 0.25 0.25 5 10 2 30 100 50

“The following elements were below detection (limits in ppm) @

Ti(10), V(10), Ni(5), Cd(100) and In(10).

The fdllowing elements were below detection throughout (limits
in appendix 3) : Cr, Ga, Ge, As, Mo, Ba, Pt, Au and Hg.

* = not detected

0Le
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non~diagnostic, The Co : Ni ratio varies from 1 to 37 and this
correlates with derivation from hydrothermal or volcanic sources,
The low Ti, ¥n and Mo content in pyrite and absence of vanadium
may imply & hydrothernal origin (49, 3). The iron content of
sphalcrite varies from 2.6-7.0% Fe (4.3-11.0 mole % FeS),

sinmilar to thc veriation found elsewhere in the metallogenetic
belt. The wallrock alteration is slight and compatable with

ore decposition at temperatures of 200 - 300°C°

The relationship between the veins and the country-rocks
indicates that ore deposition postdated deposition of the volcanics.
The felsic volcanic activity exemplified by the Paddy End
Rhyolites implies that a magma of similar composition existed
at depth. This magma, as it cooled, would have been a locus
for circulcting connate fluids, which probably received additions
from juvenilc sources as they migrated upwards within fault
fissurcs. These fissurcs probably developed in response to
deformation related to the Caledonian orogeny. Elsewhere in the
Lake District, the Shap Granite, intruded as =z late stnge pluton
possibly derived from the same salic magnma, has associated
mineralization with chalcopyrite, pyrite, fluorite, bismuthinite,
galena, sphalerite and barite (99). This suggests that the
salic nagna was a potent mineralizing source, and could have

produced metal enriched hydrothernal activity.

5.1.2. Other deposits in the Southcrn Caledonides

The najority of deposits in the Southern Caledonides arc
vein-type lcad-zinc deposits and copper deposits of economic
significonce are rare, being concentrated close to the median
geanticline (cf Fig. 1l.3). This feature produces a pattern of
regional netal zoning, with an axial copper-rich belt bordered
by arcecas rich in lead and zinc. This pattern, closely related
to the symmctry of the geosyncline may also be genetically
related to it, according to 2 genetic model recently suggested
by the author (250)

5.2. Vorld-wide

Mineralization at Avoca and Parys Mountain typifies
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volcanic stratiforn (or conformable ) deposits, of which there

are a large number around the world (218).

Bodies of cupriferous pyrite frequently occur within
basic volcanic sequences, c.g. Cyprus (239), Norway (236),
Turkey (219) and Greece (in 252). However, deposits of conforri-
able pyrite with appreciable polymetallic sulphide and sulpho-
salt content, are invoariably associnted with acid volcanisn,
e.g. Spain and Portugal (252), Sweden (168), Japan (116),
Coenada (191) and Mt Lyell (149) and Mt Isa (62), Australia.
The basic volcanic sequences are generally tholeiitic and the
acid scquences calc-alkaline, typical of island arc regimes.
These focts allow a primary subdivision of pyritic deposits, and
Avoca and Parys Mountain fall in the group of polymetallic

deposits in cale-alkaline provinces.

The acid volconic rocks associated with polymetallic
pyritic deposits orc often pyroclastic and abnormally rich in
potassiuni. The Mt Isa (62) and Norands (191) districts illustrate
this criterion, which also applics in Australia at Mt Lyell and

Roscbery (li.Solorion, pers. COmm.).

Depositional environments elsewhere correspond with that
at Avoca, and the Iberian pyritc belt in Spain and Portugal is a
good cxciiple (198). Interbedded cnrbonaccous horizons are
conntonploce and inply temporary reducing conditions during
sedimentation., The rccognition of phosphotic horizons as an
environnental indicator is of recent origin (223), but sedi-
mentary feoturces in the pyroclastics point to deposition in

shallow-water cnviromnents.

Viollrock alteration is generally ninor, but as these
deposits occur in cugcosynclinal terrzin, succeeding orogeny
often obscurcs the original reclotionships. Diagnostic features
anongst the orc nincral fabric are obliterated by recrystalliza-
tion and rcmobilizotion of the ductile minerals, but colloform
textures in pyrite arc often preserved. #lteration similar to
that at Avoca occurs in the Skellcfte district, Sweden (161)
and the problem of deciding whether the potassic enrichment of

the porphyries and wallrocks is prinary, or due to wallrock
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alteration is acute. An equivalent situation exists at Rio

Tinto, Spain. (43).

The close relationship between the distribution of pyrite
and chlorite hcs been frequently described (e.g. 47). To-date,
few writers have questioned the nature of the chlorite, assigning
it to wallrock alteration. Analysis may denonstrate that the

chlorite could hove derived from an authigenic iron silicate.

Juite commonly, the polymetallic pyritic deposits consist
of o series of relatively distinct ore zones, c.g. Mt Lyell,
Rio Tinto and thc Kuroko ores of Jopan. The genetic model
developed for the Avoca district can equally be applied to
many other deposits with only ninor modifications. A& thorough
knowledge of the structure and primary configuration of the ore
zones is o pre-requisite, but often this is lacking: e.g. Mt
Lyell (47). The fact that pyritic zones are stratigraphically
underlain by siliceous stockworks is well established e.g. Rio
Tinto, Mt Lyell and the Kuroko orcs. Intrusive activity,
usually ninor (porphyry dykes), post-dates foruation of the

pyritic bodics.

Many writers have noted the association between conform-
able pyritic deposits and the products of volcanism (3, 132, 142,
174, 252), and in Japan and Taiwan there is an obvious genetic
relationship between recent ore deposition and hot spring and

fumarolic activity (132).

lletallogenesis is an integral part of orogenic evolution,
and Bilibin's work (27), amongst others, related the two processes.
Markham (149) concluded that conformable pyritic deposits
characterized the initial stages of development of a geosyncline,
but this is certainly not so in the Caledonian geosyncline in
Western Europe, nor elsevhere (252). As pyrite deposits occur
at various stages throughout the geosynclinal sequence, there

must be another metallogenetic control,

Conformable polymetallic pyritic deposits are undoubtedly
related to volcanism, which is an expression of magmatic activity.
Magma generation may therefore provide the key. Contemporaneous

acid volcanism is often potassic and implies crustal contamination
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of the magma. Crustal generation and destruction are intimately
linked through plate tectonics. Plate destruction only occurs
where an oceanic plate is being consumed at a continental

margin by descending along a Benioff zone (72). An island arc

environment is produced in this situation.

Lateral variations in magma type across island arcs are
well known (136), and the calc-alkaline province develops in

the region where crustal contamination is likely.

The writer therefore suggests that as the primary
difference between polymetallic and non-polymetallic pyritic
deposits is the nature of the accompanying volcanism, the
polymetal content may derive from partial fusion of crystal-
line basement along a Benioff zone. Thus, the existence of
a Benioff zonec may be implied by the presence of conformable

polymetallic pyritic deposits within a eugeosynclinal sequence,
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SECTION 6

CONCLUSIONS AMD IMPLICATIONS

6.1. Avoca Mineralized Belt

The country-rocks, a sequence of Ordovician sediments
and volcanics, have been divided into a Lower Laminated Series
(?Arenig) and an Upper Volcanic Series (?Caradoc-Ashgill).
Granodioritic post-tectonic sheet intrusions, and stocks and

dykes ranging from quartz-porphyry to appinite, occur,

A pyroclastic rock suite (felsite) is prominent at the
base of the Upper Volcanic Series and is spatially associated
with the mineralization. Analyses indicate abnormal potash
content in the fclsites, which may have derived from a potassic

magma.

The host-rocks for the major mineralization are a series
of tuffs and sediments, termed the Chlorite Zone, in the Upper
Volcanic Series. Intercalated phosphate-rich and carbonaceous

horizons occur and a shallow-water marine environment of deposi-

tion existed.

At least three periods of deformation affected the rocks
and ore deposition pre-dates the earliest deformation. A
regional monoclinal structure exists, and the pyritic lenses
at West .\voca essentially occupy a single folded horizon which

is parasitic upon the regional monocline.

Wallrock altcration consists of silicification and
potassium metasomatism. Carbonatization developed during a
subsequent deformation period. Analyses of chlorite imply that
it may have derived from an authigenic iron silicate during

metamnorphisna

The mineralization is divided into a series of ore types,
each with a distinct mineralogy and genesis. The major ore
mineral is pyrite, with chalcopyrite, sphalerite, galena,
magnetite and a suite of minor oxides, sulphides, sulphosalts

and nativé metals. The paragenetic sequence may .be polyascendant,
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It is proposed that conformable lenticular pyrite zones
formed in a marine environment, possibly during diagenesis with
mineral growth taliing place below the sediment-water interface.
Troce element contents of the sulphides, sulphur isotope
results and evidence for contemporanecous volcanicity support the
idea that the supply of sulphur was fumarolic, and that the
iron and copper probably derived from the same source. Magnetite

zones developed under different Eh and pH conditions.

Stockworlks containing appreciable polymetal content
(copper and, in some cases, lead and zinc) were developed strati-
graphically below the pyritic zones by hydrothermal mctal-rich
fluids at a later date. B3iliceous and potassic wallrock altera-
tion accompanied this mineralization. The hydrothermal fluids
were probably chloride-rich, derived from the aqueous phase of
an underlying magma, which may have been the source of the metals,

with additions from connate fluids during ascent.

Complex lead-zinc-pyrite mineralization resulted from
the reaction betwecen the pyritic zones and the final fractions

of the hydrothermal fluids.

This model may explain mineral zoning at the mine, and is
consistent with temperatures of ore deposition indicated by the

mineral assemblage.

During metamorphism and deformation, localized remobili-

zation took place, and minor crosscutting veins formed.

6.2. 35.E. Ircland

Crosscutting, vein-type cupriferous mineralization at
Bunmahon, cnd the lead-zinc veins elsewhere, comprise a pulsatory

metasomatic sequence closcly related to deformation and plutonism.

6.3. Parys Hountain

The mineralization and geological eavironment at Parys
Mountain is analogous to that at Avoca and 2 similar genetic

model is put forward.

6.4. Related deposits

In the Southern Caledonides, mineralization at Coniston



277,

is similar to that at Bunmahon,

Wholec-rock analyses of pyroclastics throughout the region
demonstrate the continuity of a calec-~alkaline volcanic province

extending from the Lake District to the Waterford coast.

The deposits at Avoca and Parys Mountain are environ-
mentally similar to many other conformable rolymetallic pyritic
deposits. The relationship of these deposits to the tectonic
cycle suggests that the polymetal content may derive from
partial fusion of basement along a Benioff zone, with additions

from connate fluids.

6.5. Implications

1) This study of mineralization in regionally mecta-
morphosed terrain emphasizes the necessity to consider the whole
geological environment. This enables deduction of thce deposi-

tional cnvironment and the mileau of syngenetic ore formation.

2) Different types of mineralization in close proximity

to each other may have a separate genesis in folded rocks.

3) Mineral and metal zoning is important on all scales,
providing notterns which are often related to genesis and thus

may be an cxploration tool,

It)  The genetic model implies that polymetallic pyritic
deposits avec closely related to volcanic lineaments in eugeo-
synclines, and their formation may be dcpcendent upon crustal

contamination in the magma source.
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APPENDIX 1

YThole-rock x-ray fluorescence analytical method,

using close standardization

L series of eight representative samples from amnong the
rocks were used as standards and analysed by both wet chemical
and x~-ray techniques. A series of international standards were
also analysed by x-ray fluorescence as a check on the precision
of the data. Element values were read from working curves

using the standards.

(a) Standards (Wet chenmical)

Major elements were determined using rapid methods (202).
Silica was determined by a combined gravimetric-colorimetric
method (122). The ammonium meta-vanadate method (253) was

applied for ferrous iron and alumina was deduced by the classical

difference method.

(b) Samples and Standards (X-ray fluorescence).

1.5 gn powder (-325 mesh) was compressed into a disc
backed with 2 gn terepthalic acid using a method similar to
that of Morrish and Chappell (165), and an 'infinitely thick'
sample produced. Samples and standards were scanned on a
Philips PW 1540 x-ray spectrograph using the operating
conditions in table 42, Peak and background counts, corrected
for instrumental drift, were recorded in triplicate and
working curves constructed from the standards. The precision

of the analyses is of the order of x 1.5%, and reproducibility
is high,



Table

L2

X-ray fluorescence ovperating conditions

(PW1540)

Element 2e X-ray kV mA Analyser Path Collimator  Atten. EHT Counter LowZ;HOAWindow
tube Crystal (v) Level

Si 79.08 Cr Lo 20 PR Vac. 160 2 1600 Flow 100 150
Al 115.08- Cr 50 20 PE Vac. 480 2 1660 Flow 90 170
Ti 86.18 Cr 50 20 LiFloo Air 160 3 1650 Flow 230 210
Fe 57.50 Cr Lo 20 LiF100 Air 160 3 830 Scin. 70 230
Mn 62,97 Au Lo 20 LiFZZO Air 160 3 850 Scine 140 190
Mg 106 .80 Cr 50 20 ADP Vac. L8o 2 1720 Flow 90 290
Ca 113,14 Cr 50 20 LiFlOO Vac. 160 4 1750 Flow 240 310
Na 73.38 Cr 50 20 Gyp. Vac. 480 3 1675 Flow 40 90
K 20.70 Au Lo 20 PE Vac. 160 1 1600 Flow 470 340
59.50 Cr 50 20 PE Vac. L8o 2 1640 Flow 110 160

S 45.93 Cr 50 20 PE Vac. 480 2 1580 Flow 30 170
Co 78.10 Cr 50 20 LiF220 Air 480 2 1700 Flow 270 280
Ni 48.78 Cr 50 20 LiFloo Vac. 160 3 790 Scin. 80 140
Cu 65,58 Cr 50 20 LiFQZO Air 480 3 200 Scin. 90 240
Zn 42 .00 Cr 50 20 LiFloo Air 480 3 800 Scine 40 250
. Rb 38.05 Cr 50 20 LiF,,. Air 48o 3 800 Scin. 150 280
Sr 35.90 Cr 50 20 LiF220 Air 480 3 800 Scine 150 280
Pb 34 .20 Cr 50 20 LJ'.FlOO Air 160 2 1550 Flow k1o 250
Se 45,85 Cr 50 20 LiFZZO Air 480 3 780 Scin, 130 220

*64e



F.1 TFelsite

F.2 "
F-3 "
r.h4 "
F.5 "
F.6 1%
F‘,? 151
F.8 r
F.9 "
F.,10 1
P11 te
F.12 n
F.13 "
F.14 e
G.1 Tuff
G.2 t

JH.1l TFelsite

FTH.5 "

FH.6 1

FH.8 1"

FH.9 "

FH.10 n
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APPENDIX 2

Description of Samples in Table 1,

fron Co, Wicklow, Ireland.

Bell Rock, 450 ft S.S5.E. of Ballygahan shaft, Avoca.

moowo 550 g5 m o ow z e,
oo Loo £t M w " " "
Tigroney, 800 ft E.S.E. of Ballygahan shaft, Avoca.
"o 900 £t " " " " "

Ballygahan upper, 500 ft N.N.W. of Ballygahan House
Avoca.

Tigroney, 1200 ft northeast of Ballygahan shaft, Avoca.
" , 2200 ft east of Ballygahan shaft, Avoca.

Xilmacoo, 1800 ft northeast of Kilmacoo cross-roads,
Avoca.

Ballymoneen, 5600 ft southwest of Ballygahan shaft,
Avoca.

Castle Howard, 1500 ft northeast of Lions' Bridge,
Avoca.

Tigroney, 1400 ft east of Ballygahan shaft, Avoca.
" 2200 ft northeast of Ballygahan shaft, Avoca.

Ballinabarny North, 5200 ft northeast of Kilmacoo
cross~roads, Avoca.

Aughrin road, 3600 ft northwest of Woodenbridge, Avoca.
" n o L4800 ft " " " "
Bell Rock, Avoca (125)
Lughrin road, 11/4 rniles northwest of Woodenbridge(107)
Kilmacrea wood, 13/4 niles northwest of Redcross (107)
1 nile southeast of Ballinacor cross-roads. (107)
Aughrin road, 1/4 nile east of Coatsbridge. (I07)
" "o 1/2 mile northwest of Woodenbridge (107)

HG.l Greenstone, Westaston (125)

HG.2 "

" (125)

H.1 Leinster granite, mean of 12 analyses in (125)

H.3 Greonite,
, Croghan Kinshela, head of Coolbawn brook (125)

H4 oM
H.5 1

Ballinaclash (125)

" " , sumnnit (125)
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APPENDIX 3

Lines used in spectrographic analysis

Host Mineral

Elenent 'v.'aveg_cngth gﬁizi;yrite ’ Sphalerite Galena
A Magnetite,
Henatite
M g’ 2798.27(a) 5 5 5(a)
2933.00(b) >2000 30 15(b)
Pb 2833.07 75 10 -
Sn 2839.99 25 30 30
As 2860.45 800 500 500
Sb 2877.92 100 200 100
Fe 2929.00 - 500 500
Ga 2945, 64 60 10 10
Pt 2997.97 50 50 50
Ge 3039.06 20 10 10
In 3039.36 700 10 10
i 3050.82 2 10 5
Bi 3067 .72 500 15 15
Au 3122.22 350 350 350
- { =168.52 25 - -
é 3088.02 - 10 10
Mo 3170.34 30 10 10
v 3185.00 50 10 10
ca 5261.,06 - 100 20
cu 5 3273.96(a) 10 5 5(a)
2961.16(b) >5000 - - (b)
Zn 3345.02 500 - 500
Ag 3382.89 2 2 2
Co 34k53,51 10 25 10
Cr L25L .35 15 10 5
He 4358.35 >500 >500 >500
Ba 4554 ,02 100 100 100
(2) Line uscd to determine low concentrations.

(b) Linc used to deternine high concentrations.
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APPENDIX L

The 5/Q Logging Method

Introduction:

A systeit of statistical core logging, initially devised
by Booth and Dujardin of Canadian Superior Ixploration Ltd.,
has been extensively applied by the writer during the current
study. At present, no description of this method is available

and the following account sets out the principles and practice.

Principles:
The $/¢ (sulphide/quartz) logging method can be applied

in the exanination of drill core from deposits in which the

following criteria apply:

l. Lenticular or nassive nineralization which is generally
concordant with the enclosing strata. .

The system makes a macroscopic, visual record of the core
and is not a chemical analysis. Partial continuity of mineral
seams, either horizontally or vertically, is necessary for a
neaningful assessnent of mineralization per unit length of core.

Disseminated niineralization is unsuitable.

2. £ssay linits to the ore zone
Graphs of mineral distribution allow objective assessment
of ore limits, efficient completion of drill holes and elimination

of hundreds of feet of superfluous drilling.

3. Drill intersections approximately normal to the strike
of the ore zone.

Less core is ground and a more complete intersection is
obtaincd under these circumstances, which results in a higher
degree of correlation between mineral graphs and assay data.
Chalcopyrite, in the present context the economic sulphide,
is rclatively soft, and is one of the first minerals lost

during grinding. This factor is therefore very inmportant.
L. Simple mineralogy

The major ninerals must be easily identified, of medium to
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coarse grain size, and complex intergrowths should be absent,

as these complicate the result.

5. Significant time-lag between completion of drill hole

and receipt of assay results

L graphical representation of the mineralization is
produced by the $/Q system and this gives a more conmplete represnt-
ation of the mineralization than a normal, highly verbose,
geological log. It is more recdily utilized by an engineering
department during a developnent programme. In exploration, drill
samples are often dispatched to a central analytical laboratory
and considerable time nay clapse before results are received on
the property. The mineral distribution graphs give a quick assess-

nent of the ore zone and allow further holes to be accurately sited.
6. A detailed log is necessary

The complete S/Q log takes somewhat longer than conventional
systens to apply, and is therefore more costly, however, it
provides a more conplete record of the corec. This is especcially
inportent when whole core is assaycd (often necessary with lenti-

cular deposits, obviating errors incurred during core splitting.)

METHOD.

Corec is Dboxed, nunbered and labelled in the usual way,
either underground or on surface.
i sanpling interval is chosen; at Avoca this is five feet,

and any other conventional unit e.g. onc metre could be

sinilarly applied.
The complete log consists of four parts:
1. S/ (Sulphide/Quartz) log:

4 frequency record count is nade of the major units of
the mincralization. At Avoca these were: barren gquartz, Qo;
quartz with minor disseminated chalcopyrite, Ql; quartz with
mnajor disscminated chalcopyrite, Qz; pyrite alone, PO; pyrite
with ninor chalcopyrite, Pl; pyrite with major chalcopyrite, Pz;

disseminated chalcopyrite, Co; and nassive chalcopyrite Clo
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Minor, dissciincted or banded golena and sphalerite were included
under 'others', together with carbonate and supergene ninerals.
The ccononic copper mineralization is highlighted by this procedure

which can obviously be adepted to suit other parcgeneses.

During logging, the core is considered inch by inch, and
ecch occuricnce of QO, Ql, Q2, Po’ P2, Co and C1 measured in
inches parallel to the core is noted with its position. To
specd plotting, the totals for cach type may be visually sumncd
within thc sawmpling lengths, but this does not give a precisc
location to cach mineralizced lenticle. This nay be of importance
and the value of the log is consequcently reduccd. Minor dissemi-

natcd naterial can be visually summed to give a total count.

CGcological features are also noted, in a remarks column.

The proforiia used in the ficld note-book is shown below:

Geological

Footage 4  Q, Q P, Py P, C Gy Others "o o is
1.5
6.3
9.2
ctc.

A sumnery 5/ log is next prepared in the office with

valucs totalizced over the sarpling lengths using the proforma below:

a [A)
Footage Q_ @ &, $q PP P, $p Q+P, C_ C; Others

0-5
5-10

etc,

Values of Q_, Qs P_ and P, £0.L4 inch over a sanple
interval at ivoca are inconsequential, and therefore neglected
in the swamary (they remain in the field note-book for reference).
All values of QE’ P2, Co and Cl > 0.1 inch are plotted, as they
contain zicasurable and significant quantities of copper, which
in this casc is the diagnostic element. Values of ninor consti-

tucents are 21l noted.
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A graph is then constructed of the sunnary S/Q data showing
the values of the important units: Q2’ PZ’ C0 and Cl for each
drill hole. Representative graphs are shown in Fig. A.l.

Qo + Ql and PO + P1 are also geologically important as they
indicate the intensity of the nineralization and combined with
the plotted units may illustrate nineralogical trends along or

across the strike of the ore zones (Maps 6 and 7).

The S/{) data znd graph are kept abreast of drilling and
an objective visual estimate of the progress of the hole through
the ore zonc, and a guide to grade can be obtained. Where no
proninent lithological marker exists at the ore linits, as soon
as the intensity of niineralization falls below a base level, on
the graph determined through previous experience, the drill hole

nay be confidently stopped and drilling efficiency increased.

Graphs shown in Fig. A.l, A and B, show cuts through
typical South and Pond orchbody material. The correspondence
between the S/ graphs and the later assay returns is noteworthy.
Absolute valucs vary between individual geologists carrying out
logging, but the form of the graph has a consistant relation to

the assay valuc.
2. Summery geological log

This is a concise forr: of a normal log. At Avoca, litho-
logical divisions forn the main rock units. The need to describe
the mineralization in detail is no longer nccessary as the $/Q
data contains this information. The general nature of the minerali-
zation is described together with salient structural, scdimento-
logical ctc., notes. (The original gcological remarks from the
S/Q log arc useful in this respect, but the corc is usually

quirkly rec-cxanined,)

%, Data Shecet
The data shcet illustrates pertinent engineering data; dates
drilled, becaring of the hole, co-ordinates of the collar, nane

of geologist, ctc.

L. Assay values
These are tabulated in the nornal nanner and contrasted

with the 8/0 data on the final graph (Fig. Al.).
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FIG A1

WEST AVOCA MINERAL DISTRIBUTION GRAPHS

OF S/Q LOG DATA WITH BANDS COMBINED OVER FIVE FEET SAMPLING INTERVAL.
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