PLATE 3.18




PLATE 3.19 POST-ORE_DOLOMITE (STAGE 4

Contact between *'plug' dolomite and zone III orebody.

The large cavities lined with pink euhedral dolomite

are devoid of sulphide infillings and irregular dolomite
replacements can be seen to extend into the massive
brown sphalerite to the right.

5000, 67+10W, looking west.
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3.8 GENETIC SIGNIFICANCE OF THE ORE TEXTURES

3.8.1 Colloform Textures in Pyrite and Sphalerite

The term colloform was first coined by Rogers in 1917 to
describe rounded, more or less spherical forms that he thought were
indicative of a colloidél, gel-like stage during ore formation.
However, the genetic interpretation of colloform aggregates is not
unambiguous, and many workers attach no importance to the role of
colloids in their formation. Roedder (1968), studied colloform
textures in sphalerite from a number of deposits and revealed:—
"ecrystal growth features that cannot have beén formed by crystallisation
from gels, and indicate that most, and perhaps all, grew directly as
minute druses of conmtinuously euhedral crystals projecting into an
ore fluid". However, Lebedev (1967) obtained globular zinc sulphide
aggregates in the laboratory from zinc sulphide gels. He suggests
that the presence of granular, fibroﬁs and radial textures is not
evidence of crystalline accretion, but are the result of re—
crystallisation of metastable gels, and that it is preferéble to place

greater emphasis on the interpretation of gross morphological features.

As the colloform and granular pyrite aggregates at Tynagh
occur as isolated bodies within the Waulsortian micrites, it is
difficult to envisage a situation in which crystalline accretion from
a passing ore fluid could have occurred. If they had formed as a
result of precipitation from fluids diffusing through the sediment,
one might expect the resultant concretions to be more compact, to
display greater symmetry, and to have disturbed the enclosing sediment.

Crystallisation from a colloidal gel during the early diagenetic
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history of the Waulsortian bank limestones seems to be the most

plausible hypothesis.

The occurrence of colloform sphalerite within an inter—
connected fracture system at Tynégh, would allow a mechanism of
formation similar to that described by Roedder to operate. Indeed,
the observation of euhedral crystal faces within sphalerite globul?s
(see 3.3.2.1) would seer to support such a mechanism. However, the
morphological similarity of the aggregates of globular sphalerite
observed at Tynagh to those produced by Lebedev in the laboratory

prevents the total rejection of a colloidal origin.

3.8.2 Pramboidal Pyrite

Pyrite framboids are a common component of many sediments,
particularly shales and mudstones (Love, 1964), however, as in the
case of colloform pyrite, the discussion of their origin is
surrounded by controversy. Love (1957) suggested that they re—
presented the fossilised remains of micro—organisms on the basis of
the presence of an organic matrix within the spheres. Vallentyne
(1963) challenged this after the discovery of numerous framboids in
recent sediments that lacked an organic matrix. This was sub—
sequently supported by Berner (19695, who successfully synthesised
framboidal pyrite in the laboratory, by the reaction of FeS with

elemental sulphur in saturated st solution.

It is generally agreed though that pyrite framboids are of
primary sedimentary origin, precipitated by bacteriogenic HZS during
diagenesis. The common occurrence of framboidal pyrite within the
Lower Muddy Limestones, and more rarely in association with colloform
pyrite within the Waulsortian micrites is, therefore, strongly

suggestive of the existence of anaerobic conditions during the
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diagenesis of the carbonate sequence at Tynagh.

3.8.3 The Dilatant Fracture[Breccia System — The Creation of Space

The location of the Tynagh orebody against a major fault
suggests that the fault was a controlling factor in ore formation.
One important role that the fault could have taken is in the creaiiqn
of space for the precipitation of the stage 2 intergrowths. Halls
(1975) proposed a syndiagenetic model for.Irish mineralization,
involving the injection of mineralizing fluids into unlithified
Waulsortian mudbanks whose internal cavity geometries had been
modified by fault tectonism. Tectonic activity in league with
hydraulic fracturing seems a highly plausible mechanism for formation

of the dilatant fracture/breccia system.

Phillips (1972) explained normal fault located mineralized
breccia zones in Cardiganshire as being a direct result of hydraulic
fracturing. He suggests that low density hydrothermal solutions
build up on the fault plane and set up a pressure gradient between
the solution at the top of the fault and the pore water in the
adjacent rocks. Permeation of the hydrothermal solution into the
pore spaces of the adjacent rock results in the decrease of the
effective principal stresses in the rocks at the top of the fracture,
and the fault extends by hydraulic fracturing. The abrupt decrease
in the pressure of the hydrothermal solution when fracturing occurs
causes the bursting apart of the rock into which fhe hydrothermal
solution has permeated to form angular breccias., Furthermore,
he suggests that the preferential location of these breccias in the
hangingwall (c.f. Tynagh) is a result of preferential upward movement

of the fluids due to their low density.
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Certain textural features of ores formed in such a way
are consistent with those observed at Tynagh. Phillips describes
the breccias as being characterized by extremely angular fragments
which are generally not in contact (see 3.3.1), and states that, as
solutions enter, the brecciated area might become a fluidized sheet.
Although coarsely crystalline quartz and sulphides form the matrix to
the Cardiganshire breccias, the flow textured sulphides forming the
matrix to the breccias at Tynégh may be a "fossilised" expression of
such a fluidized zone. The dilatant fracture system may be
representative of areas where the effects of hydraulic fracturing
were less intense, moreover, the presence of fluids under pressure
would have maintained such a system which under conditions of normal
lithostatic load would not have been possible. Within the Lower
Muddy Limestones bedding surfaces, a feafure rarely developed in
the Waulsortian limestones, may have acted as planes of weakness.
Injection of high pressure fluids along these surfaces could explain
the pseudo-stratiform appearance of the mineralization within this
sequence. The presence of distinct bands of sulphides within the
dilatant fractures is suggestive sf a pulsatory or episodic
precipitation from, and/or introduction of, ore fluids into the
system. The latter would clearly be consiétent with a mechanism
involving periodic build up and release of stress. Tectonism
resulting in the disruption and fluidization of semi-consolidated
sulphide muds was clearly prevalent during the precipitation of
stage 2 sulphides, being manifested in the form of highly disrupted
and folded banding, micro-faulting, mud volcanoes and flow banding.
Again tectonic activity was probably responsible for the periodic
detachment of fragments of the host from the walls of the fracture

system, to be incorporated as clasts within the banded sulphide
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gequences,

An indicétion as to the minimum depth at which the fracture
system developed may be gained from a study of the diagenetic state
of the host micrite prior to dilatancy. It was maintained in
section 3.3.71 that stylolite defelopment within the host pre-dates
the formation of the dilatant fractures. Stylolites have been
found in limestones that cannot have been buried under an over-
burden greater than about 90 metres (Schianger, 1964). Unfortunately,
the formation of stylolites is not solely dependent on the magnitude
of_directed.stress. The problem is comblicated by the influence
of other variables such as the nature of the pore fluid, porosity,
permeability, surface area of pore walls, rates of fluid flow,
temperature and the concentration of clay in the rock (Bathurst,
1971). Howéver, the occasional occurrence of breccias showing
evidence of soft sediment deformation of the host during mineral-
ization, does suggest that mineralization extended at least to the

sediment/rock interface.

'3.8.4 Rates_and Possible Mechanisms of Precipitation of

The extremely fine grained and irregular nature of the stage
2 sulphide/carbonate intergrowths infilling the dilatant frac't;ure/
breccia system is highly indicative of their rapid precipitation.
The establishment of numerous crystal nucleii would have led to rapid
precipitation, which in turn prevented the éttainment of textural
equilibrium between coeval phases. Relatively slower ratesAof
deposition would have favoured the establishment of more extensive»
crystal growth surfaces which, by a process of sequential accretion,

could have led to the formation of larger, possibly euhedral crystals
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projecting into the ore fluid. The presence of sphalerite
displaying metacolloid textures provides further support for this
hypothesis. Roedder (1968) suggests that the maintenance of the
large number of crystal nucleii responsible for colloform textures
in sphalerite is attributed to relatively high supersaturation and
hence relatively high nucleation and growth rates. Rapid rates

of precipitation may also explain the occurrence of Ni, Co and As
bearing phases (namely siegenite and gersdorffite) within these
intergrowths. Anderson (1975) in consideration of unusual mineral
assemblages (including Ni and As bearing sulphides) in mines of the
New Lead belt in S.E. Missouri, suggested that unde? conditions of
rapid "dumping", metals present in small amounts may be precipitated
which under conditions'of slower precipitation would pass through

the ore zone without precipitating.

Solubility data for galena and sphalerite in NaCl brines
at 10000, indicate that if lead, zinc and reduced sulphur are
transported together to the site of deposition, the solution must
be quite acid (Anderson, 1973, 1975; Hamann and Anderson, 1978).
If calcite and dolomite can be demonstrated to have been co-
precipitated with sphalerite an@/or galena such acid conditions are
ruled out, and the only reasonable precipitation mechanism is
addition of reduced sulphur to the metal bearing brine (Anderson,
1975; Beales, 1975). Similarly, if chalcopyrite is stable during
deposition of galena, sphalerite and carbonates, increase in reduced

sulphur is called for (Anderson, 1975).

Dolomite and lesser amounts of chalcopyrite were clearly
stable during the deposition of the banded sulphides at Tynagh, and

there is little evidence of dissolution of the host limestone. It
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therefore seems highly improbable that stage 2 minerglizing fluids
were of an acid nature. Taking the above discussion into consider—
ation the transport of reduced sulphur along ﬁith the metals to
the site of ore deposition does not seem to be a very plausible
theory. Unfortunately, the lack of information as to the temper-
ature at which mineralization occurred prevents the total rejection
of this hypothesis. However, Anderson's extrapolation of the
solubility values to higher temperatures indicates that none of his
conclusions will be changed up to at least 15000. A mechanism for
rapid precipitation involving the mixing of two solutions, one rich
in base metals and the other rich in reduced sulphur resulting in a

relatively high degree of supersaturation, therefore seems possible.

3.8.5 Emulsion Textures

It has been considered that the presence or absence of
chalcopyrite bodies within sphalerite can be used as a geothermometer.
Buerger (1934) found that they are capable of some degree of solid
solution at temperatures of 350 to 40000, solutions of‘ohalcopyrite
in sphalerite unmixing at about these temperatures. However, many
high temperature sphalerites contain no such bodies despite the
presence of abundant chalcopyrite, and other low temperature
sphalerites contain numerous exsolved blebs of chalcopyrite (see
Ramdohr, 1969). The occurrence of sphalerite exhibiting emulsion
textures .in association with stage 3 intergrowths cannot, therefore,
be used as a reliable indication of the temperature of deposition.
Indeed, Ramdohr points out that similar exsolution textures can be
produced by tectonic pressure, a hypothesis which would be consistent

with the restriction of these intergrowths to the Tynagh fault zone.
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3.8.6 Textural Variation with Time

The transition from Fe and Zn dominated mineralization
during stages 1 and 2, té the later precipitation of Cu, Pb, As
and Ba rich phases raises important questions as to the controlling
factors influencing suqh changes, questions which are difficult to
answer without reference to corroborative geochemical data. Is
this transition reflecting the evolution of the source region, the
influence of a completely separate source for the metal bearing
solutions, or is it the manifestation of changing physico—chemical
conditions within the ore fluid ? Replacement and alteration of
the host rocks during sulphide mineralization appears to have been
more prevalent during stage 3, and relatively slower crystallisation
(and higher temperatures ?) may have aided the attainment of greater
textural equilibrium. Chanéing conditions within the mineralizing
fluids, therefore, do appear to have played a role. However, the
~contrast in style of mineralization may simply be a fesult of the
continued evolution of the host. It has been argued above that
pyrite was precipitated as a colloid or gel within an unconsolidated
sediment, and that later sphalerite mineralization occurred after
the host had been buried to fairly shallow depths and had achieved a
state of 1ithification where it would remain coherent on brecciation.
Obviously in a regime of continuing sedimentation, subse&ueni
mineralizing events will be emplaced into a host which will be at
ever increasing depths and will display features more characteristic
of an epigenetic deposit. It is suggested, therefore, that changes
in the style of mineralization with time at Tynagh, is a feflection
of the lithification state of the host, and the depth to which it had

been buried.



4.7.1 Introduction

The Navan stratabound Zn-Pb orebody occurs within a
succession of Tournaisian carbonates, sandstones, siltstones and
shales along the southern margin of the Longford-Down massif. The
deposit is currently being worked by Tara Mines Limited, whose
reserves exceed 67 million tons with an avefage grade of 11.0% Zn
and 2.4% Pb.* An updip extension is being developed by Bula, -
whose proven reserves are 15 million tons at 9.2% Pb-Zn, plus
additional probable reserves estimated at 6.6 million tons with a

grade of 5.2% Pb-Zn, ¥

4.1.2  Local Stratigraphic Setting

The basal Carboniferous in the Navan area marks a transition
from terrestrial sandstones and conglomerates into shallow water
finely banded, grey argillites and siltstones that display abundant
evidence of bioturbation (Laminated Beds). These are in turn over—
lain by a succession of dark grey argillites and bioclastic limestones
(Muddy Limestone) that are lithologically comparable with the Lower
Limestones at Tynagh. Crinoid and brachiopod debris dominates the
bioclastic horizonsy however beds comprised entirely of fragmented

Syringopora Spe. corals have been noted. Soft sediment slumping

during the deposition of the Muddy Limestones is. indicated by the

presence of rounded and contorted clasts of pale grey calciferous

* Source — Mining International Year Book, 1978.
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siltstone within the dark argillitic matrix.

The mineralization is entirely hosted within a 30 to 150
metre thick sequence of limestones and dolomites (Pale Beds) which
succeed the Muddy Limestones. The limestones are pale grey in
colour and are silty, arenaceous or bioclastic in parts.
Dolomitisation is spaiiélly related to the mineralization, occurring
as a darkened, irregular envelope, that thickens and thins in

conjunction with the orebody (Byrne et al, 1971).

The Tournaisian-Visean boundary is defined b& a marked
unconformity, on the surface of which rests'a conglomerate horizon
containing boulders of mineralized limestones (ﬁ.Downing, pers. COmM. ).
A series of thin limestones and intercalated black shales (Upper

Dark Limestone = Calp), cap the Lower Carboniferous succession.

The host sediments dip to the south west at an angle of
approximately 20°, and are cut by a ﬁorth east trending reversed
fault (*A' fault) which has a throw of about 75 metres. Two
approximately E — W trending branch faults (*B' and *C?! faults) have
normal displacements and are terminated at the Tournaisian-Visean

unconformity (figs 4.1).

4.1.4 Style and Paragenesis of Mineralization

The mineralization varies from being massive to fairly
disseminated, and occurs as a series of stacked lenses which parallel
the dip of the host and which are displaced by pre-Visean faulting.
Maximum mineral development is to the N.E. where the lenses merge

into a continuous vertical thickness in excess of 60 metrese.

~



FIG.4.1 GENERALISED GEOLOGICAL SECTION THROUGH NAVAN DEPOSIT. (By permission of Tara Mines Ltd.)
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Sphalerite with lesser quantities of galena dominates the
sulphide assemblage. The sphalerite is microcrystalline, pale
orange~brown in colour and, together with intercalated galena and
barytes horizons, often displays fine banding that parallels the
bedding of the enclosing host (fig. 4.24). Horizontal stylolites
cross cut the sulphide banding, and infraformaiional slump breccias
point to the disruption of the fine grained sulphides soon after
their deposition (Pl.4.1). A spectacular feature of these banded
sequences is the occurrence of horizons comprised entirely of
dendritic galena and sphalerite (fig. 4.28). The dendrites are
generally oriented perpendicular to banding, and individual crystals
can be several cms. in length. These are often interpreted as
indicating rapid precipitation and have been reproduced experimentally.
Leleu and Goni (1974) precipitated dendritic galena from aqueous lead
chloride by supplying bacteriogenic HéS to the solution. This does
not necessarily imply that the Navan dendrites were precipitated by
bacterially reduced sulphate. Nevertheless, it is of interest that
pyrobitumens, which could be the remnants of an organic substrate,
were observed as late stage cavity infillings (fig. 4.23) within tﬁe

specimen illustrated in fig. 4.2A.

Microscopic examination reveals a variety of colloform
textures within the sulphide intergrowths. Sphalerite often forms
concentrically banded, hemispherical masses, in which the banding is
picked out by variations in both colour and opacity. These structures
are frequently brecciafed and overgrown by later generations of similar
cdlloforﬁ sphalerite, or cemented by paler and more coarsely
crystalline sphalerite (P1.4.24,B). A second type of metacolloid

structure has cores of dendritic galena, which are often overgrown
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FIG.4.2 MASSIVE BANDED AND DENDRITIC
SPHALERITE - NAVAN.

A)

B)




PLATE 4.1 SLUMFED SULPHIDES — NAVANW

Slump structures in banded séquence of microcrystalline
sphalerite and galena. Brecciated fragments in centre of
specimen cemented by an intergrowth of microcrystalline
sphalerite and fine grained.euhedral barytes. '

N8; TARA 2 - 1 lens, 812.0 NW, 503.9 NE, 1378 El.
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PLATE 4.2 ORE_TEXTURES — NAVAN

A)

Colloform sphalerite overgrowh by paler, coarsely crystalline
sphalerite (white). Note termination of colloform banding
by later generations. (Transmitted light).

N4; TARA 2-5 lens, 841.7 NeWe, 495.2 N.E., 1375 Elev.

Colloform sphalerite. (Transmitted 1ight).

N4; TARA 2-5 lens, 841.7 N.W., 495.2 N.E., 1375 Blev.

Dendritic galena overgrown in turn by barytes and colloform
sphalerite. Interstices occupied by acicular barytes and pale
crystalline sphalerite. (Transmitted 1light).

N12; TARA 2-4 lens, 822.5 N.W., 498.0 N.E., 1348 Elev.

Bladed euhedral barytes intergrown within a calcerous and
dolomitic arenite. (Transmitted light; + Nicols).

N12; TARA 2-4 lens, 822.5 N.We, 498.0 N E., 1348 Elev.

Dendritic galena, overgrown by barytes and colloform sphalerite.
(Reflected light).

N6; TARA 2-5 lens, 826.5 NoWe, 493.8 N.E., 1350 Elev.



PLATE 4.2




- 61 -

by a narrow rim of barytes, and in turn enclosed by colloform
sphalerite. Small cavities between these structures are usually
lined by a drusy overgrowth of sphalerite crystals, and infilled

by later generations of barytes and calcite (P1l.4.2C,E).

Careful observation reveals that galena invariably has
inclusions of jordanite (27PbS.7As283) within it, usually occurring
as oriented acicular crystals <20 ym in length, or as lamellae.

Larger anhedra up to 500 ym in size are more rarely observed.

As at Tynagh, iron sulphides are a minor component
of the sulphide assemblage. However, at the top of the ore section,
pyrite forms a cap up to 12 metres thick. Generally though, pyrite
and marcasite occur as minor brecciated and replaced fragments within
a matrix of sphalerite. Scattered framboids have occasionally been
observed enclosed within microcrystalline sphalerite and the host

sediments.

As well as occurring as thin bands and cavity infillings
within the sulphide sequences, barytes has been observed as dis-—
gseminations within the enclosing host. In one particular example
acicular crystals of barytes up to 250 um in length occur dispersed
within a calciferous arenite that encloses isolated colloform
sphélerite structures. The arenite consists of well sorted,
sub-angular to rounded particles of quartz, plagioclase , microcline
and muscovite, 100 to 150 ym in size, cemented by a matrix of anhedral
and rhombic carbonate. The barytes euhedra display a random
o;ientation which suggests that they grew within the sediment after

its deposition (Pl.4.2D).

Co-precipitated silicates and carbonates are a minor component

of the massive sulphide intergrowths, quartz and dolomite occurring
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as scattered, isolated euhedra, < 300 ym in size. The occurrence
of brecciated fragments of banded sulphide enclosed within an un-—
disturbed mosaic of 150 ym sized euhedral dolomite crystals,
indicates that, at least locally, crystallisation of the enclosing

dolomite must have taken place after deposition of the sulphides.

In conclusion; the displacement of the ore lenses by pre-
Visean faulting, and the occurrence of mineralized boulders along
the Tournaisian-Visean unconformity, clearly indicates a Tournaisian
age for mineralization at Navan. Additionally, the conformable
attitude of the ore lenses to the enclosing host and the abundance
of geopetal textures would support a synsedimentary mode of
deposition. The occurrence of a dolomitised envelope around the
orebody could suggest a post—sedimentation age for mineralizgtion.
However, this may be the product of interaction between the host
and fluids expelled from the sulphide sequences during their dia-

genesis.

4.2 SILVERMINES

fe2e1 Introduction

In the vicinity of the village of Silvermines, County
Tipperary, scattered Pb, Zn, Cu, Ag, Ba mineralization occurs in a
belt approximately 4 km. in length, close to the line of a major
fault which downthrows Lower Carboniferous limestones to the north
of Devonian sandstones. The bulk of the mineralization occurs as
a number of conformable stratiform bodies (Mogul's Upper G and B
zones, Magcobar's barytes deposit) at a single stratigraphic horizon
within an Upper Tournaisian limestone sequence. Two smaller dis-—

cordant bodies (Mogul's Lower G and K zones), also hosted within
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Tournaisian limestones, are located against, and parallel to the
Silvermines fault (fig. 4.3). Together these deposits constitute

an orebody comparable in size to that at Tynagh:

Deposit Million tons % 2Zn % Pb  ozfton Ag Source
Upper G 9.3 9.2 2.4 0.7 Graham (1970)
Lower G 2e1 3.4 4.5 Te1 n "

B zone 2.0 6.0 4.0 1.0 ] "

K =zone 0.5 6.5 1.0 0.5 " n
Magcobar 4.0 85-95% BaSO Barrett (1975)

4
Minor disseminations, veinlets and fault breccias within Oe.R.Se

facies Devonian sandstones were mined until 1958,

The Silvermines deposits have been the subject of a number
of geological studies in the past (Rhoden, 1958; Graham, 1970;
Fillion, 1973; Barrett, 1975), which have been freely drawn upon in

the discussion below.

4.2.2 Local Stratigraphic Setting

The stratiform sulphidq/barytes orebodies conformably overlie
a succession of thinly bedded, dark crinoidal limestones and shales
(Muddy Limestone and Muddy "Reef" Limestone ). These sediments are
lithologically comparable with the Tynagh Lower Limestones and were
probably deposited in a similar lagoonal environment. The lower
half of this sequence has been dolomitised and is the host rock of
the Lower G zone mineralization. Waulsortian facies limestones see
their expression as the Dolomite Breccia which comprises the hanging-
wall succession to the stratiform bodies. This sequence is extremely
variable in lateral extent and horizons of brecciation intercalate

with massive dolomites and bank limestones. The dolomitisation and



FIG.4.3 GEOLOGICAL SECTION THROUGH G ZONE - SILVERMINES . (Simplified from Fillion, 1973)
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brecciation of the carbonate mud banks lessens considerably to
the north of the Silvermines orebodies (Fillion, 1973). Graham
(1970) interpreted the brecciation as being the product of soft

sediment slumping induced by fault tectonism.

4e2.3 Structure

The Devonian and Lower Carboniferous strata are folded into
a broad syncline between the Lower Palaeozoic inliers of the Silvermines
Mountains to the south, and the Arra Mountains %o the north. Except
for those disturbed by faulting, beds along the southern limb strike
E - W and have a maximum dip of 20°N. The major structural feature
is undoubtedly the E.N.E. ~ W.S«.Ws trending Silvermines fault, which
has a normal displacement of approximately 200 metres in the mine

area, and which can be traced along strike for about 40 km.

4.2.4 Style and Paragenesis_of Mineralization

The mineralogy of the Silvermines sulphide orebodies is
similar to that of the Tynagh deposit, the economic sulphides being
sphalerite and galena. However, unlike Tynagh, iron sulphides are a
major.component of the mineral a;semblage, especially in the Upper G
zone where pyrite forms an impressive massive horizon. Minor and

trace sulphides include temnantite, tetrahedrite, chalcopyrite,

arsenopyrite and bournonite.

The stratiform sulphides are generally fine grained, display
‘a wide variety of colloform and framboidal textures, and exhibit
abundant evidence of brecciation during various stages of consoli-
dation. Likewise the massive barytes deposit is finely crystalline,
and in its western part is capped by a pyritic horizon which occupies

depressions in its upper surface. The mineralization within the
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Lower G zone, however, is relatively coarsely crystalline, and

occurs as fracture infillings, disseminations and replacements.

The consensus of.opinion is that the stratiform pyritic and
barytic bodies are synsedimentary and that local disruption and
slumping occurred in response to tectonic activity along ther
Silvermines fault. The.discordant ore zones have been interpreted
as both an epigenetic stockwork to the stratiform mineralization,

and as a recrystallised and remobilised synsedimentary deposit.

Opinion is divided as to the relative ages of economic
sulphide mineralization and pyrite/barytes deposition. Graham
(1970) found the mineral paragenesis within the Upper G zone to be
repetitive and inconsistent, and concluded that the ore sulphides
were precipitated along with pyrite. Fillion (1973) and Barrett
(1975) considered that deposition of the stratiform pyrite and
barytes preceded the precipitation of Pb, Zn and Cu sulphides.
Indeed occurrences of coarsely crystalline galena that appear to be
replacing massive pyrite, are not uncommon within the B and Upper G
zones. However, the presence of conformable horizons of micro-
crystalline sphalerite and galena within the shaley footwail Sequence,
that have undergone soft sediment deformation along with their host,
is in clear support of a synsedimentary age for at least a part of

the Pb-Zn mineralization (fige 4.4).

4.3 'MAJOR SIMILARITIES AND DISSIMILARITIES OF THE NAVAN,

(1) The most obvious difference between Navan and the other
major base metal deposits is one of size, Navan being 5 or 6 times

larger than Tynagh and Silvermines.



FIG.4.4 STRATIFORM SULPHIDES IN FOOTWALL MUDDY "REEF"

LIMESTONE -MOGUL B ZONE, 4931 HAULAGE.
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(ii) All three deposits are associated with faulting
possibly controlled by lines of weakness in the Caledonian base-
ment. Tynagh and Silvermines are located against major
approximately E — W trénding normal faults with a downthrow to the
north, whilst the Navan deposit is cut by a N.E. trending reversed

fault.

(iii) They are all in close proximity to the outcrop of the
Lower Palaeozolc sequence. Tynagh and Silvermines are adjacént to
major inliers with cores of Ordovician and Silurian sediments and
volcanics, whilst the Navan orebody occurs along the southern

margin of the Longford-Down massif.

(iv) All three deposits occur within a carbonate dominated
Lower Carboniferous sedimentary sequence. Although there are major
differences between the actual host lithologies, they all occur at
the top of a succession of thinly bedded, dark, argillaceous and

bioclastic limestones, possibly laid down under lagoonal conditions.

(v) The available geological evidence points to a Lower
Carboniferous age for each deposit. At Navan and Silvermines
sulphide deposition occurred during Upper Tournaisian times. However

at Tynagh mineralization possibly extended into the Lower Visean.

(vi) The Navan orebody and the bulk of mineralization at
Silvermines is stratiform and both exhibit convincing textural
evidence for a synsedimentary mode of deposition. At Tymagh
sulphide emplacement was initiated during early diagenesis and
continued through the early lithification and post-lithification

stages of host'evolution.

(vii) All three deposits have a broadly similar mineralogical

and textural composition. Sphalerite and galena are the major
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economic sulphides, and abundant metacolloid and microcrystalline
textures are indicative of their rapid precipitation. However,
pyrite is much more imporiant at Silvermines than at Tynagh and

Navan, and Cu sulphosalts and sulphides, which are important accessory

components of the Silvermines and Tynagh deposits,are absent at Navan,

(viii) Disruption and soft sediment slumping, most probably
induced by fault tectonism, was synchronous with sulphide deposition

at Tynagh, Navan and Silvermines.
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In stable isotope analysis, it is not the absolute abundances
of given isotopes that are measured, but the ratio (R) of the most
abundant trace isotope, to the major isotope. ‘The reason for this
is that a ratio can be measured more precisely than absolute abund-
ances, and any instrumental error that could be introduced during the
measurement of individual masses is oanoelled. For carbon, oxygen
and sulphur the isotopes measured are as follows:—

X

Most abundant trace isotope Major isotope R
13C 12C R13 _ 130/12C
180 16O R18 _ 18Q/16O
34 324 g4 _ 34 32

s/ s

The above elements also have other stable isotopes, however
it has been shown that the variations in their abundances are related.
For systems in thermodynamic equilibrium (Craig, 1954) and similarly
for kinetic effects (Bigeleisen, 1952), the fractionation fagtor for
the distribution of an isotope between two compounds is a function of
the mass difference:-

18 1/2 17

€ele R_"Sample = R_Sample
r'%standara R standara

Since the ratio differences measured are small, they are
expressed in the del notation as per mille, or parts per thousand

(°/oo) differences from a standard where:-—
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5~ (9/00) = RxSample -1 x 1000
R*Standard

If a sample has a positive del value it is enriched in the heavier
trace isotope with respect to the standard, and is said to be
isotopically heavy. Conversely, if a sample has a negative del
value it is depleted in the trace isotope and is said to be
isotopically light. Samples with a del value of zero per mille have

the same isotopic composition as the standard.

The international standards to which all carbon, oxygen and

sulphur isotope analyses are now related ares~

Element Standard Description
¢, O FDB Carbonate from Peedee Bellemnitella

(Urey et al, 1951)

0, (4/D) SMOW . Standard Mean Ocean Water
(Craig, 1961a)

S CDT Troilite phase from the Cation Diablo
meteorite (Jensen and Nakai, 1963)
The methods used for the production of 002 for isotopic
analysis from carbonates and waters involve different oxygen isotope
fractionation effects, the absolute values of which are uncertain.
Different standards are, therefore, used for the different tybes of
sample. PDB is the accepted oxygen isotope standard for palaeo-
temperature determinations on planktonic foraminifera, and for studies
of carbonate diagenesis, as it closely approximates the average
isotopic composition of marine carbonates of all ages. SMOW is the
standard generally adopted for all other oxygen bearing phases, and
is especially useful in studies of oxygen and hydrogen exchange
between waters and silicates. PDB oxygen is + 30.860/00 on the SMOW

scale »
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All isotopic ratio measurements were made on carbon and

oxygen in the form of CO,, and on sulphur in the form of SO

2? 2°
Analyses of both these gases were carried out on separate Micromass
602 C double collector mass spectrometers, with a standard re—
producibility better than 0.1 /oo (c0,), and 0.15°/00 ($0,).  The
two collectors enable the‘simultaneous measurement of signals from
two ion beams of different mass to produce a ratio. Sample gas
and a laboratory reference gas of known isotopic composition were
alternately admitted into the ion source via a solenoid valve
operated inlet system, thus allowing continuous standardisation of
the sample. The sample and reference gas were each measured six
times, and the reference gas was calibrated at the beginning and end

of each day by measurement against separately prepared aliquots of

itself.

The isotopic ratios of carbon (R13) and oxygen (R18) in €O,
were determined by measuring the ratios of the related molecular
masses 45/44 and 46Aﬂ4 + 45)respectively. Since the solenoid valves
of the inlet system do not seal perfectly, approximately 0.1% of the
reference gas enters the ion source while the sample is analysed and
vice versae. A correction was therefore applied to the data for
inlet valve mixing (Deines, 1970) - Appendix 1a. To convert the
measured molecular mass ratio differences to specific isotope ratio
differences, the isobaric correction factors derived by Craig (1957)
were subsequently applied — Appendix 1b. The carbon correction

120160170 component of the mass 45 beam,‘and

13 16_17

the oxygen correction factor corrects for the “C O O component of

factor corrects for the

the mass 46 beam, and for the mass 45 beam collected along with the

mass 44 beam. The corrections are small but significant, 1% of the

130 difference entering into the oxygen correction factor, and 3% of



- 73 =

18

0 difference entering into the carbon correction factor.

Similarly, in the measurement of S0,, the ratio of the

21
molecular masses 66/64 was determined, valve leakage (Deines, 1970)
and isobaric (M.L. Coleman — unpub.)correction factors being applied

to convert the measured 866 value to a corrected 834 value with

respect to the CDT standard.

5e2 SAVMPLE PREPARATION FOR STABLE ISOTOPE ANALYSIS

Monomineralic microsamples were obtained from hand specimens
either by means of a dental drill, or by hand picking fragments
broken from the specimen with a steel probe. This method has a
number of advantages over other standard mineral separation techniquese.
Firstly it allows samples to be taken from small areas thus enabling
comparisons between individual depositional or growth bands within a
‘single specimen. Secondly, it was found to be the quickest and most
efficient method of separating the small quantity of sample required.
Pyrite concentrates from unmineralized limestone and shale were prepared
by dissolution of the carbonate component in 0.2 M di—ammonium EDTA.
Smear mounts of the samples were prepared and analysed by X-ray
diffractometry, to determine their mineralogical purity. The fine
grained and complex nature of many of the ore intergrowths often
precluded complete segregation of the various sulphide and gangue
phases present. As a result, in certain instances it was found to
be necessary to subject the samples to further purification processes,

and where this was not possible, to discard them.

The majority of the sphalerite samples prepared for sulphur

isotope analysis were contaminated by trace to minor amounts of
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barytes, carbonate and silicate. The carbonate and silicate
components present no problem. However, as barytes will contribute
sulphur during the gas extraction process, it was of prime importance
to separate it. A chemical separation of the two was achieved by
an adaptation of the sulphate reduction system (fig. 5.2). The
samples were reacted with hot 50% HCl, in a stream of nitrogen.

The resultant HES produced from the sulphide was precipitated as CdS,

after washing in O.1 M HNO,, and the barytes was left as an un—

37
reacted residue. Bxperimentation with equal weight mixtures of
sphalerite and barytes of known isotopic composition, demonstrated

that the sulphur liberated from the sphalerite was unaffected

isotopically (table 5.1).

Reagents s34 (°/o0)
Sphalerite F (direct Cu,0 oxidation ) ~12.61
" " " n 17" _12 .76
Sphalerite F + EDH Baso4 (50% HC1 extraction ) ~12.70
1" " n 17" ” " __1 2 - 50

" ”n " " " 1] _12_63 .
Residual BDH BaSo, +14.36

5.2.2 Oxidation of Sulphides to 802

The method as described by Robinson and Kusakabe (1975),
was used to oxidise sulphides, producing 802 free from impurities and

in 100% yield (fig. 5.1). Failure of the sulphur to undergo 100%
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A) Quartz glass reaction tube.

B) Magnetic pusher.
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F) To rotary pump.

G) To diffusion pump.
H)Thermocouple gauge.
I)High vacuum valve.

J) Solid COy/acetone tfrap.
KIN-pentane trap.

L) Capacitance manometer.

M)Collection vessel.
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34
reaction leads to fractionation, the 302 being depleted in S
with respect to the sample. The reason for this is that the
lighter isotope forms weaker chemical bonds than the heavier
igotope and therefore reacts more readily. Although all the
gsulphur may have reacted, in practice natural samples rarely produce

100% yields due to the presence of impurities.

Enough sulphide to liberate 2 to 3 standard ccs. of 802
(e.g. 5 mgs. of sulphur or 10 mgs. of pyrite) was taken and
intimately mixed with excess (200 mgs.) CuEO. The reaction was
carried out in a quartz glass tube at 1CWO°C, for 15 minutes, in
vacuo. As the reaction proceeded the 802 ;nd 002 impurity produced
were frozen into an n-pentane cryogenic trap, via a solid COz/acetone
trap which freezes out any water vapour. The 002 originates from
carbon impurities in the sample or on the walls of the silica tube,
and/or absorbed gases on the Cu20 and sample (Rafter, 1957; Robinson
and Kusakabe, 1975), and can be removed by differential sublimation
at -=130°C (Oana and Ishikawa, 1966). The liquid nitrogen used to
freeze the gas into the trap, also freezes the n-pentane which is
contained in an outer jacket. At the freezing point of n-—pentane
(~129.7°C), the vapour pressure of co, (2.35 torr) greatly exceeds
that of SO, (3.47 x 1073 torr). On removal of the liquid nitrogen,
the n-pentane warmed to -129.7°C and the solid CO, impurity sub-
limated and was frozen into a liquid nitrogen.trap, while the 802
remained frozen. The pressure of 002 was monitored by a thermo-
couple vacuum gauge, and when all the 002 was observed to have been
frozen over, the liquid nitrogen trap was isolated, prior to sub-
limation of the SOE' The CO2 was then pumped away and the volume

of the purified 802 was measured by means of a capacitance manometer,
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before being transferred to a vacuum tight collection vessel.

5.2.3 Reduction of Sulphates to Sulphide

Approximately 60 mg. sulphate samples, enough for two

sulphide oxidations, were reduced to HZS by a boiling mixture of HI,
H3PO2 and HC1 in the mammer described by Thode et al (1961)e The
reaction was carried out in a 250 ml. flask provided with a reflux
condenser (fig. 5.2). The HZS was swept out of the reaction flask

by a stream of nitrogen and washed in 0.1 M HNO3 to remove any acid
fumes present. The HéS was precipitated as CdS by reaction with

0.05 M Ca acetate/0.0S M acetic acid solution. The CdS was converted
to AgZS by adding 0.5 M AgNO3, and washed once in deionised water and
twice in concentrated NH,0H, before being dried in an oven at 110°¢.

7\

The dried AgZS was converted to 302 in the mammer described above.

5¢2.4 Extraction of 002

from Carbonates

€0, samples were prepared using a method similar to that of
McCrea (1950), fig. 5.3. Samples of approximately 10 mgs. in weight
were reacted with 100% phosphoric acid, in vacuo, at 25.1800, for two
hours in the case of calcite, and fifteen days for dolomite. Prior

to collection, the GO, evolved, was passed through a solid COZ/acetone

2
trap to remove any water vapour present.

Phosphoric acid is used for the reaction, as it has a low
vapour pressure, enabling it to be more readily handled in a vacuum,
and the activity of water in its concentrated solution is less than
that for other acids, leading to a low oxygen isotope exchange rate
between the solution and the 002 (McCrea, 1950). The reaction yields

only two~thirds of the total oxygen of the carbonate as CO,, and

2’

involves a large kinetic isotope effect, the 602 being enriched in
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FIG.5.2 SULPHATE REDUCTION LINE.

CRNRRRRRRRARRRAN

byl

KEY
A) Sample & boiling HI, HCL, H3PO,.

B) 0-1M HNO3.
C) 0-05M Cd acetate/ 0-05M acetic acid.

D) Nitrogen.
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FIG.5.3 EOZ EXTRACTION LINE.
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A) Reaction vessel containing 100% phosphoric acid and sample tube.
B)'T' tube confaining lead acetate.
() Collection vessel.
D) Solid CO,/ acetone trap.
E) To rotary and diffusion pumps.
F) Thermocouple gauge.
G)High vacuum stopcock in closed position.
H) B4 joint fitted with Viton ‘o’ ring ('T" tube inserted for H,S

separation)
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18O with respect to the carbonate. The extent of the fractionation

() is dependent upon the composition of the carbonate, and at the
temperature quoted above, has been found to be 10.250/00 and 11.070/00

for CO, evolved from calcite and dolomite respectively (Sharma and

Clayton, 1965). A correction was therefore applied for the

difference in fractionation factors when dolomite 002 was analysed

with respect to the reference calcite CO

2.

5.2.5 Extraction of GO, from Sulphide/Carbonate Mixtures

It was often not possible to completely segregate carbonate
intergrown with associated ore sulphides. Unfortunately, phosphoric
acid also reacts with sphalerite and galena to produce st which
interferes with accurate isotopic analysis. The similarity in
freezing point and vapour pressure of 002 and HéS prohibits the use of
a cryogenic trap to segregate them. Wet chemical methods can be
.Tuled out also as oxygen isotope exchange readily occurs between 002
and water, e.g. Epstein and Mayeda (1953). Reaction of H,S with

anhydrous lead acetate or lead formate provides a quick and effective

method of separation.

A series of experiments was devised to test whether isotopic

exchange occurs between CO2 and the reagents during the reaction.

Anhydrous lead acetate was prepared by dehydrating laboratory
reagent lead acetate, trihydrate at 110°C. Anhydrous lead formate
was prepared by neutralising aqueous formic acid with lead carbonate
and crystallising lead formate from the solution by evaporation. The

reagent was then recrystallised from water and dried at 110°C.

Two samples of calcite of different isotopic composition were

taken and each mixed with an equal weight of galena. Aliquots of
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approximately 15 mgs. were taken from both mixtures and from control
samples of uncontaminated calcite and allowed to react with phosphoric
acid for fifteen days (the longest period of time required for

complete decomposition of any carbonate usually analysed).

The CO2 from the control samples and one mixture were
extracted normally: that is without exposure to lead acetate or formate.
To remove st, the gas evolved from the other mixtures was frozen into
the 'T* tube (fig. 5.3), which contained 50 mgs. of lead acetate or
formate, and isolated from the rest of the system. For the reaction
to go to completion, it was found that it was necessary to carry out
the reaction within a confined volume, anythihg up to about 45 mls.
being suitable, and with the reagent dispersed over the base of the
1Tt tube so as to expose a large surface area. The reaction starts
as soon as the tube has warmed to room temperature, but to ensure
completion it was heated with a hot air gun to approximately 100°C
for about 20 seconds, the HéS reacting to produce lead sulphide and
acetic or formic acid. The procedure was then completed as usual
allowing the vapour of the organic acid and water to be frozen out
together in the solid COz/acetone trap. All gas samples were subse~

quently analysed on the mass spectrometer, and the results are shown

in -ba..ble 5020

The gas sample that had not had HQS removed was difficult to
measure precisely the ratio value being erratic and variable. An
examination of the complete mass—spectrum revealed large peaks at
mass 34 (H2S) and 48 and 64 (802), whose intensities relative to mass

44 were 0.9%. 1.3% and 2.5% respectively. The presence of S0,

suggests a reaction between HZS and CO, in the source of the mass~

2

spectrometer, which could produce the instability that was observed.
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6.1.3 Controls on Sulphur Isotope Variation

6-103.1 FraCtiona.tion

Two processes act upon the major sulphur reservoirs
to provide a wide spectrum of observed values. These are equili-
brium fractionation, involving the partitioning of the trace isotope
relative to the major, and kinetic fractionation, which depends on

the relatively faster rate of reaction of the lighter isotope.

Equilibrium fractionation provides the basis of
isotope geothermometry, the partitioning of the isotopes between
various phases being dependent on temperatufe alone. If two co-
existing phases are precipitated in equilibrium with one another, the
lighter isotope, which forms a weaker bond, is preferentially located
in the more weakly bonded site, an effect which increases with
decrease in temperature. Numerous attempts, both theoretical and
experimental, have been made at calibrating equilibrium fractionations
between various sulphide and sulphate phases (fig. 6.2). Unfortun—
ately, it is difficult to achieve isotopic equilibrium at low
temperatures, and the curves have to be extrapolated from results

obtained at higher temperature (generally >25000).

The published equilibrium fractionation curves
must be used with care as it is all too easy to manipulate them.

For example Ohmoto (1972) uses Szkai's (1968) data for his H,S — ZnS

2
fractionation, but takes the mean value of Sakai's (1968) theoretical
and Kajiwara and Krousets (1971) experimental data for his FeS, - ZnS
fractionation factors. Following Ohmoto an enrichment factor of

—0.30/00 for FeS2 in equilibrium with HQS would indicate a temperature

of 25000. However, taking Sakai's data alone, the same fractionation






o
factor gives a temperature of 327 C}

The most important type of kinetic fractionation
effect within the sulphur cycle involves the bacterial reduction of

sea~water sulphate to sulphide. It has been demonstrated that in

3250 27 will react 2.24

4

faster than 345042' (Harrison and Thode, 1957), thus given an

infinite source of sulphate any sulphide produced as a result of

the purely chemical reduction of sulphate,

such a kinetic reaction will be depleted in the heavier isotope by
229/00. In close agreement with this, are results produced from
artificial laboratory cultures of the sulphur reducing bacterium

Desulfovibrio desulfuricans and related species (Kemp and Thode,

1968; Smejkal et al, 1971; McCready, 1975). These experiments
mostly produced a maximum fractionation of 250/00 in favour of the

lighter isotope in the resultant H_,S, with respect to the original

2
source sulphate. However, bacterial reduction of sea-water
sulphate in present day anaerobic sedimentary environments has been

observed to produce depletions in 348 of up to about 500/00 (Kaplan

et al, 1963; Nakai and Jensen, 1964).

Various mechanisms have been proposed to explain
the discrepancy between natural and experimental'observations.
Kemp and Thode (1968) proposed a double kinetic isotope effect
involving an intermediate sulphite ion. Similarly, Smejkal et al
(1971) suggested that reduction by a symbiotic pair of organisms,
one reducing sulphate to sulphite and the other sulphite to sulphide,
could produce larger fractionations. Rees (1973) developed
expressions which relate overall isotope effects to diffusion
mechanisms within the bacterium. Hé speculates that fractionations

of 500/00 are brought about by the bacterial population having grown

4
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to the point where it utilises all suitable organic nutrients as they
are supplied, Goldhaber and Kaplan (1974) demonstrated that there
is an antipathetic relationship between the rate of reduction and

the degree of the kinetic isotope effect (fig. 6.3). Furthermore,
they showed that there is a positive correlation between rate of
sulphate reduction and sedimentation rate (fig. 6.4), high rates of
sedimentation favouring the preservation of suitable organic matter

required for bacterial metabolism.

The type of distribution in sulphur isotope
ratios produced by a process of bacterial reduction, is dependent
upon whether an open or closed system has been operating (Kemp and
Thode, 1968; Schwarcz arnd Burnie , 1973). In a closed system where
there is a limited sulphate source, 834S of the residual sulphate
increases as the reduction proceeds and, therefore, assuming the
fractionation factor remains constant, each successive batch of
reduced sulphur will be heavier than the previous. If the reduced
sulphur is immediately precipitated as metallic sulphides, these will
display a range of values ranging from 534 (sea~water sulphate —
fractionation factor) to s34 (residual sulphate — fractionation
factor). Correspondingly any sulphate phase precipitated will
display a wide range of § values which are heavier than 534 (sea~
water). If sulphide precipitation is not immediate, the HéS will
have the opportunity to homogenise, and, if sulphate reduction goes
to completion, the resultant sulphide will have an isotopic composition
equal to that of the initial sulphate. An open system is one in
which there is an unlimited reservoir of sulphate, an infinitesimal
amount of which is reduced to sulphide. Therefore, the variation
in isotopic composition of the resultant sulphide is only dependent

on fluctuations in the fractionation factor. Sulphate phases will
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FIG.6.3 VARIATION IN KINETIC ISOTOPE EFFECT WITH
RATE OF REDUCTION.(After Goldhaber & Kaplan,1974)
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display & values around that of the contemporaneous sea-water

sulphate.

6.1.3.2 Fluid Chemistry

Until recently sulphides which displayed a
narrow range of & 34S values around OO/ 00 were regarded as having
a deep—seated origin, and those which displayed a wide range of
negative 834S values were thought to have been precipitated from
bacterially reduced sulphate. However, the sulphur isotope
composition of a mineral phase is controlled not only by the mode
of fractionation, temperature of deposition. and byvthe isotopic
composition of the source, but also, in the case of equilibrium

o

fractionation, by the proportion of oxidised (SO e 'HSO 4‘, KSOo, ,

‘NaSO4—) and reduced (HZS’ HS, s? ~) species in solution (Sakai,
1968; Ohmoto, 1972). At a given temperature the equilibrium
fractionation between a mineral phase (e.g. galena) and the species
in solution from which it was precipitated (e.g. 32—) will be a
constant (see 6.1.3.1). If §°7is the only sulphur-bearing species
in solution then &°%g (32-) - 5 83% (5343 for total sulphur present

in all species). However, if a proportion of the $°~ is oxidised
to S0 42‘, the SO 42“wi11 be enriched in 48 with respect to S°~

(c.g. approximately + 30°/oo at 200°C), and the S°~ will be
s,

correspondingly depleted in As the oxidation process continues

successive batches of 8042_ will be isotopically lighter than the

3y,

previous, as the source Sz- becomes progressively depleted in

If oxidation goes to completion then & 4§ (3042"). = ¥53% (rig. 6.5).

Small changes in the parameters controlling the

proportions of reduced and oxidised species in solution, namely pH
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and f02 will therefore result in large ranges in 8343 of

mineral phases precipitated under equilibrium conditions.

Greatest variation in isotopic composition will occur in the
vicinity of the boundary between the stability fields of oxidised
and reduced mineral phases, as isotopic fractionations between
sulphate and sulphide are very large and in this region the
activities of oxidised and reduced sulphur species in solution

will be most variable. TFor example, at 1500C in this region, an
increase in fO2 by one log unit or in pH by one unit can cause a
decrease in 8»343 of a phase by mo?e than 200/00 (see fig. 6.6).
This effect becomes slightly less pronounced at higher temperatures

due to the decrease in the equilibrium fractionation factor.

6.2 SULPHUR ISOTOPE VARIATION WITHIN THE TYNAGH DEPOSIT

6e2e1 Results

Sulphur isotope analyses for the Tynagh deposit are
presented in table 6.1. Greatest emphasis has been placed upon
the analysis of phases precipitated during stage 2 and stage 3, as
the bulk of the sulphides, including all those of economic
importance, were precipitated during these two mineralizing events.
The samples analysed were collected over a total vertical distance
of 130 metres, and have a lateral spread of 130 metres perpendicular
to, and 1.30 km. parallel to the strike of the Tynagh fault. In
addition, a number of samples were taken from mineralized drill core
obtained at distances of 1.34 km. and 3.62 km. along strike from the
eastern extremity of the orebody. The distances north of the Tynagh
fault quoted in table 6.1 were measured horizontally from the inter-

section of the fault plane with the elevation at which the
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FIG.6.5
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sample was collected. The majority of samples, unless otherwise
stated, are of mineralization hosted within Waulsortian facies lime-
stones. For comparison, analyses were carried out on trace syn-
genetic/diagenetic pyrite separated from samples of Lower Limestone
collected well away from known areas of mineralization-(table 6.3).

The most important features of the data can be summarised as follows:-

(1) With the exception of one sample ( 6395 = -15.51°/00),
stage 1 sulphides display a narrow range of isotopic compositions from

~3.11%/00 £0-8.01°/00 (mean: -5.76°/o0 ,0-:2.61) - fig. 6.7.

(ii) Stage 2 sulphides closely approximate a normal distri-
bution ranging from ~4.06°/0o to —25.98%°/00 (mean: -17.19°/0o0,

0-:3.92) i~ fig. 6.7,

(iii) There is no correlation of variation in isotopic compo-
sition of stage 2 sulphides with élevation, distance along the strike
of the Tynagh fault, or distance perpendicular to the fault, (figs. 6.é,
6.9). However, the isotopically lightest (< -20°/00) sulphides occur
at the 4800 and 4900 elevations {zone II) and 5000 elevations (zone IIT)

at a distance of 10 to 50 metres from the fault (fig. 6.10).

(iv) Serial samples taken from hand specimens of stage 2
dilatant fracture infillings display small (up to 3.430/00) but
significant variations between individual sulphide bands (figs. 6.114,

B,C,D). However, no consistent trends can be recognised.

(v) sStage 3 sulphides have a very broad, approximately
normal distribution, ranging from +11.13°/oo to ~23.02°/oo, (mean:

—8.66°/00, o-26.68).

(vi) As for stage 2 sulphides, there is no relationship between

isotopic composition of stage 3 sulphides and elevation (fig. 6.12).
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EAEEELEEJ SULPHUR ISOTOPE RESULTS ~ TYNAGH
Extraction Distance N Stage 8345
No. Location of fault Mineral No. (°/00)
(Metres)
5738 5050 66+80W 61.0 sphalerite 2 -14.80
5702 " " " ” 2 _15.36
8550 " " " galena 2 -16.98
8551 " " " " 2 =17.42
5666 " " " sphalerite#* 4 =14.59
S614 " 66+300 76.0 galena 3 ~15.37
S743 " " n barytes 3 +19.04
S412 " 66+ 100 67.0 galena 2 ~16.46
S413 " " " " (rpt.) o -16,34
5703 n " " sphalerite 2 =15.16
5714 " ] n " 2 _14.52
8569 b 66+00W 36.5 " 4 =17455
S704 " 65+80W 70.0 " 2 -13.18
5613 n " " galena 3 -11.02
S742 " " " barytes 3 +20,02
5747 n 1] " " 3 +20_42
5410 " 65+40W 64.0 galena 3 ~12.96
S411 " " " " 3 _10.79
8615 " 64+500 24.5 " 3 -18.71
S$582 5000 67+10W 49.0 chalcopyrite+ 4 - 7.77
S710 " 66+95W " 5540 sphalerite 2 -14413
5545 " 66+85H 39.5 " 4 =17.59
S544 n " " chalcopyrite¥* 4 ~17.67
5546 n ” " galena 4 _19.75
5719 n " 47.0 sgphalerite 2 -20,96
8705 " " " galena 3 =21.63
5724 " 66+65W 38.0 sphalerite 2 =21.53
8709 " 66+55W 50.0 " 2 =14.53
S734 " 66+50W 30.5 " 2 -19,61
S730 " 66+00W 12.0 " 2 =-17,03
S7T11 n " 30.5 " 2 -17.28
S’] 17 ] " " " 2 _18.06
5712 " L L " 2 _16.17
5718 n " n " 2 _17.59
8736 " 65+ 00W 35.0 " 2 -16.44
8562 " 64+85W 18.0 " 2 - 9.21
5552 " " " galena 2 =-11.33
S7131 b 63+95W 91.5 gphalerite 2 -15.04
8724 " 63+ 90W 82,0 " 2 -15.28
5908 " 6W350 38.0 gypsum 4 +23.63
8732 " 6 3+-00W 79.0 sphalerite 2 -15.02
5839 "  51450W DDH 1 3.0 galena 3 =11.23
3824 " " " 5¢5 " 3 + 2.65
8833 " " " 9.0 sphalerite 2 -15.41
8840 " " " " galena 3 - Te51
8825 " " " 135 " 3 - 6.18
3834 " n " 14.0 " 3 - 6491
841 n " i 20,0 gsphalerite 2 =15.76
5820 " b " 20,0 galena 3 - 4.28
3319 " " " 2445 " 3 - 9.24
8832 " " " 30.5 sphalerite 2 -12.18
5823 " n " " galena 3 ~12,42
s822 ", " " 33.5 " 3 -10.48
5843 B " IDH 8 16,0 " 3 - 8,00
5542 " " " 19.0 " 3 _13.45
5827 n " " 21.0 n 3 - 6,77
5826 " " " 28,0 " 3 - 8.24
8844 " n " 31,0 " 3 - T7.09
S722 4912 66+30W 21.0 sphalerite 2 ~15.62
5733 " 65+55W 18,0 " 2 =19.67
5584 " 65+35W 3645 " 4 -16430
5555 " " " galena 4 -19.08
S737 " 64+85W 20,0 sphalerite 2 -17.09
S736 " 63+90W 15.0 o 2 =17435
S752 " " " barytes 2 +20,18
§739 4890  63+50W 30.5 sphalerite 2 -18.43
5725 " 634400 46,0 " 2 =15.29
S744 " " " barytes 2 +18.15

cont, over




TABLE 6.1 cont.,
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Extraction Distance N Stage 5343
No. Location of fault Mineral No, (°/00)
(Metres)
8726 4890 63+40W 46,0 sphalerite 2 ~16.45
3727 " " " ” 2 _17.37
5728 " " " n 2 _18.72
s720 b 62+80W 32.0 " 2 -13.27
S708 " " " galena 3 ~13,66
s830 624650 81.0 barytes 3 +18.92
S628 4900 91+00W 30.5 pyrite 1 - T.01
S1115 " 90+00W 15.0 sphalerite 2 -23.65
51120 " " " galena 2 —-24.04
8871 " " 30,5 sphalerite 2 -17.57
5892 " 8980w 41.0 " 2 — 4.06
8616 " B%+20W 50.5 " 2 -20.82
51129 " B9H10W 1.5 " 2 -12.76
sS1128 " " " galena 3 - 3.48
51127 " " " arsenopyrite 3 + 1.76
8635 * 8B+90W 24.5 pyrite 1 - 5.28
8661 " "t " f 1 - 5'38
8723 " " n sphalerite* 2 -24.18
5745 " " " barytesgt 2 +17.,90
5746 " 1] n " % 2 +17.36
8650 " " " galena 3 - 2.51
8625 " " Te5 pyrite 1 - 5.26
S564 " " " sphalerite* ] 4 - 2.67
$563 " " i galena®* 4 - 4.81
8626 " 88+80oW 15.0 pyrite 1 - 5.22
S1144 " B8B+O0W 33.5 sphalerite 2 -24.99
51149 b " " galena 3 - 6.82
8640 n B87+80W 46,0 pyrite 1 - 5.24
5662 " " "n " 1 - 5.'{9
5408 " " n galena* ] 3 - T.56
5831 " " " barytes* 3 +20.,93
81255 " 87+00W 21.0 sphalerite 2 -21,02
51182 " w " galena 3 - 5445
S589 " 86+00W 23.0 pyrite 1 - 3,11
53’(8 " " " ] 1 - 4.6’(
8363 " " " sphalerite 2 ~20430
5585 " " ] " 2 -19.95
8409 " " " galena 3 - 3.85
5406 " " " " 3 - 6_59
8365 " 85+20W 20,0 pyrite¥* J 1 - 3.62
S364 " " " " % 1 = 4425
51146 n " " sphalerite 2 -20.89
81179 " " " galena 3 - Te57
8812 N " " barytes 3 +19.41
$627 v B4+40W 49.0 pyrite 1 -15.51
51143 n " n sphalerite* 2 ~24.85
8641 " " " galena 3 - 1.98
51145 4800 94+00W 33.5 sphalerite 2 -21.06
$1187 " 92+00W 52.0 " 2 -16423
S1148 " 91+00W 2445 " 2 -25.98
51150 " " " galena 3 - T.67
S713 " 90+10W 445 sphalerite 2 -10,60
(FW L3)
s1122 " " 12.0 pyrite 1 ~ 3.56
8867 " " " sphalerite 2 -20.76
S1119 " " " galena 3 - Te29
S587 " " 21.0 pyrite* 1 - 6434
5890 " " " sphalerite* 2 -18,12
s872 " w v " " * 2 -15.83
5898 n " " " 2 -20.23
S873 " " " galena 3 -10.60
5891 " " 43,0 sphalerite 2 -23.26
897 " " 50,0 " 2 -19.23
S588 " BO+50W 79.0 pyrite (sh) 1 - 6479
8665 " " " sphalerite (sh 1 - 8,01
S610 " 89+00W 21.0 pyrite 1 - 3.70
$611 " " " " 1 - 4.05
51140 " 88+90W 3045 sphalerite 2 -19.76
51175 " " " galena 3 - 5.52
8590 " 88+80W 21.0 pyTite 1 ~ T.40
S567 " " " sphalerite* 4 - 9,25
“s828 " 8B+20W 35.0 barytes 3 +19,93

. cont, over
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TABLE 6,1 cont,

Extraction Distance N 34
No. Location of fault Mineral Stage S
(Metres) No. (°/o0)
51139 4800 88+20W 39.5 sphalerite 2 —=24.23
S1176 *  87+10W 18.0 galena 3 - 9.45
S1147 " " 3045 sphalerite 2 -22.04
S1101 " 824900 61.0 tennantite 3 =10.46
5815 " w 61.0 barytes 3 +18.59
81184 " 824200 76.0 galena, 3 -20,80
S1124 " 81+40W 79.0 " 3 -18.70
S740 " " " barytes 3 +18.63
8909 " Bo+80W 88.5 " 3 +21.09
81183 n 804600 85.0 galena 3 -18.27
5868 " 80+30W 5840 sphalerite 2 ~16445
S1103 " " " chalcopyrite 3 ~20,39
S1117 " " it galena 3 =20.47
5813 " " " barytes 3 +18,30
51185 " 784500 39.5 tennantite 3 -16.43
8829 " " " barytes 3 +20,00
5910 4725 B88+60W 91.5 " 3 +18.54
S1177 v 86+20W 85.5 galena 3 - 5.98
s866 " " 122.0 sphalerite 2 - 8.67
S1121 " " " galena 3 - 1.93
5814 " " " barytes 3 +20,61
81254 " B6+10W 82.5 gphalerite 2 -18.45
S1142 " 86+00W 94.5 " 2 -14.65
81261 " 85+80W 128.0 " 2 -18.82
S1178 L " " galena 3 ~23,02
81253 " B85+60W 107.0 sphalerite 2 -15.84
51251 it b " galena 3 - 9,97
S612 4700 91+10W 9.0 pyrite 1 - 6.47
8664 " " " sphalerite 2 ~15.91
5617 " " ] " 2 _15.07
8753 i " 1 barytes 3 +19.92
s870 " 904+00W 0e5 sphalerite 2 -17.85
(¥w L3)
5900 i L 145 sphalerite 2 =-11.13
(¥ L3)
S1123 " " 4e5 pyrite 1 - 4.32
5899 " " w sphalerite 2 =-19.47
s741 " " 11.0 barytes 3 +19.12
$1099 " " 1440 tennantite 3 - 6427
51100 " " 15.0 1 3 - 8.91
$1118 L i " galena 3 -10.78
8869 " " 2445 sphalerite 2 -15.12
S1141 " 87+00W 61.0 H 2 =19.43
51136 2620 92+10W 2445 " 2 -16.74
51104 " 90+80W 745 ?ha§copyrite _ 3 - 4.42
L3
8893 " 90+30W 1540 sphalerite 2 -13.10
51102 " 90+20W 9.0 Eha%copyrite 3 - 4.54
L3
81116 " O0+10W 319.5 ?ph,?lerite 2 -12.33
L3
51133 " 89+20W 30.5 ?phﬁlerite 2 =-14.31
L3
$1130 " 88+90W 12,0 %aleina 3 - 9.04
L3
51105 " " " chalcopyrite 3 ~ 3.38
(L3)
$1131 " 874600 14.0 %’altsna 3 - 5.07
L3
1087 " 86+70W 39.5 ?phﬁlerite 2 -15.44
L3
§1259 DDH 368 (125m) 6.0 sphalerite 2 -16.74
1434 kms E of
Zone III
81 235 " \ n galena. 3 - 3-?8
§1260 DDH 376 (136m) () sphalerite 2 -18.92
1434 kms E of (L3)
Zone III
81234 DDH 386 (158m) 0.0 galena 3 + 7.02
3.62 ¥m, E of (14)
Zone III
81231 " " " arsenopyrite 3 +11.13
(14)




=102 -

KEY TO TABLE 6.1

* Sample from same locality, but different hand specimen (a).
+ Overgrowing euhedral 'plug' dolomite,
(sn) From shale horizon interdigitating with Waulsortian limestones.

(P4 13) Hosted within tectonically emplaced footwall lense of Lower ¥uddy Limestonee.
(13) Lower Muddy Limestone host.

(1a) lower Bioclastic Limestone host.
gg@g@_éég SULPHUR ISOTOPE FRACTIONATION TEMPERATURES
Location Mineral Pair Stage 1000 1net | Inferred Temperature (°C)
(%/00)
4900 90+00W sphalerite~galena 2 0.40 1050*} disequilibrium
5000 64485W " " 2 2.14 299%
4800 B0+30W | chalcopyrite-galena 3 0.08 25’{7‘*} non
4620 BB+90W " " 3 5.70 65t ) co=precipitated
5000 66+85W sphalerite~galena 4 2,20 291%
4912 65+35W " " 4 2.83 224%
4900 88+90W " " 4 2,15 298%
* Experimental calibration of Czamanske and Rye, 1974.
+ " " Kajiwara and Krouse, 1971.
S§££§=§:é ISOTOPIC COMPOSITION OF TRACE PYRITE
Extraction Wt. % 534
No. Location Description Pyrite (°/00)
$1232 1143 km, WeN.We Tynagh mine Dark bioclastic 1.21 ~18.49
limestone
(Lower Let.)
51236 " " " " Limestone shale 1.78 - 8.62
(Lower Lst.)
S1228 149 kme W Tynagh mine Dark bioclastic 0.96 =21.72
limestone
(Lower Lst.)




KEY TO FIG.6.7
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FIG.6.7 SULPHUR ISOTOPE VARIATION — TYNAGH.
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(vii) In the vicinity of the Tynagh fault (0 to 24 metres
north) there is a marked negative correlation (r = 0.6, slope =
—0.44) between isotopic- composition of stage 3 sulphides and
distance from the fault, the heaviest samples analysed being iocated
in the actual fault plane. Distal samples, however, display a much
wider range in 8348 composition, with aitendency towards lighter
values, the variation being in no way related to proximity to the
fault (fig. 6.13). The comparatively wide spread of values away
from the fault plane is partially accounted for by the fact that
variation is not solely related to perpendicular distance from the
fault. In the central region of the orebody (eastern and western
extremes of zone IT and zoné III respectively) there is a marked

*bulge! towards the fault plane of lighter 6343 values (fig. 6.14).

(viii) Neither for stage 2 nor stage 3 is there any
significant difference in isotopic composition of those sulphides
hosted within the Waulsortian Limestones and those hosted within the

Lower Muddy Limestone (13).

(ix) All sulphides recrystallised into later calcite veins
(stage 4) have isotopic compositions similar to those displayed by
the primary ore in the immediate vicinity (talﬂ£a6.1), However, a -
chalcopyrite sample (8582 — 5000, 67+10W) collected from the
dolomitised ?plug! between zones IT and III has an isotopic
composition (~7.77°/00) magkedly different from that of the

4
adjacent ore sulphides ( & S = =14.13 » -21.63%°/00).

(x) There is no significant difference in the spread of
5343 values displayed by stage 2 barytes and those of stage 3, the
total range being +17.36°/00 to +21.09%/00 (mean: +19.35°%/0o0,

0-:1.06)s The late stage gypsum is isotopically heavier
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(5345 = +23.63°/oo) than ore stage barytes samples.

(xi) Sulphide samples taken from a single hand specimen
but representing different stages of mineralization display a
wide variation in sulphur isotope composition reflecting the over-
all trend ('heavy' — 'light' - 'heavy') exhibited by fig. 6.7
(e.g. 4900, B6+00W - étage 1 pyrite: —3.110/00, —4.670/00; stage
2 sphalerite: —20.30°/00, -19.95°/00; stage 3 galena: -3.85%/o0,

—6.590/00),

(xii) Co-precipitated stage 2 sphalerite-galena pairs
yield widely differing fractionation factors that would infer
geologically unreasonable temperatures and, therefore, cannot be

considered to be in isotopic equilibrium (table 6.2).

(xiii) Co—-existing stage 3 chalcopyrite-galena pairs can
be shown on textural grounds to be non-co-precipitated and, there-—
fore, cammot be used as geothermometers. If so used they would

again infer geologically unrealistic temperatures (table 6.2).

(xiv) Stage 4 recrystallised sphalerite-galena pairs
appear to be co-precipitated,in textural equilibrium, and yield
consistent fractionation factors suggesting a temperature of

deposition between 22400 and 298°C for post—ore carbonate veins.

(xﬁ) Trace syngenetic/diagenetic pyrite samples separated
from the Lower Limestones, exhibit a range of 8348 values (-8.620/00
o
to -21.72 /oo, table 6.3) similar to that of the stage 2 ore

sulphides.

Nine samples from the Tynagh deposit analysed by Greig
et al (1971), are within the overall range of analyses produced in

this study. However, as their spatial and temporal relationships
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are unknown, they are not considered in the following discussion.

6.2.2 Interpretation and Discussion

6.2.2.1 The Source of Sulphate

The narrow range of sulphur isotope compositions
displayed by barytes and the agreement of these values with those
exhibited by Lower Carboniferous evaporites from various parts of
the world (oompare fig. 6.1) is indicative of a contemporaneous

sea~-water or evaporitic source for the sulphate.

6.2.2.2 Stage 1 and 2

Tf the mean value (+19.35°/o0) for all Tynagh
barytes samples is taken as being the isotopic composition of Lower
Carboniferous sea~water sulphate at the time of mineralization, then
stage 1 sulphides are depleted in 348 by 250/00 (t2o/oo) with
respect to sea-water sulphate. This difference closely approximates
a simple one-step kinetic fractionation effect calculated by
Harrison and Thode (1957) and matches precisely the maximum observed

experimental fractionation produced in open-system bacterial

reduction of sulphate (see 6.71.3.1).

Stage 2 sulphides are isotopically lighter by 23
to 450/00 with respect to co-existing sulphate, which is well within
the range of depletions produced by open-system bacterial reduction
in present day euxinic environments (see 6ele3el)e Isotopic dis-
equilibrium amongst co-precipitated phases, as exhibited by stage 2
sulphides, is another feature common to ore deposits precipitated
from bacterially reduced sulphur (Rye and Ohmoto, 1974). (Bquili-

brium is not attained due to the low temperatures involved). The



FIG.6.8 VARIATION IN 834S OF STAGE 2 SULPHIDES WITH ELEVATION.
Key as for fig.6.7 ; DDH samples E. of Zone III omitted.
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FIG.6.9 $3%S OF STAGE 2 SULPHIDES v DISTANCE FROM FAULT.
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FIG.6.10 LATERAL VARIATION IN 83%S OF STAGE 2 SULPHIDES.
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F1G.6.11 SULPHUR ISOTOPE

SEQUENCES.

A. 5050 66+80W

5345 %]

-15-36 (sph.)

-16-98(gn.)
v -17-42(gn.)

-14-80(sph.)

C. 5050 66+10W

-14-52 (sph.)

_ -15-16 (sph.)

-16-46 (gn.)

%4”|-1634 (gn. rpt.)

VARIATION WITHIN BANDED STAGE 2

B. 4890 63+40W

IS TSR e n e T
* " Fine barytes/sphaterite #
AL SR

¢

0. 5000 66+00W

Fine sphalerite/carbonate

§345(%%o0]

-18-72 (sph.)
-17-37 (sph)

-16-45 (sph)

{-15-29 (sph.)

+18-15 (byt))

-1759 (sph)

-16-17 (sph)

-18-06 (sph.)

-17-28 (sph.)
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348 values displayed by stage 2 sulphides could be

range of &
produced by equilibrium fractionation between sulphate and sulphide
over a temperature range of approximately 300°C to 100°C. However,
if this were the case, one would expect to observe a zonation in
sulphur isotope ratios with respect to a feeder zone, fractionation
factors increasing as hydrothermal solutions cooled on permeation
outwards into the host rock. The Tynagh fault provides the most
likely candidate for such a feeder zone, and as can be seen from
examination of fig. 6.9 and 6.10, isotopic variation is highly
gporadic and unrelated to distance from the fault. Similarly, if
the partitioning of sulphur between oxidised and reduced species in
response to changing physico—chemical conditions were the cause of
variation, one would expect this variation to be more systematic,

and there would be a corresponding range in the isotopic comosition

of co-precipitated barytes.

In congideration of the above discussion,
precipitation of stage 1 and 2 sulphides from bacterially reduced
contemporaneous sea-water sulphate seems highly probable. During
stage 1 environmental conditions, namely temperature, sulphate
concentration, availability of suitable nulrients and rate of
sulphate reduction must have remained constant so as to maintain
a stable physiological state, and hence consistent kinetic fraction-
ation effect within the baéterium cells, However, the difference
in the extent of the kinetic isotope effect during stage 2 as
compared to that pertaining during stage 1 suggests that there were
fundamental environmental dissimilarities between the two stages.
Consideration of the possible sites of sulphate reduction may

resolve the problem.
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in chapter 3 it was argued on textural grounds
that stage 1 colloform and granular pyrite crystallised from
colloidal gels during the early diagenetic history of the Waulsortian
limestones., If this is so, an explanation has to be proposed for
the initiation and preservation of localised reducing conditions
within these otherwise rather pure carbonate muds soon after their
sedimentation, thus enabling the establishment and continued
support of gulphate reducing anaerobes. Lees (1964) attributed the
growth of the Waulsortian banks to the sediment baffling action of
organisms, possibly plants or sponges, and the formation of
stromatactis cavities to subsequent collapse following decay of
the organic baffles. Local conditions of rapid burial of the
Wanlsortian micrites under thicknesses of synsedimentary slump
breccias, which are abundant at Tynagh, would have been favourable
to the preservation of such organic matter until buried below the
oxidation/reduction interface. This trapped organic matter may
have provided the locus for subsequent bacterial reduction and
hence precipitation of iron sulphides during early diagenesis.
Indeed, the replacement of crinoid ossicles by diagenetic pyrite
has been described and it was suggested that the dark discolouration
of the carbonate enclosing colloform and granular pyrite bodies
‘may be due 10 the presence of minute hydrocarbon inclusioms (3.2.2).
In addition, this hypothesis would further explain the paucity of
stromatactis structures within the Tynagh micrites (Schultz, 1968;
Whitehead, 1971), the undecayed organic matter and subsequent iron
sulphide precipitations preventing the establishment of cavity

systems.

The above mechanism could explain the small
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volumes of reduced sulphur involved in the precipitation of stage

1 sulphides. However it is difficult to envisage how such a process
would produce the vast amouhts required for the precipitation of
the ore sulphides of stage 2. Indeed, Anderson (1975), points

out that an orebody represents a concentration of reduced sulphﬁr
much too great to have been at the site of deposition before the
advent of metal-bearing brine, which implies that there must be
transport not only of metal but also of sulphur to the site of
deposition., It may be possible that diffusion of reduced sulphur
out of the bioclastic and shaley Lower Limestones and/or the
carbonaceous basinal Calp (both ideal environments for reduction of
contemporaneous sea-water sulphate) has taken flace. Indeed, the
similarity in isotopic composition of stage 2 ore sulphides and
syngenetic/diagenetic pyrite from the Lower Limestone is suggestive
of a common source of sulphur. Differences in the degree of the
kinetic isotope effect between stage 1 and stage 2 sulphides couid
be explained by differences in the sedimentary regime at the sites
of reduction, High rates of sediméntation within the Waulsortian
bank system suggested above would lead to rapid rates of sulphate
reduction and correspondingly a relatively small kinetic isotope
effect (see figs.6.3, 6.4). Conversely, comparatively slower
rates of sedimentation within the thinly bedded lagoonal and basinal
facies limestone and shales would lead to slower rates of sulphate
reduction and hence a relatively large kinetic isotope effect.
Although no independent evidence can be presented in support, spatial
variations in ES34S within individual banded sulphide sequences may
be a reflection of geographical or secular variations in reducing

conditions within the source region.



Although the above hypotheses are compatible
with the sulphur isotope data, it has to be considered whether
they are geologically feasible. The comparatively narrow,
approximately normal distributions in isotopic compositions of
both stage 1 and stage 2 sulphides, and the small spread of values
for barytes, are indicative that sulphate reduction took place
within an open system in which there was an infinite source of
sulphate. Therefore, the permeability of the sediment within
which bacterial reduction took place must have been great enough
to allow the diffusion of the sulphate and so prevent the establish-
ment of local closed systems. It is generally known that carbonate
sediments are subject to lithification early in their burial
history (Hunt, 1967), and Ginsburg (1957 ) has pointed out that most
of the water in carbonate muds is lost in the first half metre or
S0. As permeability will decrease with increasing lithification,
it is more likely that free diffusion of sulphate through the
Waulsortian micrites would have occurred at shallow depths during
early diagenesis. In addition, Lindbloom and Iupton (1961)
observed that bacteria living on the organic matter in carbonate
muds from Florida and Cuba practically died out within the first
metre and a half of sediment. It would seem, therefore, in close
agreement with textural observations, that sulphate reduction during
stage 1 most probably occurred within the upper few metres of the

Waulsortian micrites during their early diagenetic history.

If reduction only took place within the top one
and a half metres of the lagoonal/basinal sediments, how would any
reduced sulphur have migrated into the Waulsortian bank system ?

The presence of a large detrital component within these sediments
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manifested as numerous intercalated shale horizon may have aided
the preservation of both a bacterial population and permeability
to greater depth, viable bacteria having been found to depths of
45 metres.iﬁ clay muds from the Orinoco Delta (Lindbloom and
Lupton, 1961). Trapped sea~water sulphate migrating through the
bioclastic 1imestone/1imestone shale sequence during de-watering
or permeating down from the sediment/water interface could have
been reduced by contained bacteria, and assuming that the hydro-
geologic situation was right, diffused into any suitable reservoir.
As long as only an infinitesimal amount of the sulphate was reduced,
the sulphate reservoir would retain its iseotopic integrity, and
movement of fluids thfough the system would aid the migration of

any reduced sulphur not precipitated in situ.

Alternatively, in both the bank and off bank
environments, sulphate reduction could have taken place at shallow

depths, the resultant H_S being trapped within the sediment on burial

2
10 be released and utilised at a later date. Indeed, Hunt (1967)
states that in pure carbonates relatively free of iron, there is a
build-up in HZS content which remains in the sediment even at great
depths. However, within the lagoonal and basinal limestones and
shales any resident HZS would probably be precipitated by ir;n

associated with clay minerals, and in such a static environment

closed systems would develop within sediment interstices.

If the deduction that stage 1 sulphides were
precipitated by HZS produced by in situ bacterial reduction is
correct, then this imposes strict limitations on the temperature
of their deposition. Optimum temperatures for microbial reductionl

of sulphate are between 30 and 4500, and their activity is believed
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to be reduced drastically at temperatures above 60°C (Orr, 1974),
although Zo Bell (1963) reported some strains which survive
temperatures up to 10406. However, no such constraints are
placed on stage é if, as is suggested, reduced sulphur was not

generated in situ.

6.2.2.3 Stage 3

Stage 3 sulphides display a distinct variation
in 55348 with respect to the Tynagh fault (fig. 6.13), thus a
mechanism solely involving bacterial reduction cannot adequately
explain the observed distributions. Equilibrium fractionation
between sulphate and sulphide over a temperature range of 73OOC
to 15506 could produce the observed range in isotopic compositions.
However, such a temperature range is geologically unrealistic, and
fluctuations in 8348 are too sporadic. An explanation involving
the partitioning of sulphur between oxidised and reduced species in
response to changing physico-chemical conditions is precluded by the
narrow range of 8348 values displayed by barytes. The mixing of
two sources of sulphur, therefore, seems to be the only plausible
hypothesis, isotopically heavier sulphur being introduced along with
stage 3 metals from the fault zone, mixing with light bacteriogenic
sulphur already present within the host, or migrating into the host
from other sedimentary facies. Examination of fig. 6.15 reveals
that there is an off-bank trough that may have influenced the migratory
paths of solution diffusing out of the limestone/shale sequence into
the Waulsortian complex. Indeed, this may account for the bulge
in this region of isotopically lighter sulphides towards the fault

pla,ne .
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The derivation of light sulphur from pre-—
existing sulphide phases is unlikely as even where stage 3 sulph-
ides can be seen to be replacing earlier pyrite or sphalerite,
their isotopic compositions are often markedly different. For
example at 84+40W, 4900 level, galena (S641) is 13.5°/oo heavier

than the pyrite (S627) which it has replaced (table 6.1).

The trend in 8348 values of stage 3 sulphides
towards Oo/oo as the fault is approached points to an influx of
deep-seated sulphure. However, sulphide samples collected from
within the actual fault plane, the most likely uncontaminated
representatives of the isotopic compositioﬁ of the heavy source,
have 8§54 values of +7.02°/00 and +11.13%°/00. It is unlikely
that such heavy values could be produced under geoclogically
reasonable conditions from a sulphur source with a,2834S of Oo/oo,
simply by variations in pH and f02. Nevertheless, the fraction-
ating effect of closed system precipitation under equilibrium
conditions as the solution rose from depth could have enriched the

deep-seated sulphur in the heavier isotope.

An alternative process that may possibly produce
isotopically heavy reduced sulphur involves the gbiogenic reduction
of sea-water or connate sulphate. Toland (1960) has shown that
reduction of sulphate by various organic compounds is very réﬁid
at temperatures of 300 to 3500C when st is present in the system.
Orr (1974) suggests that thermal maturation of oil in high temper-
ature reservoirs (>80-120°C) may involve non-microbial reduction
of sulphate with negligible isotopic fractionation. However, this
proposal is purely conjectural, being based on the presence of

heavy sulphur in mature oils isotopically similar to associated
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FIG.6.14 LATERAL VARIATION IN §34S OF STAGE 3 SULPHIDES.
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sulphates. Nevertheless, it may be possible that sulphate
diffusing through and being reduced by carbonaceous sediments

at depth could have provided a source of isotopically heavy
reduced sulphur. If this were the case though, one would expect
to see sulphides with 8348 compositions close to that of the
source sulphate. It is therefore concluded that the heavier

sulphur introduced from the fault zone was of deep-seated origin.

The introduction of sulphur from the fault zone
along with the metals has important implications with regard to
the chemistry of the‘ore fluid. The solubility data presented
by Anderson (1973, 1975) and Hammann and Anderson (1978) indicates
that at temperatures of up to 15000, reduced sulphur and lead can
only be transported together if the solution is quite acid (see
3.8.4). Although the available temperature data is at best scanty,
a temperature of less than 15000 is suggested for stage 3 precipi-
tation (see 7.4). Moreover a decrease in the pH of the ore fluids
would explain the greater abundance of replacement textures, and

the comparative paucity of carbonates in stage 3 intergrowths.

6.2.2.4 Btage 4

It was stated above that the sulphides recrystal-
lised into post—ore carbonate veins have retained the isotopic
identity of the parental primary ore. The uniformity of fractionation
factors between co—precipitated sphalerite and galena indicates that
isotopic exchange must have occurred during recrystallisation. How-
ever, as the calculated temperatures are far in excess of those
indicated by the preliminary fluid inclusion investigation equilibrium

could not have been completely attained (see 3-7-1)-
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The dissimilarity in isotopic composition of
chalcopyrite overgrowing late stage dolomite, from that of the
primary ore stage sulphides in the immediate vicinity does not

support a derivative origin.

The post-ore gypsum is isotopically heavier than
ore stage barytes, possibly indicating a different source of

sulphate or alternatively late stage, closed system kinetic fraction-

ation.
6.3 COVPARISON WITH OTHER MAJOR DEPOSITS
6 . 3 o1 Navan

A limited number of sulphur isotope analyses were carried
out on banded sulphide ores from the Navan deposit (table 6.4) which,
although of similar mineralogical composition and textural appearance
to Tynagh stage 2 sulphides, have been precipitated in a different
~environment and are possibly slightly earlier in age (see chapter 4).
The analyses presented here can only be'regarded as constituting a

pilot study and any inferences drawn must be considered tentative..

Sulphides (+2.93°/o0 to -23.75%/00) and barytes (+19.63°/oo0,
+22.56°/oo) display similar values and ranges to their counterpart
at Tynagh. An origin involving the bacteriogenic reduction of Lower
Carboniferous sea—~water sulphate is, therefore, possible. The
slightly heavier value for one of the barytes samples could be a
product of localised closed system reduction. The lighter sample
(+19.63°/oo) was collected from a stratiform horizon interbanded with
microcrystalline sphalerite, whilst the isotopically heavier sample

infilled a late stage cavity within pre-existing sphalerite, and could
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EBL‘E:Q;.:A' §__L_T£HUR ISOTOPE RESULTS - NAVAN
Extraction Location Mineral 5345

¥o. (°/o0)

51239 2-5 Lens, 835.7 N.W., 494.8 N.E., 1388 E1, sphalerite + 2.93
83 m. from 'BY Fault

81250 " " " " " galena - 2,30

51241 2-5 Lens, 826.2 N,W., 492.7 N.E., 1350 El, sphalerite - 8.99
90 m. from 'A' Fault

51267 " " " " " barytes +22,56

51242 2-5 Lens, 837.7 N.W., 483.0 N.E., 1398 El, sphalerite -14.38
3 m. from 'A' Fault

51240 2-5 Lens, 846.8 N.W., 496.8 N.E., 1388 E1l, " -12,08
5 m. from 'BY Fault

81252 2-5 Lens, 841.7 N.W., 495.2 NE., 1375 El, ” -14.52
45 me from 'BY Fault

51243 2-4 lens, 822.5 N.W., 498.0 N.E., 1348 E1, " - 1.77
110 m. from *B' Fault

51266 " " " " " barytes +19.63

51244 2-3 Lena, 820.0 N.W., 500.6 N.E., 1347 El, sphalerite -23.75
100 m, from *B! Fault

S1245 2-1 Lens, 812.0 N.W., 503.9 N.E., 1378 E1, " - 8.01

81246 145 m. from 'B! Fault " - 3.92
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have been precipitated from sulphate trapped within the sulphide
sediment. Alternatively, the sulphur isotopic composition of
sea~water sulphate at the time of formation of the Navan deposit

may have slightly differed from that of sea-water contemporaneous
with the Tynagh deposit. Indeed, extrapolation from fig, 6.1 would

suggest Tournaisian sea—water was heavier than Visean sea-water.

6.3.2 Silvermines

The Silvermines deposits have been the subject of a number
of individual sulphur isotope investigations, all of which arrived
at widely different conclusions. Graham (1970) as part of a much
broader geological study produced a limited number of analyses,
mostly from the Mogul G orebody and concluded that the sulphides
were precipitated from bacterially reduced Lower Carboniferous sea—~
water sulphate. Greig et al (1971) made a more systematic collection
and demonstrated a progressive decrease in § values of sulphides,
upwards in the Lower G orebody, and outwards into Upper G orebody,
from around O?/oo to —350/00. They favoured a model involving
equilibrium deposition of sulphides and sulphates, from a mineralizing
fluid originating at depth, under conditions of progressively
increasing f02 and pH, and decreasing temperature. In conflict with
the geological evidence, this implied an epigénetic origin for all
the Silvermines deposits. Coomer and Robinson (1976) in an attempt
to reconcile these differing interpretations extended the data coverage
and proposed a model involving the mixing of deep-seated sulphur
(AJO?/oo) introduced from the fault zone, and bacterially reduced

sea~-water sulphate.

The Coomer and Robinson model is clearly comparable with that
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FIG.6.16 SUMMARY OF SULPHUR ISOTOPE
ANALYSES FROM THE SILVERMINES DEPOSITS.

(After Coomer & Robinson, 1976)
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proposed above for Tynagh, and provides further support for a

genetic link between them.

A summary of previously published sulphur isotope data

from the Silvermines deposits is presented in figure 6.16.

6.4 CONCLUSTIONS

34S values of barytes precipitated during stages 2 and 3

8
at Tynagh are indicative of a Lower Carboniferous sea-water source
for the sulphate (6 34S o~ +19O/oo). Stage 1 sulphides were
precipitated by reduced sulphur produced during in situ open-system
bacterial reduction of this sulphate reservoir during the early
diagenesis of the Waulsortian bank limestones. Reduced sulphur
generated by the same mechanism and from the same sea-water sulphate
source, but within the lagoonal facies Lower Limestones and/or the
basinal Calp,migrated into the Waulsortian carbonate mud banks and
precipitated stage 2 sulphides. Differing sedimentological regimes
operating at the two sites of bacterial reduction were fundamental

in controlling the metabolic state and thus the degree of the kinetic

isotope effect within the bacterium cell.

The range and spatial distribution of sulphur isotope
compositions displayed by stage 3 sulphides are indicative of the
late stage mixing of deep-seated sulphur introduced from the Tynagh
fault zone, and isotopically light sulphur already present or
migrating into the Waulsortian Limestones. The transport of reduced
sulphur and metals together to the site of ore deposition probably

indicates that stage 3 metalliferous fluids were quite acid.

Sulphides recrystallising into post—ore carbonate veins

(stage 4) retained the isotopic identity of the parental primary ore.
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Although fractionation factors between co—-existing sphalerite-
galens pairs are fairly consistent, the inferred temperatures are
far in excess of those suggested by preliminary fluid inclusion
investigations. It is suggested that isotopic equilibrium was not

completely attained.

A pilot study of banded stratiform ores from the Navan
deposit indicates their precipitation from bacterially reduced
Lower Carboniferous sea-water sulphate. However, further work

is needed to refine the model.

Comparison of the new sulphur isotope data from the Tynagh
deposit with previously published analyses from Silvermines provides
further support for a genetic link between these two major ore-—

bodies.
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CARBON_AND OXYGEN ISOTOPES

Te1 THE MAJOR CARBON RESERVOTRS AND CONTROLS ON VARTATION

The important reservoirs of carbon are deep—seated sources
(mantle or homogenised crust), limestones, organic matter in

sedimentary rocks and the biosphere.

Deep-seated carbon is considered to have a uniform isotopic
composition of around —70/00 with respect to PDB. The basis of
this suppositibn is that fresh, unaltered carbonatites display a

13¢ of =5 to -8°/o0 (Taylor et al, 1967). 1In

narrow range in &
addition, CO2 rich inclusions within low-alumina tholeiitic glasses

collected from the mid-Atlantic Ridge have been shown to have an

isotopic composition of -7.6 10.50/00, (Pineau et al, 1976).

The average carbon isotopic composition of normal marine
carbonates has remained fairly uniform through geological time, at

around Oo/oo (Keith and Weber, 1964; Veizer and Hoefs, 1976).

The isotopic composition of carbon within the biosphere
varies considerably, the total range being approximately Oo/oo to
-35°/oo (Schwarcz, 1969). However, organic carbon in sedimentary

13C values of around —25°/oo

rocks has a more restricted range of &
(Eckelmann et al, 1962), and is a potential source of isotopically
distinct 002. In low temperature enviromments where bacterial
reduction of sulphate or bacterial oxidation is occurring, 002 is
produced from the organic matter which is consumed as an energy

sources. This process is generally considered to be non-fractionating,

therefore any carbonate phase that has incorporated bacterially
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13

oxidised organic matter will be depleted in C. However, the

process of bacterial fermentation in whichvboth CHA and 002 are
produced, imposes very large fractionations, values of —750/00
being common for bacterial methane (Claypool et al, 1973).
Consequently 002 produced by the reaction will be enriched in 130
with respect to the source organic matter. There is no reliable
data as to the isotopic composition of CO2 produced in this manner;

however Irwin et al (1977) estimate a value of around +15°/bo to be

reasonable.

In hydrothermal systems the isotopic composition of carbon
bearing phases precipitated from solution ié controlled by the
chemistry of the fluid (Ohmoto, 1972). The principles of the
application of carbon isotope data to hydrothermal deposits are
similar to those for sulphur (see chapter 6). There are large
equilibrium fractionations between reduced and oxidised carbon
species and the abundance of these species in solution is largely a
function of temperature, pH and f02 (fige Te1)e

Carbon isotope fractionation amongst the various carbonate

2~ and calcite) is not well established, but

species (Hco;, CO,
theoretical considerations indicate that they are small (1 or 20/00),
-and almost independent of temperature between 0 and 400°C. However,
there are large temperature dependent fractionations between the above
species and 002/H2003 (fig. T+2). As the relative abundances of the
various oxidised species in solution is controlled largely by tempera~

ture and pH, large ranges in isotopic compositions can be obtained by

varying both or either of these parameters alone.

T.2 OXYGEN ISOTOPE VARTATION IN THE DOLOMITE-CALCITE — WATER SYSTEM

The oxygen isotope composition of any carbonate precipitated
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FIG.71 VARIATION OF §°°C AS A FUNCTION OF 0, & pH.(fter
Ohmoto,1972)
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in isotopic equilibrium from a liquid depends on the oxygen isotope

composition of that liquid, and the temperature of formation.

At low temperature, oxygen isotope equilibrium fractionations
between carbonate phases and water are considerable (fig. 7.3), and
18
large variations in & 0 can be produced by changes in temperature

180/16

alone. A decrease iﬁ the 0 ratio exhibited by successive
generations of carbonate precipitated from water of the same isotopic
composition indicates an increase in temperature.  For example at
250C, calcite precipitated in equilibrium with water which has an
isotopic composition of 0°/oo (SMOW), will have a s180 value of
+28.80/oo (sMow). At 1OOOC, calcite precipitated in equilibrium
with the same water will have a 500 value of 16.6°/o0 (SMOW).
Oxygen isotope fractionation between dolomite and water is greater
than that which occurs between calcite and water. Thus, if a
calcite—doiomite pair can be demonstrated to have been precipitated
in equilibrium, they can be used as an isotope geothermometer.
However, this difference is small, and as a consequence calculated
temperatures are very susceptible to analytical error. In addition,
there are considerable discrepancies between the various published
experimental fractionation factors. The enrichment factors in
figure 7.3 are high temperature (:>2OOOC) experimental calibrations,

and have to be extrapolated to lower temperatures.

In palaeotemperature studies of fossil carbonates, the low
temperature calibration of Epstein et al (1953), subsequently
modified by Craig (1965), is used. Their experimental procedure
involved oxygen isotope analysis of calcium carbonate from
shells of invertebrates grown at known temperatures. The temperature

coefficient of the calcite-water exchange reaction iss-
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FIG.7.3 DOLOMITE -WATER, CALCITE -WATER
OXYGEN ISOTOPE FRACTIONATION
FACTORS.
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2(°C) = 16.9 —4.21 (5c-5w) +0.14 (Sc—5w)°

where Sc = 8180 sample (w.r.t. PDB)

5180 O in equilibrium with water at 25.2°C

2 ‘ (weret. COZ/PDB).

sw

I

A similar relationship has been proposed for low temperature oxygen

isotope exchange between dolomite and water (Irwin et al, 1977):-
P(°C) = 31.9 ~5.55 (5d~86w) +0.17 (5d~5w)°

Oceanic, magmatic, meteoric, geothermal and formation waters
are all possible contributions to ore forming processes, and, in
conjunction with H/D ratios, it is often possible to define the
actual source or sources involved from the oxygen isotope composition
of mineral phases or fluid inclusions. However, where hydrous phases
are absent the problem becomes more difficult, as only one of the

defining parameters is available.

The oceans at the present time have a very uniform
oxygen isotopic composition of Oo/oo (sMow) 10.10/00. Small
deviations from the norm occur in areas where evaporation is
appreciable (up to +20/00) or where dilution by fresh waters has
occurred (0 to —20/00), (Epstein and Mayeda, 1953). It is calculated
that if all the world's ice caps melted, the 8180 value of the oceans
would be lowered by about 10/00 (Taylor, 1974), and it is considered
that at least throughout most of Phanerozoic time, the isotopic
composition of the oceans may have fluctuated within these limits.
However, marine limestones exhibit a progressive decrease in average
18O content with increasing geologic age (Keith and Weber, 1964;
Veizer and Hoefs, 1976). This has been interpreted as being due to

increasing degrees of post—depositional oxygen isotope exchange, but

recent work (M.L. Coleman — pers. comm.) suggests that this trend
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may reflect variation in the oxygen isotope composition of the

oceans with time.

Magmatic water is considered to have an isotopic
composition of about +6 to +80/oo (SMDW) (Taylor, 1974). As no
water can be guaranteed fo be uncontaminated magmatic water, this
is a calculated value for water that would have co-existed with

igneous minerals at magmatic temperatures,

Meteoric waters display a range in oxygen isotope compositions
of +6°/00 to —=55°/o0 (SMOW) (Craig, 1961b; Dansgaaid, 1964; Epstein
et al, 1965, 1970). Isotopic variations ip meteoric waters are
extremely systematic, the higher the latitude or altitude, the lower
the 8180 (and 8D) values. This variation is a product of the
equilibrium isotope effect and the reservoir effect. Water vapour
ig depleted in 180 with respect to co-—existing liquid water, there-
fore any condensate from a vapour cloud will be enriched in the
heavier isotope. As a vapour cloud is a finite reservoir, it will
become increasingly depleted in 180 as precipitation continuese. As
a consequence successive condensates will also be isotopically
lighter than preceding ones. It can be seen, therefore, that as an
air mass moves away from the equator and crosses the continents,

rainfall will become progressively depleted in 180;

Geothermal and formation waters exhibit a similar range in
isotopic compositions to meteoric waters with a shift towards magmatic
values (see Taylor, 1974). This is because these waters are
basically meteoric in origin, but have exchanged with the country

rocks through which they have passed.
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Te3 ISOTOPIC COMPOSITION OF HOST ROCK, ORE STAGE AND

POST-ORE_CARBONATES AT TYNAGH

Te3el Results

Tedelel Introduction

Carbon and oxygen isotope analyses of samples
collected from within the Tynagh deposit are presented in table
Tele Analyses of unmineralized Waulsortian limestones are listed
in table T.2. Sampling of both the mineralized and unmineralized
limestones was restricted to the micritic facies of the Waulsortian
banks and associated diagenetic calcite infillings. Those samples
labelled 'H707* in table 7.2 were collected from one of Lees (1964)
type localities — an isolated Waulsortian mound within lagoonal
facies Lower Limestoﬁes. A1l other wnmineralized limestones were
collected from the main bank complex between the mine and the town

of Loughrea, 12.5 km. W.N.W. of Tynagh.

7.3.1.2  The Waulsortian Limestones

Unmineralized Waulsortian micrites and associated
diagenetic calcites display a narrow spread of carbon isotope
compositions from +3.08°/oo to +4.12°/oo, mean: +3.83°/oo. 8180
(SMOW) values range from +22.18°/oo to +28.11°/oo, means +26.29°/po
(fige Te4)e Variation in isotopic composition is unrelated to

proximity to the Tynagh orebody.

Mineralized, but physically unaltered Waulsortian
limestones from within the ore zone, display a wider spread and are
depleted in the heavier isotopes of carbon and oxygen with respect to

the unmineralized examples:;8130 (PDB): +2.11°/00 to +4.00°/oo,



TABLE Tal

Extraction Location Distance N Description Stage s13¢ (PDB) 189 .(sMOwW ) s18 (rDB)
No. of Fault No. °/00) ' °/00) (°/o0)
(Metres) :

D882 5050 67+20W 55,0 pink, euhedral 'plug! dolomite 4 +2.05 +19.39 -11.13
€515 " " " calcite (overgrowing dolomite) 4 2,72 422,20 - 8,40
D834 v 66+80W 61,0 dolomite intergrown with sphalerite 2 +2.48 +25.11 - 5.58
D835 n " " " " " " 2 +2,41 +25.63 - 5.07
429 " n " vein calcite 4 -2.97 +15.87 -14.54
D837 " 66+ 10W 67.0 dolomite intergrown with sphalerite 2 +2 .40 +22.28 - 8.33
D816 " " " dolomitised micrite (0.2 cm. 3 +2.79 +24.14 - 6.52
D877 " " " " " 0.6 cm. 3 +2.75 +25.04 ~ 5.65
D878 v " " i " 0.9 cm. 3 +2,80 +25436 - 5433
c1145 " " " calcitic micrite (2.2 cm. - +2.75 +24.54 - 6,13
C366 " 66+00W 3645 vein calcite 4 +2457 +18.16 ~-12.32
€519 " ) n " " (rp‘l;.) 4 +2.35 +18.33 -12.16
D564 5000 67+10W 49,0 pink, euhedral 'plug! dolomite 4 +0.94 +18.41 -12.08
€509 " " " calcite (overgrowing dolomite) 4 —2.97 +22.48 - 8.13
C310 " 664850 3945 vein calcite 4 +0.74 +20.44 -10.11
c1116 " 664500 3045 calcitic micrite - +3,07 +24437 - 6.29
c1117 " " " diagenetic calcite - +3.58 +26.07 — 4.65
D836 *® i " dolomite intergrown with sphalerite 2 +2.69 +23.31 - T.32
€317 " 66+00W " calcitic micrite - +2411 423,91 - 6.74
0318 " " " L " - +3.14 +24.19 — 6.47
€319 " " " " " - +3430 +25.94 - 4.78
€320 i " " L it - +3.05 +23.68 - 7.00
c1147 " " " calcite intergrown with sphalerite 2 +2423 +22.24 - 8,36
€1148 " " " " " " " 2 +2413 +23,02 - T.61
D840 v 65+00W 35,0 dolomite intergrown with sphalerite 2 +3436 +26,17 - 4.55
€399 4912 65+ 35W 36.5 vein calcite 4 +0.39 +24.14 - 6.52
€398 " " " " " 4 -0,08 +24.09 - 6.51
c1139 " 64+85W 20,0 " " 4 ~1+53 +23.29 - T34
D841 " 63+90W 15.0 dolomite intergrown with sphalerite 2 +2436 +22.36 - 8.25
c511 " " " vein calcite 4 +0e72 +19.85 -10.69
€505 " " 24.5 calcite infilling cavity 4 +1.67 +20.54 -10.01
c1137 4890  62+65W 49.0 vein calcite (+ minor fluorite) 4 +2.06 +21413 - 9.44
D567 4850 67+50W 61.0 pink dolomite from calcite/dolomite vein 4 +1439 +18.50 -11.99
D884 " " " n o " " " (rpt.) 4 +1,37 +18.53 -11.96
€425 " " " calcite from calcite/dolomite vein 4 +0.75 +17.81 ~12.66
c174 4700 68+90W 3045 " " i " 4 =0.27 +16.53 -13.90

cont. over
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TABLE 7.1 cont.

Extraction Location Distance N Description stage | 8'3c (pDB) | 580 (smow) | 5'8 (ppB)
No. of Fault No. (°/00) (°/o0) (°/o0)
(Metres)

D880 4700 68+40W 26402 pink dolomite from calcite/dolomite vein 4 -0.34 +19.30 =11.22
D881 1] 1 " [ 1t (1] [1] 1t 4 0,43 +18.47 -12.02
883 " " 26.0b " " " " " 4 ~1.11 +18.85 -11.66
G424 i " " calcite from calcite/dolomite vein 4 =-1.54 +18.14 -12.34
£520 " " " " " " " (rpt.) 4 -1.59 +18.13 -12.35
D565 i " 3240 pink dolomite from calcite/dolomite vein 4 =-0.95 +18,09 -12.39
c172 " " " calcite from calcite/d.olomite vain 4 -1.62 +16.70 -13.74
D566 " 6T+50W " pink dolomite from calcite/d.olomite vein 4 +0.58 +19.17 -11.34
c171 " AU " calcite from calcite/d.olomite vein 4 -0.69 +17.00 -13.44
D1153 4900 8%+80W 410 dolomite intergrown with sphalerite 2 +3.43 +26.77 - 3.97
c395 " 89+00W 12.0 calcite infilling cavity 4 +1.26 +24.33 - 6.34
0428 " " [} " " " 4 +1_13 +23'10 - 7.53
364 i 88+90W Te5 vein calcite 4 =0.52 +17.95 -12.53
D560 " " 2445 dolomite intergrown with barytes 2 +2.05 +26,79 - 3.94
c1115 " 87+80W 46,0 calcitic micrite - +4.00 +27.11 - 3.64
c321 i i " L " - +2.83 +25.79 - 4.92
C1133 " " " calcite infilling cavity 4 +1.78 +21,66 — 8.93
c312 " " " vein calcite 4 +2.54 +25.,78 - 4.93
c1131 b 86+00W 23.0 calcitic micrite - +3.05 +24.83 - 5.85
c313 N " " calcite infilling cavity 4 +1.28 +21.44 - 5%.14
390 " 85+ 20W 20.0 calcitic micrite 4.7 cm.; - +2.69 +17.62 -12.85
393 " " N fibrous calcite 2.7 cm. 1 +3.17 +25.93 - 4.79
C391 " " " " " 242 Cm.) 1 +3.09 +26.23 - 4.49
516 N " " " " rpt.) 1 +2.82 +26430 - 4.42
D1157 " " " sparry dolomite 2,0 cm, 1 -2.76 +19.34 -11.18
c1124 " " " fibrous calcite 1.8 cm, 1 +3.04 +24.73 - 5.95
C392 i " " " " 140 cm. 1 +0.75 +21.58 - 9.01
c1122 " " " " " $0.8 cm. 1 +1.35 +22.19 - 8.41
©389 " " " sparry calcite 0 cm.) 1 =2.77 +17.08 -13.37
c3in " " " calcite infilling cavity 4 +0.54 +23.50 -T.14
C1140 " 844400 49.0 black calcite enclosing pyrite 1 +0.96 +23.13 - T7.50
€502 " " v calcite infilling cavity 4 +1.47 +21.75 - 8,84
D1158 4800 90+ 10W 12,0 black dolomite enclosing pyrite 1 +2415 +26.88 - 3.86
c1129 " " 21.0 calcitic micrite - +2.90 +26.79 - 3.9
D1159 " " i black dolomite enclosing pyrite 1 +2.89 +23.60 - 7.04
¢507 " " 43.0 calcite infilling cavity 4 +2.32 +25,04 ~ 5.65
c1142 " 89+00W 21.0 black calcite enclosing pyrite 1 +0.66 +23,00 - T7.65
c1125 " 884+80W " calcitic micrite - +2.62 +22.,26 - 8.34

cont. over
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TABLE 7.1 conte

Extraction Location Distance N Description Stage 813(; (PDB) s’Bo (smow) 518, (PDB)

Yo, of Fault Yo. (°/00) (°/o0) (°/o0)
(Metres)

c1IM 4800 8B+80W 21.0 black calcite enclosing pyrite 1 +0.74 +20.75 - 9.81
c365 " " " vein calcite 4 -0.12 +19.96 ~10.58
c514 n " " " " (rpte) 4 ~0430 +20.04 ~10.50
€506 n " 49.0 " " 4 +1.65 +25.46 - 5.24
€510 n 8T+10W 27.5 " " 4 +1.58 +23.72 - 6.92
c517 " " n " n (rpt.) 4 +1.53 +24,09 — 6.57
€1130 " 824+-90W 61.0 bleached/bary'tised calcitic micrite 3 +1.25 +23,96 - 6.69
c1113 " 82+20W T76.0 calcite infilling cavity 4 +1.35 +21.94 - 8.65
c1108 " 81+40W 84.0 vein calcite 4 +1.60 +22.99 - T.63
Cc1109 " b " i " 4 +1.45 +25¢19 - 5.50
€1110 " i " i " 4 +1.76 +21.99 - 8,60
c1111 " " " n " 4 +1.94 +20.71 - 9.84
C1112 " " " b n 4 +2.05 +20.14 -10. 40
C1114 . BO+9OW 64.0 " " 4 +1.77 +19.90 ~10.63
D1152 " BO+80OW 915 dolomitised/barytised micrite 3 +1.99 +25.75 - 4.96
D1154 n 80+30W 58.0 dolomite intergrown with sphalerite 2 +2.01 +25.93 - 4.79
D1156 " THBOW 550 dolomitised micrite 3 +2.70 +24424 - 6.43
D561 . " 78+50W 3945 dolomitised micrite éo.z cm.; 3 +2,06 +24440 ~ 6.27
D562 n " " " " 0«6 cm. 3 +2.13 +22.99 ~ T.63
D563 " " it n " 1.0 cm. 3 +2.14 +21.59 - 8.99
c1138 " " " calcitic micrite gz.o cm, - +2.40 +22.11 - 8.49
D1404 " " n dolomitised micrite 0.2 cm,. 3 +2421 +24.83 - 5.85
D1405 " " n " " 0.6 cm, 3 +2.29 +23.50 - Te14
D1406 " " " " " 1.0 cm, 3 +2.20 +21.79 - 8.80
€513 4750 B9+50W 12645 vein calcite (+ minor fluorite) 4 ~0.80 +24.33 - 6.33
D1151 4725  B8B+60W 9145 dolomitised/barytised micrite 3 +0.97 +26.08 - 4.64
C1146 " 85+90W 116.0 bleached calcitic micrite 3 +2.45 +24.36 - 6.31
D1403 " 85+80W 128.0 dolomite intergrown with sphalerite 2 +1.25 +24.74 - 5.94
D879 " 85+50W 91.5 dolomitised micrite 3 +0,20 +26.51 - 4.22
c427 " n " calcite infilling cavity 4 +0.70 +24.65 - 6.03
€501 " " " " " " 4 +0.56 +21,18 - 9.39
c397 4700 924+ 00W 30.5 vein calcite 4 =4.03 - +17.47 -12.99
c396 " " " " " 4 ~3+14 +18.18 -12.30
D842 " 91+ 10W 9.0 dolomite intergrown with barytes 3 ~1.09 +23.67 - 6.98
€504 " 90+00W 1.0 calcite infilling cavity 4 +0.,14 +20.83 - 9.73
€508 " 8%+00W 1.0 vein calcite 4 -4.04 +17.50 -12.96
c503 " 88+20W 1740 " " 4 -2.87 +17.27 -13.18

cont. over
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TABLE 7.1 cont.

Extraction Location Distance N Description Stage s3¢ (epB) | 580 (swow) 5180 (rpB)
[ [ [¢]
No. of Fault No. 00) 00) oo)
(Metres)
368 4700 8T+00W 30.5 calcite infilling cavity 4 +0.66 +22.14 - 8.46
D1155 4620 92+10W 24.5 dolomite intergrown with sphalerite 2 +0.25 +23.40 - T.24
367 " B6+30W 6.0 vein calcite 4 ~0.50 +16.90 -13.54
€518 " n " " " (rpt.) 4 —-0.61 +17.21 -13.24
€512 DDH 368 (123.5 n) " celcite infilling cavity 4 -0.90 +21.41 - 9.16
1.34 kn. B of
Zone IIT
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TABLE 7.2

ISOTOPIC COMPOSITION OF CARBON AND OXYGEN IN UNMINERALISED WAULSORTIAN LIMESTONES

Extraction Location Description s'3c (FDB) 518 (sMow) 518 (PDB)
No. ®/o0) ®/o0) (°/o0)
C1345 12¢5 km. W N.W. Tynagh mine calcitic micrite +3.,60 +22.18 8.42
1346 113 km. " " " " " +3.96 +26.84 ~-3.,90
C1349 " " " " diagenetic calcite +4.,02 +27.74 -3,02
C1343 849 km. " " " calcitic micrite +3.87 +26.40 —-4.33
C1348 " " " " diagenetic calcite +4.08 +27.70 -3.06
C1344 8.0 km, ¢ n " calcitic micrite +4.00 +28,01 =271
C1347 6.0 km. " " " " " +3.83 +28.11 -2,67
1342 Ae4 kme n " " n " +3'73 +23,42 =7.22
¢1341 1.2 k. n " " " " +3.56 +25.12 ~5.57
€400 9.7 km. W. " v (H707) " " +3.88 +25.58 -5.12
c401 " " o " " diagenetic calcite +3.08 +23.96 ~6,69
c1128 " " " " " calcitic micrite +4.12 +27.40 -3.35
01120 " " o L " " " +4.10 +27.02 _3."(3
Cc1121 " " " o " diagenetic calcite +4.06 +27.95 -2.82
C1123 " v " " o calcitic micrite +3.79 +26.95 -3.79
c1132 " " " " " diagenetic calcite +3.53 +26.05 ~4,67
€402 " v " " " calcitic micrite +3.94 +26.50 -4.23

=il -



INFERRED

OXYGEN ISOTOPE EQUILIBRIUM FRACTIONATION TEMFERATURES FOR POST-ORE DOLOMITE-CALCITE PAIRS

Location Mineral Pair 1000 1n ok Inferred Temperature (°C)*
4700 67+50W (32 m) dolomite-calcite 2.13 103
4700 68+40W 32 m " " 1.37 207
4700 68+40W 26 m}b . " 0.70 441
4850 674500 61 m " " 0.69 441

* Calculated from experimental calibrations of Matthews and XKatz (1977), and O'Weil et al (1969)

- €Yl -
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means +2.96°/oo; 8180 (SMOW )2 +17.62°/oo to +27.110/oo, means

+24.23%/00 (fig. T.4).

Te3e143 Ore Stage Carbonates

Ore stage carbonates and altered micrites are

13C and to a lesser extent 180 with respect to

again depleted in
unmineralized Waulsortian limestones. With the exception of two
samples, carbonates associated with each stage of sulphide mineral—
ization display a similar spread in isofopic composition within the
following range — 8¢ (PDB): -1.09°/00 %o +3.43%°/00, mean: +1.99°/00;

518 SMOW )z +20.75°/00 to +26.88°/00, mean: +24.21%/00 (fig. T.5). -

The above mentiohed exceptions occur as the final
infillings to a cavity that can be correlated with stage 1 sulphide
mineralization (fig. 7.6). The cavity is lined with successive
generations of dark fibrous calcite with minor conformable horizons
of colloform pyrite. Sparry ferroan dolomite was precipitated from
fluid injection between bands of the fibrous caicite, and subsequently
displaced by microfaulting. Sparry calcite intergrown with minor
amounts of euhedral and colloform pyrite formed the infilling to the
centre of the cavity, and texturally identical discordant calcite
veinlets cut both the fibrous calcite and the ferroan dolomite. The
final event is recorded by a stylolite surface which can be seen to
post-date all carbonate generations. Serial sampliné through these
successive geﬁerations of carbonate cement has revealed a comparatively
wide variation in isotopic composition, the total spread in S13C (PDB)
and 680 (SMOW) being —2.77%/00 to +3.17°%/00 and +17.08%°/00 to +26.27°/00
respectively.  Although the relationship is not perfect, it becomes

clear from examination of figure 7.6 that this variation is systematic,
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the later generations being relatively depleted in the heavier

isotopes of both carbon and oxygen.

Microsampling of dolomitised Waulsortian micrites
in the zone of contact with stage 3 sulphide/sulphosalt veinlets
reveals a contradictory picture of isotopic variation (fig. TeT)e
There is no significanf variation in,813C of the dolomite with
distance from mineralization. In addition, the carbon isotope
composition of the dolomite is identical'or very close to that of
the unaltered calcitic micrite, However, there are large systemic
variations in oxygen isotope comPOSitiqn, in one example the carbon-
ate being depleted (fig. 7.7A), and in another, enriched (fig. 7.7B)

in the heavier isotope as the veinlet is approached.

Tele1.4 Post-0re Carbonates

Post—ore (stage 4) calcite veins and cavity in-
fillings exhibit the greatest range in isotopic compositions

s18 (smow): +15.87°/oo to

(5130 (PDB): -4.04°/00 to +2.57°/00;
+25.780/oo) and again are depleted in the heavier isotopes with
respect to the host carbonates (fig. 7.8). tPlug? dolomite and
dolomite/calcite intergrowths from related veins fall within this
range, but display a much smaller spread of values. Calcite over-
growths on *plug! dolomite are isotopically distinct from calcite

13

intergrown with vein dolomite, being relatively depleted in ~“C but

enriched in 180. Co-precipitated calcite-dolomite pairs yield a
wide range of fractionation factors and, therefore, cammot be
considered to be in isotopic equilibrium (table 7.3). If interpreted

as being so, they would infer unrealistic temperatures and temperature

gradients. For example, a pair taken from a vein at the 4700
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elevation, 68+40W would indicate a temperature of deposition of
4410C, whilst a similar pair from the same vein, but collected 6 m

to the north, gives a temperature of 207°C.

In summary, when considered as a whole the carbon
and oxygen isotope data exhibits a broad trend towards isotopically
lighter compositions with time (fig. 7.9). Unmineralized
Waulsortian micrites and diagenetic calcites define a heavy end

member, carbonates coeval with sulphides occupy an intermediate

13

position, whilst post-ore carbonates tend to be depleted in ~C and

18

0 with respect to the aforementioned.

Te3e2 Interpretation and Discussion

Both mineralized and unmineralized Waulsortian
micrites and associated diagenetic calcites exhibit a range of
isotopic compositions that falls within that displayed by other
Carboniferous limestones (Keith and Weber, 1964; Veizer and Hoefs,
1976). However, the relative depletions in the heavier isotopes of
carbon and oxygen in the mineralized examples, indicates either a
differing depositional/diagenetic environment, or exchange with

fluids other than normal sea-water.

The Great Bahama Banks probably represent the
nearest modern day equivalent to the Waulsortian depositional
environment . The mean anmnual surface temperature of the ocean in
this area is 25°C (Milliman, 1974). Teking this temperature, and
the mean 8180 value for unmineralized Waulsortian micrites (excluding
diagenetic calcites) an oxygen isotope composition of —2.550/00 (smow )

is obtained for Lower Carboniferous sea-water. If this value for



FIG.7.4 ISOTOPIC COMPOSITION OF WAULSORTIAN LIMESTONES.
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sea~water is in turn used to calculate the temperature of

deposition of individual unmineralized micrite samples, a range of
16.4 to 45.200 is indicated. This excessive spread of temperatures
could be due to the non-equilibrium precipitation of the carbonate
mud, or diagenetic modification. Consideration of isotopic data
from the Bahama Banks, however, might suggest that the former

situation is the case.

Lowenstam and Epstein (1957) found that the
isotopic composition of Bahama aragonite mud falls within the range
of algal carbonate, and concluded that this was the major source of
the mud. In addition, some of the algal cérbonate was shown to have
been precipitated in disequilibrium with the ambient environment.

The temperature range suggested by 5180 values was 22.8 to 39.800, a
spread incongruous with the maximum surface temperature of 3000.
As this temperature range is similar to that calculated for the
Waulsortian micrites, it is considered that the 8180 value suggested

above for Lower Carboniferous sea~water is a close approximation.

Mineralized Waulsortian limestones occupy an
intermediate range of isotopic compositions between, and overlapping
with that of unmineralized limestones and ore stage carbonates. It
is therefore apparent that the depletion in 136 and 18O occurred as
a result of isotopic exchange between the host and the mineralizing

fluids.

T+3¢2.2 Ore Stage Carbonates

The Waulsortian limestones constitute a distinct
end member to the isotopic variation displayed by dolomite and

calcite cogenetic with the sulphide phases of stages 1, 2 and 3.
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This suggests that the host was the major source of carbonate

during mineralization. However, the displacement towards lighter
carbon and to a lesser extent oxygen isotope compositions in both
mineralized micrites and ore stage carbonates indicates the influence

of an external contributor.

The'two possible sources of light carbon already
discussed are deep-seated carbon and organic carbon. However, as
the sulphur isotope data indicates that bacterial reduction was
taking place at the time of mineralization (see chapter 6), the
incorporation of light 002 produced by bacterial oxidation of organic
matter into both the ore stage carbonates aﬁd the mineralized lime-—
stones seems most likely. The absence of extremely light carbon

values is not surprising as any bacterial CO, whether produced in

2
situ or migrating out of off-bank facies, would be swamped by the
vast reservoir of limestone derived carbonate. The trend towards

lighter §1°

C values in later carbonate generations infilling the
stage 1 cavity (fig. 7.6) could be a reflection of the incorporation

of an increasing proportion of organic CO As the host became

2.
locally more lithified it would have been less liable to interact with,

and thus make a contribution to, passing fluids.

Any contribution of liéht carbon from deep-seated
sources would be difficult to recognise against the prevailing back-
ground of organic and limestone derived carbon. As a contribution
of sulphur from deep-seated sources has been demonstrated for stage
3 mineralization, dolomitised zones adjacent to veinlets of this
stage would most likely show the effects of deep-seated carbon.

130 values of these dolomites and the

13

However, the similarity of &

adjacent unaltered micrites (fig. 7.7) suggests that '~C depletion
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predates dolomitisation.

A reliable estimate of the oxygen isotope
composition of the mineralizing fluid cannot be made without know—
ledge of the temperature of deposition. For example, thé

180 within successive generations of stage

increasing depletions in
1 carbonate (fig. T.6) could be due to deposition from increasingly
warmer and/or isotopically lighter waters. Alternatively, the
variation could be the result of isotopic exchange between previously
precipitated carbonate generations and later hotter andfor lighter
fluids passing through the cavity. An exchange mechanism seems

S18

unlikely though, as 0 (SMOW) varies as a function of paragenetic

position rather than proximity to probable conduits.

An alternative approach would be to estimate the
isotopic composition of the fluid, and thus‘calculate the probable
temperature of deposition of the carbonate. It has been argued on
thé basis of the ore textures(chapter 3) and the sulphur isotope data
(chapter 6), that stage 1 pyrite aggregates were precipitated during
the early diagenetic history of the Waulsortian iimestones, by
bacterially redﬁced Lower Carboniferous sea~water sulphate. It is
probable, therefore, that the oxygen isotope composition of the fluid
was close to that of contemporaneous marine waters. If the 8180
value of —2.55°/o0 (SMOW) for Lower Carboniferous sea—water is
accepted, a temperature range of 25 to 91°C would be implied for the
successive generations of stage 1 carbonate illustrated in figure T.6.
The temperature range calculated for the fibrous calcite generatioms,
(25 to 49°C) is within the range that can be survived by sulphate
reducing bacteria (6.2.2.2) and, therefore, this interpretation ﬁould

be consistent with the sulphur isotope data. However, the higher



FIG.7.5 ISOTOPIC COMPOSITION OF ORE STAGE CARBONATES.
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FIG.7.6 ISOTOPIC VARIATION IN SUCCESSIVE GENERATIONS OF STAGE 1 CARBONATE.
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FIG.7.7 ISOTOPIC VARIATION WITHIN STAGE 3 DOLOMITE.
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temperatures suggested by the oxygen isotope compositions of later
sparry generations, would drastically reduce the activity of the
anaerobes. These later generations of carbonate may, therefore,

be coincident with the termination of in situ bacterial reduction.

In addition, temperatures as high as 91°C at such shéllow depths
implies a considerable contribution of heat and thus heat transfer—
ring medium (water) from an external source. Circulation of sea-
water to depth, or the influx of a totally unrelated fluid therefore
has to be evoked. This would have mixed with normal sea-water and
thus make the initial assumption of the oxygen isotope composition

of the water less tenable.

A similar problem exists in the interpretation
of oxygen isotope trends in dolomitised zones adjacent to stage 3
veinlets. An increase in 8180 could be interpreted as reflecting
a decrease in the temperature of deposition. However, if this were
the sole cause of variation during dolomitisation, this would infer
an increase in temperature towards the veinlet in one case (fig.
7.74), but in the other example (fig. 7.7B), a decrease ;n tempera—
ture. In the latter instance the observed trend can only be
explained satisfactorily by a mechanism involving isotopic exchange
between the host carbonate and the mineralizing fluid. The dolomite
towards the outer edge of the alteration zone has retained the
isotopic composition of the pre-existing micrite, whilst samples
nearer the vein represent increasing degrees of re—equilibration
with the ore fluids. These fluids need not have been isotopically
very different from sea-water. However, if the temperature of
dolomitisation was above 31°C as seems likely, this would suggest a

18

& 70 value heavier than —2.550/00 (SMOW) for the water.
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Te3.2.3 Post-Ore Carbonates

The range of isotopic compositions displayed
by post—ore carbonates égain points to the mixing of carbonate
derived from the Waulsortian limestones, with a source of 1light
carbon and isotopically light and/or hot water. The greater extent
of 130 depletion as compared to ore stage carbonates possibly
indicates an increased contributidn from the light carbon source.
However, if this is so, it is difficult to envisage how biogenic 002
could make a greater contribution than in earlier stages when bacterial

sulphate reduction has been shown to be taking place.

The observed range of carbon isotope compositions
could be produced from a solution with a constant 25130 composition
by variations in fO2 and pHe Fractionation between reduced and
oxidised species is an unlikely mechanism as this would necessitate
tﬁe presence of co-existing reduced carbon, either as graphite or
methane. Graphite is not a phase that is noted at Tynagh, and
investigation of present day geothermal areas has revealed that,
neglecting steam. , CO2 dominates the vapour phase, whilst methane is
usually present in quantities of less than 1 mole % (B11is, 1967).

In high f02 regions 813

C is controlled by variations in pH alone
(Ohmoto, 1972). However, wall rock reaction with the host limestones
would probably counteract any large fluctuations in pH.

13

A wide variation in § “C could be produced from a
limestone source of uniform isotopic composition, in response to
temperature dependent equilibrium fractionation between various

oxidised carbon species. However, examination of figure T.2 shows

that any calcite phase precipitated at temperatures up to 200°C will



FIG.7.8 ISOTOPIC COMPOSITION OF POST-ORE CARBONATES.
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be either isotopically similar to, or heavier than the source

carbon, which is clearly not the case at Tynagh.

An influx of deep—seated carbon provides the
most probable explanation for the 13C depletion in post-ore

carbonates,

Uhfortunaiely, due to the lack of precise infor-
mation as to the temperature of deposition, the oxygen composition
of these late stage fluids cannot be precisely defined. However,
as the carbon isotope data indicate +the influence of deep-seated
sources, a contribution of magmatic water would seem likely. The
assumption of a value of +70/oo for the water (average magmatic water)
would indicate a temperature range of 84 to 20508 for stage 4 carbon-
ate precipitation. This would be in close agreement with the

temperature range suggested by preliminary fluid inclusion studies,(3.7.1).

1.4 ISOTOPIC COMPOSITION OF SILICATES ASSOCTATED WITH

Due to the difficulties experienced in the separation of
sufficient quantities of uncontaminated material, only three samples

have been analysed (table T.4).

Each of these has a 8180 value that falls within the range
exhibited by ore stage carbonates, and they are isotopically heavier
than sedimentary, metamorphic and igneous silicates (Taylor, 1974).
This confirms that they were precipitated from the ore fluids, and

that they were not derived from detrial components within the sediment.

The quartz-albite pair yields an oxygen isotope fractionation

temperature of 110°C which, if used in conjunction with the quartz—

18

water calibration of Matsuhisa et al (1978), indicates a § O



TABLE 7.4

OXYGEN ISOTOPE COMPOSITION OF ORE-STAGE SILICATES

Extraction Distance N Stage 5180 (sMOW) 10001n« Fractionation¥*
No. Location of Fault Description No. ©/00) n Temp. (°C)
(Metres)
F432 5050 66+10W 67.0 Hyalophane intergrown with sphalerite 2 +17.82 -
FA34a 4900 B9+10W 1.5 Albite replacing micrite 3 +18.78
2.88 110
F434b " n " Quartz replacing micrite 3 +21.72)

*

Calculated from alkali feldspar — water calibration of O0'Neil and Taylor (1967), and quartz — water calibration of Matsuhisa et al (1978).

—BSl—



FIG.7.9 SUMMARY OF CARBON AND OXYGEN ISOTOPE DATA.
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value of +2.4°/oo (SMOW) for stage 3 water. As this is based on

only one mineral pair, and as the experimental calibrations have to
be extrapolated to temperatures below 20000, these values can only
be considered as tentative. However they are in agreement with the

conclusions drawn from the carbonate oxygen data which suggests an
increase in temperature towards the end of stage 1 and during stage
3 8180 values heavier than those of contemporaneous sea-water. An
increase in the 18Q/160 ratio could have been produced by an influx

of magmatic waler or alternatively could be the result of high

temperature exchange between ore fluids and the limestone host,

Te5 CONCLUSIONS

The host micritic limestones within the area of the Tynagh
orebody are depleted in the heavier isotopes of carbon and oxygen
with respect to local ummineralized Waulsortian limestones. The

13

depletion in ~“C is due to the incorporation of isotopically light

002 produced from organic carbon during the bacterial reduction of
sea—water sulphate. Depletion in 180 is the result of exchange

between the host and mineraligzing fluids.

Dolomite and calcite coeval with sulphide deposition, and
altered Qicrites are also depleted with respect to the Waulsortian
limestones. However, the juxtaposition of the ranges in their
isotopic composition suggests that the host limestones were a major
source of carbonate. The incorporation of varying amounts of light

130. It is tentati-

organic carbon produced the observed range in &
vely suggested that during the initial stages of sulphide mineralization
temperatures did not exceed n:50°C, and that carbonates were precipi-

tated from contemporaneous sea-water with a 8180 value of —2.550/00

(SMDW). Towards the end of stage 1 temperatures increased, possibly
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to around 10000. These higher temperatures probably persisted
throughout the later stages of sulphide mineralization and, if so,

18Q/16

must have been coincident with an increase in the O ratio of
the ore'fluids. This increase could have been due to an influx
of magmatic water or high temperature exchange between ore fluids
and the host.

Post—ore carbonates display the greatest range in 8180

13C, which is again contiguous with that of the Wanlsortian

and &
limestones. It is proposed that the range in carbon isotope
compositions was produced by the mixing of limestone derived carbon
with deep-seated carbon. The source of tﬁe water cannot be
precisely defined from the oxygen isotope composition of the
carbonates without independent evidence of‘the temperature of'
deposition. However, in view of the assoéciation with deep-seated
carbon, a magmatic source is conjectured. This would indicate a
temperature range of 84 to 20500 for post-ore carbonate precipitation,

which would be in close agreement with the temperature rahge

suggested by preliminary fluid inclusion studies.
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Variations in lead isotopic composition are the result of

238 235U to 2O6Pb and 207Pb (uranogenic

208

radioactive decay of U and

lead) respectively and 2327n 40 Pb (thorogenic lead). The
fourth stable lead isotope, 204Pb has no known radioactive parent
and, therefore, provides an ideal index against which variations
in other isotopes can be measured, The isotopes of Pb are not
subject to significant fractionations in fesponse to changing
physico-chemical conditions, as are the light stable isotopes, the
greatest equilibrium fractionation that would be expected being

208Pb/2O4Pb ratio (see Doe, 1970). A single stage

0.05% of the
growth model based on the radioactive decay law to explain the
increase in the Pb isotope ratios 206/204, 207/204 and 208/204 with
decreasing geological age, was originally proposed by both Holmes

(1946) and Houtermans(1946). The model is dependent upon a number

of basic assumptionss:—

(i) When the Barth was formed there was a unique set of
isotopic proportions for all lead, throughout its mass, and probably

within the solar system as a whole - primaeval lead.

(ii) From that time, all lead was contained within one or

more closed systems, with constant proportion to uranium and thorium,

apart from the effects of radioactive decay.

(iii) Lead extracted from this system or systems to form ore-

bodies did not upset the U-Th-Pb proportions.
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(iv) No contamination of the lead occurred between the
source region and the deposition site.
This model can be displayed graphically as a plot of 207/204
against 206/204 for the U/Pb system, and 208/204 against 206/204
for the Th/Pb system. However, it is the U/Pb system (fig. 8.1)
that is of most use because of the known consistency of the
238U/235

U ratio at a given time, as opposed to the possible

chemical fractionation of U and Th in nature.

Fig. 8.1 BSingle Stage Model

207/204

qisochron

'
'
a

206/204

a, b and c¢ are growth curves, which show how the isotope ratios
change with time due to radioactive decay of the parent isotope
(Appendix - 2a), They are curved due to the change in 238U/235U

with time (at present this ratio is 137.88; 4.55 billion years ago it
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was 3.33). The separate growth curves, a, b and c represent a
group of locally closed systems with differing initial amounts of
uranium (n = present day ratio 238U/2O4Pb). 2, and bo are the
primaeval ratios of lead at time to, the time of formation of the
Earth,. These are defined from meteoritic leads which contain
negligible U and Th. If contemporaneous mineralization at time
t1 affected closed systems a, b and ¢, the extraction and
concentration of lead into a lead mineral provides a "fossilised"
record of the isotopic composition of the lead in the systems at
t1. The isotopic evolution of the lead ceases because it is
separated from the radioactive parent isotope. The measured
ratios of 206Pb/2O4Pb and 207Pb/204Pb of the lead minerals derived
from the different closed systems, lie on a straight line called

an isochron having a slope related to the age of the Earth (to)

and the time of mineralization (t1) — model age.

Stanton and Russell (1959) found that conformable ore leads
of different ages fitted approximately to a single growth curve and
prbpbsed that this curve represented the development of the lead
isotopic composition of the lower crust or upper mantle with time.
However, recent revisions of the physical constants used in the
model age equations have led to a re—assessment of the validity of
a single stage growth curve developed from a closed U/Pb systeme.
Oversby (1974) using the new constants, recalculated model ages
and model n values for a number of samples, and found that reéent
samples gave anomalous ages. The general trend of the data
suggested a parent system which has had a small, rather steady
increase in U/Pb ratio with time. Stacey and Kramers (1975)

developed a two-stage model which gives good model ages for samples
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of all ages. They postulated that lead developed initially from

a primaeval composition beginning at 4.57 b.y. ago, in a system
with average 238U/204Pb'and 232‘I‘h/204Pb ratios of 7.19 and 32.21
respectively. At approximately 3.7 b.y. ago differentiation
processes brought about the conditions of a second stage, in which
238ﬁ/204Pb ~ 9,74 and 232Th/204Pb ~ 37,19, Cumming and Richards
(1975) propose a perhaps more reasonable model in which they
postulate a steady growth in U/Pb accompanied by a slight decline

in Th/U in the source region, without the necessity of a world-wide
catastrophic event (Appendix - 2b). They additionally proposed a
crustal source for ore leads on the basis fhat, in agreement with
their model, it is generally accepted that U has migrated towards
the upper crust faster than Th and that both have moved in preference

to Pb.

Not all lead isotope ratios, however, can be explained by a
single-stage model, some giving model ages which are clearly in
conflict with the geological evidence. These are known as anomalous
leads, and in certain instances (e.g. galenas from the Mississippi
Valley deposits — Heyl et al, 1966) would give future ages if inter—

preted as having evolved in a single-stage system.

One way in which anomalous leads can be produced is by a
two-stage process, in which the lead isotopic composition evolves
in a single—-stage system until some later event occurs that causes

238120451, ratio (1) to be changed into a variety of

the initial
values (¥2). This results in lead isotope data that lie along a
secondary isochron which intersects the growth curve at t2 (age of

mineralization) and b, (initiation of the second stage; i.e. age of

- the source, or age of an earlier mineralization of the source rock) —
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fig. 8.2.
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Multi-stage systems have also been recognised, but these can only

be solved under certain special conditions (see Doe and Stacey,

1974).

8.2

8.2.1

LEAD ISOTOPE VARIATION WITHIN THE Pb-Zn DEPOSITS OF THE

The first lead isotope studies of Irish galena occurrences

were carried out at the University of Oxford, as part of a more

extensive study of mineralization within the British Isles (Pockley,
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1961; Moorbath, 1962). The samples analysed were representative
of a variety of geological settings, and included a number that
were hosted within Lower Carboniferous sediments. Model lead
ages suggested a wide time span for mineralization within Ireland,
but data from the Abbeytown deposit (the only large Lower Carbon—
jiferous hosted deposit known at the time) pointed to a possible

Lower Carboniferous age of mineralization.

However, subsequent refinements in instrumentation,
standardisation, and the amendment of geophysical constants and

lead models, necessitated the revision of all earlier studies.

In an attempt to update the work of Pockley and Moorbath,
Greig et al (1971) determined lead isotope ratios for 29 galena
samples from 24 different localities, including Tynagh, Silvermines,
Keel and Gortdrum. The data exhibited a wide scatter which they
interpreted as being largely due to fractionation effects and 2O4Pb
measuremnent error.  They concluded that the data could be adequately
explained by a single—stage model which suggested ages of minerali-
zation ranging from 270 to 75, or 215 to 20 m.y. depending on the
decay constants used. A broad regional trend in isotope ratios
was also revealed whereby leads became progressively more radiogenic

(younger) southwards.

8.2.2 Aims of the Present Study

The current programme of lead isotope analysis was undertaken
to further refine and extend the work of Greig and co—workers. By
" frequently analysing the NBS 981 standard and replicating analyses,
it was hoped that measurement error would be reduced, thus enabling

a more precise interpretation of the data to be achieved. In
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addition, the revision of the uranium decay constants (Jaffey et
al, 1971), and the proposal of the Linear Model for lead isotope
evolution (Cummings and Richards, 1975) has necessitated the re-
assessment of previously published model lead ages. Further,
the discovery, and subsequent development of the vast Navan
deposit has provided an ideal opportunity to re-examine the
importance of regional lead isotope variations within the Irish

Pb-Zn orefield.

8.2.3 TResults

8.2.3.1 Introduction

All galena analyses are presented in table 8.1.
Model ages and n values are calculated according to the Linear
Model of Cumming and Richards (1975). Where replicate analyses
have been carried out, model ages are based on the mean values of

the isotope ratios.

8.2.3.2 Tynagh

The samples analysed were chosen so as to cover
as large a volume of the orebody as possible, and also to represent
the two main stages of ore mineralization. However, examination
of figures 8.3 and 8.4 reveals that galenas from the Tynagh deposit
exhibit a very uniform lead isotope composition. There are no
significant variations that can be related to either spatial or
paragenetic position within the orebody. Mean model age (m.y.):

348522 (2 standard deviations).

8.2.3.3 Silvermines

Galenas from Mogul's Upper G, Lower G and B zones



GALENA LEAD ISOTOPE RESULTS

) Model *

Run No. Location 206/204 207/204 208/204 Age (my) n
C437 Tynagh 5050 66+10H 67.0 m. N of Fault (Stage 2) 18.036 15.512 37.824 337.8 10.49
c402 v " 654800  70.0 m. " (Stage 3 18.052 15.537 37.884 354.8 10.55
€423 " 5000 644850  18.0 m. " §5tage 2 18.045 15.518 37.909 338.5 10.50
C406 " " 514500  30.5 m. " Stage 3 18.059 15.537 37.889 354.8 10.55
€420 " " " 5¢5 m. v Stage 3 18.030 15,503 37.922 331.8 10.47
c439 " 4912 664300 21.0 m. " Stage 2 18.030 15.516 37.817 346.2 10.50
C426 w " 644400  37.0 m. " Stage 2% 18.036 15.518 37.902 344.4 10.51
c427 " " " " " Stage 3 18.003 15.500 37.809 3 10.50
ca42 " " " " " Replicate) 18.038 15.528 37.857 439 -3
c407 " 4900 86+00d  23.0 m. " Stage 3) 18.039 15.543 37.874 371 10.57
c431 " " " " " Replicate) 18,041 15,547 37.914 -4 *5
C432 " 4725 86+20W 122.0 m. " Stage 3) 18.025 154520 37.833 353.9 10.51
€440 " 4620  91+20W  40.0 m. " (Stage 2) 18.043 15.522 37.860 344.2 10.51
C414 Silvermines — Shallee Southwest 18.214 15.548 38.013 263 10.58
c441 " " " (Replicate) 18.252 15.575 38.071 2 *5
C410 " — Mogul Lower G Zone 18.246 15.570 38.087 263.9 10.59
c412 " - Mogul Upper G Zone 307 RM 18.234 15577 38.051 279.5 10.61
€433 " — Mogul B Zone 4931 haulage 18.238 15.590 38.160 291.2 10.64
c411 " — Mogul B Zone 4650 RM 18.247 15.567 38.135 259.9 10,59
c41T " ~ Magcobar Barytes Pit 18.241 15,573 38.121 270.5 10.60
C467 Navan 1-5 Lens 827.0 MWW 520.6 NE 1380 El 75 m. from B Fault 18.221 15.573 38.169 279.8 10.59
€503 " " " " " " (Replicate) 18.208 15.559 38.011 * *
G494 v " 822,3 ™ 514.1 NE 1375 El 1 m, " 18.286 15.633 38.199 307.1 10.73
C466 " 2-5 Lens 835.7T N 494.8 NE 1388 E1 83 m. " 18.222 15.565 38.070 273.7 10.56
€499 " " " " " " " (Replicate) 18.186 15.543 37.953 3. -5
c417 " " 826.2 NW 492.7 NE 1350 El 90 m. from A Fault 18.206 15.593 38.110 297 10.60
€504 " " " " " " (Replicate) 18.191 15.550 37.988 915 .
c478 " " 837.7 NW  483.0 NE 1398 El1 3m. " 18.240 15.595 38.119 297.7 10. 66
€501 " " " " " " " (Replicate) 18.250 15.605 38.132 at. .
c486 " v 846.8 NW  496.8 NE 1388 El 5 m. from B Fault 18.250 15.620 38.141 5 10.68
492 " " " " " " " (Replicate) | 18.228 15.600 38.151 3125 .
C502 " " 841.7T NW  495.2 NE 1375 E1L 45 m. " 18.196 15.553 37.987 277.8 10.56
C487 " 1-4 Lens 822.2 W0 522.4 NE 1393 E1 55 m. " 18,210 15,568 38.052 285.3 10.59
C495 " 2-4 Lens 822.5 NW 498.0NE 1348 Bl 110 m, " 184252 154595 38.082 287.6 10.65
c489 " ?2-3 Lens 820.0 NW 500.6 NE 1347 E1 100 m. " 18.409 15.737 38.473 3 10.96
C491 " " " n " " (Replicate) 18.415 15.749 38.496 444 -9
C482 " 2-1 Lens 812.0 NW 503.9 NE 1378 Bl 145 m. " 18.366 15.692 38.310
c488 " " " " " " " (Replicate) 18.358 15.690 38.323 313.2 10,80
C496 " " o " " " (Replicate) 18.273 15,616 38.088

*

-  Linear model - Cumming and Richards (1975)

- 69l —
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FIG.8.4 208/204v206/204-
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along with samples from the Magcobar barytes deposit and the

O.R.S5. hosted vein deposit at Shallee S.W. are almost identical in
isotopic composition, (figs. 8.3, 8.4). This is in contrast to
the data produced by Greig and co-workers (1971) which demonstrated
wide ranges in lead isotope ratios for these same deposits. This
confirms the view that much of the scatter in their data is due to
analytical error. However, in aéreement with their observations,
the lead within the Silvermines deposits is clearly more radiogenic
than that at Tynagh. Mean model age (m.y.): 271224 ( 2 stendard

deviations).

8.2.3.4 Navan

In contrast to Tynagh and Silvermines, galenas
analysed from the Navan deposit exhibit a wide range in lead
isotope ratios. The majority of the analyses cluster around, but
are slightly less radiogenic than the Silvermines values (figs. 8.3,
8.4). However, three samples are distinct from the rest of the data.
These have much higher ratios (and older model ages) and, together
with the rest of the Navan data, define a linear trend that closely
parallels a 204 error line. However, the replication of the two
highest ratios, and the lack of any similar scatter in the standard
analyses and analyses from the other deposits, rules out the
possibility of 204 error. Moreover consideration of the spatial
relationships of the samples indicates that this trend can be related

to a number of important geological features.

Figure 8.5 is a more detailed plot of the Navan
lead isotope data that indicates the ore horizon from which the

sample was collected. For the 5 lens, the distance of the sample
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FIG.8.5 LEAD ISOTOPE VARIATION WITHIN
THE NAVAN DEPOSIT.
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from either the A or the B fault is also shown, Considering

samples from the 5 lens initially, it can be seen that there is

a clear relationship between isotopic composition and proximity to
either of the faults. Samples nearest the fault exhibit the

highest ratios, while those in excess of 45 metres from the fault
display lower ratios. Samples from the overlying ére horizons

(4, 3 and 1 lens ) were collected at distances in excess of 55 metres
from the fault, but nearly all have higher ratios than their counter-
parts in the 5 lens . A possible explanation is discussed in the

following section.

8.2.4 Interpretation and Discussion

The Galena model age for the Tynagh deposit agrees
precisely with the age of mineralization inferred from the geological
evidence. To recapitulate, it was argued in chapter 3 that mineral-
ization at Tynagh was initiated during the early diagenetic history
of the Waulsortian bank complex. These sediments are of Upper
Tournaisian to Lower Visean in age, therefore a similar or possibly
slightly younger age has to be inferred for the mineralization.
George et al (1976) published a summary of radiometric dates for the
British Dinantian stages (fig. 8.6), which suggests a date of
approximately 350 m.y. for the Tournaisian-Visean boundary. The
mean model age of 348t22 m.y. for the Tynagh deposit can, therefore,
be safely interpreted at its face value as confirming an Upper
'Tournaisian/Lower Visean age for mineralization at Tynagh. Moreover,
the similarity of the lead isotope ratios of stage 2 and 3 galenas
indicates that the metals precipitated during these separate mineral-

izing events were derived from the same source.
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Fig. 8.6 Summary of Published Radiometric Dates from the
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The agreement of the Tynagh model age with the age inferred
from the geological evidence, raises important questions with regard
to the source of the metals. The deep-seated, possibly mantle
origin for this type of lead has been a feature of many interpret-
atiqns in the past (e.g. Stanton and Russell, 1959; Cumming and
Robertson, 1969). However lead in recent basic volcanics collected
from sites where they would least likely have been contaminated
during passage from the mantle, have heterogeneous isotopic composi-
tions and do not fit a single stage growth curve (see Richards,
1971). Additionally, the Linear Model of Cummings and Richards

(1975), favours a crustal source for ore leads. If single-stage
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leads are indeed derived from a crustal source, a mechanism is
called for that involved homogenisation of lead from large volumes
of crust and its’transport to the site of depogition with little or
no contamination from radiogenic sources en route. The role of
magmatism in such a process cammot be disregarded. Indeed, at
Tynagh, the derivation of metals from an igneous source would be
consistent with, and provide further support for, the recognition
of deep-seated sulphur and carbon in the later stages of mineral-

ization.

8.2.4.2 Silvermines

A model age of 271124 m.y. for the Silvermines
deposits would infer a Permian age for mineralization, if the lead
had evolved in a single-stage system. This would support the views
of Fillion (1973) and Barrett (1975) who considered that the Pb, Zn,
Cu mineralization post—dated the deposition of the synsedimentary
pyrite/barytes body. However, sample G433 (table 8.1) was taken
from a stratiform sphalerite/galena horizon within the footwall
Muddy "Reef" Limestone (see fig. 4.4). This horizon had undergone
soft sediment deformation along with the host, and can, therefore,
be dated stratigraphically as Upper Tournaisian. As it is
isotopically identical, and thus undoubtedly related to galenas
from the main ore horizon, a similar age is indicated for the
economic mineralization. Galena lead from the Silvermines
deposits is, therefore, anomalous in its isotopic composition and
canmot be considered to have evolved in a single-stage system. In
addition, the similarity in isotopic composition of the galena
sample from the vein deposit at Shallee S.W., with galena from the

stratiform Lower Carboniferous deposits indicates that they are
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related to the same mineralizing episode.

Interpretation of the Silvermines and Tynagh
data in terms of a two;stage model does not satisfactorily explain
the anomalous Silvermines values. A least squares fit through
the data,acceptance of the Tynagh model age as a close approximation
to the age of mineraiization, and adopting the average Tynagh n
value of 10.51 for the first stage, would infer an age of 3,175 m.y.
for the source region. The existence of a basement as old as this
is highly unlikely. The Inishtrahull gneiss complex of Co. Donegal
has been correlated with the Lewisian of N.,W. Scotland (Macintyre
et al, 1975), but no isotope ages exceediﬁg ~2,800 m.y. have been
reported from the Scottish Precambrian (Chapman and Moorbath,
1977). Moreover, the basement underlying the Central Plain is
considered to be much younger than Lewisian. Granulite—~facies
gneiss xenoliths within Lower Carboniferous agglomerates have been
correlated with similar lithologies within the Ox Mountain inlier
(Strogen, 1974). Phillips et al (1975) consider the Ox Mountain
succession to resemble the Moine of Scotland, whilst Long and Max

(1977) argue that it is Dalradian in age.

In recent years it has become accepted that hot
concentrated chloride brines can leach metals from the formations
through which they pass. The possibility has, therefore, arisen
that radiogenic lead derived from local sedimentary sequences could
explain the anomalous nature of many ore leads. In a radiogenic
tracer study of lead and strontium in the Salton Sea geothermal
brines Doe et al (1966) demonstrated that the bulk (50 ~ 100%) of
the lead in the brines was leached from the host Quaternary and

Tertiary sediments. Doe and Delevaux (1972) in a similar study of
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ore and rock lead in the south east Missouri mining district,
suggested that the radiogenic lead in the galenas could have been

leached from the carbonate cement of the Lamotte Sandstone.

So as to ascertain whether or not a similar
model could be proposed to explain the radiogenic nature of the
Silvermines lead, a preliminary investigation of trace lead in
some Palaeozoic sediments was carried out. Due to the limited
time available only three samples were analysed (table 8.2), and
even these are subject to large errors (see 5.3). Nevertheless
it is evident fhai, even allowing for the error involved, Lower
Palaeozoic and possibly Lower Carboniferoﬁs sediments can be
regarded as a potential source of radiogenic lead. However, a
contribution of single-stage lead, as exemplified by Tynagh, camnot
be ruled out. Indeed, this would be necessary if the lead was
derived from a source as.radiogenic as the Ordovician or Silurian

shales.

A more detailed and refined programme of whole
rock analysis clearly needs to be undertaken to further define the
radiogenic source. Such a study should include analysis of meta-
sediments from the Ox Mountain inlier, as well as Palaeozoic

sediments and volcanics from the Central Plain and adjacent massifs.

8.2.403 Navan

The scatter in the Navan data can be best
explained by a model that involved the mixing of anomalous lead with
single-stage, but high p lead. The 5 lens was the first ore
horizon to be deposited and at this time the metalliferous fluids
had a similar lead isotope composition and were probably of similar

provenance to those farther south at Silvermines. However, as



TABLE 8.2

WHOLE_ROCK_LEAD ISOTOPE ANALYSES

Measured Ratio1

Corrected Ra.tio2

Run ppm¥* ppm* ppm*
No. Description Location U Th Pb
206/204 | 207/204 | 208/204 | 206/204 | 207/204 | 208/204

c511 Lower Carboniferous 11.3 km. W.N.W. of 2.2 14.5 14.4 18.76 15.59 38.46 18.14 15.56 37.16

Limestone shale Tynagh mine

(Lower Lst.)
€510 Silurian slate Slieve Bernagh inlier 2.0 8.7 10.5 24.39 16.18 39.65 23.53 16.14 38.47
€506 Ordovician black shale Slieve Bernagh inlier 1.8 0.5 3.6 20.48 15.74 38.18 18.39 15.64 38.00

*  Determined by X.R.F. analysis

1

2

Corrected for blank

Corrected for contribution of Radiogenic lead since time of mineralization (350 m.y.)

— 6Ll —
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mineralization progressed at Navan, the lead isotope ratios

of the metalliferous fluids increased resulting in the deposition

of isotopically distinct galenas in the overlying (later) ore
horizons. Contamination of previously precipitated sulphides in

the vicinity of the main faults (the most probable conduits for

these fluids), resultéd'in the displacement of their lead isotope
ratios towards the values of the later fluids. The Navan sample
with the highest ratio yields a model age of 344 m.y. which, if

the same errors as on the Tynagh model age ( *oo m.y.) are adopted,
would agree with the stratigraphic dating of the deposit. Therefore,
the most likely cause for the shift towardé higher ratios is the
influx of single-stage magmatic lead that mixed with the Silvermines~

type radiogenic lead.

One weakness in this argument is the widely
differing p values suggested for the source region. However, this
could be accounted for by local variations in p within the source
region. Indeed, Cumming and Richards state that the Linear Model

defines average behaviour and that variations in ; are to be expected.

8.2.5 The Role of Magmatism and the Source of Metals

In the preceding sections it was argued on the basis of
the isotopic evidence that ore lead at Tynagh was derived from a
magmatic source. Unfortunately, the apparent dearth of plutonic
igneous activity of the appropriate age detracts from any model
inferring a magmatic source for the metals. The Gortdrum Gu, Hg,
Ag deposit displays the only known association with intrusions of
Lower Carboniferous age. These consist of a number of minor basic

plugs and dykes which cut the ore zone, but which have been
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demonstrated to pre-date mineralization (Steed, 1975). However,
gravity surveys have revealed anomalies (fig. 8.7) which have been
interpreted as indicating the presence of a number of concealed
acid plutons beneath central Ireland (Charlesworth, 1963). 1In
addition, Schultz (1968) suggested that the broadly domal structure
of the Slieve Aughty and associated Tymagh inlier may have been
caused by vertical acting forces related to deep-seated magmatic

activity.

Recent stable isotope studies have emphasised the importance
of hydrothermal convection cells in the vicinity of igneous bodies
intruded into the epizonal (upper 5~ 10 km.) continental
environment (Taylor, 1974; Sheppard, 1977). In such circumstances the
leaching of metals from the surrounding country rock and their
incorporation into any embryonic mineralizing fluids has to be
considered a possible consequence. As lead, and presumably other
metals at Tynagh, was derived solely from a magmatic source, the
effect of such a convection system has to be denied. Either
permeability of the country rock was insufficient to allow
significant circulation of pore waters, or magmatic activity occurred
at depth. If the latter situation is the case then an explanation
has to be proposed to account for the transport of lead to the site
of ore precipitation with little or no contribution from radiogenic
sources. An obvious answer lies in the Tynagh fault which may
have provided a conduit for deep-seated hydrothermal fluids.

Russell (1968) proposed that the intrusion of 5asic and intermediate
magmas at the intersection of north-south geofractures with major
east-west trending faults was intrinsic in controlling the location

of the Lower Carboniferous hosted base metal deposits of Ireland.



- 182 -

FIG.8.7 BOUGUER ANOMALY MAP OF CENTRAL

IRELAND. (Based on Charlesworth, 1963).

—=Bouguer anomaly in mgals.

GG= Anomaly related to outcrop & subsurface extension
of Galway granite.

LG= Anomaly related to outcrop & subsurface extension
of Leinster granite.

A = Abbeytown. G = Gortdrum. = Keel.

N = Navan, S = Silvermines. T = Tynagh.
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However, this is based entirely on conjecture. Indeed, such
north-south structures are an ummecessary complication if the
Tynagh and similar faults are themselves related to fundamental

weaknesses in the basement.

Two of the most marked Bouguer "lows"™ within the Central
Plain, excepting those associated with known outcropping granitic
intrusions, occur in the immediate vicinity of the Navan and
Silvermines deposits (fig. 8.7). No such anomaly is known at
Tynagh. If these gravity "lows" are related to concealed granitic
plutons of Lower Carboniferous age, then this would indicate that
magma emplacement occurred at a higher level in the crust than that
postulated beneath Tynagh. Consequently it is more likely that
hydrothermal convection cells would have been established in their
vicinity. If mineralization at Navan and Silvermines and high
level intrusion were consanguineous, then no other mechanism need
be sought to explain the circulation of waters through, and the
leaching of radiogenic lead from surrounding sediments. In
addition, a model involving derivation of metals from multiple
source regions, both magmatic and sedimentary, goes far in explaining

the differences in elemental composition between individual deposits.

8.3 Conclusions

Galena leads from the Tymagh deposit yield a model age for
mineralization (348t22 m.y.) that agrees precisely with that
expected from the geological evidence. It is suggested that the
lead evolved in a single-stage system, and that this indicates that

the metals were derived from an igneous source.

Lead in galenas collected from the various deposits along
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the Silvermines fault is isotopically uniform, and can be
considered to have been deposited from the same metalliferous
fluidse. However, the lead is radiogenic in comparison to Tynagh
lead, and the average model age is in conflict with the known
stratigraphic age of the deposits. Therefore, the lead cannot
have evolved solely within a single-stage system. Interpretation
as a two-stage model predicts an age for the source region, that
is older than any known basement in the British Isles. The
Silvermines data can be best explained by a process that involved
a contribution of radiogenic lead leached from a sedimentary or

metasedimentary source.

Galenas from the Navan deposit exhibit a temporally related
trend which indicates that initially the metalliferous fluids were
of similar provenance to those at Silvermines. Later, mixing
occurred with a high p, single-stage lead, probably of magmatic
origin,

A model is proposed whereby the Tynagh fault tapped metal-
liferous fluids generated by deep—seated magmatic activity, whilst
at Navan and Silvermines higher level intrusion induced circulation
of fluids through, and as a consequence leaching of lead from the

surrounding country rocks.



9.1 SUMMARY

At Tynagh mine, Co. Galway, four major stages of mineral-
ization can be recognised that span the diagenetic and post-

lithification history of the host Waulsortian limestones:

Stage 1) Growth of colloform and granular pyrite (and marcasite)

clots during early diagenesis.

Stage 2) Rapid geopetal precipitation of microcrystalline
sphalerite, galena, dolomite and barytes, plus minor silicates within
a dilatant fracture/breccia system. Tectonic disturbance in
response %o fault movement, combined with hydraulic fracturing,was
responsible for creating the dilatant fracture/breccia'system, and
thus the space for stage 2 ore precipitation. The Waulsortian
limestones had by this time reached an advanced stage of diagenesis
and lithification. However, locally disruption extended to the
‘sediment/rock interface where the host behaved in a semi-—coherent
manner. Injection of high pressure fluids maintained the fracture
system and continuing tectonism resulted in the deformation and

flow of previously precipitated sulphide muds.,

Stage 3) An epigenetic stage of mineralization dominated by
termantite, medium to coarsely crystalline galena and sparry barytes,
with subordinate chalcopyrite, bornite, arsenopyrite and sulpho-
salts. Under a regime of continuing sedimentation and diagenesis
the host had become increasingly lithified and as a consequence the

later Pb, Cu, As, Ba mineralization was emplaced as veinings and
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replacements more typical of an epigenetic deposit.

Stage 4) Finally, precipitation of coarsely crystalline white
calcite within veinlets and cavities, and dolomitisation of large

volumes of unmineralized Waulsortian limestones.

The sulphur isotope data indicate that ore stage barytes
was precipitated from Lower Carboniferous sea—water sulphate which
had a 8345 composition of approximately +19°/oo. Stage 1 and 2
sulphides are isotopically light and were precipitated by reduced
sulphur generated during open-system bacterial reduction of the
sea—-water sulphate reservoir. This is in agreement with mineral
stability relationships which suggest that stage 2 metals and
sulphur could not have been transported together to the site of ore
deposition. Differences in the extent of the kinetic isotope
effect between stages 1 and 2 are interpreted as being due to
contrasting environmental conditions at the site of reduction. - It
is postulated that during stage 1 bacterial reduction occurred in
situ, whilst during stage 2, reduced sulphur generated within the
off-bank enviromment migrated into the Waulsortian limestones.

Stage 3 sulphides and sulphosalts display a much wider
34

range of §7°'S values and exhibit a distinct trend towards O?/oo as
the fault is approached. This is interpreted as indicating that
deep—-seated sulphur was introduced from the fault zZone along with

the metzls, and that mixing occurred with bacteriogenic sulphur
migrating into the Waulsortian limestones. The transport of

sulphur along with lead implies +that later metalliferous fluids were

fairly acid, which in turn would account for the importance of

replacement during stage 3.

Mineralized limestones, ore stage and post—ore carbonates
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are depleted in the heavier isotopes of carbon and oxygen with
13

respect to unmineralized limestones. The depletion in ~C is
attributed to the mixing of host derived carbon with bacterially
oxidised organic carbon, and, during stage 4, deep-seated carbon.
Calculated oxygen isotope fractionation temperatures for stage 1
fibrous calcites (25—4906), assuming equilibrium deposition from
Lower Carboniferous sea-water, are within the range tolerated by
sulphate reducing anaerobes. A trend towards lighter 8180 values
in later generations of stage 1 sparry carbonate indicates either
an increase in temperature towards 9OOC or an influx of isotopically
lighter water, However, as a stage 3 quaftz—albite pair yield a
fractionation temperature of 11OOC, and because oxygen isotope
varigtion in dolomitised zones adjacent to a stage 3 veinlet can
only be explained as being due to exchange with water isotopically

heavier than sea~water, this trend is interpreted as indicating an

increase in temperature.

Galenas representative of both second and third stages of
mineralization display a narrow range of lead isotope ratios and yield
an average model age of 348522 m.y. (20- ). This agrees precisely
with the stratigraphic dating of the deposit. On this basis a

deep—seated, magmatic source is postulated for the metals.

A preliminary sulphur isotope investigation of banded strati-
form ores from the Navan deposit indicates their precipitation from
bacterially reduced Lower Carboniferous sea-water sulphate. However,
further work is needed to refine the model. Nevertheless, the
similarity of 8343 values from Tynagh‘and Navan, with previously

published analyses from Silvermines, provides further evidence for

a genetic link between these major Lower Carboniferous hosted
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deposits.

In contrast to the sulphur isotope data, lead from the
Navan and Silvermines deposits is isotopically distinct from that
at Tynagh. Silvermines lead is radiogenic in comparison to
Tynagh lead, and the average model age is in conflict with the
known stratigraphic age of the deposit. The data can be best
explained by a model that involves a contribution of radiogenic
lead leached from a sedimentary or metasedimentary source.
Galenas from the Navan deposit exhibit a secular trend which indicates
that initially, the metalliferous fluids were of similar provenance
to those at Silvermines, and that later, ﬁixing-occurred with a

high u, single stage, magmatic lead.

A model is proposed whereby the Tynagh fault tapped hydro-
thermal metalliferous fluids generated by deep-seated magmatic
activity. This fluid rose along the line of the Tynagh fault as
a discrete body with little or no interaction with country rocks en
route. It is postulated that mineralization at Navan and Silvermines
may be related to higher level granites, and that radiogenic lead
was leached from the surrounding country rocks by hydrothermal

convection cells established in their immediate vicinity.

9.2 A MODEL FOR ORE EMPLACEMENT

In Upper Tournaisian to Lower Visean times, metalliferous
hydrothermal fluids generated by deep-seated magmatic activity rose
along the line of the Tynagh fault. Initially, these fluids were
rich in iron and silica and on encountering the mid—iower Carbon-

iferous sea floor were precipitated as a sedimentary iron formation
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in a basinal region to the north of the Waulsortian carbonate

mud bank complex. Fault movements synchronous with these
exhalations led to syn—sedimentary slumping of Waulsortian carbon—
ates, and the rapid burial of organic matter. Local centres of
anaerobic bacterial activity were established, and iron diffusing
through the sediment was precipitated by bacterially reduced
contemporaneous sea—water sulphate (stage 1). The ambient
temperature within the sediment at the time of iron sulphide

deposition did not exceed 5OOC.

During the later stages of Waulsortian bank accumulation
fault movement in leggue with hydraulic ffacturing resulted in the
formation of a dilatant fracture/breccia systeme The utilisation
of all available organic matter and an increase in the temperature,
possibly to in excess of 1OOOC, had resulted in the destruction of
the local anaerobe population. Nevertheless, bacteriogenic
sulphur generated within the argillaceous off-bank facies was by
this time migrating into the Waulsortian limestones. Metals, now
largely zinc, contained within the hydrothermal fluid mixed with
the bacterially reduced sulphur and were rapidly precipitated as
microcrystalline sulphides within the fracture system (stage 2).
Continuing tectonism resulted in the detachment of limestone
fragments from the walls of the fractures, and the disruption,

fluidisation and flow of previously precipitated sulphide muds.

Throughout the second stage of sulphide mineralization
dissolution of the host rock was minimal. The small amount of
carbonate that was derived from the Waglsortian limestones mixed
with the lesser quantities of bacterial 002 and was re-precipitated
as fine grained dolomite within the sphalerite muds. However, the

third and final stage of sulphide mineralization not only marked the
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influx of a metalliferous fluid rich in Cu, Pb, Ba and As, but was
also accompanied by a change iﬁ pH. Whereas before the ore
solutions were probably neutral to mildly alkaline, they may now
have been slightly acid, resulting in the dissolution and replace-
ment of the host limestones. Although deep-seated sulphur was
introduced from the fault zone along with the metals, the mixing
with bacteriogenic reduced sulphur and Lower Carboniferous sea—
water sulphate was fundamental in controlling the precipitation

of stage 3 sulphides, sulphosalts and barytes.

The waning stage of mineralization was marked by the
dolomitisation of unmineraliged ground, and the precipitation of

calcite within cavities and post-ore fractures (stage 4).

The similarities in sulphur isotope variation at Nawvan,
Silvermines and Tynagh suggests that the generation and accumulation
of bacteriogenic sulphur was a key factor in controlling the
deposition of the major Lower Carboniferous base metal deposits.
Future exploration philosophy should, therefore, take into consider-
ation the location of sites that were favourable for bacterial
reduction of contemporaneous sea-water sulphate. At Tynagh the
palaco-hydrogeologic situation and availability of a near surface
reservolr were additional factors instrumental in creating a
suitable environment for ore precipitation. Barrett (1975)
demonstrated that the footwall topography beneath the stratiform
deposits at Silvermines was important in controlling water
circulation, the Eh and pH conditions, and thus the nature of
mineralization at the sediment/water interface. Research into the

palaeoenvironmental controls on ore deposition at Navan may further
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define the parameters influencing ore emplacement in the Central

Plain of Ireland.
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True isotopic composition of reference gas = Oo/oo
True isotopic composition of sample gas = +200/00
actual difference in isotopic composition (8 a) = +20?/00

Valve leakage from reference -+ sample = 0.07%

0.08%

Valve leakage from sample -+ reference

Total valve leakage = 0.1%%

i.e. When the sample gas is being analysed, 0.07% of the
gas measured is reference, and 99.93% of the gas measured is

sample.

value of gas in source when switched to sample =

+20°/o0 — (5a x 0.07%) = +19.986°/00

value of gas in source when switched to reference =
+Oo/oo + (5a x 0.08%) = +0.016o/oo

measured difference in isotopic composition (& m) = +19.97°/00

To correct for valve leakage:-

-

€a=6m+ (&m x total valve leakage correction)

= 4+19.97%/00 + (19.97%/00 x 0.15%) = +20°/o0

General equations:—

§13 corrected =5 ¥ | RP(sta)| - R (std) 5180
R13(std) 2R13(s1;d)

(1)
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13 .\ 13 s 17
1+86m= |(1+48c)+ (1+58 C)R (std) (1+ “2) R (sta)

(2)

R18(std)

1+ R(sta) R (sta)
R18(std)

[1 + R13(std) + R17(std)]

b + (1 + 8130) R13(std) + (1 + §§) R17(std)]

Where:-

§m = 846; sc = 8180 corrected

Isotopic ratios of standards:—~

13

R “PDB = 0.0112372 (Craig, 1957)

r'® swow (as coz) = 0.0040104 (Baertschi, 1976)

R sMoW (as C0,) = 0.0007385 (Calculated from Baertschi, 1976).

However, for correction of measurements made against the
laboratory reference gas, the isotopic ratios of the reference gas
have to be known. These can be obtained from its & value with
respect to the laboratory standard, which is calibrated with respect

to the international standardss:-

x x N
§ (ref) = [R éref; 1 x 1000
R (std

.. R (ref) = | 87 (ref) +1 x B=(std)
7000 |

The & values of the laboratory standard calcite (MCS) are:-

§ 13¢ (PDB) = -0.70%00

5180 (smow) = +21.40%00



Applying the fractionation factor (& ) of 10.25°/oo for CO

prepared from calcite at 25.1800,

818 (SMOW) of co,

s 17 (smow) =580 (smow)
>

from MCS are:—

R13

— 0.0112293
r'® = 0.0041382
R = 0.0007503

g% - g1 4 g13

Substituting these values in

ignoring products of &S:— -

I

813C corrected = 1.0668 845

8180 corrected 1.0014546

Equations (3) and (4) can be

equations:—
513 corrected = 1.0665 §4°
818 corrected = 0.0097 845
45

Substituting values for §

against CO, prepared from MCS and

813

2

give

to COZ/MCS.

194 —

2
(Sharma and Clayton, 1965):-

prepared from MCS = +31.87°/bo

. » the isotopic ratios of the laboratory standard gas prepared

equations (1) and (2) above, and

~0.0334 5% (3)
+0,009 5130 (4)

solved by combining as simultaneous

~0.0334 84° (5)

+1.0011 846 (6)
46 : ‘

and § obtained by measurements

corrected for valve leakage, will

C and 8180 (corrected) for the sample €0, with respect

For conversion with respect to the standards, PDB and SMOW:—
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13 13 13
5 7C SAMPLE pnny = |R CO,,/SAMPLE ) R'ZCO/MOS .1 . .o00
r'3 co,,/Mcs r'3 ppB
18 18 18
570 coz/smpm(SMow) = |R CO,/SAMPIE _ R CO,/MCS _.| _ .00
R18002/MCS =" swow
18 18
§ 70 SANPLE cuoyy = | R CO,,/SAMPLE _ 1 _1l % 1000

SMOW % Galcite — co,,

c) Lead isotope blank correction

206 actual = 206 measured — 206 blank
204 204 measured -~ 204 blank

= | (ug sample + blank) x % 206 meas.| - |ug blank x % 206 blank
AN, meas. AWe blank

(ng _sample + blank) x % 204 meas.| - |ug blank x % 204 blank
AW, meas. A.W. blank

and similarly for the other radiogenic masses.

Atomic weights and atomic percentages are determined from the

isotope ratios.

Ratios assumed for the blank are those of atmospheric lead (Chow,
1968):-

206/204 207/204 208/204
18441 15.64 38.66



The equations employed in the mathematical treatment of common

lead data can be derived from the basic radioactive decay equation:-

Nt = Np & ¢ (1)

Where Nt is the number of atoms of a radiocactive parent at time t in
the past, that would be reduced to Np atoms at the present time; A

is the decay constant.

The number of 206Pb atoms generated from the beginning of

geological time (to), to some arbitary time (t1) is given by

206%,61 3 238Uto—238Ut1 o 2By (Mo M) (2)

206

To obtain the total Pb in a closed system at time © 206

T the Pb
present in primaeval lead must be :added to the radiogenic 206Pb.
Expression as a ratio with respect to 204Pb'(a constant in a closed

system), removes the necessity of knowing the absolute quantities

involved.
206Pb _ 206Pb + 238U (eAtO _ ekt1) (3)
204py, 204py| . 12%%py
t t present
1 0
Primaeval Radiogenic

Lead Lead

Similarly for the other radiogenic isotopes:—

¥ I 7 - ¢
{207% = |29py + 1 {23%] (e“‘o - e)\t‘l) (4)
204Pth L204Pb.t 137.38 204Pb .
1 0
7] I ]
208P.b - 208P.b " 232Th (e)\"tO _ e)\"t‘] ) (5)
204py, . _204P15 2045,
1 t0 D
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Bquations (3) and (4) can be combined to give

207 207 |
[204]1;1 - L204]450 ) (e)‘"“o _ e”t1) ]
=, - o N, ()
204]t4 204] % 137.88 (e -e )
and similarly (3) and (5) to give
#., - B
504t 204 |t At AT
1 o 0 232 0 1
Fﬁzé 508 = Th2 - (e . — e t;) (1)
204]t1 - L2°4]J°o y 23¥| (e AP0 _ o Aty
Where:— A = 0.155125 x 10~ yr.~1 (Jaffey et al, 1971)
N = 0.98485 x 1077 yr._1 ( " )
X = 0.049475 x 1077 yr.‘1 (Le Roux and Glendenin, 1963)
(20652045, )60~ 9,307
(207p,/2085, 3%, _ 40,202 (Tatsumoto et al, 1973)
(208, /2045, )% . 59,476

(6) and (7) are the equations for the primary growth curves which can

be solved by substituting values for to and 1 For the calculation

1.
of a secondary growth curve, the isotope ratios and age of the source

rocks are substituted for those of the rarth at to.

b) Linear Model

In Cummings and Richards model an additional factor is introduced
to allow for a linear increase in the U/Pb and U/Th ratio with geological

time: -

[206%}
2ol

206, 238, Mt ]
i [2O4PbLo [EEP‘JP {e [1 ~ €l _?)]

with similar equations for 207/204 and 208/204
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Where:-
€ (U system) 0.050 x 1077 yr.-‘l

€ (Th system)

0.037 x 1079 yr.—1

by = 4.509 x 10° years.

€ was obtained by fitting the conformable ore data to a curve that
yielded reasoné,ble geological ages i.e. ages in agrecment with those

obtained by other dating methods.
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