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ABSTRACT

A comprehensive study of facies distributions, carbonate
diagenesis and ore mineral textures and their
relationships with host rocks in the Navan Zn/Pb deposit
(69.8Mt @ 190.1% Zn, 2.6% Pb) uas carried out in order to
gain an understanding of the ore depositional processes.
Underground mapping, core logging, and petrological
examination of polished thin sections were aided by
staining and cathodoluminescence techniques.: Sulphur
isotope analyses wuwere carried out on the principal
sulphide and sulphate minerals whose position in the

paragenetic sequences was established by the textural
study.

Facies variations in the late Courceyan shallow water
Pale Beds carbonate sequence, dominated by calcarenites
and micrites, are NNW-trending, and are attributed to the
formation of major channels in the intertidal-subtidal
environment. ‘

Carbonate cementation in the Pale Beds calcarenites and
micrites involved three stages of calcite cement and a
late-stage ferroan dolomite. Selective dolomitization of
detrital silt-rich calcarenites within the limestone
sequence occurred in three stages. The earliest stage
dolomite formed as a fine-grained diagenetic replacement,
possibly pre-dating the calcite cement sequence, houever
the third stage uas coeval with the late-stage dolomite
in the limestones. In the western mine area towards the
periphery of the main mineralization, massive, pervasive
dolomitization of entire sections of +the Pale Beds
sequence also occurred in three stages and is regarded as
being related to the mineralizing event.

A diversity of ore textures indicate that the majority of
the sulphides in the Pale Beds were deposited by complex
mineralizing processes involving continuvual replacement
of, and open space infill within semi-lithified
calcarenites and micrites, especially belouw the detrital
silt-rich dolomites. Localization of sulphide deposition
and the resulting stratiform/statabound nature of the ore
are attributed to the presence of suitable traps within
the compacting carbonate sequence, which formed

stratigraphically belou the early, diagenetic dolomite
horizons.

Sulphur isotopes indicate that the bulk of the sulphur
that combined with the metals was derived by
bacteriogenic reduction of Louwer Carboniferous sea water
sulphate (8§®9Syawm = -23.0 to -14.5%/c0). A far lesser
component of hydrothermal sulphur (63%Su=s = +18 to
+19°/00) was transported with the metals and derived from
leaching of diagenetic pyrite in the Lower Palaeozoic
pile below the deposit. Different ore texures reflect the



relative components of Dbacteriogenically-derived and
hydrothermal sulphur. The presence of abundant dendritic
and skeletal textures, stalactitic growths and fine-
grained internal sulphide sediments are interpreted as
the result of rapid sulphide precipitation when the ore
fluids mixed with seawater containing abundant
bacteriogenically-derived H=5 in a sub-seafloor
environment., Paragenetically early sphalerite and coarse
bladed galena textures incorporated a significant
component of hydrothermal sulphur during crystal grouth
although the bacteriogenic component became dominant
touwards the end of precipitation of the bladed galena.

The dominant bacteriogenic sulphide supply must have been
derived and continually replenished either from sulphate
reduction in laterally equivalent lithologies rich in
organic material, and/or from reduction in the shallow
Lower Carboniferous sea and pore spaces in the top few
metres of the sediment column above the mineralization.

Mineralization in the Pale Beds formed by mixing of tuo
fluids at the site of ore deposition in a sub-seafloor,
carbonate environment undergoing diagenesis. An ascending
hydrothermal fluid carrying metals and some sulphur mixed
with Louer Carboniferous seawater containing sulphate and
H=S formed by bacteriogenic sulphate reduction.

Exhumation of the mineralizing event in the Pale Beds in
late Chadian times by submarine slumping and erosion
resulted {n local deposition of sedimentary to early
diagenetic Fe-rich sulphides as comnplex breccias and
massive Fe/Zn/Pb sulphides within a debris flou
conglomerate.

The Navan deposit 1is regarded as syn-diagenetic in
origin.
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CHAPTER {1 INTRODUCTION

1.1 ZINC/LEAD DEPOSITS

Most of the world’s =zinc and lead is derived fronm
sulphide;déposits wuhich have been loosely classified into

three main groups:

1.1.1 Stratiform, sedimentary exhalative (SEDEX) ore

deposits are characterized by conformable, syngenetic or
early | diagenetic replacement_ mineralization (Fe-
sulphides, sphalerite and galena), occurring as discrete
lenses in which thin sulphide layers and laminae (mm up
to 30cm thick) are interlayered uwith barren or poorly
mineralized sediments. These include some of the largest
deposits in.the world (Table 1.1): Mt.Isa, McArthur River
(HYC), Broken Hill, Howards Pass, Sullivan,. Red Dog,
Meggen, Rammelsberg and Silvermines (Goodfellow and
Jonasson, 1886; Gustafson and Williams,. 1981; Hamilton et
al.,, 19833 Lange et al., 1985 Large 1980, 1981a, 18833
Muir, 1983: Russell et al., 1981; . Williams, 19783
Williams and Logan, 1986). The deposits are associated
with sedimentary basins of varying magnitudes and are
hosted by carbonaceous shales and siltstones (often
dolomitic), sanaétones, limestones and dolomiteé, chérts,
and minor sedimentary breccias. Contemporaneoué iéneous
activity is indicated by the\présence of tuff horizons,
for example ﬁcAfthur River (MHuir, 1983) and Rammelsbefé

(Large, 1986). The host rocks were deposited in a variety



of sedimentary environments from sabkha (McArthur River:
Muir, 1879) and lacustrine (Mt Isa; Neudart and Russell,

1882) through to deep, 'marine basins (Houwards Pass;

Goodfellow and Jonasson, 19886).

The mineralization may extend through a stratigraphic
interval of over 1000m (eg Mt.Isa) and -there may be more
than one stratiform orebody on the same stratfgraphic
level (eg Silvermines) (Large, 1983). The size of tﬁe

deposits ranges up to S00HMt (Table 1.1).

The relative abundance of the base metals varies fronm
1:1, Zn:Pb at Mt.Isa and Sullivan, to 8:1 at Meggen, to
deposits such as Howard's Pass uwhich are almost
monomineralic ZnS, and distinct zonations of the metals
are observed (Large, 1980). The general trend s an
increase in the 2Zn/Pb ratio laterally away from the
centre touwards the periphery of the ore zone (Large,
1983), with possibly an increase in the copper conéent in
the stratigraphically higher, stratiform ore lenses
(Russell et al., 1981). Hanganese haloes in sediments at
the same stratigraphic horizon around the orebody are
observed at Tynagh (Russell, 1975), Silvermines (Gray and

Russell, 1884) and Meggen (Guwosdz and Krebbs, 1877).

Barite is frequently associated with base-netal
deposition, often peripherally to the sulphides, eg
Sivermines {Taylor and Andreu 1978), reflecting
deposition in sulphatic seawater in a more oxidized

environment (Large, 19815 Lydon, 1983).



Cross-cutting, stockuork mineralization stratigraph-,
ically below or adjacent to the °~ =stratiform
mineralization, 1is usually interpreted as feeder =zones
to the stratiform ore, eg Silvermines (Taylor and Andreu,
1978) and Rammelsberg (Large, 1980). Alteration is often
associated with the cross-cutting mineralization belouw a
deposit. The two best-knoun ex;mpies are the
silicification and associated copper mineralization in
the '"kneist"” at Rammelsberg which cross-cuts thé bedding
in the footwall (Large, 1980), and the tourmalinization
in a funnel-shaped zone that extends doun to 459m below
the massive sulphides at Sullivaﬁ (Ethier aﬁd Campbell
1977y Shaw and Hodgson, 1988). At Sullivan, alteration is
also present in the hanging uafl gnd consists of an
albite and chlorite assemblage extending up to 125m above

the sulphide zone.

An exhalative sedimentary origin, with the discharge of
the mineralizing hydrothermal fluids and subsequent
precipitation of the sulphides on the sea floor, has been
proposed for the sulphide laminae (Finlow-bates, 19803
Goodfellouw and Jonasson, 1986; Hamilton et al., 19833
Large, 19833 Lydon, 1983), Williams (1978) and Rye and
Williams (1981), on the basis of textural and isotopic
studies suggested that the stratiform sulphide deposition
at MNcArthur River was produced ‘diagenetically in the
sediments, which were probably uwater-logged and only
partially compacted. Neudart (1986) has proposed a

similar diagenetic model for the stratiform Zn+Pb



mineralization at HNt Isa based on studies of the host

rock depositional environment and relative timing of the

mineralization.

The two most favoured models for the origin of the metals
in these deposits are "hydrothermal convection" (Russell,
1978, 19833 Russell et al.,, 1981) and variants of "basinal
brine expulsion", first applied to MVT deposits (Beales
and Jackson, 19663 Badham, 19813 Lydon, 19833 Cathles and
Smith, 19835 Sawkins, 1984). Russell’s model involves
hydrothermal convection of seawater and pore uwaters
through the permeable crust, with the convection cells
enlarging and deepening with time, and is corroborated by
the results of recent drilling in the granites of
Cornuwall for geothermal energy (Pine and Batchelor,
1984). Basinal brine expulsion involves formation waters
that derive metals from the enclosing host strata as the
waters become warmer and more acidic during burial, and
metals are released with the conversion of expandable
clays to non-expandable clays and subsequently to micas
during dehydration and diagenesis (Lydon, 1883). In this
hypothesis, these metal-bearing fluids migrate and are
expelled from the sediment column, often episodically
(Cathles and Smith, 19833  Sawkins, 1984), with
contemporaneous fault structures probab}y providing the
plumbing system by which the metal-rich fluids reached

the site of ore deposition.



1.1.2 Mississippi Valley Type (MVT) ore deposits are

generally non-stratiform and. characterized by their
occurrence in iimestones and .dolomites, and by open-space
sulphide precipitation in fractures and cavities. The
best-known examples are the deposits occurring .in the
Tri-State, the Viburnum Trend in SE Missouri and the
upper Mississippi Valley in North Ameriéa, .Pine Point in
Canada, and the Alpine and Silesian deposits in Europe
(various papers in Kisvarsanyi et al., 18833 Rhodes et
al., 1984) (Table 1.1). The Zn:Pb ratios are highly
variable, from 1:10 in SE Missouri to 1@:1 in Central
Tennessee (Sangster, 19883), although higher Zn:Pb ratios
(> 3:1) are moré typical of the deposits in general. The
ores are generally characterized by a low concentration

of copper although this metal is well represented in some

mines in the Viburnum Trend. = . ) R

The deposits are located at the ﬁefiﬁhér&ﬂ'of najor
sedimentary basins rather than inlbasins as is the case
for SEDEX deposits, and the origin of metél—bearing
brines by basinal compaction .and subsequent migration. has
been widely accepted to explain the deposits (Beales and
Jackson, 1966). However this model cannot be applied to

all the MVT districts (Ohle, 1980:; Bethke, 19886).

A major problem in MVT deposits is the uncertainty of the
timing of the mineralization due to the lack of methods

for dating sulphide emplacement (Sangster, 1883).



1.1.3 Volcanogénic massive sulphide (VMS) deposits are

generally =zinc-copper-lead deposits, with varying metal
ratios (Table 1.1), associated with basaltic and felsic
and/or sedimentary rocks. These include the Noranda-type
and Kuroko-type deposits with major presently producing

exanples being the Kidd Creek and Matsumine mines

respectively (Franklin et al., 1981; Franklin, 1986;
Ohmoto and Skinner, 1983: Tanimura et al., 1983), and
those occurring in the Iberian pyrite belt, for example
Neves Corvo (Carvalho, 1986). The deposits'formed at or
near the sea floor by precipitation of metals fronm
uprising hydrothermal fluids (Franklin et al., 1981:
Lydon, 1984a). The deposits are characterized by an
overall higher copper content than either SEDEX or MVT
deposits, and by the presence of distinct alteration
assemblages associated with and generally underlying the
mineralization. These alteration assemblages include
chlorite, quartz-sericite-carbonate, and quartz-sericite-

chlorite (Franklin et al., 19813 Date et al, 1983)

Present-day, sea floor deposits include those forming in
the Red Sea and on the East Pacific Rise, by active

"venting" of hydrothermal fluids (Pottorf and Barnes,

1983; Bischoff et al., 1983).

1.2 THE IRISH DEPOSITS

In Ireland, deposits with SEDEX, MVT and VNS

characteristics occur, houwever it is the SEDEX and MNMVT



styles of mineralization that are of particular interest
because of their strong association with Carboniferous
limestones. The Irish deposits have never completely
conformed to the SEDEX/MVT classification and therefore
have certainly been regarded as problematical. Cavity-
fill sulphides are evident in the Waulsortian ' limestones
at Tynagh (Boast et al., 1881), sedimenfary sulphides and
bedded barite, with associated "feeder zones" are present
at Silvermines (Taylor and Andrew, 1978), and breccia-
hosted and cavity-fill sulphides are described fron
Kildare (Emo, 1986). ° A summary of the features of the
ore geology of Zn+Pb deposits in the Central Irish

Orefield is presented on Table 1.2.

The Navan deposit is the largest Zn+Pb orebody in Europe,
and appears to have characteristics of both SEDEX and HVT
deposits, in an areé tgat has wundergone only minor
deformation and metamorphism since the Upper Palaeozoic.
It therefore provides a unique opportunity of furthering
our knouwledge about these deposits, in a location which
provides excellent timing constraints on the ore

deposition and textural data on the styles of

mineralization.

The Navan deposit has been siudied ana described by
Andrew and Ashton (1952,1985) and by Ashton et al.
(1986). These authors suggest that the deposit formed by
seafloor sulphide deposition as fine sedimentary
laminations, with subsequent overprinting during the

diagenesis of the host rocks by a complex variety of sub-



seafloor replacement styles- . and fracture—-fill
mineralization, and conclude that the deposit should be
considered "... to be a variant of the sedimentary-
exhalative type of Dbase-metal orebody" (Andrew and
Ashton, 1885). These conclusions provided tﬁe basié for
a detailed study of features throuéh6u£ the deposit which

is presented in this thesis.

1.3 AIMS AND OBJECTIVES

The research was undertaken in an attempt to study and
understand the processes involved in forming a large

Zn/Pb deposit such as Navan. The aims and objectives of

this study are:

1) to describe, classify and interpret the variety of

textures and features within the sulphides,

2) to study the wvariations in the ore-hosting
stratigraphy across the deposit and the
relationships betueen the host rocks and
mineralization, ie, the timing of diagenetic cements
in the host rocks relative to the mineralization and
the timing of dolomitization present within the

sulphides and the host rocks,

3) to relate sulphur isotope data obtained from
sulphides and sulphates to the paragenesis of ore
deposition and the wultimate source(s) of the

sulphur, and,



4) provide an insight into the depositional processes in

the Navan orebody.

The approach to this research involved spending a total
of one year at the mine siudying the range of features
accessible underground and supplementing this with
detailed logging of dfillcore from all areas of the mine.
Combining this information with sulphide parageneses
established from tﬂin sectiéﬁ petrography and wutilizing
sulphur isotope studies, is expected to help constrain
the +timing and process(s) involved in the:- formation of
the deposit and other deposits with - similar
characteristics,- and therefore . will be of considerable
use in the exploration for Zn+Pb deposits formed in

tectonically active areas of carbonate sedimentation.



CHAPTER 2 GENERAL REGIONAL GEOLOGY AND AN

INTRODUCTION TO THE NAVAN DEPOSIT

2.1 GENERAL GEOLOGY OF IRELAND

2.1.1 Pre-Cambrian basement

The Pre-Cambrian rocks inﬁlreland can be div&aed‘into tuo

areas (Fig. 2.1):

1) Lewisian (=1600Ha) and Grenvillian (x*1000Ma) gneisses
and schists outcrop in Donegal and in the Ox Mountains,
and represent the oldest rocks exposed in Ireland
(Phillips and Sevastopulo, 1986). These ére overlain by
metamorphosed Dalradian sediments, comprising schists,
quartzites  and locally marbles, with lesser meta-
volcanics and metabasic intrusions, outcrofping in

Connemara, Mayo and Donegal.

2) The Rosslare Cbmplex in the Leinster Zone, is
composed‘ of amphibolite facies gneisses with lesser
migmatites, which are > 540Ma in age (Phillips and
Sevastopulo, 1986). North-west of the Rosslare Complex,
the Cullerstown Formation 4is regarded as late Pre-
Cambrian to Cambrian in age, and consists‘of quartzites
and greywackes which have undergone lower greenschist-

facies metamorphism (Hax and Dhonau, 18974).

2.1.2 Lower Palaeozoics

The Lower Palaeozoic rocks dominantly outcrop in the E

10



and SE of the country, and are also found in the west in
South Mayo, and in inliers in the Central Irish .Plain
(Fig. 2.1)., The rocks are often cleaved, folded and
metmorphosed to prehnite-pumpellyite facies (Oliver,
1978), and include greyuwackes, siltstones, shales,
volcanics and major . intrusives (Gardiner, 1974, 19783
Morris, 1883, 1987 Romano, 1980; 'Stillman, 1878).
Ordovician felsic to andesitic volcanics formed in an
island arc are most pronounced in the SE, in a. linear
belt extending from Arklow to Waterford, and are

underlain byb Louser Ordovician shales (Stillman and

Williams, 1979),.

In the ﬁongford Doun Inlier, the grejuackes and shales
afe mainly Upper Ordovician to Silurian in age, uwhereas

the inliers in the Central Plain are dominated by the

Silurian.

In the Murrisk zone, 12km of Ordovician and Silurian
sediments and volcanics accumulate& in the South Mayo

Trough (Anderton et al., 1979).

With the closing of the lapetus Ocean in late Ordovician
(Hutton and Murphy, 1987) or early Silurian times (Stone
et al., 1987), late Caledonian deformation, 1lou-grade
regional metamorphism and associated plutonism occurred.
Tectonism produced sinistral.- shear 2zones, strike-slip
faults, and wupright, polyphase folds (Phillips et al,
19763 Phillips and Sevastopulo, 1988). The general trend

or grain of the Caledonian structures is NE to ENE. The
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plutonism associated with this deformation resulted in
the emplacement of granites around 400Ma, including the
Leinster, Galuay and Donegal granites (Brindley, 1973}

O'Connor and Bruick, 1978).

2.1.3 Devonian (0ld Red Sandstone Facies)

Early Devonian sédimentation (non-marinei was restricted
to fault-controlléd basins in the Hurrisk’ Zone, now
outcropping in thé Curleu Hountaing (Cardiner | and
MacCarthy, 1881). Sﬁsequent Middle Devonian deposition
of thick continental sediments was concentratéd in the
Dingle-Shannon Basin, now outcropping on the Dingle
Peninsula (Fig. 2.1). The rocks inclﬁde aliuVial fan and
flood plaih sediments derived from the tﬁen upstandiné
Caledonian mouﬁtains. Sediments in thérDingle Basin were

deformed in the late Devonian (Acadian).

The ENE-trending Munster Basin formed as a post-orogenic
depositional site prior to the late Devonian (Gardiner
and MacCarthy, 1981), and the earliest part of the late
Devonian succession is confined to this fault-controlled
basin (Phillips and Sevastopulo, 1986). The sediments
reach a maximum thickness of 6km in the axial zone, and
consist of mudstones and sandstones with  thick pebble
conglomerates of alluvial fan origin in the east. The
direction of sediment transport in rivers was to the
south, with flow to the west 1in the Dbasin itself.

Pyroclastics and mafic to felsic volcanics uwere extruded
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and deposited in the north-uest of the Munster Basin in

mid—-late Devonian times.

In the latest Devonian tinmes, deposition of the 0Old Red
Sandstone migrated into the Midlands with deposition of
100m-1km of sediment (Sevastopulo, 1979). Subsidence
rates increased in the Soutﬁ Hdnster Basin at this time.
The basins were infilled and replaced by coastal élains
in late Devonian to early Carboniferous (Strunian), and
the first signs of marine +transgression, spreading
uestuards. are expressed as deltaic deposits (Kinsdale
Delta) south of Cork City (Gardiner, 1975a). Houever the
major transgression occurred in the Lower to Middle
Courceyan with the top of the 0ld Red Sandstone ﬁarking a
change from fluviatile to marineﬂ conditions. In most
places the top of the ORS facies is Lower Courceyan in

age (MacDermott and Sevastopulo, 1972).

2.1.4 Louer Carboniferous

During the early Courceyan (spictatus and inornatus-
Siphondella conodont biozones; Varker and Sevastopulo,
1985), +the sea transgressed northuards rapidly from uhat
is now the Celtic Sea, with tuwo main periods of
incursion. The overall result of this was a change fronm
deposition of thin carbonate and clastic sands to tidal
flat deposits as the rate of deposition exceeded the rate
of subsidence, and finally to carbonate muds (Fig. 2.2).

Thicker accumulations of deltaic muds‘and sands, up to
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80@m, occurred in the still rapidly subsiding South

Hunster Basin (Sevastopulo 1979).

In the latter part of the Cburceyan (P.comnmunis carina
and Sc.anchoralis conodont biozones} "‘Varkefl and
Sevastopulo, 1885) a véfiety of carbonéte lithologies
uere deposited on the uéll—developed. carbohaie shelf
north of the South Munster Basin (Fig. 2.2). In the
south, deposition of argillaceous limestones up to 250m
thick (Ballysteen Limestones) gave ﬁay to Waulsortian
carbonate ﬁudbénks, firstly in the Cork area (MacDermott
and Sevastopulo, 1972: Sevastopulo, 1979: Philcox, 1984).
The Waulsortian mudbanks reached their greatest thickness
and extent towards the very end of the Courceyan, up to
750m thick in the Shannon area and extending up to 200km
across the depositional strike. Thé " Waulsortian
limestones formed as knolls and sheets in water depths of
around 200-309m in the marginally sub-photic zone, by in
situ accretion of carbonate muds trapped by organisms
(Lees, 19613 Lees and Miller, 1985). Further north,
calcareous sahdstones are overlain by inter—-tidal
micrites which pass up into more open marine limestones
and shales (Philcox,‘ 19843 Sevastopulo, 1979). In the
Central Irish MHidlands, the Courceyan stage is dominated
by the Navan Group and Argillaceous Bioclastic
Calcarenite Group carbonate sediments, with the Navan
Group coVéring around 8200km= of the east Central
Midlands and attaining a maximum thickness of around 400m

at Navan (Andrew, 1986a3 Philcox, 1884). The Navan Group
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consists of a thin terrigeneous base that passes up
through tidal, 1laminated muds and sands into a sequence
dominated by shallow marine micrite, oolitic and

bioclastic calca;enites and calcareous sands (Andrew,
1986a; Andrew and Ashton, 1985; Philcox, 1884). The
uppermost section of the Navan Grqup consists of muddy,
bioclastic limestones and siltstones.' The ABCﬁ Group
consists of a sequence of argillaceous, bioclastic
(crinoid and bryozoa-dominated) calcarenites and thin
skeletal shales, with Waulsortian mudbanks forming up to

50% of the Group in places.

A diagramatic section through the Courceyan from SW to NE

is illustrated in Figure 2.3.

The tranéression continued during the Chadian, with the
development of marine conditions over large areas of the
north and north-uest of Ireland, depositing bioclastic
shelf limestones (Sevastopulo, 1979). The Waulsortian
facies disappeared during the Chadian (Lees, 19613
Sevastopulo, 1979), associated wwith subsidence rates
relatively greater than sedimentation, and cherty
limestones of basinal facies were deposited in deep-water
(>500m) basins (Sevastopulo, 19795 Philcox, 1884). In
places, eg the North Dublin Shelf, deposition of shelf
facies oolitic limestones and micrites was the result of

local regression.

The earliest volcanic activity in the Carboniferous

occurred in County Limerick during the late Courceyan to
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Chadian, with the eruption of submarine alkali basalts
and eventual subaerial build-up of volcanic ashes

(Strogen, 1873, 1977).

Prior to the Arundian, a major epsode of tectonic
instability and faulting on steep slopes of the carbonate
shelves or ramps, resulted in submarine slumping/erosion
and debris flow deposition, for example the Rush

Conglomerate and the Boulder Conglomerate at Navan.

During the Arundian many shelf areas that existed in the
Chadian were replaced by basinal facies, often turbiditic
limestones, frequently +termed "Calp". Throughout the
remainder of the Lower Carboniferous, well-bedded
limestones and shales were deposited in the Central and
NW Irish Midlands. The thickest carbonate successions in
the NU.(up to 2200m3; Sheridan, 1972) accumulated during
the Chadian to Brigantian in the actively subsiding North

West Basin, bounded by the Ox Mountains Horst and the

North West Platforn.

2.1.5 Upper Carboniferous

The Upper Carboniferous rocks are most extensively
exposed in the Clare-South Limerick Basin in Munster and
in scattered remnant outliers in the Midlands, and
comprise Namurian deltaic deposits, including coal
measures, as well as Westphalian sediments (Fig. 2.1).
These silts and sands were derived from the W, NW and SW

and the thickest successions uere deposited in actively
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subsiding basins (Sevastopulo, 1881).

2.1.6 Permian, Mesozoic and Tertiary

Permian and MHesozoic sediments are restricted to the NE
of the country and to small grabens in -‘Kingscourt and
Wexford (Phillips and Sevastopulo, 1986 .. Tertiary
deposition was dominated by extensive .-eruptions of
plateau and flood basalts in the NE of the country, uwith

coeval basic dyke-intrusions. )

2.2 TECTONISM AND STRUCTURE AFFECTING -THE CARBONIFEROUS

ROCKS

Tectonic activify duriné the late Devonién) to é;fly
Carboniferous |is e§ident as a strﬁctural control to the
northern margin 6f the Munséer Basin. Here, f&ulting
produced scarps‘ which subsequently controlled ‘alluvial

fan deposition (Phillips and Sevastopulo,'lsss).

Waulsortian limestones deposited in 250-350m of water in
late Courceyan times implies differential rates of
subsidence resulting from active faulting at that time
(Boyce et al., 1983). In the Chadian, submarine debris
flowus observed at Silvermines and Navan were features
produced essentially by instability resulting from syn-

sedimentary faulting (Boyce et al., 1983;/Ashton et al.,

1986).

Houwever, the majority of the structures  in the
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Carboniferous rockg are the result of the late
Carboniferous to Permian tectonic event. The terms
Variscan, Armorican or Hercynian have been used to
describe this deformation and the structures produced
have been studied and described extensively (Gill, 1862;
Coller, 19843 Cooper et al., 1984; Sanderson, 1984). The
most intense folding occurred in the- south with the
formation of large-scale, upright folds with wavelengths
and amplitudes of several kms and trending ENE, with
superimposed minor folds (Fig. 2.4). A spaced cleavage
is characteristically associated with this folding. Gill
(1962) termed this southern region zone 3 of the three
zones he delineated in Ireland (Fig. 2.4). The folding is
cut by extensive faulting in this region, with normal,
strike-slip and thrust faults evident (Coller, 1984). The
displacement on the larger faults may be up to 5km. The
northern limit or boundary of this zone, often termed the
"Hercynian Front", marks a topographic change (ORS
mountains to the south and lou-lying Carboniferous to the
north) more than a change in tectonic style, as cleavage,
folding and thrusting are all present some distance to
the north of this boundary (Sevastopulo, 19813 Phillips

and Sevastopulo, 1986).

Gill's zone 2, occupying most of the Central and Eastern
Irish Midlands, 1is characterized by a transition betueen
gentle folding in zone 1, the NW Hidlands, and the tight
folding in zone 3 (Fig. 2.4). In zone 2 the cleavage is

less pervasive than 2zone 3 with the southern area
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characterized by intense normal faulting -and close
folding, with more gentle folding in the north. These
northern gentle folds have an ENE to NE Caledonian trend.
In 2zone 1, north and north-west of the ‘Longford Dowun
Inlier, the pattern is one of faulted blocks with NE-
trending faults (Fig. 2.4). Any folding is gentle and as
in zone 2 the general Hercynian trend is the same as that

of the Caledonian structure.

2.3 INTRODUCTION TO THE NAVAN DEPOSIT oot -

The Navan orebody was discovered in- 1870 by Tara
Exploration and- Development Company  Ltd, follouing
shallouw so0il geochemistry carried out over the previous
year (0’'Brien and Romer, 1971: Libby et al., 1985). A
distinct geochemial anomaly uwas detected on the north
side of the River Blackwater, with peak values of 5000ppm
Zn and 2009ppm Pb. The first diamond drillhole wuas
completed in November 1970 and intersected 12m of 8.5%
comnbined Zn+Pb, and a 'major drilling program- was
subsequently initiated (Libby et al., 1985). Underground
development began in- 1973 and ore reserves at:-that time
including that on the north side of the River Blackwater,
which was made wunavailable to Tara by the actions of

third parties, uere 69.9mt grading 10.1% Z2n and 2.6% Pb.

The mine has been in production since 1977 and is
presently owned by Outokumpu Oy, with an annual

production of 2.6mt of ore. A variety of mining methods
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are employed involving open stoping, @pillar mining and

backfilling (Libby et al., 1985).

2.4 STRATIGRAPHIC AND STRUCTURAL SETTING OF THE NAVAN

DEPOSIT

The Navap deposit is hosted in ‘gentlj dipping, Louer
Carboniferous limestones situated on a faulted SW edge of
the Longford Doun Inlier (Fig. A 2.5). fhe Louer
Carboniferous carbonate succession in the Navan area |is
dominated by Courceyan—-Arundian limestones with the bulk
of the deposit hosted in the Courceyan section of the
stratigraphy (Fig. ' 2.6). The Courceyan succession in the
Navan area consists of the Navan and Argillaceous
Bioclastic Calcarenite (ABC) Groups (Andrew 198Ba), with
the deposit itself hosted in the Pale Beds succession in
the Navan Group (Fig. 2.8). The Pale Beds also host
various styles of Zn/Pb mineralization at Tatestoun,
Keel, Hoyvoughly, Oldcastle and numerous other minor
shouwings (Fig. 2.7) (Vario;s\ papers in "Geology and
Genesis of Mineral Deposits in Ireland", Aﬁdreu et al.
(eds), 1986). The Pale Beds consist of a variable
thickness of inter-tidal micrites at the base, passing up
into oolites, silty calcarenites and calcsiltites, with a
distinct increase in the sand content in the top 50nm.
The Pale Beds are thickesf in the Navan area (up to 200n
thick), in contrast to 100-120m in the rest of the NE
Midlands. They are overlain by silty and nuddy,

bioclastic limestones and shales termed the Shaley Pales
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(Philcox, 1984).

The ABC Group is generally about 300& thick and comprises
argillaceous, biociastic shales and limestones.
Waulsortian "Reef" limestone knolls are éevelopéd to
varying degrees in the uppéfmost ABC and are uf to 250n
thick. At the margins of the Waulsortian mudbanks, knoll-
forms grade laterally into "flank-bank" crinoidal
calcirudites and "‘of f-bank" facies dominated by

argillaceous limestones (Lees, 19613 Lees and MHiller,

19853 Andreu, 1986a).

The ABC Group is overlain by > 1000m of well-bedded calc-
turbidites of the Middle Limestone Group (HMLG) of

Arundian age, termed the Upper Dark Limestones (UDL) or

"Calp".

In the Navan mine area a submarine erosion/slump surface
of pre-Arundian age cuts deeply into the ABC and Navan
Groups, removing up to 700m of the stratigraphic section
including parts of the ore-hosting succession (Andrew and
Ashton, 1985). The tern erosion/slump is used throughout
this thesis. because although it is evident that large
sections of the stratigraphy have been removed, it |is
probable that some form of slumping was responsible
rather than simple erosion. The presence of, and evidence
from the erosion surface and overlying Boulder
Conglomerate provide overwhelnming conStréints on the
timing of at least some of the mineralization in the Pale

Beds (Chapters 3 and 5). South of Navan, more than 800m
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of the Courceyan stratigfaphic section have been removed
and in places the erosion surface cuts into the
underlying Louwer Palaeozoics (drillhole EP173 Cc.J.
Andrew, pers comm) and the Boulder Conglomerate/UDL rest
unconformably on the Louwer Palaeozo;c ~rocks (Tara

drilling).

General ' trends within the Pale Beds over the Irish
Midlands have been recognised (Philcox, 19843 Navan
Resource plc Company Reports) (Fig. 2.8). From Navan
westwards to Ballinalack and Granard, the Pale Beds are
typified by a lower member dominated by birdseye micrites
up to 1009m thick. These micrites are typically overlain
by up to 45m of pale grey calcareous sandstones (the
Upper Pale Beds), which feather out to the S and SE.
These sandstones are present as a few 3-4m thick units in
the Upper Palg Beds in the Navan area, but are better
developed <throughout +the rest of the North Midlands.
Further to the west towards Strokestown and Roscommon,
sandstones and siltstones come to dominate the Pale Beds,
which here are dominated by clastic and evaporite-bearing
sabkha sediments. Typically the Pale Beds consist of
oolitic and pelletal calcarenites touwards their southern
facies ©boundary (approximately from Moynure-Cloghran-

Rosenallis-Monasterevin, Fig. 2.7).

The general structure in the Navan area is dominated by a
conplex SW-plunging anticline which is cut by NE and ENE-
trending faults, and locally N-S faults (Fig. 2.5). The

Lower Carboniferous beds in the mine area generally dip
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at 20-25 degrees to the SW. Louwer Palaeczoic lou-grade
metamorphosed shales and volcanics are exposed in the
core of the anticline and include a

chloritized/sericitized syenite intrusion.

Geophysical anomalies around the deposit can be related
to the Caledonian geology: magnetic‘anoﬁalieé over knoun
outcrops of Ordovician volcanics, positive gravity/non-
magnetic anomalies probably reflecting a denser, uplifted
Pre-Cambrian to Cambrian basement, ‘and a’hegh{ive gravity
anomaly lying 15km SE of the mine thought by some workers
to represent a late Caledonian granite, the so-called
Kentstoun pluton (Coller et al., 1986). The deposit lies

at the junction of an E-W and a NE-SW-trending magnetic

anomaly.

The main faults in the Navan area (Figs. 2.5 and 2.9) are
the Randlestouwn and the A-C-D Fault complex (Andrew and

Ashton, 1982,1985; Ashton et al., 1988).

Detail of +the structure within the deposit is shoun in
Figures 2.9 and 2. 10. There are tuo main fault systems

or trends in the mine area (Andrew and Ashton 1982, 1985;

Ashton et al., 1986):

1) The earliest faulting was ENE-trending. The tuwo
largest faults are the B and the T Faults (Figs. 2.9 and
2.10). Both are normal faults with a listric profile. The
throu on the B Fault averages 50-60m, but the throw on

the T Fault is much greatef‘with the douwnthrown side
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displaced by about 20¢0m at its north-eastern end. Both
faults are unmineralized. The B Fault separates Zones 1
and 2 in the mine and is truncated by the erosional
surface. The T Fault downthrous the erosion surface by up
to 50m. Associated with this displacement of the erosion
surface by the T Fault is a thickening of the overlying
Boulder Conglomerate on the downthrown side (<5m on
north, >15m on downthrouwn south); evidence regarded by
Andrew and Ashton (1985) as showing the fault to have'
been active contemporaneously uith(the deposition of the
Boulder Conglomerate. Parallel and sub-parallel to these
two faults are a series of faults in Zone 1, the main
representatives being the F-1, F-2, F-3 and F-26 Faults
(Fig. 2.9). Displacements are all hcrmal in the order‘of
10-20mn. As with the B and T Faults, these are

unmineralized.

2) NE-trending faults cut the Courceyanand. Arundian rocks
and include the A and C Faults. The A Fault is a reverse,
dextral fault with a vertical displacement of up to 50-
6%m (Figs. 2.9 and 2.10). Complex‘NNw—trending folds
which decrease in intensity away from the faults occur in
the well-bedded Upper Dark Limestones and display a sense
of dextral rotation approaching the faults (Phillips et
al., 1983). The C Fault complex has an apparent . normal

displacement of approximately 150m.

Within the deposit and regionally developed in the NE
Midlands, are NNW-trending joints and calcite veins. The

largest of these are up to one metre across and often
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vugegy. These are extensional features (NE-SW extension)
and there 1is a dominance of sinistral shear (Coller et
al., 1986). The calcite veins cut the mineralization and
are regarded as Hercynian or later in age (Andrew and
Ashton, 1882). Rare examples occur uwhere fractures and
calcite veins of similar orientation cut a Tertiary
dolerite indicating that at least some ﬁf the fracturing

occurred post-Tertiary.

2.5 INTRODUCTION TO THE MINERALIZATION

The mineralization is essentially confined to the basal
150m of the Pale Beds, with the orebody comprising
several tabular, massive sulphide horizons. Marker beds
in the stratigraphy are used to divide the ore into five
lenses (Figs. 2.6, 2.10 and 2.11). The term "lenses" is
used because of the generally depressive effect on the
ore grades by the marker beds, and they are also partly
defined for stratigraphic convenience. These lenses are
termed 5 Lens to 1 Lens passing from the
stratigraphically lowest mineralization in the Pale Beds,
upuwards (Figs. 2.10 and 2.11). The deposit is further
divided into three =zones by the B and A Faults (Fig.
2.10), with the ore being thickest in the up-dip area of
2 Zone (up to 8%m of >5% Zn+Pb). The basal lens in Zone 1
for example, 1is termed 1-5 Lens. Pyrite/marcasite-rich
mineralization 1in the Boulder Conglomerate is termed the
Conglomerate Group Ore (CGO), and comprises <3% of the

total tonnage in the deposit (Ashton et al., 1986). It
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occurs in the SE side of Zone 2 and particularly in Zone

3 and is coincident with a palaeotopographic low in the

erosion surface.

The ore is most laterally extensive in the 5 Lens and
mineralization in the 4,3,2 and 1 Lenses 1is generally
confinéd to Zone 2. Truncation of the Pale Beds and the

1

mineralization by the erosion surface means that the
original, eastern up-dip ‘extent of the deposit is
unknouwn. .The ore in the Pale Beds dominantly occurs in
bedding~-parallel, stratifornm, massive'sulphfdé horizons,
although local, cross-cutting contacts with the host rock
are evident in places. A Variety of textural styles are
present indicating processes of replacemeni and open-
space deposition of the sulph{des. Other forms of
mineralization include high—anglé, cross-cutting veins
and minor breccia styles.i The mineralization in the CGO
differs in that well-laminated pyrite with lesser

sphalerite, often exhibiting soft-sediment deformation

fabrics, represents syn-sedimentary to early diagenetic

deposition.
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CHAPTER 3 STRATIGRAPHY AND CARBONATE DEPOSITIONAL

ENVIRONMENT

3.1 INTRODUCTION

The Louwer Carboniferous succession at Navan (Courceyan to
Arundian in age, Fig. 2.8) hnconformagly overlies Louwer
Palaeozoic, lou-grade (prehnite-pumpellyite facies)
metasediments, volcanics and intrusives (Andreuw and
Ashton, 1882, 19853 Ashton et al., _1888). The carbonate
succession consists of shallow marine = carbonates
deposited on a transgressive margin, which grade up into
calc—-turbidites. The’ rock~-types are highly variable and
represent changing depositional environments in time and
space. The orebody is largely hosted in the Courceyan
section of the stratigraphy, in the "Pale Beds" (Philcox,
1980). Philcox (1980) worked out the stratigraphy fromn
the initial drilling in the mine area, houever the area
presently considered 1is mnuch larger with more data
available both from underground and surface drilling,
enabling the detailed facies changes to be examined.
Twenty eight surface drillholes and over one hundred
underground holes were logged at Navan, and thirty four
thin sections wuwere prepared from selected core samples

from these holes.

This chapter examines the stratigraphy of the host rocks
in detail including several strong facies variations

which uwere discovered across the mine area. There is a
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distinct change in the stratigraphy from the central mine
area out towards the uest across a NW/NNW trend, and tuo
stratigraphic columns representative of the western and
central mine areas have been compiled from detailed
logging of drill core (Fig. 3.1). These are combined with
cross—-sections across the mine to establish the

environment of sedimentation and its éontrols in the

Navan area.

The carbonate terminology used throughodt the thesis is a
combination of that used for core and thin section
descriptions. The carbonate lithologies obéerved in core
are subdivided into micrite or célcilutite (<0.32mm),
calcsiltite (0.32-0.62nm), calcarenite (0.62=-2mm),
calcirudite or microconglomerate (>2mm) and doiomite.
Dunham's classification (1962) is wused in the thin

section petrography.

3.2 STRATIGRAPHY

3.2.1 Introduction

Representative surface drill holes wuwere selected as type
sections for the uwestern and central (or eastern) mine
areas respectively (N91©® and N314), augmented by
observations from other holes in each area, to give a
complete stratigraphic section (Fig. 3.1). There are
major differences between the two areas, with holes to

the west being typical of the Pale Beds succession
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outside the Navan deposit.

3.2.2 Lower Palaeozoics

Lower Palaeozoic rocks have been intersected in a small
number of holes and consist of a variety of intercalated
shales, greywackes and volcanics, whfch are strongly
folded and sheared. They are Ordovician in age (Romano,
1980). Green tuffacecus horizons are uell-developed in
some holes and are interbedded with sediments. Syenite
intrusives also occur in some holes, with baked contacts
within the adjacent sediments. The syenite is usually
altered, with abundant chlorite and sericite developed.
Minor chalcopyrite occurs in quartz/carbonate veins which

brecciate the syenite.

A "deep" weathering in the top 8 to 10 metres directly
below the Lower Carboniferous unconformity resulted in
intense hematisation and represents a continental

weathering prior to the deposition of the basal

Carboniferous Red Beds.

3.2.3 Red Beds (RB) (<50m thick)

The Basal >Carb§niferous lithologies are made up of
conglomerates, sandstones and shales of a fluviatile
origin, with no obvious differences betuween the central
and uestefn areas. A Lower Courceyan age hés beén

ascertained from miospores in the Red Beds at MHoate
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(Keegan, 1981). The rocks exhibit a characteristic red

colouration due.to hematite cements.

Clasts 1in the conglomerafes are uell-rounded and péorly
sorted, and‘are a polymict assémblage of Lower Palaeozoic
rebbles. Caliche nodules are visible in many holes. The
onset of marine deposition occurs As a -rapid transitibn
into the overlying Laminated Beds, often marked by a

thin, green reduction zone usually less than ©0.5m thick.

3.2.4 Laminated Beds (LB) (30-45m thick)

The Laminated Beds are divided into 7 units (CA to CG
from top to Dbase;s Philcox, 1989) composed of
calcsiltites, sandstones and argillites, and are the
equivalent of the MNixed Beds of the eastern Irish
Hidlands. Philcox's CA unit is what. is nou termed. the
Muddy Limestones (Andrew and Ashton, 1982). There is a

broad upuward trend of increasing carbonate.content in the

Laminated Beds (Fig. 3.1).

The lowermost unit, the CG, is the thickest (up to 22m)
and consists of finely interbedded/laminated K sandstones
and argillites. As a general feature, the louer sections
are dominated by argillite and the upper are sandstone-
rich. Soft-sediment deformation structures are abundant
throughout the unit and are best expressed as ball and
flou/sedimentary boudinage structures, caused by
differential compaction of the thin shales around the

sandstones and resulting in an almost nodular texture.
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Slump, and ball and pillow structures are 'observed and
small-scale, syn-sedimentary faulting, slumping and
erosion may be seen lpcally (Plate 3.1). Some horizons at
the top of +the unit are bioturbated and the layering
becomes less obvious, houwever as a general rule the
layering is preserved throughout. Shelly layers dominated
by small brachiopods occur near the middle of the CG, but
are difficult to correlate from hole to hole. These
probably ~represent accumulation of biodebris in small

depressions, perhaps small channels,

The CG unit grades over 3 metres into a massive, pale
grey sandstone termed the CF unit. This sandstone is
non-calcareous ‘and is up to 4 metres thick. Cross-
bedding is developed, especially towards the base. The
sandstone is absent from some holes and is replaced by
CG-type material. This 1is interpreted in terms of
lensoid-type deposition, perhaps the resﬁlt of the sand

body being deposited as bars or alternatively channel

sands.

The CF sandstone is overlain by a variable, 7 metre thick
CE unit containing the first main carbonate horizon, a 2-
3m calcsiltite, the top of which is marked by a
widespread, 10cm thick oncolitic layer. The rest of the
unit consists of flaser—-bedded argillites and sandstones

with muddy calcsiltites at the top.

Above +the CE, the CD unit is a distinctive pale grey

calcsiltite with mud laminae in the basal sections and
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mud flakes orientated parallel to bedding throughout.

A rapid transition exists betueen +the CD and the
overlying CC argillite or mudstone. Iﬁ this transition,
nodules of "cauliflower" chalcedony are commonly
developed. These range in size from 2cm to around 1@cm in
diameter, Gypsum has been found within the quartz
indicating that thisvuas originally an evaporitic horizon
which has subsequently undergone diagenetic
silicification (Chowns and Elkins, 1974; Gustafason pers
comnm, in Andreu and Asﬁtpn, 1985). The CC unit itself is
a 3 metre thick dark, 1am1nated argillite with occasional

thin micritic horizons.

The wuppermost member of the Laminated Beds is the CB
unit, composed of laterally variable, interbedded, pale,

calcareous sandstones and argillites with 1local sandy

calcarenites.

The wupper units of the Laminated Beds are often cut out
by an erosional feature in the uestern mine area which
has removed the CB,CC,CD and part of the CE unit at its

maximum doun-cutting (considered in detail in Section

3.3.2).

3.2.5 Muddy Limestones (ML)

West (10-25m thick)

The Laminated Beds are overlain both conformably and non-

conformably by a varied group of microconglomerates or
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calcirudites and dark bioclastic argillites,.commonly 10-
15m thick but attaining a thickness of 25m in places, and
termed the Huddy Limestones. The lower sections are
dominated by the microconglomerates or calcirudites
(Plate 3.2). These are poorly sorted and consist of
biodebris, micritic clasts and grit—-size quartz
fragments. The biodebris 1is coarse and is made up of
crinocids ,and brachiopods. Intraclasts of - micritic
material wup to 1.5cm in diameter are observed, although
no micrites of this stratigraphic level are knoun in the
area. The maximum development of the microconglomerate
(18m thick) occurs overlying the erosional feature in the
LB (Fig. 3.1). Here, angular clasts of the underlying LB
occasionally up to 4cm in diameter are found in the basal
microconglomerate and the Muddy Limestones penetrate into
cracks and fractures in the top 10cm of the LB below. In
some holes, the bottom 2 or 3m of the MHuddy Limestones

are composed of a dark muddy calcsiltite in place of the

microconglomerate.

The upper seciibﬁs‘of“tho ML contain black argillites,
often weil—layeréd land fissile, wwhich are up to 6m
thick. Corals, crinoids and fenestellid bryozoa are found
throughout. The dark‘argillite can be traced into the
central mine area 1touarés the eaét, houwever the

microcongiomerates thin out (Figs. 3.3-3.4).

East (8 to 12m thick)
The Muddy Limestones are thinner here and composed almost
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entirely of calcsiltites and dark argillites. Towards
the Dbase, there 1is a thin, discontinuous (0.2-0.5n)
horizon similar to the microconglomerate in the wuest

termed the Limestone Conglomerate (LCG) by Philcox

(1980). This is regarded as the lateral equivalent or

extension of the thickerunits in the west.

3.2.6 Muddy Limestone Transition (MLT) (0-1@m thick).

The "HMuddy Limestones grade into the Micrite Unit through
the Muddy Limestone Transition (MLT). The transition is
considered as a part of the Micrite 'Unit and is 5-10m
thick. It consists of micritic 1lithologies, locally
silty, interbedded with calcsiltites. Thin, dark
argillite horizons are found throughout this section. A

characteristic feature is the presence of in-situ

Syringopora colonies which are up to a metre in width in

underground headings.

3.2.7 5 Lens Interval and the Micrite Unit

(ML-LDM or LDQ)

The term “Micrite Unit" (MU) applies to the aintefval
betueen the top of the Muddy Limestones (ie including the
MLT) and‘the top- most micrite horizon encountered 1in 5
Lens. In the west this usually éomprises the entire 5

Lens interval but in the}east the nmnicrites are more

poorly deve}oped.
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West (35 to 685m thick) v

The MU is dominated by micrites although other
lithologies including silty/sandy dolomites, calcarenites

and shale bands are present (Fig. 3.1).

The basal 15m is characterized by well-developed, 'light
grey, stylolitic micrites ~ with. interbeds of fine-
grained, buff dolomites (Fig., 3.1, Plate 3.3). The
micrites are generaliy cémpésed of pelletal uéckestéﬁes
and grainstones, .uith a éilﬁciclastic comfoneni of less
than 1-2%. Calcisphereé are common and may coﬁprise up
to 2% of the rock (Pl&te 3.4), indicating low energy
environment‘of deposition (R.Anderton, pers comm). This
interfretation is supported b& the‘micritic nature of the
rocks themselves. Fenestral porosity (up to 8-10% of the‘
rock) 1is infilled by generations of calcite cement, as
are locally developed birdseyes (flate 3.4). The generaf
sequence |is of a fringing bladed céicite fdlloued by 'a

coarser, blocky calcite infill.

Stylolites contain concentrations of organic material and
are deflected around the fenestral pores, post-dating
them. Birdseyes may contain pale sphalerite crystals
which post-date the early bladed calcite. In one core
sample, pyrite was observed as a geopetal infill within
the birdseye. These relationships betuween sulphide and
micrite imply that the disseminated mineralization in

these samples occurred syn-diagenetically, before primary

porosity was infilled by diagenetic cements.
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Oncolites are common in the basal 1-3m of the micrites,
and are suggestive of an inter—-tidal environment with
moderate circulation in a shallow, standing body of water
(Longacre and Stoudt, 1982). They occur at the base of
the micrites over the entire mine area. In some areas,

horizons of intraclasts up to 2cm in diameter are also

found in the basal 5 or 6m of the micrites.

The dolomite horizons in this part of the stratigraphy
are about 0.1 to 1.5 metres thick. They are thickly
bedded and homogeneous. Individual horizons are
generally semi-continuous (Fig. 3.2). Contacts betueen
dolomite and underlying micrite are sharp,’ whereas those
between dolomite and overlying micrite are nore
gradational. A 6-12m thick dolomite occurs 18-20m above
the base of the micrites (Plate 3.5). It is pale grey to
buff in colour, fine-grained and is thick to massively
bedded. This horizon is easily identifiable in all holes
and is useful as a marker when correlating faulted holes.
In thin section this lithology contains 70-80% dolonite,
10% calcite, and 10-20% detrital quartz and feldspar
(abundant microcline). The dolomite is developed as
interlocking, idiotopic to hypidiotopic.crystals, which
range from 40 to 100pm in size (Plate 3.8). The
siliclastic component in the dolomites is volumetrically
greater than in any of the micrites, and is silt to fine
sand-size. The quartz and feldspars are sub—angular to
sub-rounded and are corroded at the margins where in

contact with the dolomite. There are no original fabrics
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preserved in the rock. In places a coarser dolomite (up
to 350Mm across) is found in isolated "pockets" and these
areas are quartz-free (Plate 3.6). This dolomite |is
interpreted as the result of dolomitization of an
original carbonate that contained a significant
siliclastic (detrital silt) component. Dolomitization
resulted in a volume reduction within the 'rock that
produced small pockets uwhich were infilled by a later
stage coarser dolomite, and these dolomites‘ are nowu

massive with no remnant porosity.

The upper parts of this dolomite unit are often dominated
by bioclastic calcarenites containing 5-10% silt, which
have a gradational contact with the dolomite below and
the overlying micrites (Fig. 3.1). In some areas (eg,
Block 17) the calcarenites contain spa£ry, ‘crinoid—rich
horizons, and it is only the bottom 1 or 2 metres that
has beeﬁ dolomitized fo any degrée. In such cases, uhere
the dolomite is limited 16 its vertical developnment,
there is a corresponding increase in the thickness of the
overlying calcarenites. These factors suggest that the
dolomites form by dolomitization from the base upwards of

an originally silt-rich calcarenite layer in the

micrites. .

The ufper sections of the Micrite Unit are characterized
by 1light grey micrites, with wuell-developed birdseyes
throughout. Occasional pale, oolitic horizons occur
within the micrites and these are éartially dolomitized.

A characteristic feature in this part of the stratigraphy
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is the presence of up to 68 or 7 black/green shale bands

which are 5-10cm +thick and are interbedded with the
micrites. The shales are dominated by detrital quartz

and feldspar and only contain minor carbonate.

The base of the Louer Dark Marker Equivalent (LDQ) marks

the +top of the 5 Lens interval and the micrites may
extend right up to this contact, houwever it is common to
find a pale, bioclastic/oolitic calcarenite in the top 3-
4 metres. The LDQ is a dull, =silty dolomite with small

mud flakes aligned parallel to the bedding.

East (30-40m thick)

The micrites are usually 2 to 4m thick (developed above
the HLT) +though range from @ to 1@0m in thickness.
Birdseyes are common in most sections studied. In sone
holes minor, thin micrite horizons are occasionally

present 10 to 12m above this, but they rapidly die out

laterally (Fig. 3.3).

The S Lens 1is characterized by fine grained oolitic
calcarenites and ‘pale dolomites, with a 4 to Sm thick
dolomite near the base which may be equivalent to the
main dolomite horizon in the west (Fig. 3.1). The base of

the Louwer Dark Marker (LDM), absent in the west, marks

the top of the 5 Lens (Figs. 2.6 and 3.1). The LDM s
divided 1into a a dark argillaceous siltstone base (Plate
3.7) up to 5 or 8m thick at maximum (LDM siltstone) and

an overlying dull, sandy dolomitic unit (LDM sandstone).
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The siltstone 1is best. developed and the sandstone is

impersistent.

Ten metres below the LDH is the base of a 3-5m thick

mﬁddy, dolomitic calcsiltite termed +the Bottom Dark

Marker (BDM). This marker is not always developed and

pincﬂes out in sSome areas. It is ‘p;rticulérly ﬁell—
developed in Blocks 1 and 2 in 1 Zone and in 2 Zone
Upper. The interval betueen the BDM and the LDH is
dominafed By coarse; light grey, bioclastic calcarenites
and calcirudites (bioclastic and oolitic grainstones),
which have a sharp contact with the base of the LDH.
Brachiopods and echinoderms are the main ~skeleta1
components and the rocks are medium to well-sorted. These
are regarded as high-energy, shallou-water deposits

(Bathurst, 1875) and the allochems are frequently

. abraded.

3.2.8 .4 Lens Interval (LDM/LDQ-LSH)

West (18 to 20m thick)

Overlying the micrites is a section of the ,stratigraphy
characterized by three dull, médiuh to thickly bedded
dolomitic lithologies, separated by lighter grey oolitic
calcarenites containing scattered brachiopod*debris (Fig.
3.1). The dolomites are used as marker horizons and
include the Lower Dark Marker Equivalent (already

described), the Sub Louer Sandstone (SLS), and the Louer

Sandstone Marker (LSH). They are all similar in
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appearance, but the LSM has a greater silt/sand content.
The SLS contains small, dark mud flakes parallel +to
bedding similar to the LDQ. These markers are 2.5 to 4m
thick. The basal contacts between the darker dolomites
and the underlying lighter calcarenites are sharp. The
LDQ lies on the micrites or oolites and in both cases the
contact is knife-edge, often cross-cutting at a low-
angle. This contact is possibly erosional. The LSH and
the SLS can be traced back into the central mine area.
The most variable unit is the LDQ, which becomes less

well-defined moving towards the central mine area.

The LSHM typically consists of 60-70% dolomite, 18-20%
quartz, 10-15% feldspar and 4-5% calcite (Plate 3.8).
The dolomite occurs as interlocking, hypidiotopic to
xenotopic crystals which are 20 to 250Mm in size, similar
to those in the 5 lens dolomites. The detrital material
is medium to fine sand-size. Under ‘cathodoluminescence
the quartz grains exhibit a violet luminescence, typical
of an igneous source (Miller, 1885). Pressure solution
contacts are found betuween the dolomite and the quartz
grains which implies that the dolomitization took place

during the diagenesis of the host rock, 1ie prior to

diagenetic pressure solution events and the total
lithification of the rock. Calcite is found uith;n‘ the
dolomitized rock and represents remnants of the“ original
carbonate. The SLS and LDQ are similar to the LSH in thin

section, except that they contain less detrital material.
The abundance of feldspar and the sub-rounded to sub-
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angular nature of the detrital component suggests an

immature quartz/feldspar input.

East (22 to 25m thick)

This interval consists of 1light grey calcareﬁites,
usually oolitic, and buff-coloured, silty dolomites (LDH
sandstone and the SLS). Betueen the Baselof the LSH and
the SLS, the calcarenites contain 3 or 4 distinct
brachiopod-dominated bands, which are used as a marker
(BHM1). A second brachiopod marker, (BH2) is located 10
to 12m above the base of the LDH and contains abundant,
disarticulated brachiopod shells scattered over a 1-2m
interval. This horizon can be traced into a single band
of brachiopod debris at the top of the LDQ passing out

into the uestern mine area (Fig. 3.3).

3.2.9 3 Lens Interval (LSM-NOD) and the

microconglomerates

West (27-35m thick)

Above the LSH is a 12 to 20m thick unit consisting of
thick beds of a coarse microconglomerate/rudite, inter-
digitated with laminated to thinly-bedded, dark, =silty
argillites (Fig. 3.1). The coarse lithologies include
fossil-rich horizons, dominated by brachiopod and crinoid
debris, intraclast or pelletal calcirudites and
bioclastic sandstones/microconglomerates (Plates 3.8a-b).

Graded bedding has been observed in some holes.
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The =silty argillaceous horizons vary in thickness from a
feu centimetres up to 3 metres, with the majority around
0.5 to 1.5m +thick. Individual horizons cannot be
correlated with any confidence and there is a strong
variation in the development of the argillites from one
hole to another. The carbonate content is low and these
lithologies are dominated by terrigenoué input, although

some contain abundant fenestellid and crinoidal debris.

The basal 8-10m of the wunit is dominated by the
microconglomerates, and the contact betueen this and the
LSM below is sharp. The LSH may only be 1 to 2m “thick
below the microconglomerates -and the contact is

interpreted as an erosional surface (Section 3.3.4).

In thin section a variety of bioclasts are observed in
the microconglomerates including: brachiopods,
echinodernms, algae, bryozoa and ostracods. The
brachiopod shells are up to icm in length apd although
disarticulated, they are not fragmented; they are well-
preserved with pseudopunctate forms common. Ostracods are
intact and provide a primary, intra-skeletal pore space.
In general the biodebris shouws only minor rounding or
abrasion. The detrital component consists of quartz and
feldspar grains up to 3mm in diameter. The quartz |is
generally of igneous origin (violet luminescence; Miller,
1985), although polycrystalline, metamorphic grains are
also observed. Pellets and micritic intraclasts are also
common, with the latter implying that the micrites in the

5 Lens interval were being eroded in the vicinity.
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The top of this unit is a silty argillite and above it is
a distinct, light grey, ooclitic calcarenite
(packstone/grainstone). This is 3 metres thick and is one

of the best-developed oolitic limestones in the entire

stratigraphy, with ooliths . clearly visible in hand

specimen.

The Nodular Marker (NOD) lies directly above the oolites

and can be traced across the entire mine area with little
change in appearance (Plate 3.10). The NOD is 8-12nm
thick. The basal contact is sharp and marks a change in
the depositional environment from clean oolitic
grainstones into dark, silt-rich, packstone-wackestones,
with an abundance of echinoderm debris. Numerous mnuddy
wisps give it the so-called "nodular" texture and in
section can be seen to be the result of pressure
solution. Occasional intraclasts are composed of
bioclastic grainstones. A fine-grained dolomitization of
the matrix (dolomite forming around 1-2% of the rock) is
observed in alf sections studied and crinoid ossicleé

occasionally have dolomitized cores.

East (40-45m thick)

There are no microconglomerates developed at all and this
observation combined with the increase in thickness for
this interval implieé that a major facies change exists
betueen the tuwo areas in this section of the stratigraphy
(Fig. 3.1). The LSH is thicker here with a gradational

upper contact. The interval above is made up of a
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monotonous sequence of oolitic calcarenites (packstones
to grainstones), Wwith minor dolbmitic, sand—riéh
horizons. Towards the top, 1@n below‘the base of the
Nodular Marker, there is a distinct horizon of a fine-
grained, muddy dolomite about 3m thick. This horizon is
persistent in all holes studied throughout the central
mine area. There may be a similar tipe of lithology
discontinuously developed 3 to 5m below this. The top 3
or 4m of the 3 Lens interval is characterized by pale
grey, "clean", oo0litic limestones . similar to those

directly below the NOD in the uest.

The Nodular Marker is also substantiallj thinner in the

east averaging 4 to 6n.

3.2.10 1 Lens Interval (NOD-UDHM)

(55-65m thick in the west, 48-55n thick in the east)

The top of the 1 Lens interval is the Upper Dark Marker

(UDM), which is made.up of 2 or 3 bands of black, fissile
argillite (each between 0.5 and ©¢.8m thick) separated by
a muddy calcsiltite. The entire thickness of the UDH is 2

to 2.5m., The section between the UDM and NOD is comprised

of two main lithological units:

A louwer wunit is comprised of medium to light-grey,
"banded", coarse, bioclastic calcarenites (grainstones)
which are thickly beddea and dominaﬁe the 1 Lens interval

for 25 to 30m above the top of the NOD. The calcarenites
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are frequently oolitic and the banding is a result of
horizons dominated by oolites in a calcarenite with feuer
oolites and more biodebris. The siliciclastic content in

these rocks is less than 5%.

A feature of this section of the stratigraphy in the west
is often an intensive dolomitization resulting in a
sacharoidal texture to the rock, which is pitted and
locally vuggy (Plate 3.11). The vugs are up to 2cm in
diameter and often contain well-developed dolomite rhombs
on the margins and honeyblende sphalerite crystals. In
some holes in the west this type of dolomitization occurs
throughout the Pale Beds stratigraphy, houwever it is in

this interval that it is most intensive and persistent.

An upper unit is comprised of dark, silty, fine-grained
calcarenites and calcsiltites often containing mnuddy
wisps and not dissimilar in parts to the NOD. Biodebris
is scattered throughout and consists of echinoderms and
brachiopods. Approximately 20 to 22m belouw the UDHM at the
base of the upper unit, there is a 2 to 3m thick horizon
which 1is characterized by an increase in the amount of
nuddy wisps and is packed with small echinoderm

fragments. This is termed the Sub Dark Marker (SDM). The

basal contact is usually sharp with coarse calcarenites

below continuing doun to the NOD.

In the upper unit, a concentration of finger bryozoca up

to 1.2m thick, the Lower Bryozca Marker (LBY), is a

rervasive marker horizon 14-16m below the UDM. The

45



bryozoa are hosted in a silty calcsiltite and again there
is a sharp break at the base into pale, clean, oolitic

calcarenites.

A thin black shale band (< 10cm thick) occurs 1.5m above
the LBY, and is observed in all holes. In 2 Zone in the
main mine area, this shale marks the hanginguwall of +the

uppermost mineralization in 2-1 Lens.

3.2.11 Upper Pale Beds (45 to 55m thick)

The Upper Pale Beds above ihe UDH aré up io 55m thick (in
the west) and characterized by a high sand content (up to
75% in parts). The lithologies vary from coarse,‘ pale
sandstones through +to sand-rich calcarenites and are
thick to massively bedded. The most distinct horizoh is a
pale, calcareous or dolomitic sandstone uwhich occurs 14

to 15m above the UDM and is termed the Upper Sandstone

Marker (USM). This sandstone is 4 to 5m thick and is

cross—-bedded (Plate 3.12). Soft-sediment fluidization or
liquefaction structures are observed. Thin sections shou
that it is made up of 50-60% quartz,  30-40% feldspar and
10% calcite. Other less uwell-developed sandstones are
found in this part of the stratigraphy although these are
thinner and discontinuous and probably lensoidal. The
remainder of +the Upper Pale Beds consist of sandy

calcarenites and locally oolitic lithologies.

A pervasive dolomitization similar to that described in

the lower wunit of the 1 Lens interval in the west has
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been noted in many holes in the western mine area in

general but appears to be absent in the east.

3.2.12 Shaley Pales (SP) (up to 110m thick)

Overlying the Pale Beds succession is a highly varied
sequence of muddy calcarenites,‘calcsilfites and ‘shale or
argillite horizons, with lesser amounts of sandstones.
These are termed the Shaley Pales (Philcox, 1980) and may
be up to 110m thick; houever they are almost always
incomplete, cut out at the main erosion surface, and
pervasively faulted, and correlation betueen adjacent
holes is only possible using sections of-the seéuence as
opposed to individual horizons (for a detailed
description see Philcox 1984). Philcox (1980,1984)
defined the ©base of the Shaley Pales as the first
argillite horizon greater than 90.5m thick and divided the

overlying lithologies into the Louwer, MHiddle and Upper

Shaley Pales (LSP, MSP and USP respectively).

The Lower Shaley Pales are typified by &yclic units
consisting of a pale sandstone base, a muddy or‘ silty
calcarenite in the middle with local #rgillite layers and
a black argillite on top which often exhibits a banded or
striped appearance (Philcox, 1984). Each unit is
approximately 8m thick. Biodebris is confined to the
middle section of each unit. Bioturbation is common in

the silty calcarenites and is a characteristic feature of

this part of the LSP.
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The Hiddle Shaley Pales are  dominated by dark,
fossiliferous argillites and muddy calcarenites, uwith
fenestellid bryozoa, brachiopods and crinoids. A marker

horizon termed the Upper Bryozoa Harker (UBY) occurs

about 7m above the base of the MSP and is characterized
by an abundance of eﬁcrusting—type bryozoa over a 0.2 to
@.3m interval. The top of the HSP is uéuallylmarked by a
discontinuous, pale, micaceous, quartzitic sandstone;
houwever in places this passes laterally into a sandy

bioclastic calcarenite (A. Black, .pers comm) .

The Upper ©Shaley Pales are characterized by silty

calcarenites interbedded with unfossiliferous argillites.

Dolomitization of parts of the LSP and MSP results in a

buff colouration to the core.

3.2.13 Argillaceous Bioclastic Calcarenites (ABC)

(60~-250m thick)

The Shaley Pales grade up through a dark argillite at the
top into a monotonous sequence of muddy calcarenites. with
concentrations of dark argillaceous seams, which give the
rock a pseudo-nodular texture: in. places. The
calcarenites are characterized by coarse, packed

crinoidal debris with individual fragments up toe 2cm in

length.
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3.2.14 Waulsortian "Reef" Limestone (WRL)

(up to 20@m thick)

The "Reef" Limestone (mudbank) is part of the ABC Group
previously described (Fig. 2.6) and is only developed in
holes to the north-uest of the main mine area. It is
composed of light grey micritic iimestones with
characteristic development of stromatactis and is similar
in appearance to the better-developed, thicker
Waulsortian mudbanks elsewhere in the Midlands (Lees,
18613 Philcox, 1984). Part of the "Reef" =succession
comprises a distinctly coarser, sparry, crinoidal

calcirudite called the "Ardbraccan Limestone", and is

equivalent to the Waulsortian, crinoidal facies of Lees

(1961).

3.2.15 The Erosion surface and the Boulder

Conglomerate (BC)

The stratigraphic section previously described is
truncated by a pre-Arundian eros;onal/slump surface which
cuts douwn to the SSE, removing up to 700m of -the Pale
Beds, ©Shaley Pales, ABC and Waulsortian "Reef" in the
south-east of the mine (2 Zone East). The slope on the
unconformity 1is irregular; however an average NW-SE
gradient across the mine area of approximately 400m of
section removed/kilometre has been estimated by Philcox
(in press). There is no evidence of alteration,

weathering or karstification below the wunconformity, or
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oxidation associated with +the unconformity. It is

overlain by a variable thickness of Boulder Conglomerate.

West (©0-10m thick)

The conglomerate consists of a variety of poorly sorted
clasts and blocks of "Reef" limestones, ABC, Shaley Pales
and Pale Beds, in a dark, argillaceous matrix. The matrix
often contains large crinoids similar to those found in

the ABC.

East (0-45m thick)

The erosion surface cuts further into thé stratigraphy as
far douwn as S5 Lens in parts of 2 and 3 Zone (Fig. é.l).
and the Boulder Conglomerate is substantially thicker
than in the west. Angulaf blocks of Waulsortian mudbank
>5Sn in diameter have been observed in underground
headings and for this reason it is dgfficult in sonme
surface holes in the west to establish whéther the
Waulsortian mudbank is in-situ or present as very large
blocks in the Boulder Conglomerate. Clasts of the Pale
Beds are more common in the east and the conglomerate
often coniains mineralized lenses. This mineralization
takes the form of massive and breccia sulphides which are
dominantly pyritic but in places contain massive Zn+Pb

mineralization, and termed +the Conglomerate Group Ore

(CGO) (Chapter 5). Laminated pyrite is commonly observed
and rare clasts of underlying Pale Beds mineralization

indicate that at least some of the ore emplacement in the
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Pale Beds was pre-erosion and submarine slumping.

3.2.16 Upper Dark Limestones (>1000m thick)

The BC grades up into the overlying Upper Dark Limestones
which are made up of interbedded calcarenites and
argillites (Plate 3.13). The bed thickness'varies from 2-
3m to less than ©.5m. The proportion of limestone to
argillite is also strongly variable. The upper sections
of the UDL contain up to 45% argillite and there is a
gradual decrease to less than 5% in places around 10-20m
above the base. The argillite content in the basal 10 to
15m of the UDL comprises >40% of the unit. The beds are
markedly thinner at the base and this section of the UDL

is termed the Thinly Bedded Unit (TBU). The TBU is best

developed over topographic lous in the erosion
surface/BC. Thin framboidal pyrite “laminae are
frequently developed throughout the TBU and occur for

>50m above the base within dark argillites in the UDL.

Very rare oolitic horizons and "pods" occur in the UDL

and often have a leached appearance and are very friable.

Silicification in the form of thin, pale grey, cherty
horizons is found in the lower parts of the UDL, although
neither these or the oolites can be correlated as
markers. Philcox (1980) identified the A-A and A-C
shale markers inwthe UDL and more recent stratigraphic
correlation byv Philcox (1985) haﬁ shoun that these

markers and several concretionary mudstone horizons he
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identified onlap the erosion surface/BC progressively

from SE to NW.

3.2.17 Tertiary Intrusives

North-south trending Tertiary basalt sills (¥ 2m thick)
transgress the carbonate sequence and dip touwards the

west. *"

3.3 LATERAL VARIATIONS IN THE STRATIGRAPHY ACROSS

THE DEPOSIT

3.3.1 Introduction

Detailed 1logging of drillcore by the author and Tara
geologists has enabled the construction of cross-sections
illustrating the facies and thickness changes across the

deposit.

The major facies variations occur along NNW-SSE and NW-SE
trends with little or no discernible variation from NW to

SE. These are illustrated in Figures 3.3-3.6.

3.3.2 Laminated Beds/MHuddy Limestones

An erosional feature exists in the Laminated Beds in the
western mine area which has a N-S trend and cuts steeply
into the LB, as far down as the CE unit (Figs. 3.3-3.5).

Without further drilling to the west it is difficult to
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ascertain whether this is an erosional slope or a channel
feature. At its maximum incision, the erosion surface has
removed up to 15m of the LB. This occurred over a
horizontal distance of approximately 10@m. Tidal channels
are conmon in the tidal flat environment and are up to
15m deep in modern examples (Shinn, 1983). The uwidth of
such channels varies from around 5@ to >10@m. The
erosional feature in the Laminated Beds may therefore be
a form of tidal channel. The overlying Huddy Limestones
reach a maximum thickness of 28m directly above the
maximum erosion in the LB and contain rip-up clasts of
the underlying material. Here the ML contains up to 18m
of microconglomerates and these die out into the central

mine area (Figs. 3.3-3.5).

3.3.3 The HMicrite Unit and the disappearance of the

Lower Dark Marker

The most obvious variation across the mine is a thinning
of the micrites towards the east (Figs., 3.3-3.8). The
isopach contours run NW to SE where the thinning is most
pronounced (Andrew/Ashton, 1982 and Fig. 3.6), however
there are other effects superimposed on this and the

overall thinning/thickening of the micrites is due to tuwo

factors:

1) The micrites become inter-digitated with calcarenites
and lesser dolomites at the top of the unit, passing from

the west into the central mine area, and then the upper
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horizons die out completely (Figs. 3.3, 3.4 and 3.8B).
This rapid transition ' results in the micrites thinning
from greater than 40m to less than 20m over a lateral
distance of about 45 to 50m and this thinning is NW-
trending (Fig. 3.6). "Further east, the micrites vary in
thickness from 10-12m to less than 3 or 4m.’ In this
region the micrites are substituted by fine-grained
oolitic limestones (locally dolomites) and coarse, 'thick
bioclastic calcirudites below the LDM, and they represent
higher energy deposition than the low energy micrites.

The oolitic limestones can be regarded as prograding into

the micrites Fig. 3.4).

2) Using the base of the LSM as a datum line, +there is a
thickening of the interval from the base of the LSH to
the top of the ML towards the uwest, from 52-55m to 65-
70m. The micrites thicken correspondingly (Figs. 3.3, 3.4
and 3.6). The region of major thickening occurs in a NNE-
SSW trend and 1is in the same area (not coincident
however) as the erosional feature in the Laminated Beds.
Thus the latter may have exerted some control on the
thickness of the micrite deposited. NE-SW trending
*belts" of thinned micrite in the west (Fig. 3.8) are
attributed to faulting even although only apparently
unfaulted holes were used in the contouring. Similar
trending faults 1in the main mine area can be extended

into these "belts".

The LDM is absent from the uestern mine area and fron

compilations of data from drillcore it may be seen to die
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out along a line running NNW-SSE,  which 1is roughly
parallel to the thickening of the micrites (Fig. 3.5).
The siltstone wunit of the LDH is 5 to 6m thick in' the
eastern area (Fig. 3.5) and thins to less than one metre
towards the west, before dying out completely. The
detrital silt-rich LDH deposited on top of coarse,
bioclastic calcarenites and calcirudites would suggest
that it is the result of some form of terrigeneous
incursion into the system and Andrew and Ashton (19895)
proposed a deltaic origin for the LDH. The LDM wuas
correlated with a dolomitic horizon in the western mine
area termed the LDQ by mine geologists, but it has beconre
apparent that the LDQ is stratigraphically slightly
higher in the succession (Figs. 3.1, 3.3 and 3.4).
However, the basal section of the LDQ can be correlated
with the sandy/silty dolomite above the LDM =siltstone,

the LDM sandstone (Figs. 3.3 and 3.4).

The BDM is often best-developed where the LDM disappears
and is present as a 5m thick =siltstone which thins
rapidly both eastwards and uwestwards. The trend of the

maxXimum development of this horizon is the same as in the

LDM, ie NNW-SSE (Fig. 3.5).

Two possibilities are considered to explain the lateral
variations in the micrites: a) a tidal ~channel (Fig.

3.7), and b) a gentle palaeoslope towards the uwest (Fig.

3.8).

a) Contouring of the thickness of the MHicrite Unit Dby
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Andrew and Ashton (1985) showed that the micrites thicken
eastwards from the central mine area in a NNW-SSE trend.
This is supported by the presence of up to 70m of
micrites in holes drilled in Slane, around 15-18km east
of Navan (see also Fig. 2.8). Andrew and Ashton (1985)
explained the thinning of the micrites in a simplified
model, in terms of a tidal channel cutfing doun into the
micrites. They cited the presence of high-energy coarse
bioclastic, sparry calcarenites and a deltaic incursion
in the form of the LDH as further evidence for a channel.
This seems an attractive explanation for the variations
observed, and is consistent with the rapid thinning of
the micrites. However the inter-fingering of the micrites
as they die out would suggest that the tidal channel
migrated to a certain extent as the carbonate sediments
accumulated (Fig. 3.7). The upper sections of the
micrites in the west contain 5 or 6 dark, black/green
shale bands up to 5-10cm thick (Figs. 3.1, 3.3 and 3.4).
These shales are  approximately stratigraphically
equivalent to the LDM and BDM in the central mine area
and are dominated by terrigenous :-material and are
interpreted as more distal equivalents to the LDM and BDH
which are dominated by silt-size, detrital input, and
represent the finer grained material transported and
settling out of suspension (Fig. 3.7). The same sort of

transition is observed in many present day deltas.

b) A gentle palaeoslope towards the west |is an

alternative model, however 1is less attractive. The
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increase in the thickness of the interval betueen the top
of the ML and the base of the LDQ uwould suggest that
thicker sediments accumulated towards the west, possiblly

as a result of a gentle slope in that " direction (Fig.
3.8). The lou-energy depositional environment of the
micrites as opposed to higher energy oolites in the
central mine area, could also be explained by slightly
deeper water towards the west. Within the basal micrites
logged in Blocks 18 and 18 horizons containing an
abundance of micritic intraclasts up to 2cm in diameter
are found. These are interpreted as rip-up clasts fron
the central 'mine region which are transported and re-
deposited douwn-slope towards the west. However, the
abundance of birdseyes in the micrites are a feature
characteristic of inter—-tidal deposits, and ooclitic " and
bioclastic calcarenites are more typical of subtidal
carbonate deposition, ic the opposite of that expected
from a gentle slope towards the uwest (Fig. 3.8). The fact
that >30-40m of micrites are developed at the base of the
Pale Beds throughout most of the eastern Central Irish
Midlands Vand are often succeeded by oolitic ,limestones
(various papers in Andrew et al., 1988) uduld imp;y that
the micrites represent a slightly shallower water
depositional environment than the oolites at the onset of

the transgression, and not slightly deeper.

The former model 1is favoured to explain the lateral

variations in the Micrite Unit.

57



3.3.4 3 Lens microconglomerates

There is clearly a major change in the depositional
environment towards the west between the base of the LSH
and the NOD in +the form of microconglomerates/
calcirudites inter-digitated with dark, silty argillites
(Figs., 3.3, 3.4 and 3.9). The limit of fhe development of
the microconglomerate (<3m thick) occurs in a trend
almost N-S (Fig. 3.5). The variation in the 3 Lens
interval is interpreted as the result of an erosional
event (possibly similar to that observed in the Laminated
Beds) prior to the deposition of the Nodular Marker,
cutting doun and removing oolitic calcarenites touwards
the west, and the resultant deposition of coarse
microconglomerates on top of this surface. The grading
within individual units in the microconglomerates
suggests that they werc laid douwn as pulses or several
events rather than one event. The lines of evidence for
this erosional feature possibly in the form of a channel

such as in the Laminated Beds, are:

1) thickness wvariations in the stratigraphy and a
thickening of the Nodular Marker as a result of

infilling of a low-angle erosional feature (Figs.

3.4 and 3.9),

2) a sharp erosional contact betueen the micro-

conglomerates and the LSHM in the west (Fig. 3.9),

3) an onlapping effect betueen the microconglomerates
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4)

5)

and the calcarenites (Figs. 3.4 and 3.9). In the
west, the microconglomerates lie directly on the
LS. Passing eastuwards, they are developed about S
to 8m above the LSH as a single 3 -to Sm
intersection, being replaced by calcarenites, and in
the central mine area this part of the succession is
dominated by oolitic calcarenites with local sand-
rich horizons. The dark, éilty bands in the wuwest
grade laterally into muddy/silty calcsiltites
separated by oolitic lajers. There is a marked
change in the dip of the beds in underground
headings between the calcarenites and the overlying
microconglomerates, with beds dipping more steeply

in the latter (Fig. 3.9),

fragments of mineralization in intraclasts in the

microconglomerate (Fig. 3.9),

micrite clasts within the ﬁicroconglomeraté indicate
erosion  of the micrites in the vicinity.
Microconglomerates directly overlie an erosional
surface at the tdp of the micrites at Tatestoun
(Andrew and Poustie, 1986) and therefore the micrite
clasts may have been derived from this area, ie NW
of Navan. A NW derivation is consistent with the
facies trends at Navan and the channel feature may
have extended along this trend from Navan to

Tatestoun, with transport of material from NW-SE.
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3.4 DEPOSITIONAL ENVIRONMENT

The Lower Carboniferous lithologies from the Laminated
Beds up through to the Upper Dark Limestones represent a
general deepening in the water depth during carbonate

deposition (Fig. 3.10)

The nature of the Laminated Beds suggests spring or storm
tide deposition in a tidal flat environmént (Shinn, 1983)
and are the result of +the onset of a marine
transgression. This transgression also resulted in an
increase in the carbonate content passing up through the
LB succession from sandstones and muds, to calcsiltites.
The preservation of the layering, only locally disturbed
and homogenised by bioturbation, indicates a supratidal
environment where burrouwing organisms uwould have
difficulty enduring fluctuating salinities and exposure
(Shinn, 1983). The presence of a replaced evaporite
horizon corroborates the shallow, supratidal nature of
the environment of deposition. The overlying mnuddy
limestones containing abundant corals and brachiopods are
the first main carbonate sediments, possibly represent a
slight increase in the water depth. Thick
microconglomerates in the western mine area uere

deposited in a tidal channel which incised into the

underlying Laminated Beds.

The beginning of the Pale Beds succession is dominated by

micrites, with oncolites and in situ Syringopora colonies

at the base suggesting a supratidal environment, moving
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up into more supratidal-intertidal birdseye micrites. The
micrites, containing abundant calcispheres, are likely to
represent deposition in a low energy regime (R. Anderton,
pers comm). There is a significant clastic input in many
horizons in the form of silt and fine sand, often present
in lithologies which were subsequently dolomitized. In
the central mine area, the micrites Are substantially
thinner than 1in the west and give way to overlying

oolitic and coarse, bioclastic limestones, indicative of

a higher energy regime.

The remainder of the Pale Beds are dominated by a variety
of oolitic and bioclastic calcarenites and calcsiltites
best interpreted in terms of a subtidal/bank margin
environment of deposition (Bathurst, 1975; Halley et al.,
19833 Shinn, 1983). Silt-rich carbonates in the Pale
Beds, usually dolomitic, contain abundant feldspar as
sub-rounded to sub-angular grains, which imply proximity
to the detrital source. The nature of this source is
uncertain, however the presence of siénificant amounts of
K-feldspar points to the syenite intrusives and
keratophyric volcanic breccias to the NE of the deposit
as a possibility. Tidal channel deposition again

resulted in thick microconglomerates in the western mine

area.

There is a marked increase in the detrital content of the
rocks in the Upper Pale Beds, with sandstones and sandy
limestones, perhaps corresponding to greater uplift rates

in adjacent land masses. The sand-rich horizons in the

61



Upper Pale Beds (and in the LB) appear to be lensoid in

nature and were probably deposited as some form of bar.

There is evidence that tidal channels controlled not only
the deposition of <coarse microconglomerates in the
western mine area in the Muddy Limestones ana ‘the Pale
Beds, but also gave rise to a marked thinning of the Pale

Beds micrites in the central mine area.

A nmajor change in the depositional environment marks the
onset of the Shaley Pales and ABC, " with an abundance of

argillite in a deeper uwater environment.

The overlying Uaulsor£1anV “Reef; i;méstones are
characteristic of deep uwater, carbonate deposition and
indicate water depths approaching 300m (Lees and Miller,
19853 Miller, 1986). The Boulder Conglomerate was
deposited as a submarine, debris flow (Boyce et al.,
1983) and was the result of instability; probabiy
associated with extensional syn—depositionai& faulting
(Ashton et al., 1986) which led to a deeper water
environment. The succeeding thick Upper Dark L;mestones
were laid down as well-bedded, calc-turbidites, and
represent carbonate slope deposition, by modern analogue,

probably in water depths greater than 509m (McIlreath and

James, 1984).

The change in depositional environment passing ‘up the
Lower Carboniferous succession may be explained by a
marine transgression in the Courceyan and the deposition

of shallouw water carbonates (Pale Beds), with an
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evolution of the carbonate bank from a ramp to slope
through the Courceyén to the Arundian similar to that
described by Gawthorpe (1986) for the Dinantian
carbonates in the Bowland basin. In the Bowland Basin,
the carbonate facies and facies associations in the
Courceyan to early Arundian indicate tuo distinct
depositional environments, with evolution from a
carbonate ramp involving deposition of bioclastic
wackestones and packstones with lesser mudstones in a
shallow marine environment (75-109m below sea level), to
mudstones, calcarenites and debris-flow breccias and

conglomerates deposited on a carbonate slope.

3.5 CONCLUSIONS

1. The Louwer Carboniferous limestones in the Navan mine
area .represent shallow water deposition in the
Courceyan  carbonates including the ore-hosting
lithologies, which grade up into deeper water
argillites, Chadian age Waulsortian limestones and
Arundian calc-turbidites. In the main mine area
much of the upper sections in the‘stratigraphy are
cut out by an erosional surface uith the’ deposition
of a debris flouw conglomerate on top. The Pale Beds
hosting the mineralization were deposited 1in a
shallow marine environment which varied from
supratidal to subtidal/bank margin, dominated by
micrites and oolitics/bioclastic packstones to

grainstones but including important dolomites.
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Dolomitic horizons are marked by a distinctly higher

detrital silt content than the surrounding

limestones.

The lithologies vary across the mine area and there
are mnmajor differences in the stratigraphic sections
between the western and central mine areas. These

can be summarized as:-

Western Central
Overall thickness of Constant thickness of
the 1 Lens interval is around 48-55m.

50-60m and reaching 65-

70om in the far west.

Microconglomerates in Oolitic sections.
the 3 Lens interval,

deposited on an erosional

surface/channel touards

the uest. -

LDM is absent, however LDH with up to 6m of
there are shale bands in siltstone at the top
the micrites at approxim- of the 5 Lens.

ately the same stratigra-

phic level.

Thick micrites, usually Thin micrites, often
greater than 45m, and in less than 2 or 3m.

places greater than 6@n.
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e. An erosional feature- Laminated Beds succ-
(channel) cutting into ) ession complete.
the Laminated Beds, with
thick Muddy Limestones
containing microconglom-

erates deposited on top.
4. Major facies variations trend NNW-SSE and can largely

be explained by a depositional environment in which

tidal channcls were active.
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CHAPTER 4 DIAGENESIS AND DOLOMITIZATION

4.1 INTRODUCTION

An outline of the diagenetic stages within the Pale Beds
is presented (Figure 4.1) and is based on thin sections
of micrites and dolomites in the H{crite Unit, and
calcarenites, dolomites and microconglomerates, including
the main marker horizons, in the rest of the Pale Beds
stratigraphy. Staining techniques and cathodo-
luminescence (see appendix) uere used as an aid in the

identification of the different diagenetic stages.

4.2 CALCITE CEMENTS

Using stained thin sections, the oolitic and bioclastic
packstones to grainstones including the
microconglomerates or calcirudites show a sequence of
cements which begin with a bladed calcite rim which is
followed by a more blocky calcite which becomes more
ferroan with time (Figs. 4.2-4.3; Plate 4.1a). The last
stage of infill cement is a ferroan dolomite, usually
zoned, and comprises 5-6% of the rock (Plates 4.1la-b).
The <calcite cements are precipitated in the pore space
surrounding the allochems but are also deposited within
brachiopod shells uwhere +the original fibrous shell
structure has been dissolved out; the shell being
preserved as a micritic rim with calcite growing in

towards the centre. Ostracod shells have particularly
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well-developed calcite cements precipitated in the
primary intraskeletal void and fenestellid bryozoa
chambers exhibit a similar feature. The proportion of

bladed +to ©blocky calcite varies and in some cases the

original pore space may be entirely filled by bladed

crystals.

Using cathodoluminescence (CL), the calcite cements show
a more complex pattern of deposition (Figs 4.2-4.3;
Plates 4.2b, 4.3b, 4.4b, 4.5b, 4.6b and 4.7b). The
cements are best developed on the margins of shell debris
and oolites. Four diagenetic stages have been identified
under CL (Stages a—-d). The bladed calcite crystals seen
in normal, transmitted light are composed of Stage a) and
early generations of Stage b) (see below). The outer
zones in Stage b) correspond to parts of the blocky
calcite seen in transmitted light, which also includes

Stage c) (see below) (Figs. 4.2-4.3).

Stage a) dark to non-luminescent calcite cement forms
small, meniscus-style rims fringing ooliths, larger
bladed crystals fringing shell fragments and is Dbest
developed as larée crystals in the first generation of
syntaxial overgrouwths on echinoderm fragments (Figs. 4.2-
4.33 Plates 4.2b, 4.3b, 4.4b, 4.5b, 4.6b and 4.7b). In
some cases the bladed crystals grade into a granular or
mosaic-type crystal grouth at the base of +the crystal
exhibiting +the same luminescence. Where the overgrouths
on the echinoderm debris are well-developed the same

generation rims on the ooliths are almost absent,
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inplying that this early cement was preferentially
precipitated on the -echinoids in these areas. The
birdseyes in the micrites have a dark-non luminescent
calcite as the first generation of cement which possibly

corresponds to this stage (Plates 4.7a-b).

Stage b) dull to bright yellow luminescent calcite is
deposited as zoned crystal grouwths on the earlier rimming
cement around the allochems and as subsequent overgrouths
on the echinoid debris (Figs. 4.2-4.3; Plates 4.2b, 4.3b,
4.4b, 4.5b, 4.65 and 4.7b ). In the latter case it forms
as the '"contouring overgrowths' described by Walkden and
Berry (1984). The zoned calcite grouws as large crystals
into the pore space. The zoning varies throughout the
stratigraphy and correlation of individual zones or
sequences of zones would require a more detailed study of
the different lithologies and the cements. As a general
rule houever, the later =zones exhibit brighter

luminescence with the outermost zone always bright yellowu

luminescent.

Stage c¢) medium yellow luminescent calcite represents the
last stage of calcite deposition and often infills the
remaining porosity. It is precipitated as blocky crystals
and exhibits little or no zoning (Figs 4.2-4.3; Plates
4.4b, 4.5b, 4.6b and 4.7b). In places houwever, there is a

final stage of cementation in the form of ferroan

dolomnite.

Stage d), where present, occurs as uell-developed rhombs
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of non-luminescent ferroan dolomite precipitated as a
final cement infilling remnant porosity left after «c)
above (Fig. 4.3). The lack of luminescence is consistent

Wwith the ferroan nature of the dolonmite.

There are therefore 3 stages of calcite cement, with dark
to non-luminescence in the earliest stage and brighter
luminescence in the later stages. Luminescence in
carbonates is controlled by the presence of manganese and
iron (Mn®*/Fe=* ratio; Frank et al., 1982) uith the H==~+
as the activator and Fe?2* as the inhibitor of
luminescence (Long and Agrell, 19653 Sommer, 1872). The
pattern of luminescence observed would therefore suggest
that the MNn=2*/Fe=2* ratio increased uwith time during

deposition of the calcite cements.

These cements show a similar evolution in luminescence to
that representing marine cements precipitated from marine
pore waters in the shallow burial environment (Hiller,
1986). The change in luminescence in the calcite cements
from essentially a dark to non-luminescent calcite to a
dull-bright zoned calcite and finally a medium-dull
luminescent calcite, can be explained in terms of a
change 1in the redox state of the cementing fluids from
the oxidation zone down through to the sulphate-reduction
zone (Frank et al., 19823 Miller, 1886). Within the
oxidation zone, the manganese ions are present as Mn®*
and Mn+** wuwhich cannot be incorporated into the calcite
lattice (Hiller, 1986) and therefore the low manganese

content of the calcite would produce 1little or no
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luminescence. A change to more reducing conditions
(sulphate-reduction zone) uwould convert Mn<* -> Mn=* and
any Fe®* would possibly be incorporated into pyrite, thus
a high Mn®+/Fe®* ratio would result in a brighter
luminescence. The zoning within the Stage 2) calcite
cemefit may reflect fluctuations in the Eh conditions

during precipitation.

4.3 SILICIFICATION

Silicification occurs as authigenic quartz overgrowths on
detrital quartz grains. The original grain boundaries
are marked by inclusion trails of calcite within the
quartz and in places the authigenic overgrouwths - contain
numerous inclusion trails (Plates 4.8a-b). Where found
adjacent to a carbonate cement, the inclusions in the
quartz are not in optical continuity with the surrounding
cement, implying that the inclusions probably represent
original carbonate allochems, ie they are vestigial.
Overgrowths have been replaced locally by small dolomite
rhombs, indicating that silicification is pre-

dolomitization in age.

4.4 DOLOMITIZATION

4.4.1 Introduction

Dolomitic 1lithologies are present in the stratigraphy

(Chapter 3, Sections 3.2.7, 3.2.8 and 3.2.10) and it is

70



apparent in  drillcore that there are "tuwo types of
dolomite. The first is typified by the LSM, SLS and
several horizons in the S Lens intervai, and occurs as
bedding—parallél, pale~dull dolomite (usually 2-4m thick)
with little‘ or no internal structure obsengd. These
dolomitic hérizons are characterized by a higher detrital
silt contenf than typical célcafenites in the
stratigraphy {(Chapter 3, Sections 3.2.7-3.2.8). The
second type of dolomite is a more pervasive form of buff-
coloured dolomite which may be up to 59m thick in core,
often has a distinctly pitted or vuggy appearance and is
generally confined to sections of the 3 to 1 Lens
intervals in the western mine area (Chapter 3,  Section
3.2.12). It is not in close proximity with econonic
mineralization (Chapter 3, Section 3.2.10). In places
this latter dolomitization is confined by muddy or silty

horizons.

4.4.2 Detrital silt-rich dolomites

The silt-rich dolomites which are characteristic of the
Micrite Unit and many of the marker beds are dominated by
ferroan dolomite, though the Fe-content varies. Using
cathodoluminescence, a series of dolomitizing events or
stages can be established which shous the complex nature

of dolomitization that produced the present lithology.

Unfortunately, due to the overall darkness of the

luminescence, the majority of the dolomite stages could
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not be photographed under cathodoluminescence.

Stage 1) the 'earliest dolomite has a dull ©brouwn/red
lumineﬁcénce and is a mosaic dolonmite. The rhombs have
dissoived or corroded edges. This.stage often comprises
up to 55% of the rock. It has an 1ﬁclusion—rich. cloudy
appearance and is slightly ferroan. It rformed by

replacement of the original carbonate.

Stage 2) highly ferroan, dark to non-luminescent
dolomite which is common in veins cutting Stage 1) (Stage
1 'is never found in veins) and occurs as rims around
Stage 1) rhomb "cores". The rhombs in the veins are up to
2mm in size. Sphalerite, Dbarite, and occasionally

galena, occur in these veins and pre-date the dolomite

(Plates 4.9a-b).

Stage 3) dark/bright red luminescent dolomite. Uéually
there are 2 dark zones separated by a bright fed one.
This is precipitated in veins which cut both Stages 1)
and 2) and is also preferentially deposited ﬂin small
pockets or vugs uwithin the mafrix material as a cemnent

(Plates 4.9a-b). This stage corresponds to Stage d)

which post-dates the calcite cements.

Stage 4) late-stage, bright yellow, blotchy luminescent
calcite, which is closely correlated with Stage 3) and is
found following +the sane véins and dissolving the
dolomite (Plates 4.9a-b). This stage is also deposited in
the vugs that- contain . the 1last stage of dolomite

deposition.
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It 4is important to understand that the "matrix" dolomite
in these rocks is affected by all the stages and events
that occur and it is only by looking at relationships
betueen the matrix and veins or fractures that we can
build up a sequence of events. It is evident that the
dolomitization did not occur as a siﬁgle event. There is
an early dolomite which pre-dates sulpﬁides which tend
to be concentrated in‘fractures containing Stage 2),
ferroan dolomite. These sulphide-bearing fractures are
clearly cut by fractures containing Stages 3) and 4)

cenents.

4.4.3 Pervasive, pitted dolomites

A .cgmparison with holes that are undolomitized =suggests
kﬁat this style of dolomite resulted from dolomitization
of typical oolitic and bioclastic calcarenites as opposed
to the selective dolomitization of detrital silt-rich
horizons. Both +the allochems and the matrix of the
original limestones are converted to dolomite, although
the lithology often preserves its original fabric (often
oolitic or pelletal). There are 4 main diagenetic stages
within these rocks which are illustrated in Plates 4. 10a-

b, 4.11a-b, 4.12a-b, 4.13a-c and 4. 14a-b:

Stage A) slightly ferroan, medium to dull Dbdbrown/red

luminescent dolomite (Plates 4.10b and 4.11b).

Stage B) bright oranges/yellou to orange/red luminescent,

often zoned dolomite deposited around Stage A) (Plates
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4.10b and 4.11b).

Stages A) and B) replace both the allochems and the
cement, houever the allochems and cements exhibit
different styles of replacement. Pelletal structures and
shell fragments are replaced by a granular-style of
dolomitization dominated by A), with Stage B) deposited
as a fine rim around the granules (Plates 4.10b and
4.11b). Dolomitization of the matrix cements on the other
hand is in the form of well-developed rhombs which do not
have a centrifical style of grouth (Plates 4.10b and
4.11b), implying that they are a replacement rather than
a cement (J.Miller, pers comm). The rhombs are cored by
Stage A) and have a =zoned rim of Stage B). This
difference in texture of the dolomite is due to the
original texture in the rock, with +the finer—-grained
carbonate in the pellets and shell fragments replaced by
granular dolomite and the coarser cements replaced by

coarser rhombs.

Some of the original allochems are replaced by the rhombs

implying that they contained sparry calcite.

This bright lum}nescent dolomite has not been seen
elsewhere. The bright orange/yellou zone has undergéne
neomorphism and there are numerous, mnminute rhombs uhich
exhibit a very bright red luminescence giving a new
texture. Stage A) may correspond in part to Stage 1) in
the silty dolomites as it exhibits an approximately

similar 1luminescence, although Stage A) 1is slightly
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brighter.

Stage C) coarse, ferroan dolomite depoéited‘as a cement,
which is dark luminescent with one or tuo distinct bright
red zonéé (Plates 4.11b and 4. 12b). In transmitted light,
stained sections have zones which are non-ferrocan and
which corresﬁond, to the bright red lpminescence. This
dolonmite is defdsited in small spaces left after Stages
A) and B), but is best developed in larger vugs up to 2cnm
across, Wwhere it is precipitated on the margiﬁs and may
form crystals up to 2 or 3mm in length (Plates 4.12a-b).
In these vﬁgs; crystals of honeyblendé sphalerite are
deposited prior to Stage C) dolomite. Stage‘ C) is

correlatable with Stage 3) in the silty dolonmites.

Stage D) late-stage, bright luminescent, blotchy calcite
infills the remaining secondary pore space (Plate 4.12b).
This stage correlates with Stage>4) in the silt-rich

dolomites.

Sulphides are restricted to the precipitation on the
edges of small vugs developed after Stages A) and B), and
infilled by Stages C) and D), 1ie there is pre and post-
ore dolomite. However, the =sulphides are honeyblende
sphalerite with occasional pyrite, which represént the
last stage of sulphide mineralization in many cases in
the deposit (Chapter 5) and therefore it is uncertain
whether the pre—-sulphide replacement dolomite in fact
pre-dates all the mineralization or is just a late-stage

evént. pre—-dating the honeyblende.
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Some of the pitted dolomites, with up to 15-18% secondary
porosity at present, appear +to have two stages of
dolomite. In stained thin sections it can be seen that
there are Fe-poor areas ' of dolomite which have ghost
textures of original ooliths, and are surrounded by
larger rhombs of ferroan: -'dolomite, -with no relict
textures evident (Plates 4.13a and c¢). Under CL, the
early Fe-poor dolomite exhibits: bright ‘:orange/red
luminescence as expected and the ferroan dolomite rhonbs
are dark luminescent (Plate 4.13b). It uwould therefore
appear that the early dolomite replaced +the original
oolitic limestone, resulting in a reduction in the volume
of the rock, and later Fe-dolomite precipitated in the
secondary pore space generated. The dolomite in these

rocks may possibly correlate with Stage C).

One feature noted 1is the presence of wuwell-developed
authigenic quaftz overgrowths on detrital grains.
Inclusions' within the quartz overgrowths are medium-
bright yellow luminescent calcite implying that the

silicification- pre-dated ' the dolomitization ~ (Plate

4.14b).

Stylolites present in the dolomites post-date the

dolomite and cut through the rhombs.

4.4.4 Partial dolomitization

Parts of +the limestone succession in the % and 4 Lens

intervals dominated by colitic and bioclastic
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calcarenites, have been partially replaced and cemented
by dark-non luminescent dolomite with stages equivalent
to the two styles previously described (Sections 4.4.2-
4.4.3). Three  examples of partially dolomitized
lithologies wuwere examined under CL and each example
exhibits a different diagenetic sequence. All 3 exanmples
were essentially bioclastic calcarenites and there is no

apparent reason for the different diagenetic sequences.

Example 1

a) Allochems cemented by calcite,

b) Neomorphism of the allochems by a medium-dull
luminescent calcite which can be traced in nmicro-
fractures which cut the allochems and the cement.
This results in a uniform luminescence and is

correlated with calcite cement Stage 3),

c) Dolomitization of the matrix by a ferroan, dark
luminescent dolomite, with small vugs infilled with
later darksbright red luminescent cement. The dark
luminescent dolomite is fine-grained although it
still forms well-developed rhombs, and occurs as a
replacement of calcite cement. The allochems show
only slight signs of dolonmite replécement. This
dolomite has obliterated any texture in the cement,
alphough traces of original calcite are present
within the dolomite. The dolomite is encroaching on

the allochems but has becn arrested. The dolonite
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correlates with Stages 2) and 3) in the. silty

dolonmites and partly with Stage B) in the coarse,

vuggy dolomites

Quartz grains have non-luminescent silica overgrouths
which are displacive into neomorphic calcite, with no

corrosion by the calcite.

Example 2

a)

Allochems cemented by calcite,

b) Dolomitization of the matrix as above in Example 2

above,

c) Late~stage neomorphism of the allochems by a bright
luminescent calcite, which bcuts the dolomite and
dissolves it. MHicro-fractures in the detrital quartz
have been sealed by the dolomite. The neomorphic
calcite correlates with Stages 4) and D) in previous
dolomites (Plates 4.15a-b).

Example 3

a) Allochems cemented by calcite,

b) Allochems dolomitized (particularly well-developed in

fenestellid bdryoczoa) or partly dolomitized by a dark
luminescent dolomite, ©possibly due to their having a
higher Mg-content in the initial calcite. This

dolomite is thought to correlate with Stages 2) and

3),
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c) Neomorphism of +the original calcite cement by

uniform, bright yellow luminescent calcite.

4.4,% Summary and correlation of dolomitization

There are two main styles of dolomite, each with with
three main dolomitizing stages and a later calcite
infill, with the later stages common to both styles (Fig.

4.1):

In detrital silt-rich dolomites, the earliest dolomite
precipitated (Stage 1, dull 1luminescent) formed by
replacement of original calcite and is very fine-grained.
The later stages of dolomitization (Stages 2 and 3) are
cements which are highly ferroan and conmnmonly 2zoned.
There 1is often a major dissolution/corrosion of Stage 1)
prior to subsequent generations. Any sulphides uere

deposited during Stage 2).

In the more pervasive dolomites, the earliest stages of
dolomitization also formed as replacements (Stages A and
B), houever the relationship betuween Stages A) and B),
and Stage 1) in the silt-rich dolomites are uncertain.
Late generations of dolomite (Stage C) are highly ferroan
and are of cogenetic with Stage 3). These later dolomites
often exhibit saddle-type crystals. Honeyblende
sphalerite‘ was deposited in vugs prior to Stage C), ie
there 1is pre and post-sulphide dolomite, houwsver due to
the lack of ore grade sulphides in these rocks it is

impossible to say whether +the replacement dolonite
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(Stages A and B) formed prior to all the mineralization
or just the late-stage honeyblende. Coarse hbneyblende
sphalerite also occurs in NW-trending calcite joints
interpreted as Hercynian in age (Andrew and Ashton,
1982), which clearly post-date the mineralization. The
honeyblende in the veins is thought to be the result of
remobilization of previously deposited sphalerite and
this may also apply to the honeyblende in these wvugs.
The timing of the early replacement dolomitization in the
western mine area'auay from the economic mineralization,
although pre-dating the honeyblende, is therefore

uncertain. Houwever, there are tuwo possibilities:

1) The‘\wVertiéally extensive dolonite ‘replacement
restricted to the western mine area, and that in the
bedding-parallel, silt-rich horizons throughoﬁt the mine
area, occurred synchronously. If the honeyblende
sphaierite in the vugs which posi—daie the replacement ié
regarded as synchronous with +that in the massive
sulphides, then contemporaneous dolomite replécement
could not be ruled out. Relationships between the massive
dolomite ;éplacement' in the western area and the
selective, bedding-parallel replacement in the main mine
area, would suggest that the dolomitizing fluids arose in
the uest, replacing entire sections of the stratigréphy,
and migrated along silt-rich, bedding-parallel beds of
enhanced permeability towards the central mine area. If
the massive replacement dolomitization in ihe western

mine area was coeval with the early replacement in the
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silty horizons in the central mine area, then this may
explain why the deposit dies out towards the west, as the
dolomitization of large sections of the ' stratigraphy
would result in them becoming less permeable and thereby

unsuitable for ore deposition.

2) The massive dolomite replacement of entire sections
of thoe sLratigraphy in the western mine area dominated by
oolitic and bioclastic gr#instones occurred at different
time {later) than the pre-nineralization dolomite
replacement in the silty horizons, and uwas possibly
genetically rélated’ to the _ mineralization. This
interpretation is supported by thé presence of a similar
style of massive dolomitization to that observed at Navan
in Pale Beds-hosted prospects in the general vicinity of
fhe Navan mnine (for example, the minéralization at
Clonabreeny.~ Mo;voughly and Sion Hill), and implies A
genetic association betueen mineralization and the
dolomitization; Ore-grade mineralization is absent from
the pervasively dolonitized rocks in the western mine
area. At Siop Hill, ".. the mineralization is Dbest
developed 1in undolomitized rocks, and the moré intense
the dolomitization, the léss chance that the rocks are
mineralized..." (Geological Survey of Ireland, Open
Files). MHassive, replacive, ferroan dolomite is observed
at Hoyvoughly, where there are "...significant ore
deposits above and below the dolomites, but only small

amounts actually within them..." (Danielli, 1883).
The latter interpretation is favoured with the pervasive

81



early replacement dolomitization in the western mine area
being related to the mineralizing event and therefore

post-dating the pre-mineralization dolomitization of the

stilt-rich horizons.

4.5, DOLOMITE FORMATION

The formation of bedding-parallel dolomitic horizons like
those in the Micrite Unit and in the 4 Lens interval, was
of prime importance in localizing high—grade ‘sulphides
(Chapters 5 and 7), with Stage 1) dolonmite precipitated
prior to the mineralization (Section 4.4.2). The
prodesses and problems of dolomitization thfoﬁghout‘ the
world have been the subject of much speculation and
debate and are not fully understood (Hardie, 1987). The
following section 1is not primarily concerned wuwith the
origin .of dolomites, but is an attempt to assess the
features _ observed at Navan in relation to the

mineralization.

4.5.1 Early replacement dolomite in the bedding-

parallel, silt-rich horizons prior to the

mineralization (Stage 1)

The Stage 1) dolomite described in Section 4.4.2 is
interpreted as being precipitated as replacement of
detrital 'silt-rich calcarenites prior to the

mineralization,
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Dolomite formation can occur without difficulty at
elevated temperature, -ie 100°C, as opposed to its
.reluctance to form at say 25°C (Hardie, 1987). When
dealing with an environment of hydrothermal ore
deposition, elevated temperatures are to be expected. At
temperatures greater than 60°C, most natural sub-surface

waters become potential. dolomitizing' fluids (Hardie,

1887).

Models for early diagenetic dolomite formatioﬂ have
centred oﬁ two main processes; variations on the mixing
or dorag model of Badiozami (1973), and the sabkha model
based on studies of Holocene dolomites (Butler, 1969).
Hardie (1987) has pointed out serious woaknesées in both

of these models.

A deep burial .diagenetic model whereby compaction of
sedtments during burial results in the expulsion of pore
water, has been proposed by Mattes and Mountjoy (1880).
The clay minerals in shale sequences undergo
mineralogical changes during 1n6reased buriél ‘and
compaction that can result in release of water and
magnesium, which migrate and 5ecome availab1e  for
dolomittzatidn. At Navan, the carbonate sediments uere
semi;lithified in maﬁy cases during ﬁineralization
(Chapter 5), and had not undergone deep burial prior to
dolomitization. Although there are shale sequences
within the vicinity (Sheridan, 1972), these are younger
than the host rocks at Navan and are unlikely to have

provided the requirements for dolomitization.
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Rosen et al. (1986) proposed a model of shallow burial
origin for the dolomitization in carbonate-rich horizons
in siliclastic sediments of Miocene age in Virginia.
These ferroan dolomites are formed without deep burial or
compaction. The origin of the dolomitizing fluid is
marine seawater, which is influenced by sglphate—reducing
bacteria, with later‘meteoric overprintiﬁg due to uplift.
The bacteria reduce the sulphate to sulphide, thus
lowering the sulphate concentration in the seauater.
Baker and Kastner (1981) demonstrated experimentally that
sulphate ions inhibit dolomite formation, using the
Holocene Abu Dhabi sabkha dolomite and low-sulphate
groundwater brincs as support for their experimental
observations. Hardie (1887) has pointed out that many
modern sedimentary dolomites are forming from brihes with
sulphate concentrations up to 70 times that of seawater

and casts doubt over the validity of the Baker-Kastner

model.

A shallow burial origin for dolomite\ has alsc been
invoked by Burns and Baker (1887). They calculated that
the maximum depth for dolomitization in the Hiocene
Monterey Formation of California of rocks containing 10-
20% dolomite, was within the uppermost few metres of the

sediment column.

Hird et al. (1987) recognised three distinct types of
dolomite " in Dinantian limestones in SE Wales, with -the
earliest dolomite (3-15¢m in diameter) formed " by

replacement during early diagenesis. Late dolomite veins
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formed during deep burial and contain coarse saddle

crystals up to 2mm in diameter.

Another ©possibility is that the dolomite is hydrothermal
in origin and related to the mineralization. The elevated
temperatures associated with the hydrothermal activity
would overcome one of the main barriers to dolomite
formation. Dolomites that are regarded as being related
to hydrothermal ore deposition, for example in MVT
deposits (Radke and Mathis, 1980), are generally coarse,
saddle-type crystals and not the fine—grained

dolomitization observed at Navan.

The nature of dolomite formed diagenetically in the
shallow burial environment is consistent with the early
dolomite at Navan (Stage 1) in that early diagenetic
dolomite is fine-grained, generally between 5 and 150 dm

in diameter, and forms by replacement of the original

carbonate.

4.5.2 Late cement (often saddle) dolomite (Stages 3

and C)

Late generations of dolomite are coarser and often form
as saddle-type crystals (particularly Stage c),
especially uwhere precipitated in vugs in the rock. | At
this point it 1is worth considering the features and
interpretation of the coarse, white, sparry, saddle
dolomites which are so commonly associated as gangue with

many of the epigenetic MVT deposits in carbonate rocks.
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Fluid inclusion studies indicate temperatures of 60-150=C
and salinities of 2-6 times normal seawater for the
formation 'of the saddle dolomites in MVT deposits (Radke
and Mathis, 1880). Evaporites are commonly associated
with these dolomites and where evaporites are not
presently observed, there is strong evidence for their
former presence in the form of collapse breccias
attributed'to evaporgte dissolution (Beales, 1975; Beales
and Hardy, 1980). Traces of residual bitumen are commonly
found and are probably best-developed in the Pine Point
deposit (Macqueen, 188835 MHacqueen and Powell, 1883).
These features have led many authors to conclude that the
dolomite formation was associated with sulphide
deposition, as a by-product of low temperature (60-150°C)
chemical sulphate reduction by some form of organic
material producing the required H=5 (Beales and Hardy,
1980; Macqueen and Powell 1983; Powell and MNacqueen,

1984). This can be expressed by:
"CHa" + CaSO04®~ => HaS + CaCO> + H=0
In the presence of aqueous magnesium this becomes

2"CH4" + 2CaS042~ + Mg=2* => 2H=S + CaMg(CO0a)

+ Ca2+‘+ 2H=0

Machel (1987) has advocated the formation of saddle
dolomite in a Devonian reef in Alberta by thermochemical

sulphate reduction and chenical compaction at
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temperatures in excess of 110°C during deep burial.
Although there are no =sulphides present, this again
illustrates a requirement of elevated temperatures for

the formation of saddle dolomite.

The late stéges of dolomite at Navan, which generally
post-date the sulphides and in places form saddle-type
crystals nay therefore be associated with the
mineralization, which would have provided the increased
temperatures necessary for their formation.. The process
of chemical reduction by organic matter is addressed in a
later section on sulphur isotope studies, houwever it |is
noted at this stage that there is little or no bitumen or
hydrocarbon observed in the host rocks in the deposit. It
would therefore appear that these dolomites wuwere not
formed by interaction betueen hydrocarbons and sulphate
as in many MVT deposits (eg Pine Point). A more probable
origin is that proposed by Russell (1983) to explain the
late dolomite/copper association seen in deposits such as
Tynagh and Mt.Isa, where Hg-rich fluids represent the
waning stage of the ore fluid during hydrothernal

convection.

4.6 CONCLUSIONS

The diagenetic history of the ore-hosting succession
involved 1initial cementation of the limestones by a
sequence of calcite cements. Dolomitization of bedding-

parallel, silt-rich horizons occurred by initial

87



diagenetic replacement possibly during and at
least in part following the *original calcite cement
sequence, and occurred prior to +the mineralization.
However, the last stage dolomite cement is regarded as

being related to the mineralizing event.

Complex, pervasive dolomitization of entire sections of
the stratigraphy in the uwestern mine area (dominantly in
the 3 to 1 Lens intervals) formed by initial replacement
and later cements. Although the last stage cement can be
correlated with the that in the bedding~parallel
dolomites, the earlier replacements in the tuwo styles of
dolomite do not readily correlate. The early replacement
throughout sections of the stratigraphy in the western
mine area is therefore interpreted as being related to

the mineralizing event.
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CHAPTER 5 ORE STYLES, TEXTURES AND RELATIONSHIPS

5.1 INTRODUCTION

In this chapter, the geometry, texture and mineralogy of
the suiphides observed underground and in
core/handspecimen are comBined With detaiied petrographic
exXamination of the various forms of mineraiization, so
that the processes of ore deposition might be understood.
This is essential as a foundation for the suipﬁur isotope
study. There are eight main styles of mineralization in
the Pale beds, which are (not neccessarilf in ordef of

formation):

1) Replacement of semi-lithified carbonate by sphalerite

{Section. 5.2)

2) Diffuse, sphalerite/galena bedding-parallel, stringer

veinlets (Section 5.3)

3) Bedding-parallel, massive galena/sphalerites/barite
formed by infilling of small inter-connected cavities

and replacement around these cavities (Section 5.4)

4) Deposition of ©bedding-parallel, high-grade, cavity
fill sulphides (although in the micrites, cross-
cutting, anastomosing mineralization exhibiting

similar textures is common) (Section 5.5)

5) MNassive sphalerite and galena fracture-infill and

replacement in (central) 2-5 Lens (Section 5.6)
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B8) Breccia style mineralization (Section 5.7)
7) Cross-cutting veins (Section 5.8)

8) Disseminated sulphides (Section 5.9)

The Conglomerate Group Ore (CGO) within the Boulder
Conglonerate is dealt with separately near the end of the
chapter (Section 5.12). Each style of mineralization in
the Pale Beds is examined individually, but they are all
inter-related and represent the superimposition of
continual processes which led +to formation of the
mineralized section. Samples wuere collected from all
styles of mineralization and sulphide/host rock contacts.
Over 120 underground headings and 100 drillholes were
examined, and 70 large, ©polished thin sections (Bcm X
4cm) were prepared. The areas studied underground are
tabulated in Table 5.1 and illustrated diagramatically on
Fig. 5.1. All the lenses have been studied and exhibit
many features in common. However, certain aspects of the
mineralisation are confined to distinct parts of the

succession and these are dealt with separately.

5.2 REPLACEMENT OF "SEMI-LITHIFIED" CARBONATE

5.2.1 Description

This style of mineralization is observed throughout the
deposit although it tends to be concentrated in

calcarenites rather than the micrites. The mineralization

90



was studied in detail in 2-1 Lens (204-206W, 1345 level
and 222V, 1315 level), 2-2 Lens (W20S-W40S, 1285 level)
and 2-3 Lens (240N, 1375 level). It consists of layered
sphalerite-rich sulphides uwhich exhibit a bedding-
rarallel fabric (Figs. 5.2-5.3; Plates 5.1-5.3). These
layers may form sulphide intersections up to 2 metres
thick but are often found as a few 1-5cm thick bands
within host limestones (Fig. 5.2). The upper parts of 2-1
Lens - for example, are dominated by +this style. The
mineralization is frequently laterally discontinuous and
is often disrupted by features including pull-apart
brecciation and slumping structﬁres (Plate 5.2). For this
reason, although a horizon in uwhich this texture |is
evident may be traced for distances of up to ten metres
or more, individual layers often cannot be continually
traced over diétances greater than 1-2m. The layers are
generally 'pale brown; many have a darker brdun/orange
margin eithe? at‘the top or bottom of the iayer (Plate
5.3). Sulphideshost contacts vary from sharp to diffuse.
An obvious feature is the dominance of sphalerite and

occasionally pyrite over galena.

A layered fabric is observed where sphalerite is
precipitated as a replacement on the top and bottom of a
bedding-parallel structure (Fig. 5.4). Fluids moving
horizontally replaced the carbonate in a symmetrical
fashion both wupwards and dounwards from a permeable
layer, possibly formed during early carbonate diagenesis.

These sphalerite layers exhibit the change from a dark
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broun/orange colour to lighter brown traversing away from
the margins into the host material. After replacement,
the sphalerite_ often became detached from +the host
lithology as bands and was then replaced. by neu
generations of ZnS‘ formed in a similar manner. The.
resulting bands of sphalerite are disrupted and often
have a buckled_ or compressed appeérance, _possibly

indicating that they were in a  semi-lithified state

(Plate 5.4).

Evidence for the processes involved and the +timing of
this replacemeht is found in thin séctions prepared from
both massive horizons and lower grade, more isolated
layers. This reveals that much of the sphalerite is made
up of fine grains but that it also ocurrs as replaced
carﬁohate [ debris (allochens), for which the tern
"sphaléritiéed allochems” will be used throughoﬁt the
text. The sphalérite péeudomorphé and preserves the
original carbonate structure in biodebris, although the
degréé of preservation varies (Plates 5.5a-c). Oolites
and pellets are also commonly replaced, but internal
structure, ie radial or concentric fabric, is not clearly
retained (Plate 5.5a). Algal borings were found in one
small area within sphaleritized pellets, which inmplies
that some diagenetic processes had occurred in the

carbonate before ZnS precipitation and replacement.

This layered sulpHide is therefore interpretedu as the
result of very delicate sub-seafloor replacement.>

Evidence for the’early timing‘of‘some of this repiécement
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can be seen in one section where replaced ooliths have a
rimming—style sphalerite' coating and a later,kblocky
éphalerite infill (Plate 5.%a). The rimming sphalerite
'appéars to occur as a primary cement prior to development
of any carbonate cement, rafher than as a replacemnent
fabric, although it could be argued that if the ZnS
pseudomorphs the allochems so well then the cements could
also have been perfectly pseudomorphéd. However, the
blocky sphalerite was deposited as an open space grouth
Aand implies that the replacement occurred pfior to all
thé calcite cements. Also, in unreplaced b;&clastic
carbonates directly above or bélou the sulphide the
allochems often shou an open-packed relationship and. do
not exhibit abundanp pressure solution contacts (Plate
5.5d). The sphaleritized allochems houever are much more
closely packed and pressure solution contacts arse
commonly observed (Plate 5.5¢c). This is consistent with
replacemeni of semi-consolidated, uncompacted carBonate
debris as opposed to lithified rock, as replacement of a
cemented rock be expected to produced open—-packed

sphalerite allochens.

Replaced ooliths occur in the layers which have a darker
sphalerite base and become paler upuwards. It is evident
in thin section that the darker colouration is due to the
fact that the allochems are totally replaced and there
are subssquent rimming sphalerite cements around the edge
of the layers, uwhereas the lighter colouration is due to

partial replacement with no rimming cements evident. This
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is a form of gradational replacement front resulting from
solutions moving/percolating through the sediment and

sphaleritizing the bioclasts in-situ. In some instances
there - is overprinting of later sphalerite and
occasionally galena on this style, and the original
texture becomes obscured by new generations, taking the
form of a grgnular texture nucleating 'on the replaced
allochems (Plates 5.6a-b). The granular texture is
developed to varying degrees, even on a centimtre scale,
with some areas of minor superimposition contiining only
a few scattered "granules" and others where the original

texture is almost completely obliterated.

In places the sulphide consists of granular sphalerite
within which randomly scattered detrital quartz grains

are present. This is thought to represent replacement of

a carbonate without biodebris.

Although there is considerable replacement, many textures
and fabrics within these sulphides suggest that sonme
sulphide precipitation occurred within small, originally
horizontal bedding-parallel veins after the sphalerite
replacement. These are tabular, wusually only a feuw
centimetres to a few tens of centimetres in length, and
layers of host rock may contain several isolated
bedding-parallel veins (Plate 5.7). The maximum
thickness of these structures where seen in entirety is
approximately 5-6cm and they are commonly 20-3@cm apart.
In many cases sulphides deposited within these vein

structures are disrupted.
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They are infilled by three main styles of sulphide:
finely laminated sphalerite and pyrite sediment,
colloform and stalactitic pyrite growths, and galena

crystals with later pyrite replacement (Figs. 5.5a-b;

Plate 5.8).

In all cases, a blocky calcitesdolomite with occasional
barite is the last stage of 1infill. The calcite and
dolomite are the same generatioﬁ as the last stage
calcite and  dolomite in the host rocks (Chapter' 4,
Sections 4.2 and 4.4) The sulphides are strongly
disrupted and brecciated along with the replacement
sphalerite, and +the result is a complex assortment of
poorly sorted clasts of sulphide, usually 2-3 cm in size,

but ranging down to only a few millimetres across.

5.2.2 Disruption and deformation

Disruption‘ textures in the sulphides wuwere mainly
developed in-situ and can be classified as soft-sediment

deformation, compaction, and collapse features.

5.2.2a Soft-—-sediment

Soft-sediment, pull-apart structures are common uithin
sulphide layers enclosed in calcarenites, indicating that
the host material was semi-consolidated after the
mineralization (Fig. 5.6; Plate 5.2). In drill core,

sphalerite-rich sulphides are slumped 1into the host
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material, resulting in local deformation of +the host

rocks.

5.2.2b Compactional

The layering in the more massive sulphide horions
enclosing an unreplaced block of host limestone is often
parallel to the margins of the block (Figs. 5.7-5.8).
This is the result.of modification of the original
layering during compaction, whereby the sulphides and the
unreplaced carbonate had differing rheologies. The
sulphide was disrupted around the carbonate which
compacted more rapidly, and resulted in a boudinage-
effect within the sulphides and disruption of the layers
(Fig. 5.8). Although there is a general layering in the
sulphide, it is disrupted and brecciated into a conplex
assemblage of clasts. Importantly, the host rocks are
more massive and show little disruption. It is clear
that these clasts are the result of in-situ brecciation
of the layering. Contacts betueen sulphides and enclosed
clasts of host rock can vary dramatically over tens of
centimetres, from very sharp to diffuse, where the
sulphide ‘“grades" into the host rock as a few isolated,

disrupted fragments of mineralization. (Figs. 5.7-5.8).

Sulphide layers are linked by crosscutting veins that
also have replacement textures. These veins have a
buckled appearance due to compaction during lithification

of the carbonate sequence, again illustrating the early
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timing of sulphide deposition (Fig. 5.9).

5.2.2c Collapse

It is evident in many of the samples studied that the
sphalerite precipitated on the upper surface of a narrowu,
bedding-parallel cavity has subsequently become detached
from the surface, probably due to its density and the
presence of open space below, and collapsed as layers and
clasts into the original bedding—-parallel structure (Fig.
5.12). . The disrupted <clasts often have small geopetal
sphaleite sediments subsequently precipitated on their

top surfaces (Plate 5.89).

5.2.3 Intrepretation

There is a close association betueen processes of
bedding-parallel replacement, and open-space, vein-type
deposition of sulphides in a semi-lithified carbonate,
initiated uwith the formation of permeable horizons
parallel to bedding which wuwere exploited by the
mineralizing solutions and presumably enlarged. The
layer-parallel mineralization formed by a combination of

3 processes!

1) Prior to the mineralization, diagenetic porosity
formed in the sediment enhancing the permeability. The
origin of these open spaces is uncertain but many major

sulphide horizons occur at the contact betuween underlying
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limestones and overlying silty dolomitic 1lithologies.
Differences betuween the two lithologies, such as state of
lithification, may have been sufficient to initiate the
formation of small spaces, which uere exploited by the
ore fluids. For example, there may have been early
dolomitization (Section 4.4.2; Stage 1) of narrow,
centimetre—-scale, silt-rich horizdns within the
calcarenites, increasing the competency of these horizons
and then acting as a "crust" below which small spaces
could be created. The actual process of space formation
may . then be similar to that advocated for the origin of

some stromatactis cavities (Bathurst, 19823 Wallace,

1987). |

\2) The rate of dissolution of the limestone uas greater
than the rate of sulphide precipitation and this resulted

in formation of secondary spaces.

3) During and after replacement by sphalerite, small-
.scale contacts between host material above and underlying

sulphide were areas where space may have been created due

to density contrast.

The replacement of allochems by sphalerite must be the
result of a delicate, gradual dissoclution/replacement
rather than a total dissolution of the host rock. This
is interpreted as a form of diffusional/precipitation
front with a thin film replacement, involving the

reactions:
Zn2* + HaS => ZnS + 2H* (1)
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CaCOa '+ 2H* => Ca®* + H2C0» (2)

The conditions of the ore fluid at this time would have
been less reactive than those which would for instance,

dissolve and obliterate the original textures.

The sphalerite selectively réplaced calc}te allochems and
so layers with an abundance of allochems uould have been
preferentially replaced. Prior to sulphide deposition,
where there uere horizons containing abundant carbonate
debris within more siliclastic, detrital layers,
selective replacement resulted in bedding-parallel
mineralization. Unreplaced material ' adjacent to the
sulphide is silty and contains small dolomite rhombs
betuween detrital quartz grains. The contact between this
and the sulphide is sharp and is locally marked by a thin
concentration of dark, organic-rich seams, which may have
provided ©boundary surfaces between uwhich the ore fluids
passed along and precipitated sphalerite by replacement.
Hinor amounts of 2ZnS do occur as inter—-particle
disseminations between the quartz grains implying that
some fluid permeatd into this material and was not

entirely restricted to carbonate layers.

5.3 DIFFUSE, LAYERED ZnS, STRINGER REPLACEMENT VEINLETS

5.3.1 Description

This type of mineralization is dominated by 2ZnS and
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consists of bedding-parallel, but locally cross-cutting,
diffuse "stringer" sulphides (Fig. 5.11). The principal
diference between this style and the previous one is that
the stringer mineralization is developed within silty,
dolomitic rocks instead of calcarenites. This style was
studied in detail in 2-3 Lens (252/253 accesses, 1315
level) uwhere it occurs directly above a massive sulphide
horizon - (Plate 5.19). The sulphide can be up to 0.5
metres thick but dominantly forms thin, diffuse layers

less than 2-3cm thick.

Thin sections of narrow, diffuse bands and more massive
areas show a complex sequence of sulphide deposition,
dolomitization and disruption. Irregular galena/
sphalerite veinlets are surrounded by a halc of fine-
grained sphalerite penetrating into the host rock
(P1$£es.5;11a—b). The sphalerite around the veinlets has
a granular texture uwith minor replaced biodebris. The
veinlets themselves consist of a typical assemblage of
dendritic galena, rhythmically banded sphalerite and a
later generation of coarse honeyblende and barite
rosettes which in places exhibit geopetal features (Plate
5.11b) (see (Section 5.5.5). The veinlets are very
irregular, thicken and thin dramatically, and are unlike
normal brittle fractures. The galena is entirely
concentrated in these structures and is absent from the
surrounding host rock. It appears that the galena grew
within the veinlet along with sphalerite, but much of the

zinc diffused or permeated out into the host rock.
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The dolomite is present as well-developed rhombs (up to
120 pMm in diameter), houwever is poorly developed direétly
around the veinlets where the sphalerite is dominant.
Passing 1 to 2cm outwards into +the host rock, the
dolomitization' is extensive and overprints the ZnS.
Authigenic quartz overgrowths are particularly well-
developed on detrital quartz grains -adjacent to the
veinlets and are progressively less well-developed
passing further outwards into the host rock. The presence
of numerous inclusions of sphalerite within the dolonite
crystals, which are concentrated in the outer areas of
the rhombs, is the result of dolomite precipitation
before and after deposition of +the sphalerite (Plate
S5.11c). Using cathodoluminescence, three distinct stages
of dolomite precipitation are observed (Fig. 5.12a).
These‘stages; dull luminescent, dark-non luminescent, and
dark with bright red zone luminescent, correlate with
those found in the dolomites described in Chapter 4
(Section 4.4.2;3 Stages 1,2 and 3) and it is clear that
there was dolomitization both pre- and post-ore
deposition. Sphalerite inclusions are also developed
within the quartz overgrowths indicating that
silicification post-dated the nineralization. The
relationships between sphalerite, dolomite and quartz are

illustrated in Fig. 5.12b.

Where this style of mineralization is most extensively

developed, there are two different mineral assemblages:

dolomite-quartz-sphalerite-barite, and sphalerite-
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dolomite-quartz. In the former the sphalerite is granular
and .in the latter it occurs as replacement of biodebris.
The Sphalerite-rich material often occurs as angular
clasts in a matrix of dolomite, quartz, sphalerite and
barite (Plate 6.12). This is an 4in-situ brecciation
pfobably due to differences in the degree of

consolidation between the tuo assemblages.

5.3.2 Interpretation

This style of minerallz&tion ‘ was depoéited in
célcareni%es which had been partly dolomitized prior to
thé mineralization. Dolomitization had nbt obliiefate&
the origiﬁal éilochems and they uere partly‘ﬁreserved by
the later sphaierite. thalerite:uas precipitated by
replacment around narrow veinlets with galena and
sphalerité defdéited within the veinlets. There is
evidence for late dolomitization and silicification after

the sphalerite‘deposition;

5.4 BEDDING-PARALLEL MASSIVE GALENA/SPHALERITE/BARITE

5.4.1 Intfodhction

More massive replacemeﬁt miheraiization than previously
described and one of the ﬁistinctive textures in the
deposit, consists of coarse contorted galena bands and
aggregates associéted with a sphalerite/barite

assemblage. The sulphides occur in bedding-parallel
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horizons less than 1.5m thick. Some of the best examples
of this style of mineralization are found in 2-2. Lens
(W205-W40S, 1285 level) and much of this section is based

on samples from this lens (Fig. 5.13; Plates 5. 13a-b).

In uﬁderground headings the most striking feature‘of 2-2
Lens is the massive nature of the>su1ph§es. withv sharp

contacts uitﬂ the host rock. The hanging wall is the
Nodufar Markef and the footwall is an ocolitic
calcarenite. ﬂinor fracture-fill mineralization occurs
outside the sulphide horizon. The ore is .composed of
coarse galena in a matrix of finer sphalerite and barite
(Zn:Pb around 2-3:1), The sulphides exhibit complex
contortions, -especially the galena, although a layered

fabric is observed in places (Plates 5.13a-b).

5,4,2 Description

A general paragenetic sequence representing open space
infill and replacement can be established. . Barite
rosettes and laths, associated with finc—-grained
sphalerite crystals and subordinate galena cubes comprise
the earliest mineralization and represent replacement of
calcarenite. Within many of these rosettes, "ghost"
oolitic structures are evident (Plate 5.14). These ghost
ooliths are often in an open-packed form (in contrast to
the closely-packed sphaleritised allochens (Section
5.2.1; Plate 5.56) and carry thelimplication that some of

the diagenetic cements had formed prior to replacement.
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The rosettes show undulose extinction and. occur as
clusters. Between the rosettes mnud/silt-size quartz
grains are concentrated in dark seams, with pressure
solution contacts betueen adjacent quartz grains. The
detrital material has been squeezed aside as the Dbarite
has grouwn by carbonate replacement. Very fine Dbarite
laths or needles in. layers -dominated by mud-size,
detrital quartz, resulted from primary barite grouth

within porous detrital horizons.

A complex sequence §f mineralization foiloued' an&
produced a texture of cdifse galena grouths (bdnds and
contortions) ‘in a "matrix" of sphalerite fPlﬁte 5.133).
The galena occurs as layers/bands and aggregates of
var;ing thickness (mﬁ-Scm) and is highly éontorted with a
complex looped appearance, but is locally well—layefed,
resembling a symmetrical cockscomb vein grouth (Plate
5.i5). The galena grew in open space in ail cases.
Individual gﬁlena bands are aéymmetrical and have groun
as bladed crystals 1ﬁ one direction away from a
substfétum (Plate 5.15). Individual bands often coarsen
in the directfon of grouth with a fine base and a coarse
bladed top (Plate 5.15). In hand specimen, much of the
galéna occurs in a ser1e§ of smali. inter-connected,
elongate cavities or pods which oftén exhibit an

irregular outline (Fig. 5.14).

The sphalerite replaces carbonate as uwell as previously
deposited barite, around the small cavities or pods, and

is also prosent as crustiform overgrouwths on the galena.
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In thin section the sphalerite replacement exhibits a
granular/amorphous texture through to well-developed
crystals with one or two zones and up toc more than ten
zones ig places (Plates 5.16a-c). The zoning 1is best
developed adjacent to the galena and is pickéd out by
darker orange—red’ bands in a palef crystal. A £hin
reddened “"halo" is wevident in the sﬁhalerite at the
contact with the base of a galena band and is due to a
concentration of orange/red zoﬁeé uith¥n the zoned
sphalerite or else a dark orange generation of granular
sphalerite (Plates 5.16¢c-e). This presumably reflects a
change 1in the trace element content in the sphalerite
associated with deposition of the galena. These wuell-
zoned crystals - are thought to be the result of
recrystallization of finer grained nore granular
sphalerite as ore solutions continually pass through the
system, a process used to explain the coarse =zoned
sphalerite observed in the Kuroko ores (Eldridge et al.,
1983). Further evidence for recrystallization during
sulphide deposition is observed uwhere a transition occurs
from sphalerite crystals, in places zoned, into a form of
rhythmic crust directly belouw the base of the galena
(Plate 5.17). The rhythmic crust appears to be a form of
isochemical recrystallization as the sphalerite crystals
have an orange-zoned core and a clear rim, whereas the
rhythmic crust is clear at the base and has a fine orange
band adjacent to the galena of the same generation as
that at the centre of the sphalerite crystals (Plate

5.17). This is probably due to trace element(s) causing
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the red colouration in the sphalerite being incorporated

at the end of recrystallization.

Crustiform sphalerite overgrowths were precipitated on
the galena (Plates 5.18a-c) and these overgrowths can be
correlated from one sample to another within a given
area. The deposition of these generations however was not
a continuous event as is evidenced by local hiatuses and

dissolutional c¢ontacts within the overgrowths (Plate

5.18c¢c).

The small cavity structures uere lastly infilled by a
barite/detrital quartz mud with barite present as an
intergrouwth of fine needles. This material exhibits a
geopetal relationship with coarse barite laths and lesser
calcite and dolomite. Within the coarse barite, rare
bournonite crystals are present. Pyrite occurs late in
the paragedetic sequence as minor fractures in the
galena, replacement of the sphalerite, and as localized
small geopetal internal sediments at the top of one ore

horizon (Plates 5.19 and 5.23b).

5.4.3 Interpretation

The " origin of the coarse, contorted galena is
complicated, houwever two main possibilities exist. The
first is that the galena was deposited within a series of
small inter-connected cavities and locally as bedding-
parallel veins, with sphalerite precipitated as

replacement around the galena. The irregular nature of
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the margins of the small cavities would control the
geometry of the galena bands, and the bands would have
been subsequently disrupted by slumping of +the dense
sulphide 1into +the semi—lithified host material beloﬁ
(Fig. 5.15). There are tuo»lines of evidence to suggest

that the carbonate was semi-lithified:

a) The . presence of sedimentary dykes of carbonate
allochems and quartz-silt cutting across coarse
galena/sphalerite bands shous that the limestone was not
consolidated after the sulphidé had formed; and host

material was injected 1nt6 the sulphide (Plate 5.20).

b) At the HW contact in 2-2 Lens, an upper coarse galena
band deforms a pressure-solution seam developed in the
Nodular Narker (PlateV5.21a-b). This suggests that the
galena was deposited prior to lithification of the
overlying host material, ané either the galenal was
buckled up into the lithifying sediments above or the

sediments were compacted around the sulphide.

The second fossibiliky is that the contorted appearance
is the résult of the galena being deposited as
encrustations or linings on the margins of relic
fragments of host rock within some form of cavity or
brecciaisystem (Fig. 5.16). This uwould be similar to ths
mechanism suggested b& Sass-Gustkiewicz et al. (1983) to
explain the galena textures in the Silesian ores, uhere
the galena is enﬁisaged as encrusting fragments of rock

(dolomite) in a cavity system, with the relic rock
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fragments becoming progressively disaggregated with time.

The nature of the galena, often occurring in small, pod-
shaped fegtures and the lack of evidence for relic clasts
of host rock favours the former interpretation. Also, the
locally well-layered galena with symmetrical cockscomdb
growths is difficult to interpret in terms of anything
except some form of bedding-parallel veining or infill of

narrow, elongate cavities.

Although slumping of the galana may have produced the
contorted appearance, brecciation of the sulphides is
also evident and in places a splintering effect has

totally disrupted the sulphides (Plate 5.22).

The slumping of the dense galena/sphalerite may have been
enhanced by the initiation of vertical to sub-vertical
fractures in the underlying lithifying carbonates, and in
some cases, peculiar funnel-shaped structures have been
produced by extension fractures into which the sulphide
has slumped and been disrupted (this may be related to
the observaiion that theyhanging wall is essentially flat
or planar vwhereas the footwall 1is undulating and
irregular) (Fig. 5.17;% Plates 5.23a-b). The
interpretation of some of these structures is equivacal
and some examples suggest that the basal section of the
funnel had formed by fracturing and dissolution prior to
the mineralization (Plate ~ 5.23b). Onlapping
relationships between layered sulphide and the host rock

support this last interpretation (Plate 5.23b). The
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orientation of the fracturing which controlled the
formation and geometry of these funnels suggests that the
direction of extension was approximately north to south,
ie, roughly similar to the extensional direction on
faults in the mine, but the funnels are seldon

sufficiently. well formed +to establish unequivocal

extension direction.

5.4.4 - 2-5 Lens uwest .-

A variation on the . bedding-parallel, massive
galenas/sphalerite mineralization is observed 1in the
footwall of 2-5 Lens west (1190 Haulage Drift), is
characterised by finely layered and occasionally coarsely
cubic galena crystals in place of bladed grouwths.  The
galena occurs as cubes on the upper surface and as fine
laminations on the lower surface of former small inter-
connected cavities. The sphalerite is often well-
laminated and deposited as internal sediment prior to
galena. The reddened sphalerite haloes adjacent to galena
are best developed in this mineralization. Pyrite again

occurs late in the paragenetic sequence as a replacement

of the galena.

The contacts uwith the host rock are highly irregular but
sharp, and the ore thickens and thins drammatically

within an individual horizon (Plate 5.73).
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5.5 BEDDING-PARALLEL INTERNAL SULPHIDE DEPOSITION IN

HIGH-GRADE ORE HORIZONS

5.5.1 Introduction and morphology

A substantial amount of mineralization in the Pale Beds
formed by a open space precipitation and growth below
dolomitic +~lithologies with continual enlargment and
deposition of sulphides within these spaces. The reason
for mineralization at these contacts betuween dolomite and
underlying calcarenite 1is the key to understanding the
Navan deposit. Open space precipitation on a small scale
has already been described in Sections 5.2 and 5.4, but
in the following style of mineralization, it occurs on a
larger scale with entire sulphide horizons deposited as
open space growths, and with evidence for dissolution of

adjacent limestone,

This style of mineralization was studied in 2-1 Lens
(222W, 1315 1level and 226-229N, 1435 level), 2-3/2-4
Lenses (252/253S, 1315 level and 224N, 1435 level) and

numerous localities in 1-5 Lens (see Section 5.8)

In 1-5 Lens the mineralization occurs in the micrites and
is considered in detail towards the end of this section

since a mnore cross-cutting style of mineralization is

evident.

The Dbedding-parallel sulphide horizons occur at the

contact between a calcarenite or micrite and an overlying
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dolomite (Plates 5.24a-b) and the characteristic features

of the high-grade horizons are:-

- Distinct differences in the hangingwall and footwall

lithologies.

~ Sharp upper and louer contacts, often with a strongly
undulating footwall containing depressions filled with

argillite sediment.

~ Pronounced thickening and thinning of +the sulphide

horizons.

- Layered sphalerite at the base, often inter—-laminated
with a fine detrital quartz mud, deposited as a

sulphide sediment.

- Conplex, chaotic assemblages of sulphide clasts with

locally layered sulphides, frequently found in the

bottom two-thirds of the horizon.

- An in-situ, open space solution growth assemblage of
dendritic galena, rhythmically banded sphalerite and
geopetal sphalerite sediments, with subsequent
honeyblende sphalerite, barite and calcite with
dolomite representing infill of remnant space within

the massive sulphide.

5.5.2 Evidence for dissolution of the host rock

Textures and features observed underground and in thin

section indicate that there was some dissolution of the
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host lithologies to form the space associated with
precipitation of sulphides. This often occurred at the
contact between two strongly differing lithologies, a

micrite or calcarenite and an overlying dolomite.

An inmportant feature found in these areas is a very
irregular lower contact and the presence of small,
rounded depressions filied with a dark, laminated mnud
(Fig. 5.18: Plate 5.25). This argillaceous material is a
non-calcareous, . quartz/feldspar sediment andi is only
found within these depressions where it may be up to 0.5
metres thick. In most cases layers of sphalerite, often
disrupted and slumped, are also found interbedded with
this material (?late 5.25). The argillite can be Seen
onlapping the margins of the depresssions indicating that

the depression was present prior to argillite deposition

(Fig. 5.18).

Graded bedding is observed within the argillite, with
local silt to fine sand-size layers passing upwards into
nud-size Horizons. Similar depressions and infill are
observed on thin section scale with a knife—-edge contact
between argillite &nd oolitic calcarenites belouw (Plate

5.26). The oolites are dissolved at the contact with the

argillite.

It 4is probable that this argillite is the insoluble,
residual material left after dissolution of the limestone
below the dolomites. The argillite formation is clearly

synchronous with the onset of mineralization, as is
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evidenced by 1its interbedding with sphalerite layers.
Graded ©bedding within the argillite implies that there
was some degree of current action in the spaces or

cavities created. The sphalerite was deposited as  a

sulphide sediment.

5.5.3 Internal sulphide (sphalerite) sédiment

Sphalerite layers and laminations on a variety of scales
and cleary visible ~underground can be .traced for
distances up to a few metres, where not disrupted (Plates
5.27a-c and 5.28a-c). This sphalerite sediment is found
throughout an ore horizon but is preferentially developed
at the base. The majority of the layers are dominated by
sphalerite, but some contain up to 50%, mud to fine silt-
size detrital quartz/feldspar. Graded bedding can be seen
within both the quartz-rich material and to a lesser
extent the sphalerite-dominated layers, implying that
there wuwas some current action during deposition (Plates
5.27c and 5.28a). Current action is also suggested by the
presence of asymmetrical growth folds in the sediment
(Plate 5.27a). Sedimentary structures within this
material include injections, draping features and density
loading, and the layers are often disrupted (Plates
5.28b-c). The quartz/feldspar-rich sediment appears to
have been less consolidated and is often squeezed and
deformed by the sphalerite layers (Plate 5.29).
Individual layers thin before they die out and this

material {s interpreted as being deposited and preserved
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within a form of cavity structure.

Thin sections prepared from this sphalerite shouw that
much of the mineralization is a microcrystalline sulphide
mud. A proportion is made up of a coarser, granular
sphalerite occasionally intergroun with barite. Galena
mineralization is restricted to sporadic, porphyroblastic

growths within and post—-dating the sphalerite (Plate

5.30).

The sphalerite layers formed by rapid nucleation of
sphalerite particles in the ore solution (Fig. 5.19).
This - resulted in a fine-grained suspension out of which
the particulate sulphide then settled as a sediment on
the base of the open spaces, with evidence for current

action in the form of graded bedding and grouth folds

(Fig‘ 5. 19)‘

5.5.4 Complex, chaotic sulphide clasts

This term 1is applied to a complex assemblage of poorly
sorted clasts of sulphide of sizes ranging from a few nmnm
up to tens of cm set in a matrix of fine quartz silt and
mud (Fig. 5.20;3 Plates 5.3la-b). Clasts are clearly
mat?ix supported and represent active conditions during
and after sulphide deposition, rather than the quieter
conditions operating during the deposition of the layered

sulphide sediment. A variety of clast types can be

recognised:

114



(1) Layered and laminated sphalerite sediment

(2) Clasts of host rock <containing galena/sphalerite

veining.
(3) Clasts made up of barite rossettes
(4) Fragmenté of a coarse, bladed galena (see later).

(5) Clasts of sphalerite replacing host rock.

We have already discussed a mechanism whereby clasts of
sphalerite formed by replacement of carbonate sediment
followed by disruption (Section 5.1). However, many of
the clasts within this massive sulphide are of well-
layered internal sediments and all the clasts are poorly
sorted. The <clasts are generally subangular and often

have a very rugged outline suggesting that they have not

been transported far.

This style of mineralization is interpreted as initial
sulpHide deposited within a cavity structure uwhich has
been disrupted and brecciated. The disruption could have
been tectonically induced. During periods of quiescence,
sphalerite sediment accumulated and was subsequently
disrupted as a result of tectonic instability probably
induced by faulting. Clasts of limestone with sulphide
veinleté show that parts of the previously mineralized in
situ host rock were also incorporated. This is envisaged

as the result of collapse during the enlargement of

exXisting spaces.
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The sulphides -described so far only make up part of a
mineralized section. The upper parts of a horizon of
massive sulphides are characteristically dominated by
textures related to in-situ sulphide deposition which are
distinctly different from the complex and layered
sulphides -described previously, and- termed in-situ

solution grouwths.

5.95.5 In-situ solution growths

These appear as a complex intergrouwth- of '~ galena,
sphalerite +/- barite. In hand specimen and underground
headings, - the mineralization is characterised by coarse,

pale .yellow honeyblende sphalerite and large barite

rosettes (Plate 5.32).

5.5.5a Thin section petrography - Introduction

The main mninerals are sphalerite, galena, barite and
pyrite in order of abundance. The sequence of sulphide
precipitation consists of early dendritic and skeletal
galena and locally stalactitic pyrite overgrown by later
rhythmically banded thalerite and subﬁequently hremnant
forosity being infilled by honeyblende -spﬁalerite

crystals and coarse calcite, dolomite and barite.

5.5.5b Galena

Galena is found as dendrites, skeletal crystals,
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stalactitic coatings, platelets and cubic crystals. The
nmost common form is a skeletal and dendritic crystal
habit (Plates 5.33a-c). They are regarded as a precursor
of the platelets and cubes which form as the ske1e£a1
crystals grow and "fill-in" (Plates 5.33b—c5. The
dendritic forms are typical of aendritic groﬁths in othér
minerals (eg, silver) formed under experimental
conditions (George and Vaidkin, 19813 Honjo and'Saugdé,
19823 Mason et al., 1982). Rapid growth from a
supersaturated solution and the resulting instablilty
during crystal grouth is the main factor attributed +to
dendrite format;on, although incorporation of certain
trace elements may have}a poisoning effect and also
result 1n‘non-cubic grouth. Rapid growth is thought to be
due to rapid cooling (Honjo and Sauadé, 19823 Jones and
Kahle, 1985). In some sections there are clear
indications uhere the skeletal crystals have started to
“fill-in" and the result is a cubie crystai. The
dendrites canl vary in size from those only wvisible in
thin section to exambles which are greater than 3 cm in

length and clearly visible in hand-specimen.

Dendrites and skeletal crystals are the result of
primary, open space growth and are not a replacement
texture. The delicate nature of these structures would

imply that they formed in a protected environment.

Galena also occurs as crystals coating pyrite
"stalactites" or "rods" (see next section). In one

example tho galena was observed as a primary stalactite,
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and in this sample it is transitional to a dendritic

structure.

It appears that when a free surface is available on the
pyrite rods, the galena will nucleate and grow as
crystals. Otherwise the galenaxcrystallizes as fine
dendrites.  This implies that there is an excess of

sulphur on the outside of the pyrite "stalactite" with

which the lead combines.(

5.5.5c "Stalactitic” structures

These peculiar structures are locally observed throughout
the deposit, both within massive sulphides and in
bedding-parallel veins in unmineralized host rock (Plates
5.34a-b). The term "stalactitic" isused due to their
overall morphological resemblance to present day
staiactites but ;hey are genetically dissimilar as they
grew in a fluid as opposed to air. They consist of a
pyrite core with later galena and sphalerite overgrouths
(Plate 5.35). The pyrite takes tuo forms: a central rod
structure which consists of successive generations of a
concentric ring-type growth, and later overgrowths (often
marcasite) of a botryoidal, radi;ting form (Plate 5.35).
The stalactitic structures are overgroun by galena
crystals and generations‘ of rhythmically banded
sphalerite. Geopetal sediments are synchronous with the
rhythmic overgrouths. The stalactites are regarded as

resulting from gravity-induced crystal grouth. A central
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column or rod is initially precipitated as successive
concentric generations, prior to 'later overgrouwths of
radiating, botryoidal crystals. Unlike modern-day
stalactites observed in cave systems, they occassionally
thicken towards the base rather than tapering out. This
is due to the fact that tﬁese structures pull away from
the upper surface to which they are attached in a fluid-
filled environment due to density contrast under the

influence of gravity, as opposed to a simple drip
process. Similar sructures have been produced

experimentally by chemical garden growth by Russell
(1987), who demonstrated a process wheredby mixing of an
acidic and an alkaline solution could produce rod-type
structures. This mixing of two solutions 1is essential in.
forming these grouwths and is significant in terms of ore..
depositional processes. At Navan, the mixing of a metal-
rich, acidic fluid with a bacteriogenic sulphide-rich, .
more alkaline solution at the site of ore deposition |is
proposed and may have produced these features (Chapters 6
and 7). Fontebote and Amstutz (1986) proposed that the
stalactitic structures at Navan formed by diagenetic
replacement of barite, however in all the samples
examined in the present study the stalactitc pyrite
growths are primary and no evidence was found for a

replacement origin.
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5.5.5d MHicroscopic, rhythmically banded, crustiform

sphalerite and geopetal sphalerite sediments

Rhythmically banded or collomorphic sphalerite (Plates
5.3B8a-c) occurs as coatings on the dendritic and skeletal
galena, on the stalactitic growths, and on clasts uwithin
the sulphide. The sphalerite consists of microscopic
bands of varying colour from shades of pale orange
through to darker brown-red (Plate 5.36a). The banding is
botryoidal to colloform and is coated around the galena
nucleus. There are tuwo mnain fabrics developed: the
concentric banding and an acicular grouth perpendicular
to the banding. Under high magnification the acicular
texture protrudes through the boundaries of these bands,
resulting in an imbricated, rugged contact betueen
adjacent bands. Contacts between adjacent bands are
generally diffuse under high magnification. The outline
of the banded sphalerite is controlled by the shape of
the galena nucleus. All these features are similar to
those described by Roedder (1968) in samples from the
Pine Point deposit and Zn/Pb deposits in Europe, such as
Bleiberg in Austria and the Silesian deposits in Poland.
Adjacent nucleii may coalesce during the precipitation of
the sphalerite bands and later generations encompass both
nucleii. In this way, a "grape-like" texture forms in
which these structures become mutually supporting and
inter-connected (Plate 5.38¢c). These delicate structures
are alays well preserved. There are distinct hiatuses in

the deposition of the sphalerite as illustrated by

120



dissolution of early bands prior " to precipitation of
later bands. Betuween the sphalerite bands, microscopic
galena crystals may occur uwith the overlying band. being

deflected around the ocutward crystal face.

Finely laminatéd geopefél sphalerite sediment was
deposited synchronously uith,v and can be traced into the
rhyfhmic grouths (Plates 5.37a-b). These laminations
cannot be traced over distances greater than a fewuw
centimetres. Numerous small geopetal structures can be
seen in iind1v1dua1 hand specimens, deposited in small
spaces that existed within the crystallizing dendritic
galena. ©Some of the best developed geopetal textures are

associated with stalactitic growths (Plate 5.34a).

In thin section the sphalerite geopetal sediment 1is
present as a microcrystalline mud, 2zoned crystals ‘uith
different layers having different zones, and a forgy of
concretioﬁ, ‘like small spherules which appear to be a
transitional groﬁth into crystals (Plétes 5.37a-b and
5.38a-¢). The cause for the last style of sphalerite is
unclear but may be due to supersaturation and consequent
high rate of precipitation being ioo rapid for wuwell-
formed crystal growth (Roedder, 1968). The laminations
are a dark orange/brouwn colour both in hand specimen and
thin section and display pronounced vertical variations
in colour over a feuw mm with a general sequence of upward
darkening (Plate 5.38a). Sedimentary struétures.
including 1injections and slumps are particularly well-

preserved.
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Late-stage ' geopetal sediments are often found on
disrupted clasts of previously deposited dendritic
galena/rhythmic banded and geopetal sulphides. Detrital
quartz grains uwithin the sphalerite sediment are only

observed 1in one or two examples and authigenic quartz

overgrouths are always developed.

The origin ’of the rhythmically banded textﬁre is
controversial and terms including collofornm, coiio;d#l
and botryocidal have all beeﬁ used to describe it. It has
been recognised in many Zn-Pb deposits and for this
reason has been a subject of much discussion (eg, Pine
Points Roedder; 1868). The main dispute is to whether
the sphalerite 1is precipitated as a gel or as minute
crystals, and whether +the banding is primary or
diffusiénal in origin. Roedder (1968) advocates a
mechanism of continual precipitation of euhedral crystals
as minute druses directly from a fluid. This occurs as
the result of relatively high supersaturation which gives
rise to high rates of nucleation and
crystallization/grouth rate (cf, galena dendrites and
skeletal crystals). Roedder argues for a hon—colloidal

origin of deposition.

5.5.5¢ Honeyblende sphalerite

This is a term given to coarse, uell-developed, pale
yellow sphalerite crystals readily visible in hand-

specimen. It is nearly always the last sulphide mineral
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precipitated and is accompanied by barite, dolomite and
calcite . (Plates 5.32 and 5.3%a-b). The sphalerite is
usually precipitated on top of the rhythmic spalerite and
}there is often a transtional boundary between the tuwo
(Plate 5.39a). In transmitted 1light 1little internal
structure is visible, but under cathodoluminesence yellou
growth zZones are apparent. Occasionally where the
honeyblende is found in narrou, bedding-parallel
veinlets, it exhibits a geopetal—-type deposition (Plate
5.11b). In all sections studied it brecciates the
previously precipitated sulphides which suggests that the
fluids that deposited the honeyblende were forcefully
injected into the previously deposited sulphides as wsll
as filling pre-existing spaces (Plate 5.40). In one
section ‘the honeyblende appears to force open rhythmic
layers of,sphalerite; Precipitation must be slower {n
contrast to the dendritic/skeletal galena and the
ryhthmic banded sphalerite to allow the uwell-formed

crystals to grow.

5.5.5f Late barite and calcite

This assemblage represents the last stage infill in the
bedding-parallel sulphide and blocks up all the remaining
porosity in the massive sulphides, forming up to 20% of
the rock in places and indicating that considerable space
was retained after the main phases of nineralization
(Plates 5.32 and 5.41). It 1is associated with the

honeyblende, and comprises coarse crystals. In thin
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section, large - patches of barite/carbonate in optical
continuity over-print and replace the sphalerite and the
galena and can also occur as a "halo" around small
fractures within internal sphalerite sediment (Plafe
5.38a). Tuo or three skeletal galena grouwths and later
rhythmid sphalerite are overgrown and replaced by calcite
which is in optical continuity. The sphalerite appeafs to
be preferentially repiaéed and the ofiginal banded fabric
is preserved as numerous small inclusions uith1n~ the
calcite (Plates 5.42a-b). Within the sphalerite banding,
individual bands are selectively replaced And 'the
surrounding material untouched. In plabes this
replacement is best developed uhere reentrant angles are
present in the rhythmically banded sphalerite (Fig.
5.21). The barite is found as large laths, brecciating
galena and rhythmic sphalerite in a similar fashion to
the honeyblende. Relationships betueen this material and
the honeyblende suggest that the barite and calcite both

pre—-date and post-date the honeyblende.

5.5.6 Bedding-parallel and cross—cutting mineralization

in the micrites

The features ascribed to open space sulphide growth are
particularly well-developed in the micrites which are nowu
studied in detail as they host much of the ore 1in the
Navan mine. The main areas studied underground are in 1-
5 Lens in Blocks 2 (181-183N, 1330 level), Block 6 (FW

contour drifts, 1315 level), Block 7 (panel 7) and Block
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14 (131-133W, 1230 level). 1-5 and 2-5 Lenses were also

extensively examined in core.

The main features of the sulphides in the micrites are
illustrated in Figs. 5.22-5.31 and Plates 5.43-5.51.
There are tuo gross forms of mineralization: 1) bedding-
parallel, ©.5-2.5m thick, high-grade. horizons, and 2)
more anastomosing, cross-cutting ore extending vertically
over larger sections of +the  micrites. Both styles
exhibit sharp contacts with the micritic host rock which
may. be either bedding-parallel, louw-~angle cross-cutting,
and in the case of 2), frequently high-angle cross-

cutting.

The miBeféiiéation within these +two gross forms is
essentially similar and dominated by 3 styles: laminated
argiliité and sphalerite, complex chaotic clasts of
sulphides within an argillaceous matrix, and in-situ
solution grouth textures. These have been described
earlier, houwever they exhibit features in micrites which

warrant further discussion.

5.5.6a Laminated sphalerite/argillite

Towards the footwall in 1-5 Lens in Blocks 14, 15, 17 and
18, bedding-parallel sulphide horizons are commonly 0.5-
1.om thick and have a dark, laminated quartz mud at the
base, grading up into laminated and layered sphalerite
and sphalerite clasts. These horizons occur at the

contact betueen micrite and an overlying dolomite (Figs.
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5.22-5.233 ' Plate 5.43) and the layered material has been
deposited in open space. The base of the dolomite is
commonly fractured with sphalerite locally replacing the
margins of the fractures (Fig. 5.22). In places +the
sulphide and the dolomite break off as clasts, and fall
into and deform laminated sulphide below (Fig. 5.22). The
sphalerite 1is subsequently replaced by new generations.
The basal contact ‘betueen argillite and micrite is sharp,
sub-rounded, and truncates stylolites uwhere present (Fig.
5.22). Clearly open space developed below the dolomite,
with some subsequent collapse of the dolomite into the
accumulating sulphide below. In a few cases, thin
sulphide horizons have micrite below and above, and in
these examples the layered sulphide/argillite have lou-
angle, cross-cutting contacts with the host rock. The

hanging wall is commonly brecciated (Plate 5.44).

In the more anastomosing, cross-cutting‘mineralization.
eg Block 14, laminated sphalerite occurs in a conmplex
network of former <cavities. Some of this sulphide
appeérs to have been deposited in sub-horizontal “tubes"
in the micrite whereas other examples appear to be high-
angle fractures which have subsequently been modified by
dissoiution. The initial space clearly existed prior to
the mineralization. The layered sfhalerite is often
graded and fills the entire space available with no
evidence for deposition on the top or sides of the
cavity. This must be related to either the rate of

sulphide precipitation being too rapid to allouw grouth on
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the tops and sides of the existing space and/or the
sphalerite nucleation occurred rapidly in the solution

flowing through the space, with subsequent deposition out

of suspension.

5.5.6b Complex, chaotic clasts

This chaotic material comprises mnore massive, higher
grade sulphides and in places this style of
mineralization is gradational into the laminated
argillite. This style well-developed in both the bedding-
ﬁarallel and anastimosing sulphides (Figs. 5.24-5.26;
Plates 5.45-5.47). Sulphide clasts are unsorted; mm-1Scn
in size, with no overall layering observed. The clasts
are varied, consisting of disrupted layered and laminated
sphalerite, galéna/pyrite crystal grouths, rhythmic
sphalerite bands and in-situ solution growths. Clasts of
unmineralized or unaltered host micrite frequently occur
within the complex sulphides (Fig. 5.26; Plate 5.47).
They vary in size from millimetres up to 2.9nm in dianeter
and are always subrounded with dissolved margins. The
matrix to all +these clasts is a detrital quartz and
feldspar mud-fine silt. 1In thin section, the sulphide
clasts show that the mineralization was continuous, with
sphalerite 1replacing galena and pyrite fracturing and
replacing both galena and sphalerite (Plate 5.48). Small
spherical grouwths are present with a galena core and a
rim of pyrite (Fig. 5.24). The galena has replaced the

host rock with preservation of the allochems and some
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diagenetic cements (Plate 5.48) and has subsequently been
disrupted 1into a series of fragments which acted as a
nucleus for later pyrite overgrowths. Rhythmically banded
sphalerite occurs as overgrowths on previously deposited
sulphides and clasts of host rock, however it is also
found as disrupted veins cutting through the accumulating
clasts and mud-silt matrix (Fig. 5.27); Disrupted barite

veins were formed in a similar manner.

The complex assemblage must have formed by a process of
continual sulphide deposition and disruption in a
dynanic environment in contrast to the quieter
conditions that produced the wuell-layered sphalerite.
The presence of a detrital muds/silt to these clasts 1is
again interpreted as residual, insoluble material
accunulated during dissolution of the micrites. Houever,
the features in the anastimosing, cross-cutting
mineralization indicate that initial spaces in this case
may have been created created by extension and "tearing-
apart" of partially lithified micrite (Fig. 5.28a).
Distortion of the laminated sphalerite by the micrite
host rock shous that the micrite was still compacting
during the mineralization and was not fully consolidated.
Extension, resulting in a fracture netuwork in the
micrites, would allow fluids 1into these rocks and
deposition of the sulphides could occur on the fracture
surfaces (Fig. 5.28b; Plate 5.50). If there was a
continual series of ©pulses of such extension and

fracturing, collapse and disruption of the sulphides
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would occur, existing fractures would be enlarged and new
fractures initiated. The fracture network would also
become enlarged by dissolution by the warm mineralizing

fluids. In this way a complex assemblage of clasts would

be generated (Fig. 5.28c).

The complex clasts are particularly well-developed in the
bedding-parallel horizons where they may form up to 75%
of the sulphide, however it is also within these horizons

that the in-situ grouwth textures are best-developed.

5.5.6¢c In~-situ solution growths

These textures form a greater proportion of the massive
sulphides in the micrites than elseuwhere in the deposit,
occurring as intersections over 1.9m thick in places, and
also as disrupted clasts within the chaotic sulphides
previously described. Where present as clasts, these
deform argiilite and sphalerite sediment, implying that
they have collapsed into +the sediment (Fig. 5.25).
Pyrite is absent from this textural assemblage, although
1a£e fractures brecciating this mineralization connonly
contain fyrite and pyrites/sphalerite geopetal sediments
and associated coatings (Plate 5.51). Within an
individual area, the paragenesis within the rhythnic
sphalerite \overgrouths can be correlated from one sample
to another, indicating that within that area, the in-situ
textures vere deposited in one main event, ie there uere

existing spaces prior to that particular mineralizing

129



event.

Clearly the delicate nature of the textural assemblage
(dendritic grouths are abundant) as well as +the thick
accumulation)suggests that there were distinct periods o;
"quiescence" with significant open spaée present during

the formation of the massive sulphides. .,

The in-situ sulphides may have been subsequently

disrupted into clasts (Fig. 5.25: Plate 5.51), although
they are usually essentially undisturbed. The passive
style of mineralization contrasts with the more dynamic

style of the chaotic clasts.

5.5.7 Interpretation » c e

Widespread sulphide deposition in open spaces beneath
the dolomites clearly indicates very major lateral flow
of the ore fluids along the bases of the dolomites,
presumably away from sources where vertical ascent of the
ore fluids occurred. The dolomite must therefore either
have acted as a physical barrier to the ascending ore
fluids and/or there was some form of permeability at the
contact between limestone and overlying dolomite which
was exploited by the fluids, or a combination of both.
The dolomite may also have acted as a chemical barrier as
dolomite is more stable than calcite in weakly acidic
solutions of the +type involved in +the +transport of
metals, and would therefore be less likely to dissolve.

The dolomitic horizons definitely acted as a physical
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barrier in places as vertical veins cutting through
micrites die out on encountering a dolomitized horizon as
a few small fractures in the basal 0.5m of the dolomitic
lithology (Fig. 5.29). Was there an initial zone of
permeability at the contact?. Clearly the sulphide
textures indicate that deposition occurred in open spaces
below . dolomitic horizons and +that precipitaion and
crystal grouwth was rapid. How did the open space develop.
There are several lines of evidence shouing that

dissolution occurred below the dolomite:

i) Rounded depressions in the footwall of an ore horizon

filied with insoluble, residual mud,

2) Accumulations of black, insoluble residual material

at the contacts betueen micrite and sulphide (Fig.

5.25),

3) Layered birdseye fabrics in the FW truncated by the

sulphides (Fig. 5.30).

4) Stylolites in the micrites truncated by the sulphides

(Plate 5.45).

The question arises as to whether widespread dissolution
resulted in the formation of cavities within which the
sulphides wuere later deposited (ie, a form of karst
process completely separate from +the mineralizing
process) or was permeability at the dolomite/calcarenite
contact (initiated), exploited and enlarged during the

mineralization. The presence of sphalerite layers within
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the argillite in dissolutional depressions in the base of
some sulphide horizons indicates that the mineralization
and dissolution in these instances uere synchroﬁous. The
depressions may have been initiated closer to the base of
the overlying dolomite and subsequently slumped doun and
away from the base of the dolomite during mineralization
and  compaction of the stratigraphic éection, creating
space for further sulphide deposition. The difference in
rheology betueen a competent dolomitic horizon and an
underlying, semi-lithified calcarenite may have been
sufficient to initiate this process, housever it would
have been propogated and enhanced by the accunmulating

dense sulphides (Chapter 7).

With the development of open spaces below the dolomite,
some fracturing and collapse of the base of the dolonite
would ©be expected, houwever the lack of major collapse
structures and breccias suggests that large cavity
systems were not present prior to the mineralization, and
that the generation of much of the open space uas
approximately synchronous with the mineralization. The

development of these open spaces is addressed in detail

in Chapter 7.

The ore fluids obviously penetrated into and through the
dolomites and accessed higher levels, as indicated by the
multiple tabular ore layers. The penetration of the
dolomite .uouldihave occurred dﬁring periods of exfension
with rupturing of the dolomite allowing the ore fluids

to ascend and perpetuate sulphide deposition at higher
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levels‘(Chapter 7).

The cross-cutting, anastomosing open space mineralization
restricted to the micrites, represents a process of
extension and tearing—-apart of the host lithology

associated with deposition and'disruption of sulphides.

Apart  from dolomites, two other 'examples of a
lithological barrier-effect include an intensely
stylolitized micrite near the footwall in 1-5 Lens in
Block 6, and 1o0cm thick shales in 2-1 and 2-5 Lens. The
stylolitic micrite forms the hanging wall to a continuous
1.5-2.0m massive sulphide horizon. In one sidewall small
veins extend above the main sulphide horizon into the
stylolitic micrite, houwever these die out 0.5 nmetres
above the massive sulphides (Fig. 5.31). There is a dark
2-3 cn thick argillite at the top of the sulphide horizon
and the contact betuween the argillite and micrite is
sharp. This contact is regarded as dissolutional and the
shale is the residue from dissolving the basal section of
stylolite-rich micrites (Fig. 5.31). A constraint can
therefore be placed on the timing of the mineralization
in that it post-dated the stylolite formation. This is

also indicated by stylolites that are truncated by the

sulphides (Plate 5.45).

In the 2-5 Lens footwall and 2-1 Lens hanging wall
mineralization, thin shale bands clearly acted as local
impermeable layers through uwhich sulphide veins were

unable to pass, directly below which narrow sulphide
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horizons uwere deposited (Plate 5.52).

5.6 MASSIVE, CENTRAL 2-5 LENS-STYLE MINERALIZATION

5.6.1 Introduction

The maih areas studied were the 242S he;dings on 1339 and
1315 levels. The mineralization displays many features in
common with the massive galenas/sphalerite sulphides
discussed in Section 5.4, but differs distiﬁctly in that
it exhibits little bedding-parallel layering or fabric,
and is more massive and often cross-cutting and
brecciated (Plate 5.53). This mineralization forms the
most massive horizon in the mine, and may have grades of
around 40% Zn+Pb over thicknesses of 15m. One of the
most significant features is the abundance of galena, and
the sulphide in 2-5 Lens shouws a low Zn:Pb ratio relative
to the deposit as a whole, around 3:1 (Andrew and Ashton,
1982, 1985). The mineralization occurs in calcarenites and
medium to fine-grained pale buff dolomites which display
several stages of dolomitization. The ore itself consists
almost entirely of sphalerite and galena with marcasite
developed locally close to the FW of the T Fault. Barite
is. found 1in various paragenetic stages but is usually
late and s associated with calcite. The massive
sulphides consist of a coarse galena which is similar to
that 1in 2-2 Lens, but is more disrupted in this area.
Individual bands of galena cannot generally be traced

more than 10 cm. Although the sphalerite is fine-grained
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and massive, there are also small, minor internal

sediments.

Brecciation of the dolomite occurs at the contacts
between sulphide and host rock, and within the massive

sulphides blocks of dolomite are common.

Lower . grade areas consist of cross-cutting veins -of
sphalerite/galenas/barite of the same generations as those

in massive sulphides. and these interconnect the more

massive mineralized areas.

5.6.2 Description

The general paragenesis is as follous:

The first sulphides, 'predominantly sphalerite, uere
deposited by replacement of calcarenites at the margins
of a series of interconnected fractures or veins and
within the fractures themselves. Where fracturing was
extensive, the host rock uwas essentially brecciated.
Replacement occurred as a coarse, granular, amorphous
textured sulphide which grades into coarse poorly-zoned
bands of sphalerite in the vein itself (Plate 5.54). The
bands are up to 4 mm thick and in thin section contain
two widely spaced orange/yellou diffuse 2zones. Under
cathodoluminescence, this sphalerite shous a blocky
texture and the only zoning observed is a distinct
purple-blue horizon which separates a  dark, non-

luminescent base from blue-yellow luminescent wupper
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horizons (Fig. 5.32). Barite laths were also deposited at
this stage but unlike 2-2 Lens, did not preserve the
allochens. jalena and minor pyrite deposited at this
stage formed small crystals or disseminations. In section
these replace the carbonate allochems, with inclusions of
calcite preserved within the pyrite (Plate 5.55). The
allochems, like those repaced by barite.in 2-2 Lens, shou
some degree of open packing and cementation. A
significant feature is that all the allochems in the host
rock ©both within and surrounding the sulphides are nou
dolomitized, whereas the inclusions in the galena are
calcite. Therefore the galena replacement occurred prior
to the dolomitizing event. Sphalerite was also
precipitated around pellets in the dolomitized host rock

replacing the original cements (Plate 5.56).

Most of the galena was susequently deposited on top of
coarse 'sphalerite in the fractures (Plate 5.57). The
galena is texturally similar to that seen in the bedding-
parallel sulphides in that it is coarse and bladed,
however the galena bands are’ usually sub-vertical as
opposed to bedding-parallel and the cqmplex contorted
texture is absent. The @galena within the massive
sulphides can also be traced doun‘into vertical veins

leading up into the massive sulphide.

Sphalerite, often in the form of zoned crystals, was
deposited by a complex sequence of replacement of host
material, recrystallization similar to the bedding-

‘parallel mineralization (Section 5.4), and rhythmically
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banded overgrowths on the galena in the fractures.
Continual ©brecciation and in places, fragmentation of
previously deposited generations including galena
resulted . in a complex textural assemblage. Under
cathodoluminescece, various conmnplex generations of zoned
sphalerite crystals are evident (Plates 5.58a-b and
5.%9a-b)., Early generations of zoned sﬁhalerite crystals
replaciné host'rock are cut by fractures containing later

generations, and zoning within sphalerite crystals under

CL is often brecciated.

In one thin section taken across a vein, small fragments
of the host rock are coated by a rhythmically banded
sphalerite and replacement by zoned sphalerite crystals
is evident at the margins of the clast. The surrounding
matrix also contains zoned sphalerite and the margins of
the vein or fracture have symmetrical galena/rhythmic
sphalerite grouths (Plate 5.60). In most cases the galena
is coated with a rhythmically banded sphalerite and +the
sphalerite generations are the same as those in zoned

crystals. The two styles are therefore synchronous.

Well-laminated aafk brouwn geopetal sphalerite sediments
are commdn as a later stage of mineralization,
synchronous with rhyhmically bahded growths (Plate 5.61).
They are more evident in thin section than in
dnderground exposures and are also disrupted and
brecciated (Plate 5.82). The sphalerite is not aluayé
developed as one simple geopétal. The geopetal sphalerite

sediment 1is often absent and rhythmic banded sphalérite
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lines both:-sides of the fracture, especially where the
fractures are sub-vertical. Where the rhythmically
banded sphalerite was deposited directly on the early,
coarse, poorly-zoned sphalerite there was frequently
dissolution of the coarse sphalerite prior to deposition

of the rhythmic banding (Plate 5.63),.

Compiling observations from sections prepared from 2428
pillar 'in 1330 and 1315 levels, and in particular one
section which exhibited an apparently complete sequence
of sulphide deposition from coarse sphalerite bands and
galena through to rhythmic and geopetal styles, a
paragenesis can be established using transmitted light
and cathﬁdoluminescence (Fig. 5.32). Zoned crystals showuw
the same generations aé‘the rhythnic sphalerite and uere
precipitated synchronously. From this, it can be seen
that there is a change in the style of sphalerite
deposition shortly after precipitation of the galena, and
the later ZnS generations are finely banded or zoned
conpared to the earlier more blocky form. A general trend
within the sphalerite with regards to changing
chemistries is from a blue to a yellow luminescence, and
this occurs in 3 or 4 cycles. The last stage sphalerite
observed in any section is always yellow-zoned, and where
cross-cutting relationships ;re found, it 1is aluvays
yellow cutting blue. Individua{ crystais shouw Dblue
centres and yellow outer zones. The reason for different
luminescence colours is related‘to the trace element

chemistry of the sphalerite, however the actual elements
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causing the . luminescence are unknown and would require

detailed probing of the sections under cathodo-

luminescence.

vCoarsé, late—gkage, white dolomite and barite infilled
the }1na1 porosity within the massive sulphide. Numerous
small' inclusions of lead/antimony sulphosalts result in a
purple. colouration to parts of the dolomite in hand
specimen (Plates 5.64a-b). This late, coarse
dolonites/barite assemblage is fdentical to ﬁhat observed
as the last séage of deposition in the other styles of

mineralization.

Veins and aggregates of marcasite occur adjacent to the T
Fault and generally appear to post -date the bulk of the
Zn/Pb mineralization. The proximity to the fault and the
late—stége nature of the marcasite is regarded as
evidence for ﬁhe T Fault being involved in the
channelling of late Fe-rich hydrothermal fluids, possibly
those fluids responsible for the Fe-rich Aﬁineralization
1ﬁ 2-1 Lens and the CGO at stratigraphically higher

levels (Andrew and Ashton, 1982, 1985).

5.6.3 Interpretation

The mineralization formed by fractﬁre-infi11/brecc1ation
and replacement of the host rock. After initial
sphalerite and a main phase of galena deposition there
was a complex sequence of sphalerite precipitation in the

form of zoned crystals, rhythmically banded'grouths and
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geopetal sediments, with .continual " brecciation and
precipitation of neu generations. The principal
differences between this mineralization and the bedding-

parallel sphalerite/galena previously described (Section

4.4) are:

1) Mineralization extending over vertical distances of

up to 15m. - i

2) Significant vertical to sub-vertical fracturing and

brecciation of the host rock.

3) -Absence of contorted textures within the sulphides.

These differences can be explained in terms of the
mineralization: occurring as a more forceful ©process in
the central 2-5 Lens area suggesting that it was more
proximal to the site of ore fluid inlux, whereas in the
bedding-parallel mineralization the ore fluids moved
laterally. Also, the lack of contorted sulphides in the
massive 2-5 Lens as opposed to say 2-2 Lens style is due
to the difference in rheology of the host material
encountered by the ore fluids. The host rock was more
lithified than say in the 2-2 Lens as indicated by the
extensive fracturing, and therefore slumping of the

sulphides would not be an operative process.

5.6.4 Dolomitization

Dolomite is present both within the massive sulphides and
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the surrounding host rock, and most of the dolomite post-

dates the mineralization.

Ghost relicts /of oolites and pellets are observed
throughout .the dolomite host rock (Plates 5.6%a), with
the dolomite being of varying coarseness both in hand
specimen and thin section, with well-developed rhombs (up
to 759 Mm in diameter). Under cathodoluminescence, there
is a complicated sequence of precipitating events and
grouth 2zones. There are ‘5 'main sequential stages of
growth (Plates 5.65b and 4 and Plate 5.66b) and several
stages can be correlated with those observed 1in -the
unmineralized host rocks in Chapter 4 and the  dolomite
associated with the stringer mineralization in 2-4/2-3

Lenses. The stages are:

(a) Dark, almost non-luminescent granular grouth

precipitated only as replacement of both pellets or

intraclasts,

(b) A dull ©broun-red luminescent dolomite (possibly
correlated with Stage 1) and often best developed
as replacement of +the outermost sections of

original oolites (Plate 5.65b),

(c) A zone of dark non-luminescent dolomite (correlated
with Stage 2) precipitated as a replacement of the
original cements and often after dissoclution of

Stage b) dolomite (Plate 5.65b),

(d) A bright red/dark luminescent dolomite (correlated
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with Stage 3) precipitated as a cement within the
"casts" of original oolites and as a cement within

the matrix (Plates 5.65b and 4),

(e) A medium to bright yellow-orange luminescent calcite
{correlated with Stage 4) precipitated as a cement

on top of Stage d) dolomite.

Stages d) and e) form cements both in the host rock and
the massive sulphides, post-dating the mineralization
(Plates 5.654 and 5.66b), houever the relationships
betueen Stages a), b) and c), formed by replacement, and
the mineralization are ambiguous. There is evidence in
places to suggest that they pre—-date the mineralization
in that the host rock is dominated by Stages b) and c) as
a replacement with Stages d) and e) precipitated in
localized areas as a late cement (Plates 5.85d and
5.66b), but within the massive sulphide there is a
dominance of generations d) and e). This suggests that
Stages a), b) and c) dolomitization of the host limestone
had occurred - prior to the mineralization and Stages d)
and e) associated with and post-dating the mineralization

were precipitated’ in secondary pore space generated by

earlier Stage b) dolomitization.

The presence of calcite inclusions in pyrite and galena
however, shouws that some of the rock uwas undolomitized at
the time of that mineralization. Also, Stages a), b) and

c) are present within the sulphides in places. The fact
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that dolomites are essentially unmineralized in the rest
of the deposit implies that they uwere not suitable host
rocks and may indicate that the host rock in the 2-5 Lens

footwall was a limestone at the time of mineralization.

5.7 BRECCIA STYLES OF MINERALIZATION

Angular, Dbreccia mineralization is essentially confined
to the éilty dolomitic lithologies and consists of
angular clasts and fragments of host rock, cemented by
various sulphidé‘generations and textures.A I+ occurs on
a local scale, and is commonly developed above massive
sulphide horizons (Plates 5.67-5.72). The brecciation

generally occurred in-situ.

Breccia and fracture-fill. sulphides occur at the base of
the LDM and BDM uwhere the mineralization occurs in narrow
bedding~parallel -sulphide horizons linked by vertical to
sub-vertical mineralized breccia structures (Plate 5.69).
Where bedding-parallel permeability existed the ore
solutions moved laterally and precipitated sulphides,
with upward movement of the fluids though the vertical
breccias. This is a feature observed in many MVT deposits
(Heyl, 1883)." The mineralization in the massive
sulphides, below +the LDM and BDM is Dbedding-parallel
replacement and contrasts with the breccias. A degree of
bedding-parallel permeablility in the LDM and BDM existed
after the mineralization and numerous calcite-filled vugs

with a bedding-parallel fabric are present. The calcite
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is the same generation as that occurring as a last stage
infill within the breccia sulphides. Sulphides occur as
coatings on the <clasts of host rock and also as
stalactitic grouths between clasts and in adjacent

bedding-parallel horizons,

The origin of the fracture-fill, breccia-infill textures
is thought to be in situ brecciation of the dolomite as a
result of fiuids forcing their way wupwards through
permeability at points of weakness uwhich uwere eXploited
during extension and when the fluid pressures were high.
Collapse breccias are also evident, eg 1-5 Lens Block 2,
with <clasts of overlying, dark BDM present in a uwedge
structure within +the underlying pale limestones (Plate
5.70). The clasts are cemented by sulphide. It is
therefore envisaged that some of the bedding-parallel
space in which stalactitic grouths are well-developed,
formed dufing subsidence of underlying host rock as
opposed to being forced open hydraulically. If a process
of hydraulic "jacking" is the only process invoked, with
high fluid pressures forcing open bedding-parallel =zones
of uweakness and resultant deposition of sulphides, these
features uWould be expected to close as a result of a
decrease in fluid pressure and we would not expect to

find such delicate stalactitic structures preserved.

5.8 CROSS-CUTTING VEINS

High-angle veins occur throughout the deposit although

they are probably most frequent and best-developed in the
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S5 Lens (Plate 5.71). The veins are NE to ENE-trending and
vary in width from cm-scale up to 0.5m. The veins are
dominated by two textural styles: banded, symmetrical,
crustiform growths with coarse galena and occasionally
marcasite overgroun by rhythmically banded sphalerite,
and collomorphic sphalerite associated with skeletal and
cubic galena with late stage honeyﬁlende {in-situ
solution grouwth textures). A large vein swarm present in
2-5 Lens with numerous high-angle veins around 0.5m wide,
is dominated by the latter style of mineralization.
These veins extend up into 2-4 Lens and cut the LDHM

(C.J.Andreuw, pers conn).

In 2-5 and 3-5 Lenses, crustiform veins can be traced up
into high-grade bedding-parallel sulphide horizons that

formed ‘by veining and replacement.

The high-angle veining indicates that the ore fluids
ascended vertically through the Pale Beds as well as

laterally belouw dolomites.

5.9 LOW-GRADE DISSEMINATED SULPHIDES

This is only a minor constituent of the mineralization at
Navan and does not form ore by itself. The only +two
examp}es examined ocqpr in drill core and are dominated
by sphalerite. In the Upper éandstone Harger, fine
disseminations of sphalerite uwere examined in two surface

holes in the west. These consist of pale sphalerite

grains enclosed within detrtital quartz. Thin sections
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show that the sphalerite is made up of angular crystals
which appear to be detrital. In one section, disseminated

ZnS occurs as a replacement of a crinoid ossicle in a
sand-rich limestone, and sphalerite in this section is

confined to replacement of the biodebris.

Samples of core from the microconglomerates in theAS Lens
intefval in the west show sparsely disseminated
sphalerite, which on thin sectioning consists of
fragments of well-zoned crystals confined to intraclasts
within +the rock and is totally absent from +the matrix
(Plate 5.72). At the edges of the intraclasts the zoned
crystals are broken and these features are interpreted as
replacement of limestone by zoned sphalerite, folloued
by subsequent erosion and re-deposition of this material
as mineralized intraclasts. This places constraints on
the timing of mineralisation, in that some mineralization

had occurred prior to the ripping up and re-deposition of

the intraclasts during erosion.

5.10 EXAMPLES OF THE RELATIONSHIPS BETWEEN DIFFERENT

STYLES OF MINERALIZATION

5.10.1 2-5 Lens FW mineralization

The .sulphides in the 2-5 Lens footwall in the central
mine area (eg, 242S) are dominated by massive, coarse
galena/sphalerite (Section 5.6), with brecciation and

fracturing of the host rocks (Plate 5.53). High-grade
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mineralization extends continuously over a vertical
distance of up to 15m. Further west (eg 2-5 Lens west,
1190 haulage) the ore is made up of a discrete horizon
(1-3m  thick) of massive, bedding-parallel galena and
sphalerite with sharp, dissolutional contacts present
between sulphide and host calcarenite with lesser micrite
(Plate 5.73 and Section 5.4.4). This variation in the
nature of the mineralization is thought to be a result of
‘hydrothermal fluids forcefully ascen?ing in the central 2
Zone area, with fracturing and brecciation of the host
rock. Further to the uest the mineralization formed less
forcefully and bedding-parallel indicdting that +the ore
fluids migrated towards this area (Fig. 5.33). It is
worth noting that the host rock in the central 2-5 Lens
footwall is often a pale dolomite and the relative timing
of the earliest dolomitizing event and the mineralization
are ambiguous. If the earliest dolomitization pre-dated
tre mineralization, then this may explain why the host
réck is so fractured, as the dolomitization would
p{obably have altered thz rheology of the rock,, perhaps
miking it more succeptible to fracturing. The vertically

continuous mineralization is still consistent with

hydrothermal fluids ascending in the central 2 Zone area.

5.10,2 2-4/2-3 lLenses

Relationships between the Dbedding-parallel, massive

sulphides deposited as internal sediments and the
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"stringer" veinlet replacement described in Section 5.3
are clearly illustrated in headings in 1315 1level, 253S
access (Plate 5.10). There are 3 major sulphide horizons
occurring ‘below the SLS, LSM and a silty dolomite in 3
Lens. In tho latter example, the massive sulphides are
overlain by louer grade stringer sulphides present in the
basal 0.5 to 1m of the dolomite above. This relationship
is the result of metal-bearing fluids encountering -a
horizon which suffered an earlier dolomitizing event
{Chapter 4). The dolomite acted as a barrier. Some
solutions were able to“peﬁetrate into the base and
sulphides ’uere depositéd.here‘as sub—horiéontai veinlets
(Fig. 95.34). The bulk of the ore was precipitated belou
the dolomite as open space growth. There is also evidence
for collapse of the mineralization in the overlying,
siity dolonite ;nto the space and sulphides éenerated

below (Plate 5.74), which illustrates that the

mineralizing event was an ongoing process.

5.10.3 2-2 Lens

In the central m;ne area, this lens cénsists of
stratiform, - high-grade massivé sulphides (Section 5.4)
which ‘formed as‘ bedding-parallel mineralization of
oolitic limestones below the Nodul&r Marker. Towards the
west, this style dies out and is repléced by flou-grade,
sphalerite replacement of allochens (éectioﬁ 5.2), which
is very discontinuous. This 1s% interpreted as a

peripheral replacement by Zn-rich solutions away from the
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high-grade Pb+Zn mineralization (Fig. 5.35). The zinc
would have been more soluble than lead in the ore fluid
(Barret and Anderson, 1982) and therefore some zinc would
tend remain in solution and migrate to more distal areas.
This migration could occur both laterally and wupwards
(Fig. 5.3%), and it is interesting to note that the Zn-
rich - allochemical replacement is best déveloped in 2-3,
2-2 and 2-1 lenses, 1ie the stratigraphically higher

mineralization.

The 2 Lens mineralization is very poorly developed in 1

Zone and consists of the allochemical replacement.
5.10.4 2-1 Lens

The gulphides inlz-i Lens West are dominated by 2 main
styles:  high-grade, stratiform horizons wuith  the
sulphides deposited in open spaces {Section 5;5),
abundant in the footwall and middle sections of 2-1 Lens,
and lower grade replacement and small bedding-parallel
cavity infill (SectionVS.Z); dominant in the hanging-wall
mineralization. The lateral relationships betueen +the
two are shown in Fig: 5.36, with the most obvious feature
being the‘ fingering out of the hanging-wall
mineralization down-dip towards the west. This is due to

the fact that the dolgmit;?éiithlogies dominant in the

middle-basal sections of 2;11Lens controlling the higher

grade mineralization allowed the fluids to move laterally

towards ‘the west, uwhereas the fluids which deposited the
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small, bedding-parallel cavity infill and replacement
sulphides dominant in the hanging-wall had no such +trap

and therefore sulphides uere deposited more locally (Fig.

5.36).

5.11 DISTRIBUTION OF ORE IN THE PALE BEDS

There are tuc major controls on the distribution of
high—-grade ore horizons in the Pale Beds: 1lithological

and structural.

5.11.1 Lithological control

The presence of a silty or muddy dolomitic lithology,
even if only partially dolomitized (eg, the Nodular
Marker), overlying a clean limestone, uwhether it be an
oolitic, micritic or biopellsparitic lithology, acted as
a site for ore deposition producing bedding-parallel
sulphide horizons with a variety of textures. This
situation is found throughout the Pale Beds from 5 to 1
Lens. In parts of 5 Lens and the centre of 2 Zone,
mineralization is more vertically extensive, houwever even
in these areas however, the dolomitic lithologies are
commonly less well mineralized and the limestones between

the dolomites are more extensively mineralized.

The best example of the control exerted by the dolomites
is found in 5 Lens where the micrite thickens

substant}ally towards the west, and a thick dolomitic
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siltstone-sandstone (6-19m) is developed about 20m above

the base of the micrites (Chapter 3).

5.11.2 Structural control

Accumulation of sulphides is evident adjacent to some of
the main NE-SW trending faults in the mine, houever, the

faults themselves are unmineralized. In other areas

there are linear trends of higher grade mineralization in
a similar orientation or at slightly oblique angles uhich
are non-coincident with the main faults. A general
genetic connection  is inferred with the trend of the
faulting but not to the individual fault ©planes as
currently exposed (Andrew and Ashton, 1885). This
suggests a structural control on ore deposition along
precursors of the presently observed fault systems, prior

to major displacement. Three examples are presented:-

5.11.2a F3 Fault betuween Blocks 14 and 15

This consists of a horst structure between Blocks 14 and
15 with a substantial thickening of the ore on both sides
of the structure (Fig. 5.37a). 1In Block 14 the ore is
better developed overall than in Block 15 to the north.
As the F3 Fault is approached from the south, the ore
thickness increases in 5 Lens and ore grade
mineralization extends from the footuwall right up to the
LDQ (Fig. 5.37a). In Block 15 there is a dramatic

accumulation adjacent +to the horst, which dies out

'
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rapidly to the north. The build-up of ore in this region
coincides with the maximum throuw (20m) on the F3 Fault.
The F3 structure presently seen is unmineralized and

displacement post-dates the mineralization.

5.11.2b F2 Fault between Blocks 6 and 7

This 1is 4illustrated in Fig. 5.37b and consists of a
southerly dipping fault uwhich separates the two blocks in
1-5 Lens. Block 7 contains relatively little ore, with a
good 1.52.5m thick footwall horizon ﬁeveloped and
relatively 1little above. Adjacent to the fault however,
there 1is a thickening of ore. Hineralization and ore
grades are higher and better developed in Block 6, uith
good intersections occurring up to 15m above the main

footwall horizon.

5.11.2c F1 Fault tn Block 2

As the Fl Fault is approached from the south there is a
build-up of sulphide where the throw on the fault is at a
maximum of 20 metres. The throuw decreases to the SW and
the mineralization is less well developed. Across the
fauli into the north of Block 2 the mineralization is
more continuous vertically and may exXtend right up to the

base of the LDH.

In underground drillholes 1logged in Blocks 18 and 19

there 1is a large variation in the development of the
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sulphide over lateral distances in the order of 39
metres. Holes drilled this distance apart show
essentially the same stratigraphy, houwever high-grade
sulphides present in one hole are totally absent fronm
anotheyr, which 1llustrates the laterally discontinuous
nature of the ore in the Micrite Unit in this area. The
high—-grade intersections define a trend.running in an
ENE-WSW direction. There is no knouwn faulting coincident
uith sulphide enrichment and as there is no variation in
the stratigraphy, this is regarded as an early, very

subtle structural control.

Countouring of the metal distribution within the deposit
by Andreu and Ashton (1882,1885) has shoun that localized
areas of higher grade mineralization are NE to ENE-
trending, particularily in 4 and S lLenses, with local
suings in the strike to a more easterly trend (Fig.
5.38). These trends are often slightly oblique to the
faults presently observed in the mine area. The sulphide
veins in the deposit generally strike NE although a more
easterly trend occurs in the up-dip part of the deposit.
Andreu and ‘Ashton conclude that NE fracturing and
faulting was a primary control on +the mineralization.
The patterns of Fe-enrichment only partially follow the
Zn+Pb trends and it 1is suggested +that the factors
controlling the iron distribution were possibly different
to those controlling the lead and zinc. Texturally and
parageneticaily the pyrite is generally late stage within

an individual area and a later control on its

153



distribution may be inferred. The presence of marcasite
very close to the T Fault suggests that the Fe influx
occurred . when the 1larger movements or growth of this

fault was initiated.

5.12 . THE CONGLOMERATE GROUP ORE (CGO)

5.12.1 Introduction

The CGO occurs in the Boulder Conglomerate on top of the
submarine erosion/slump surface and has been studied at 2
Zone Upper on 1420 level and the 3 Zone accesses on 1390
and 1405 levels (Fig. 5.1). It occurs inter-digitated
with the Boulder Conglomerate and is distinctly
different: to the Pale Beds ore in style and metal
composition. The ore has a very high iron content (up to
27%) dominated by pyrites/marcasite and high-grade Zn+Pb.
It comprises < 3% of the total ore reserves (Ashton et

al., 1986).

5.12.2 Description

There are two main styles of mineralization encountered:?
1) well-laminated pyrite horizons and 2) high-grade,
massive sulphides consisting of intergrowths and breccias

of pyrite, sphalerite and galena.

1) Laminated pyrite is found throughout the CGO and to a

lesser extent in thin laminae in the UDL, with individual
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laminae traceable for distances greater than S or 6n
(Fig., 95.39, Plates 5.75-5.78) and }ocally replaced by
sphalerite. The pyrite laminae often exhibit soft-
sediment defprmation structures possibly indicating that
active faulting was synchronous with the deposition of
the laminae. In places the pyrite laminations are clear}y
deformed by clasts in the Boulder Conglomerate (Plate
5.75). The layered pyrite horizons persist into the
basal 20-30m of the overlying Upper Dark Limestones where
they are present as thin isolated laminae within dark
calc—-argillites. In polished thin section, the pyrite is
dominated by framboidal grouths wuwhich are locally
conceuntrated into concretions‘ (Plate 5.77). Euhedral,
cubic pyrite forms' are rarely observed and the
paragenetic relationships betueen the framboids and cubes
are unclear. It has been noted at Mt. Isa that pyrite
layers consist of cubic crystals that nmay contain
framboids at their centres and it has been proposed that
the framboidal pyrite pre-da;ed the later cubic
overgrowths (Eldridge et al., 1986). Samples from the
Mt.Isa deposit bare a striking similarity to those from
the Navan CGO. The pyrite in the CGO |is intér—layered
with dark mudstone uhich is packed with calcified sponge
épicules. Cherty horizons present in the UDL may have
derived their SiOz from the de-silicification of the

sponge spicules.

The laminated -pyrite can be traced ‘laterally and in

places vertically into more massive chaotic areas of
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massive pyrite-sphalerite—-galena mineralization.

2) The principal feature of the high-grade mineralization
is maséive pyrite, sphalerite and galena occurring as
complex intergrouths. Breccias occur within the massive
sulphides in a variety of forms consisting of: rare,
angular clasts of Pale Beds ore and Pa}e Beds clasts
replaced at their margins by disseminated spalerite and
pyrite, transported clasts of pyrite from the CGO,
presumably reworked, and in-situ breccias (Plates 5.78a-
b). Within a lateral distance of 2 or 3m,. all of these
styles of breécia cﬁn be found and trying to interpret
the relationships between each style is extremely
difficult. It is evident however that ihe the
mineralization was clearly a continuous event ‘dur;ng
disruption, as clasts of pyrite/sphalerite occur in a
later Pyrité matrix and this has subsequently brecciated
into clasts in an Srgillaceous matrix. Clasts of
limestone and dark mud in a pyrite ﬁatrix are grade& and
it may be that the pyrité was precipitated in the
porosity betueen tﬁe clasts which themselves uere
deposited as part of the Boulder Conglomerate debris flow
(Piate 5.78b). The galena and sphalerite appear to post-
date the pyrite in almost all cases, by replacement of
the pyrite, deposition in fractures and 1infill of
porosity left after the pyrite precipitation, and in one
case open-space deposition in a solutional tube . within

pyrite in 3 Zone (J.H. Ashton, pers comnm).
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5.12.3 Interpretation

The CGO formed as the result of syn-sedimentary to
diagenetic mineralization, with a general superimposition
of galena/sphalerite on earlier pyrite. Sedimentary and
early diagenetic pyrite layers were deposited during
periods of quiescence, only to be ripped-up and
incorporated into complex breccias during the periods of
instability associated with the formation of the Boulder
Conglomerate. The mineralization is interpreted as a
result of the exhumation of the hydrothermal system that
was still depositing the Fe-rich mineralization in the 2-
1 Lens in the Pale Beds, due to removal of large sections
in the stratigraphy by the submarine erosion/slumping
(Andrew and Ashton, 1985), and indicates that the
hydrothermal system was active at the time of deposition
of the Boulder Conglomerate (Chapter 7). The high Fe-
content of sulphide in the CGQ nay be related to the
concentration of marcasite adjacent to the T Fault
(particularly well-developed in the 2-5 Lens) indicating
that the fault acted as a feeder for the Fe-rich

hydrothermal fluids during deposition of the CGO.

5.13 CONCLUSIONS AND OBSERVATIONS

(1) There are a variety of textpral styles within the
massive sulphides in the Pale Beds, reflqcting different

processes involved in the sulphide deposition, and the
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state of lithification of +the host rock during
mineralization. The main sulphides observed are
sphalerite, galena and pyrite, with pyrite deposition
generally pnst-dating the main sphalerite and galena

event(s). The depositional processes are:-—

(a) Bedding-parallel, sphalerite-rich .replacement of
calcarenites occurred along semi-consolidated lithologies
with allochems in the host rock pseudomorphed and
preserved. This replacement often occurred around narrowu,
bedding-parallel, permeable horizons, or open, bedding-
parallel veins. Subsequent in _situ disruption of the
sulﬁhides resulted from compaction and 1local collapse.
Soft-sediment, pull-apart structures, compaction of
sulphides around wunreplaced clasts of host rock, and
buckled, cross-cutting veins indicate that sulphide
deposition occurred during the compaction of the
stratigraphic section. This style of mineralization is
best—-developed in 3 to 1 Lenses and may indicate that the
upper sections of the Pale Beds were least lithified at
the time of mineralization. The dominance of sphalerite
may be explained by the precipitation of the lead in the
hydrothermal fluid at an earlier stage in
galena/sphalerite massive sulphides, and the vertical and

lateral migration of zinc-rich fluids.

(b) More massive bedding-parallel replacement and infill
of small, inter-connected cavities by galena/
sphaleritesbarite produced high-grade sulphide horizons

(eg, 2-2 Lens). Again the host rocks were semi-lithified
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as- evidenced by carbonate allochem dykes cutting the
massive sulphides - and contorted slumping of the dense
sulphide into carbonate below. This slumping may have
been initiated or enhanced by extensional fractures
opening up in the footwall limestone.

(e) Dolomitization of silt-rich calcarenite horizons
occurred prior to the ore deposition (also see Chapter 4)
and the later ascending ore fluids 'migfated laterally
along the base of these dolomites. The sulphides were
deposited as a variety of open space growth forms.
Evidence suggests that some degree of dissolution below
the dolomitic lithologies, synchronous with the
mineralization, provided at least some of the open space
within which the sulphides were deposited. Sulphide
precipitation and growth was rapid, and initial
precipitation frequently occurred within laterally
flowing ore fluids and sulphides were deposited out of

suspension as sediments.

(d) Massive galena and sphalerite in central 2-5 Lens
formed by brecciation and replécement of the host rock
indicating that the host rocks were in a more 1lithified
state than a) and b) above; Galena was precipitated early

in this systemn.

Post-ore dolomite cements are evident around the massive
sulphides in parts of 2-5 Lens and the same generations
occur as a late-stage gangue within the sulphides; they

are the same as those observed in the host rocks
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elseuwhere. Relationships and timing of earlier
replacemnent dolonite in the host rocks and the
mineralization however are ambiguous. The complexities
of the dolomitization can only be unravelled by further
detailed thin section petrography, fluid inclusion and

carbon/oxygen isotopes.

(2) Ore distribution was also controlled by early
structural features which were precursors to the faults
now seen in the mine area (NE-SW trending). . The major
sulphide veins exhibit a similar trend. Virtually all the
faults are unmineralized and have developed roughly
coincident uwith the earlier, less distinct features uwhich
controlled the mineralization. In places the trend in
the metal zoning plots suggests that the earlier
structures were slightly oblique to the presently
observed faults (Andrew and Ashton, 1885). Accumulation
of sulphides occurs close to several faults in the 1-5
area. The presence of marcasite adjacent to the T Fault
in 2 Zone is regarded as evidence for the initiation of
this structure channelling Fe-rich fluids, probably

related to the pyrite-rich mineralization in 2-1 Lens and

the CGO.

3) The Conglomerate Group Ore was deposited during the
formation of the Boulder Conglomerate essentially as
sedimentary to early diagenetic pyrite followued and
accompanied by soft-sediment disruption and brecciation.

Later pyrite, sphalerite and galena mnineralization
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occurred as replacement of the earlier pyrite laminations
and infilling interstices of complex breccias. The
increased Fe at this staée may be related to the presence
of marcasite adjacent to the T Fault, suggesting that the
Fe content in the hydrothermal fluid increased during

major extension on the T Fault.
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CHAPTER 6 SULPHUR ISOTOPES

6.1 INTRODUCTION

A sulphur isotope study was carried out on two hundred
and fifty one samples of sulphides and sulphates selected
throughout thq deposit and representing the differing
styles of mineralization and processes of ore deposition.
The study was undertaken after detailed petrographic and
paragenetic relationships had been established, to help
understand the origin(s) of the sulphur and construct a

model for the mineralization.

Sulphur has four stable isotopes, ®25, 935, @45 and *=5,
with percentage abundances 95.02, .75, 4.21 and .02
respectively. Sulphur isotope measurements are made on
®45/%25 and are expressed as per mil (®/oo) deviations
relative to a standard; +troilite from the Canyon Diablo
meteorite (CDT). The sulphur isotope ratio for a given

sanple is defined as:

R--nplo - R-t-nd-.rd.
245 = x 1000,

R-t-nd-rd

where R=2+45/325,

6.2 POTENTIAL SULPHUR SOURCES

Sphalerite, galena, pyrite and barite - represent the
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precipitation of both metals and sulphur as sulphide and
sulphate. The sulphur that combines with these metals
can be either transported in a hydrothermal fluid with
the metals to the site of deposition, supplied to thé
metals at the site of deposition, or a combination of
both. Sulphur transportea with the metals is terﬁed
“deep~seated"” or "hydrothermal" sulphﬁr and for somnme
Irish deposits, eg Silvermines, has been regarded as
magmatic in origin (Greig et al., 1871). Houever,
hydrothermal sulphur may also be derived by leaéhing and
alteration of basement lithologies and/or thermal
reduction of sulphate in deeply circulating ground or sea
water. Sulphur supplied to the metals at the site of
deposition, unless a separate sulphur-rich hydrothermal
fluid is invoked, has an ultimate origin from seauater
sulphate which can provide a source of reduced sulphur

by:
1) 3Bacterial reduction of sulphate

2) Abiological reduction of sulphate by the oxidation of

iron

3) Thermochemical reduction of sulphate using organic

matter.

6.2.1 Sulphur transported with the metals - Hydrothermal

Sulphur

A detailed review of hydrothermal sulphur and controls on
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sulphide signatures precipitated from this source is

given in Ohmoto (1972) and Rye and Ohmoto (18974).

If the sulphur is transported in the hydrothermal fluid,
then the isotopic signature of that sulphur and the
mineral phases ©precipitated is controlled by both the
isotopic composition qf the source and the factors

affecting equilibrium isotopic exchange in the fluid.

6.2.1a Potential sources of hydrothermal sulphur

a)l Lower Carboniferous Seauater

Convection of Lower Carboniferous seawater to depths as
great as 15km at temperatures of =250°C has been proposed
by Russell (1978). This provides the initial fluid which
interacts With the Louwer Paiaeozoic or older lithologies
below a potential deposit to produce a metal-bearing
brine. This fluid would contain large quantities of
seauater sulphate, which if reduced either
thermochemially or abiologically to sulphide would
potentially be available for combipation with the metals.
B;schoff, Radtke and Rosenbaur"(1981) demonstrated
experimentally that sulphate | in seawater, on
encountering Lower Palaeozo;c-fype greywackes and
reacting with them at around 200°C, will be precipitated
as anhydrite. The sulphate would therefore be lost from
the hydrothermal fluid. It is possible however, that the

anhydrite could be subsequently reduced abiologically or
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thermochemically and incorporated into the hydrothermal

fluid.

b) MNagmatic Sulphur

Magmatic sulphur is unlikely to have contributed to the
hydrothermal sulphur because any intrus{ves in the area
have been dated around 400Ma and pre-date the
mineralization by at least 40Ma. There is no evidence for
igneous activityvcontemporaneods with the mineralization.
Lead isotope data (Mills et al., 1887) suggest that there
is no igneous component in the Pb source, implying that
it is unlikely that the fluid involved any igneous or
magmatic sulphur, assuming that the lead and sulphur uere
transported in the same fluid. It uwill be shouwn that thse

sulphur isotope results themselves are inconsistent with

an igneous source.

c) Louwer Palaeozoic rocks

Leaching of diagenetic sulphides within Lowér Palaeozoic
greyuacke;. shales and volcanics which underlie the Navan
deposit could havé provided a sgdrce of sulphur fo; the
mineralization. This possibility is discussed in Sections

6.8 and 6.9.
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6.2.1b Factors affecting isotopic eguilibrium exchange

in the ore fluid and minerals precipitated

The main process affecting the sulphur isotope
composition of the hydrothermal solution and the mineral

phases precipitated is equilibrium fractionation.

The 1isotopic composition of the sulphur in the solution,
6®4Szm, 18 a combination of the isotopic composition of
all the aqueous sulphur species, including: HaS, HS—, S=2-
S042=, HS0O4%2~, KS04.*~, and NaS04#~. One of the primary
controls of equilibrium fractionation Dbetuween these
phases is temperature and there is a constant
fractionatioﬁ betueen the different species at a given
temperature (Ohmoto, 1972). For example at 250<C, +the
fractionation ©betuween H=S and S0.2~ will be +26.5°/co,
whereas at 159=C it will be +39°/co. If the sulphides are
precipitated from H=S in the ore fluid, then the relative
proportion of reduced to oxidized sulphur species will
also control the 1sotopib composition of the H=S, as will
the pH of the ore fluid (Fig. 6.1). Thus assuming
6945, w=0°/ue at a temperature of say 200°C, then if
H2S5/7504%~ in the hydrothermal fluid is 9/1, 63*Syzs=s=
45.2°/°° (Fig. 6.2a). 1If the fluid becomes more oxidized
and the ratio becomes 1/9, then 8§34S,2e=-28.8°/.. (Fig.
6.2a). The isotopic signature inherited by the sulphides
which precipitate from the: fluid under equilibrium
conditions is similarly controlled by temperature, pH and

foz, as the sulphur isotopes are partitioned among the
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precipitating mnminerals (Ohmoto, 1872). Changes or
fluctuations 1in these parameters will result in a shift
in the 84S of the minerals precipitated. For example, at
a temperature of 250°C, &34S5zs=0°/0o and given that H=S
is the only sulphur species in the fluid, ie 6§®45=0°/go,
then sphalerite and galena precipitated wuwould have
isotopic signatures of -1.2 and -4.1°/.-. Trespectively.
However, if 50% of the H=S in the fluid was oxidized to
S042~ prior to the mineral phases being precipitated,
then the sphalerite and galena upuld inherit isotopic
sighatures of approximately -17.2, and -20.5%/0co
respectively, and any barite precipitated would have

§245=+16.0°/0o (Fig. B6.2b).

With regard to thg transport of sulphur in the solution,
the presence of considerable amounts of barite at Navan
and {n most Irish deposits, sﬁggests that sulphate uas
not a major component in the hydrothermal fluid due‘ to
the difficulty of transporting barium and sulphate in the
same fluid (Lydon, 1883). Therefore any hydrothernal
ﬁulphur would be in the form of sulphide in a more
reducing solution. One consequence of there being little
or no sulphate in the fluid is that precipitation of
mineral phases from the hydrothermal fluid could not
produce a spread in the data (see above). This means that
all the sulphide minéials'pfecipitated would possess a
fairly constant 1sotopic'signa£ure which would be close

to that of the initial sulphide in +the hydrothermal

solution.
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Experiments on the solubility of zinc and ‘lead, and
studies on oilfield brines, ind{cate that the two metals
are most soluble Aand easily +transported as ‘chloride
conplexes in NaCl brines} (Lydon, 11983)3 these uere
probable ore transporting fluids. However, it is not
considered possible to transpﬁrt enouéh metal and reduced
sulphur in the samne solution‘té form an' economic Zn-Pb
)deposit unvder realistic conditions (Ande’rson, 1975, 18983),
thus it is almost certain that a‘substantial proportion
of H=S must have been supplied to the metals at the sife

of deposition.

6.2.2 Sulphur supplied at the site of ore deposition

Unless a separate hydrothermal sulphur-rich fluid s
;nvokéd, then the ultimate source of sulphur supplied at

the site of ore deposition is seawater sulphate, uwhich

can be reduced by:

6.2.2a Bacteriogenic sulphate reduction

‘'This involves the reduction of sulphate in the presence
‘of a supply of suitable organic material, by anaerobic,
‘dissimilatory, sulphate-reducing bacteria (Kenp and
Thode, 19683 Postgate, 1984). It is a non-equilibrium
‘reaction and can be expressed as:-

)‘Qi’

2(CH=20) + 2H* + S04=~ => H=S + 2H200a, and
(organic matter) - ‘ ~ 1 -

“ oy
N N N
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is combined with oxidation of the organic material.

Bacteriogenic reduction in the natural environment can
result in extensive fractionation, with a preferential
enrichment of <the light isotope (®2S) in +the sulphide
produced, due to its relatively weaker bond =strength.
Harrison and Thode (1857) demonstrated experimentally
that.°28-0 bonds are more easily broken than ®4S-0 bonds.
Bachinski (1969) also demonstrated that bonds in sulphur-
bearing minerals are more easily broken for the lighter
isotope. Enrichment up to 50°/.o has been obsered in the
Black Sea (Vinogradov et al., 1962) and the Bay of Kiel
{Hartmann and Nielson, 1969), although the nmaximunm
fractionation produced in the laboratory is only 27°/co

due to ideal, single-stage reduction conditions.

The fractionation resulting from bacteriogenic reduction
is controlled both by the type of bacteria and by other
"external" factors in the surrounding environment which
affect the rate' of reduction. - There 1is an inverse
correlation between the rate. of reduction and the
resulting fractionation (Goldhaber and Kaplan 1975). This
means that slouer rates of reduction result in a greater
fractionation. The fractionation is therefore controlled

by the:

Rate of sedimentation

There is a positive correlation-between the rate .of

sedimentation and the rate of reduction (Goldhaber -and

169



Kaplan, 1975) and therefore the fractionation. Faster
rates of sedimentation can preserve any organic material
before it gets oxidized and therefore influence the rate
of reduction, 'as the bacteria will reduce at a faster

rate if there is an abundance of organic material.

Type' of bacteria

Kemp and Thode (19688) have demonstrated that different
strains of bacteria can produce different fractionations.
It is impossible to determine what strain of bacteria uas
operating and so this 1is of little use in our

interpretation.

Temperature

There is a positive correlation betueen increased
témperature and increased rates of reduction (Kaplan and
Rittenberg, 1964), although +this correlation 1is not
systematic. This means that small changes in
temperature, eg 10°C, ‘can indirectly influence the 82<S

of the sulphides precipitated.

"Open vs closed" system bacteriogenic ‘sulphate reduction

Bacteriogenic sulphate reduction occurs both in the water
column and in the sediment, as is well illustrated in the
Black Sea (Janasch et al., 1872). The environment

however must be anoxic. If there is a continuous supply

and replenishment of the sulphate source, termed an
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"open" systen, then the isotopic signature of the
sulphide produced by bacteriogenic reduction will remain
roughly constant and will be isotopically 1light or
negative. However, i{f these environments are, or becomnme
restricted with regard to the supply of sulphate, then
this can result in a spread in the 6§45 of the sulphide

produced towards isotopically heavier or more positive
values. This is because bacteriogenic reduction s
removing the 1light isotope in the source and therefore
making the source sulphate heavier (Schuartz and Burnie,
1973). . This restriction is termed ‘"closed" system
reduction. Closed systems are most obvious in seafloor
sediments uwhere the sulphate supply is often limited to
interstitial pore waters;3 for example the Bay of Kiel in
the Baltic ©Sea '(Hartmann and Nielsen, 1869). The
relationship between closed system fractionation and the
§2<S value of the sulphide produced is shown in Figure
6.3. Closed system fractionation is used to explain
secular variations in the &§>4S value of diagenetic pyrite
from Ordovician to Lower Carboniferous sediments in the
Seluyn Basin (Goodfellow and Jonasson, 1984), and the
vertical wvariations in the isotopic composition of the
sulphides in the stratiform, MNcArthur River deposit in
the Northuest Territory, Austrﬁ}}a (Williams and Rye,

\

1974).

6.2.2b Chemical or abiological reduction

Chemical or abiological reduction may occur when the
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seawater sulphate is reduced by the ore fluid at
temperatures greater than 300-350°C (Ohmoto and Lasaga,
19823 Trudinger and Chambers, 1985), with the oxidation
of Fe2* to Fe®*. These temperatures are unrealistically
high for those invoked in the formation of the the Irish
Zn+Pb deposits (=150-250=C: Probert, 19813 Samson and
Russell, 1883,1987). It must be point;d out that the
length of time involved in such experiments does not rule
out the poasibility that given a longer period of time,

tens or hundreds of years or more, that the reactions
producing the sulphide could operate at significantly

lower temperatures.

8.2.2c Thermochemical reduction of sulphate by organic

-. . matter

This non-biogenic: reaction has been thought +to be
impossible belouw 250-300°C (Kiyosu, 19803 Trudinger and
Chambers, 1985), although Krouse et al. (1988) have
demonstrated that it may occur in the natural environment
at : temperatures as low as 100°C, with light hydrocarbon
gases as the reducing agent. Thermochemical reduction
involves the reduction of sulphate in:two- - stages, with
the formation of native sulphur -as a necessary
intermediate step in this process.s The fractionation
between the initial sulphate‘aﬁd the sulphide produced is
generally less than 7°/0o- .(Krouse et:al., 1988). The
net reaction can be expressgd as: . 1. g

i NS - . e .
fo L ¥ oyt PN s
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S04~ + 2H* + CHe => H=2S + CO= + 2H=0

6.3 SEAWATER SULPHATE

The secular variation in seawater sulphate §24S can be
deduced from evaporites in the geological record
(Claypool et al., 1980). This is because.precipitation of
sulphate ninerals from seawater results in little
isotopic fractionation between +the sulphate mineral
produced and the original seawater sulphate (Thode and
Monster, 18695). A curve of the changing isotopic
composition of global seawater sulphate through time has
been constructed by Claypool et al. (1880) (Figure 6.4).

The 1isotopic composition of Lower Carboniferous seauwater
sulphate is estimated to be around +18°/,.. Sulphates
forming at this time will inherit such a signature,
although it may be modified by features such as the
removal of 1light sulphide in a closed system (Section

6.2.2) or oxidation of sulphides.

6.4 PREVIOUS WORK ON THE DEPOSIT

Boast (1978) carried out twelve sulphur isotope analyses
on sphalerite, galena and barite samples from the deposit
(Table 6.1). The sulphides wuere interpreted as
incorporating bacteriogenically reduced Louer
Carboniferous seawater sulphate, with the barite being
precipitated directly from this sulphate. He suggested

that the slightly heavier barite analyses may have been
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the product of a localized closed system reduction. A
detailed description of the style of mineralization
sampled 1is not given, except for "...banded sulphide

ores...", which may indicate the internal sulphide

sediments (Chapter 5).

6.5 - SUMMARY OF SULPHUR ISOTOPE RESULTS FROM NAVAN

A summary of the sulphur isotope results is presented

Figure 6.5 and Tables 6.2a-f.

6.6 INTERPRETATION

6.6.1 Replacement of carbonate allochems (Figs. 6.6-6.7)

The isotopically light results (ie, enricﬁed 1nk328) in
the allocheﬁical replacement mineralization are
interfreted as the result of bacteriogenic reduction of
sulphate with a Lower Carboniferous seawater sulphate

isotopic composition (%¥+19°/o0). The results fall into

-.two tight groups, -23.0 to -18.2°/.0o and -16.6 to

=14.5°/060. The former group of relatively lighter results

is  dominated by samples from 1-2 to 1-4 Lenses, uwhereas

-the latter group is made up of samples from 2-2 to 2-4

Lenses. The variation betuween the two areas, ie. 1 and 2
Zone, --may therefore reflect local differences in the
environment of bacteriogenic sulphide generation such as
discussed in Section 6.2.2a.. -For example the values

ranging from -23.0 to -19.2°/., :.Ccould be  -the  result of
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relatively slouwer rates of reduction producing a greater
fractionation and relatively lighter results in 1 Zone

compared to 2 Zone.

The results represent a fractionation of around 35 to
45°/oo which is consistent with fractionations observed
at the present day (Hallberg and Bagander, 1985). The
range from -23.0 to -14.5°/c6 implies that the reduction
took place under open system conditions, as there is no
major spread in the data towards isotopically heavy
values clﬁse to contemporanoeus seawater sulphate. The
textural evidence suggests that the sediments uere semi-
consolidated when replaced and therefore initial
bacteriogenic H=2S may have been present in the pore
spaces in the sediment and continually replenished,
perhaps from reduction in the seawater and top feuw netres

of the sediment column, above.

Colloform marcasite and pyrite precipitated as narrow
bedding-parallel, cavity—-infills associated with the
sphalerite replacement in 2-1 Lens exhibit more negative
values from -37.3 to -28.2°/.0o (Figs. 6.6-6.7). These
values are also interpreted as incorporating
bacteriogenic sulphide, but are substantially 1lighter
thén the Dbacteriogenic sulphide in the sphalerite
replacement. The pyrite and marcasite appear to be
pafagenetically later than the sphalerite, both in hand
specimen and in thin section. An explanation for similar
extremely negative values has been put forward by Boyce

et al. (1884) to explain similar results at Silvermines,
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by a process of "fractionation loops". Essentially this
involves two stages of Dbacteriogenic reduction of
sulphate. Seawater sulphate is reduced to sulphide and
then re-oxidized prior to combining with the metals. The
new sulphate produced therefore inherits the isotopically
+light signature from the bacteriogenic sulphide as there
is little if any fractionation during thé oxidation. A
second reduction of this sulphate gives rise to extremely
negative values. The above process has been demonstrated

in recent sediments (Hallberg, 1984).

Houever, i1f these extremely negative values uere produced
by a ' fractionation loop then we would expect to see a
range of values from -38 down to  -20°/0o, Similar to
Silvermines (A.J.Boyce, pers comm), but the results are
generally concentrated around -33 to -28°/co. This
implies that weither the entire starting sulphate wuas
lighter or the fractionation was greater. There is no
evidence - for isotopically light sulphate in the deposit
‘(ie starting sulphate would require &3S values around +5
to +10°/cw), SO unless none of this light sulpate was
fixed then this possibility seems unlikely. The most
likely interpretation is a change 'in the environment in
which the Ybacteria uere operating, which therefore
.controlled the fractionation and is discussed in Section

6. 7.
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6.6.2 Coarse galena/sphalerite (Figs. 6.8-6.10)

The follouwing section includes the bedding-parallel
mineralization (eg, 2-2 Lens) and the more massive 2-5
Lens mineralization. These sulphides have a different
range of &24S values with an abundance of significantly
heavier results (Fig. 6.8 and 6.19). This is exemplified
by the coarse bladed galena. With the exception of tuwo
analyses of -0.7 and -1.1%/c0o, the coarse bladed galena
throughout the deposit has 8§24S values greater than 0°/co

(Fig.6.10)

A possibility for this heavy sulphide 1is that of
thermochemical reduction of seawater sulphate by organic
matter or hydrocarbons occurring in the host lithologies
at the site of deposition (Section 6.6), which results in
a limited fractionation between the initial sulphate and
the sulphide produced (Krouse et al., 1988). Trudinger
and Chambers (1985) have demonstrated experimentally that
-thermochemical ‘reduction doesv not take place at
temperatures below 250=C in the laboratory. However,
recently | Krouse et al. (1988i have demonstrated
thermochemical reduction of sulphate by light hydrocarbon
gases at temperatures as low as .100°C in the natural
environment, with fractionations of up to T°/ca.
--Thermochemical reduction has been used to explain . the
.genesis of the Pine Point deposit - in the NW Territories,
Canada. Here, fluid - inclusion--data suggests ore

.deposition temperatures of 80-150=C. (Roedder, 1968), and
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importantly; the field and geochemical evidence point
overwhelmingly to the thermochemical reduction of
sulphate producing the sulphide.  Therefore the
experimental data in the laboratory may differ from the
geological environment. If the process is accepted as
operating at lower temperatures, then using Pine Point as
an exanmple,. the 1isotopic composition of the sulphides
(118 sanmples, X =+20.1°/co, 5d=+2.B8°/.,o3 Sasaki and
Krouse, 1969) is essentially the same +the postulated
initial sulphate source (+19 to +20°/..3 Sasaki and
Krouse, -1869). There is also an abundance of altered and
unaltered organic matter at Pine Point with the sulphur
isotopic composition and geochemistry of the organic
material consistent with thermochemical reduction. HNative
sulphur is ' also observed which 1is ~an essential
intermediate stage in the reaction (Maqueen, 1986). There
is a greater spread in isotopic values in the relevant
textures at Navan, only minor amounts of organic material
are present and no native- sulphur is -observed, and
therefore in-situ thermochemical reduction seemns an

unlikely possibility for the heavy sulphide.

Ag attraétive‘alternative oriéfq to explain the data |is
tﬁAt the sulphides 1nc6%£or;@ed< a; component of
h;érothermal sulpﬁur transporteéiuitﬁ the métals which
h;d an isotopically héavy éa‘é sigﬁature. Textural
studies. ‘on the ore paragenesis are-essential in this
interpretation, particularly since we are-often- looking

at isotopic variations on a small scale: -:-
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A significant feature to emerge from the isotope results
is the overall trend towards isotopically lighter &®<S
values 1in subsequent paragenetic stages of sulphide
deposition (Figs. 6.11(1-4) and 6.12). This 1is best
illustrated in samples from 2-5 Lens, where a sequence of
sulphide deposition is clearly established and &%<3
values in many samples change from arouﬂd +8 to +1l°/.o
in the early coarse zoned sphalerite and galena, to about
-3°/0s- and then to around -15°/o. in the later rhythnic
sphalerite (Fig. 6.12). This wvariation occurs over a
distance of 1less than one centimetrs. The later
generations of -rhythmic sphalerite are cogenetic uith
geopetal sediments which also have 1light values from
around -16 to -11°/,-. One sample from 1-5 Lens shous
colloform pyrite overgrouths on a coarse galena band,
wuith the top of the galena band having 6§®%S = +11.8°/50,
and &§®45= -26.,3°/00 in the pyrite above (Fig. 6.11{(4)).
In 2-2 Lens, rhythmnic sphalerite is in the range +2.1 to
+11.3°/c0 but is aluways isotopically lighter than the
earlier galena (Fig. 6.11(2-3)). The last stage of
sulphide deposition in this lens invelved minor amounts
6f bournonite associated with late-stage calcite and
barite. The one sample of bournonite analysed yielded a
vélue of -4.2°/00o and again confirms the trend towards

isotopically lighter results with time.

To explain all +the isotopic values by sulphide
precipitation involving only H=S in the hydrothermal

fluid would require fairly major fluctuations in either
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temperature, pH, fo=z or a combination of these parameters
(Ohmoto, 19723 Rye and Ohmoto, 1974). Alternatively,
mixing of a hydrothermal component carried uwith the
metals with &6%45 >+14°/.0, with an isotopically 1light
endmember, &*45 <(-16°/so, Would explain the spread and
general trends in the data, with the latter being
dominant in the later stages of sulphide.deposition. The
most likely candidate for the isotopically light
component would be bacteriogenic sulphide which has
already been identified in the allochemical ' sphalerite
replacements (8®+S = -23.0 to -14.5°/..). To assess these
tuo interpretations and to ascertain whether variations
or trends existed within individual sulphide phases it
was decided to 1look 1n.deta11 at the coarse galena.
Galena was chosen as it displayed a distinct range of
isotopically heavy 84S values and was coarse enough in
places to obtain several samples across the bladed

growths in an individual band.

An 1isotope traverse was conducted on a sample from 2-1
Lens across a coarse galena baﬁd in the direction of
crystal growth. The ©band is 25mm thick and there is a
distinct textural break Smﬁ'above the base which marks a
change from finer (louwer band) to coarser "(upper band)
galena. The sample is therefore regarded as representing
two phases of galeng deposition. The. upper, coarser
galena band has rhythnically banded sphalerite
overgrouths. The results obtained from the traverse is

illustrated in Figure 6.13.
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The

a)

b)

c)

d)

e)

Two

hand-drilled traverse (12 samples) indicated that:

The range of §24S values across a single galena band
from 2-1 Lens is almost the same as that obtained
from the coarse galena throughout the entire deposit.
Thus interpretation of this sample would apply to and

explain the range of values observed throughout the

deposit.

The observed textural break in the sample corresponds

to a major shift in the isotopic composition of the

galena.

There is an apparent trend towards isotopically
lighter values towards the top of the both the lower
and uﬁper bands, relative to values towards the base

of eéch band.

There is an apparent trend in the lower 2/3 of the
upper band for the §2*S values to become slightly

heavier passing upuwards.

The trend towards 1sotopica11y lighter values in the
top 5-6mm of the upper band is continued within
subsequent overgrowths of rhythmically banded

sphalerite with 8348  values approaching' a

" bacteriogenic signature.

s

possibilities are considered to explain the range of

values:
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B8.6.2a Precipitation from hydrothermal sulphur only

To explain the variations and +trends within this
individual sample by deposition involving hydrothermal
sulphur only would require major fluctuations or changes
in the physio-chenical conditions during ore deposition,
namely pH and fo=. For example, the décrease in values
from +5.5 to +0.7°/00 in the louer band would involve an
increase in the oxidation state of the hydrothernal
fluid, ie a decrease in Hz=S/5042~ or an increase in the
pH of the ore fluid during galena deposition (Ohmoto,
19723y Rye and Ohmoto, 1874). An increase in pH could be
achieved by the hydrothermal fluids reacting with the
carbonate host rocks and calcium being released into the
ore solution. A decrease in the &24S values for
individval minerals with respect to time and space has
been reported in the carbonate/calcsilicate-hosted Darwin
Zn+Pb deposit in southern California (Rye et al., 1974).
This decrease is attributed to an increase in pH due to
the hydrothermal fluid reacting and equilibrating with
the host rocks. However, the decrease in §34S values
observed within individual sulphide samples is around
‘9.5°/00 (from centre to outer - -edge of zoned sphalerite
crystals) and substantially less than observed uwithin an
individyal galena sample at Navan. °

E -

The trend towards more positive §345 values moving up

through the galena in the bottom two thirds of the upper

‘band led to the possibility of closed system equilibrium
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fractionation betueen sulphur in the ore fluid and the
galena precpitating being considered to explain all the
values. If  for example sulphide in +the hydrothermal
solution had a signature of say +12°/5. then galena
precipitated: from this fluid would preferentially be
enriched in the lighter isotope relative to the sulphide
in the hydrothermal fluid (Ohmoto, 1972): Assuming ore
depositional temperature between 150 and 250=C, then the
galena would have inherited a &6®*S value approximately 4
to 5°/0- less than the original H=S in the solution, ie =
+7 to +8°/co (Ohmoto, 1972). 1If this pulse of fluid uas
not replenished, then the remaining Hz=S would have been
slightly enriched in ®%5, ie, operate as a closed systemn.
The above process could continue during the deposition of
the galena and so produce a trend towards heavier values
with time, until the hydrothermal HzS uwas exhausted or
*swanped" by a neuw input. Houever, this does not explain
the zig-zag effect as ue move up the coarser galena band,
because uwe would expect the values to get consistently
heavier. Therefore although there is an overall =sinmple
trend towards heavier &§®*S values moving up through the
lower two thirds of +the wupper band, closed systenm
equilibrium fractionation does not seem to explain this.
The model 4is also likely to:be more’dyngmic thap this
:static closed system eﬁvtsaged, The‘Ra}pigh distribution
éélculated for the trend is not ag}ﬁogld be expected for

this process either.

To try and explain the range of values observed within
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the galena sample (and by extrapolation throughout the
deposit) by precipitation involving hydrothermal H=S only
seems unacceptable. Firstly, major fluctuations in pH
and/or fo=z would be required, eg, to explain the trend
towards decreasing 62<S values in the louwer galena band
and then increasing values with the onset of +the upper
band..  Secondly, the process must take into account the
decrease in values down to -9.3°/.o in sphalerite coating
the upper band, and values around -16.0°/.. in other

samples, which approach and are better approximated by a

bacteriogenic component.

6.6.2b Mixing of hydrothermal and bacteriogenically-

derived sulphur

Mixing of bacteriogenic and hydrothermal HzS is supported
ﬁy the presence of late-stage barite in samples
containing +the isotopically heavy sulphides, with the
garite isotopic composition indistinguishable from Lower
Carboniferous seawater sulphate; This implies that
séauater accessed intoc the mine;alizing zones and could
ﬁave provtded‘ a fluid for transporting a component of

Bacteriogenically—derived H=S.

Mixing of hydrothermal and .bacteriogenically-derived
sulphur has bYeen invoked to wexplain. the- isotopic
composition of clasts of sulphide in- the Rammelsberg
deposit (Eldridge et al., 1988), -the-isotopic composition

of sulphides in the Silvermines. deposit (Coomer :and
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Robinson, - 19763 Boyce et al., 1984) and sulphides in the
Kanmantoo mine in South Australia (Seccombe et al.,
1985) . In these examples the isotopic composition
estimated for the hydrothermal H=S 1is different, for
example ®+3°/so at Silvermines (Boyce et al., 1984), and
®+15°/00 in the Kanmantoo mine (Seccombe et al., 1885)
and essentially reflects the source of the hydrothermal

sulphur. .

The isotopic composxtion' of the hydrothermal H=S
endmenber would be greater than the isotopicaliy heaviest
‘value obtained from the sulphides (Figs. 6.8-8.9).
Therefore, If we take the 1sot6p1ca11y heaviest value in
the galena throughout the deposit to represent the nost
*pristine" hydrothermal signature in the sulphides, then
this gives a 624S value of around +14°/co. This is close
‘to the 1sotopically heaviest value observed in the
traverse sanple. At estimated temperatures of .ore
ﬁeposition from the hydrothermal fluids of 150-250=C
(Probert, 19813 Samson and Russell, 1983,1987), this
would indicate &%4Sx+18 to +18°/co for HaS in the
-hydrothermal fluid (Ohmoto, 1872). The bacteriogenic
sulphide would have 84S values in the range -23.0 to
—-14.5%/00 (Section 6.6.1). Mixing of: these two components
and -increasing or decreasing the relative proportions of
each, 1ie varing the ratio of hydrothermal/bacteriogenic
HzS, would produce the variations observed both in the
-individual sample and throughout .the: deposit as a whole.

-1f. this increase or decrease was. systematic, -then:trends

‘185



towards relatively lighter or heavier 8§24S values could
arise. Trends would most likely be produced if the supply

of one endmember remained constant whilst the supply of
the other varied. Applying this to the traversed sample
would suggest that the hydrothermal sulphur uas
incorporated into the earliest galena deposited along
with a bacteriogenic component, ' however the
hydrothermal/bacteriogenic H=S ratio decreased during
precipitation of the louwer galena band. This decrease
could bYe the result of either the hydrothermal sulphur
supply not being replenished, ie a single pulse of fluid,
whilst the bacteriogenic component was continually
supplied, or else the supply of bacteriogenic sulphide
increased during growth of the lower band. The latter
could have been caused by the onset of a period of
extension affecting the carbonate 1lithologies, allowing
increased quantities of bacteriogenic sulphide-rich fluid °

down into the systemn.

fﬁe trend towards less positivervalues 1n’the louer band
ﬁés arrrested at a foint correspondﬁhé to the textural
ﬁféak in the sample by an :1n€rease in the
hydrothermal/bacteriogenic H=S ratioc. .It is possible that
the lead in a pulse of ore fluid was consumed along with
a. substantial amount of the hydrothermal sulphur and the
textural break corresponds to a new input of hydrothermal
fluid at the onset of . the ggpervvbinq, This is
corroborated by the presence of microscopic quantities of

;phalerite locally coatingAthe ;op_qf:the louer band ,and
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possibly indicating that the lead in the initial pulse of
fluid was exhausted at the end of galena deposition in
the lower band, thereby allowing the zinc to be
precipitated. The new ©pulse of hydrothermal fluid
replenished the supply of hydrothermal H=8S, thus
increasing the hydrothermal/bacteriogenic sulphide ratio
and producing a shift in the isotopic .composition of
galena deposited to more positive values. If the
hydrothermal fluid was continually supplied, then the
isotopic composition of the galena uwould be dominated by
relatively more positive values during crystal grouth. A
final input of hydrothermal H=S can be inferred arocund
énm from the top of the upper band. Subsequent galena
precipitated during mixing of this pulse of hydrothermal
sulphur with a continual supply of bacteriogenic sulphide
and gave rise to a gradual decrease in the
hydrothermal/bacteriogenic sulphur ratio, similar to the
lower band. Sphalerite was deposited after precipitation
of all the lead from the ore fluid and most of the
hydrothermal sulphur, resulting in §®4S values (-9.3%/c0)

which began to approach a bacteriogenic signature.

As a result of the trends in the isotopic composition of
the galena band and its clear importance in
understanding the sources pf sulphur and processes
operative during galen# depbsition, a more detailed
ffaverse over approximately the same area was conducted

déing a laser probe '(Fig. 6.143 the traverse was

conducted by Dr. Simon Kelly at SURRC). The system used
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was Laser Spectraphysics 164, .run in nultimode producing

8 watts of pouwer (all lines). The precision is %0.25°/co,

houever a calibration factor of +2.5°/.o is added to the

values due to a fractionation occurring at the point of

impact on the samplé (=1500=C). This calibration s

based on multiple Analysis of standards.

The

three most important observations arising from.  the

laser traverse are:

1)

2)

'3)

1

.The -

1

The iraverse exéended thé sampling‘aimQSt down to the
base of {he lower band uHich gives values =+12°/..,
ie similar to the nmost "pristine" hydrothermal
sulphide. This supporté the idea of hydfothermal
sulphur’.in the fluid 5eing incorporated and dominant

1nﬁ the wearliest galena deposited from a pulse of

hydrothernal fluid.

Clear trends towards isotopically 1lighter values

throughout the louwer band and the top of the wupper

. band are enhanced, and -other tends and variations are

apparent. -

There are major shifts in the isdtopic composition of

the galena over minute vertical distances in the band

(eg, +3.8°/0c toO ’414;4;/°;'and‘{hén back ddunxbto

Vit .

+8.5°/0e OVEer a vertical distance of <imm).

P2 S R ¥ S

interpretation of ;the.-isotopic variations during

galena and later sphalerite precipitation remains the

4. P e s PRI

hsame. however clerly there are more coﬁplex 41nterp1ays

:? N < et L PR L P b
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regarding the mixing of the two sulphur sources and nmust
reflect the source and supply of sulphur during

precipitation of the metals.

In éummary, the range of values observed throughout the
textural assemblage characterized by coarse galena and
later rhythmic and geopetal sphalerite. can best be
explaiﬁed by mixing of an isotopically heavy hydrothermal
sulphur (62%Su2s*+18 to0+19°/,0) and an isotopically light
bacteriogenically-derived component (§34Su=s= -23.0 to
-14.5%/00). fhe relative proportion of these tuwo
components>“governed the isotopic composition of sulphur
incorporated into the galena. As a general rule, the
earliest nmineralization within a band of galena wuwas
dominated by hydrothermal sulphide, houever the
hydrothermal/bacteriogenic ratio decreased during
subsequent deposition, as exemplified by the rhythmically
banded sphalerite overgrouths, with bacteriogenic
sulphide~rich fluids finally becoming dominant. It is
interesting to note that the &§2*S values in the galena .
are never less -than —1:1°/°°. Simple mass balance
calculations asssuning - +19°/.0o and say -18°/ao to
represent the endmembers, 1indicate that. the minimum
amount of hydrothermal H=S present .during galena  grouth
was 40-45%. of the total sulphide: .incorporated,; and
implies that hydrothermal H=S was always available during

deposition of the coarse galena. . . ;.

The reasons for the relative increase/decrease of the

isotopic composition in the galena and therefore the

189 .



interpreted variations in bacteriogenic/hydrothermal H=S
must be complex (as apparent from laser traverse).
Incorporation of hydrothermal sulphur into the earliest
stage of mineralization and the dominance of
bacteriogenically-derived sulphide in the later stages
would suggest that the hydrothermal component uas
consumed uhiist the bacteriogenic. sulphide uas
continuallyy supplied. It is more 1likely that the

introduction of the hydrothermal solution would occur as

pulses, ascending from depths of up to 15km (Russell,

1978), whereas the bacteriogenic sulphide derived fron

contemporaneous Louwer Carboniferous seawater sulphate

would be continually available. However, it is

postulated above that a component of hydrothermal H=S5S wuwas

naiuays available during deposition of the galena and may

¥

o

-2

imply that the supply of bacteriogenic Hz=S varied.

~Finally, looking at the trace element geochemistry within

s the galena may shed some light on the complex trends

observed within the laser traverse, in trying to

_recognise inputs of hydrothermal Hz>S-bearing fluid. For

exanple, it could be predicted that the Ag/Pb ratioc would

be relatively greater at the base of a galena band uwhere

~hydrothermal sulphide 1is dominant, as Ag is conmmonly

enriched in the paragenetically earliest mineralization

in many deposits (Gustafson  and Williams, 19813 Large,

--1989, 1883). If the arresting of: -the trends towards

s

i-isotopically lighter values’in the isotopic composition

of the galena uwere due:-to an input and replenishment of
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the hydrothermal fluid, +then an increase in the Ag/Pb
ratio could be expected at the onset of the reverse back

to increasing 8§95 values.

The inter-lens variations of the range in the sulphur
isotopic composition of the coarse galena th;oughout the
deposit (Fig. 6.10) probably reflect the sampling, with
nore détailed analyses of both the lenses and individual
specimens, eg the individual sample from 2-1 Lens, giving
a greater spread in the data. It could be argued
however, that the only two samples analysed froﬁ'2-4 Lens
gave almost the same range of values as 26 samples from
2-2 Lens and therefore the tighter grouping of the values
in 1-5 and 2-5 Lenses (Fig. 6.10) from 5 and 8 samples
réspectively does reflect the actual isotopic composition
of both lenses. If this is the case, then it would
appear that the ratio of hydrothermal/bacteriogenic
sulphur remained higher during galena deposition in 1-5

and 2-5 Lenses than elseuhere.

6.6.3 Bedding-parallel massive sulphides indicative of

open space deposition (Figs. 6.15-6.16).

The bedding-parallel, massive sulphide horizons deposited
as a variety of open space growths exhibit a range of
values from - 32.6 to +0.2°/... With the exception of
the value —32.6°/,°, the nore degitiﬁé: end of this
population 48 similar to the §343 values obtained from

the sphalerite replacement of allochems (Figs. 6.7 and
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6.16), interpreted as bacteriogenically reduced sulphide
in an open system, houever open 'system bacteriogenic
reduction alone does not explain the spread in the data.
The value of -32.6°/.0o was obtained from a late-stage
"stalactitic" pyrite growth, post-dating the sphalerite
and galena, and is regarded as representing a different
source of bacteriogenic sulphide, addressed in Section

6‘ 6‘ 6‘

One significant féature is the genéfal trend touardé
'1sotopically lighfer values uithin later sulphides in the
paragenetic sequence in a given sanple (Fig. 6.11(5)), a
feature which bears similériiiies to the coarse
galena/sphﬁlerite previdusly discussed (Section 6.6.2).
There are 3 possible explanations considered to explain

the range "2408 t0 +0.2°/ca?

6.6.3a Closed systen bactériogenic reduction

The spread of values could be explained by a closed
éyStem reduction of sulphate, perhépé ﬁhere the sulphate
is trapped in the sedimeht. with the reduction taking
place in pore spaces. However, late stage barite
associated with the sulphidés'hés‘éﬁfange of values from
+17.9 to +23.6°/co, which is not consistent with closed
system reduction. Also, <the isotopically lighter &94§
;élues in Mthe paragenetiéali;ﬂlatér ;ﬁiphides. is the

6b§oéite of what would be éifectédﬂfro;ﬂ closed systen

v o .
v &

reduction.
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6.6.3b Precipitation from hydrothermal sulphur only

Precipitation from hydrothermally-derived sulphur is
rejected bescause the late stage barite exibits values
that are consistent with seawater sulphate and not
hydrothermal sulphur. It has already been argued that
hydrothermal sulphur was involved in the frecipitation of
coarse galena, however &24Su>=~+18 to +19°/c0o and no
values remotely near this signhature are observed in these

open space grouwths.

6.6.3c Mixing of isotopically light bacteriogenic and

heavy hydrothermal sulphur

A substantial quantity of isotopically light H=S
generated by bacteriogenic reduction (632S= -23.0 to
-14.5°/00), nixing with a far lesser amount of
isotopically heavier hydrothermal component carried along
with the metals (8®+S%x+18 to +19°/..), could explain the
range of values and also the overall ﬁrend in lightening
of the isotopic signature with time. If a substantial
amount of bacteriogenically-derived sulphide was present
#nd encountered by the hydrotherm#l fluid, then the
limited amount of hydrothermal sulphur pould literally be
"suamped" by the abundant bacter;ééeﬁigréomﬁonent. It is
also likely that any hydrofhg?mai“éﬁlphur 'uoﬁld be
1£corporated vin the eaflier’ suiphl@es precipgtated,
becomne exhausted during ore dep&$£¥§n‘ and 56 the

bacteriogenic component would become dominant with time.
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Thus later sulphides precipitated would possess lighter
§2435 signatures. The original hydrothermal sulphide
signature would not be preserved as in the coarse galena-
style mineralization (Section 6.6.2) because it would be
by far the lesser component in the system described and

ultimately suamped by bacteriogenic H=S.

Texturai evidence of dendritic galena, finely banded
rh&thﬁic sphalerite and internal sphalerite sediment
within the open spaces 1is evidence for the rapid
precipit&tion of the lead and zinc from supersaturated
solﬁtiohs (Roedder, 1968). This arose from the mixing or
"quenching effect" of metals encountering a plentiful
suppl& of bacteriogenic H=S. Stalactitic growths in the
sulphides forme& by a process of "chemical garden" grouth
(Chapter 5, Section 5.5.5c), are also indicative of the
mlxing of tﬁo solutions (Russell 1988. in press), in this
case metﬁl—rich and bacteriogenic HzS-bearing fluids. The
nixing model offers the most satisfactory explanation of
fhe ireﬁdé within the sulphides and the textural features

observed.

6.6.4 2-5 lLens uest (footwall) (Figs. 6.8-8.9)

In.parts of 2-5 Lens uwest, the massive sulphides contain
a finer layered galena,. with local coarser cubic grouths.
These sulphides all. give light results from -20.3 to
~14,.9°/c0o {including . late-stage - bournonite) and the

source of sulphur is bacteriogenic.. The relationships
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between this and the coarser, bladed galena are looked at

in Section 6.10.

6.6.5 Vein sulphides (Figs. 6.8, 6.10, 6.15 and 6.17)

Coss-cutting sulphide veins in the deposit are not

characterized ‘by a distinct sulphur isotdpic composition.
Instead, the 1isotopic signature of sulphides within the
veins is relatd to  the textures displayed by the

sulphides, uwhich exhibit a similar range in values to the
same textures within the massive sulphides previously
discussed. For example, cockscomb vein grouwths of galena,
‘and locally marcasite adjacent to the T Fault, with
subsequent overgrowths of crustiform sphalerite, exhibit
a range of isotopically heavy values indistinguishable
‘}rom the range of results obtained-from similar textures
in massive sulphi&e horizons throughout the deposit (Fig.
6.8). The results from these veins are likeuise
interpreted as the dominance of a component of
-hydrothermali H=S tfavelling withr the netals and
preferentially 1incorporated into sulphides deposited

within the veins.

The ‘'large vein swarm in 2-5/2-4 Lenses characterized by
‘dendritic and cubic galena, . rhythmically banded
‘sphalerite and late-stage honeyblende (Chapter 5, Section

5.8), and again exhibiting a similar range of values to

i 1

the same texXtures within the massive sulphides (Fig.
6.15), 1is interpreted as being dominated by a component

P
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of bacteriogenically-derived Hz=S. The nature and size of
this vein suarm implies a major phase of extension and
fracturing associated with the formation of the veins,
possibly related to the initiation of the B and T Faults
(Section 5.8), ie, in the latter stages in the evolution
of the deposit, Vast quantities of Lower Carboniferous
seawater and entrained bacteriogenic HzS could have
permeated down these fractures, encountered ascending ore
fluids, and thus precipitated sulphides as veins
dominated by bacteriogenically~derived H=S.
Alternatively, such large vein systems may have initiated
small convection cells which continually dreuw

bacteriogenic sulphide into the veins.

Clearly, as with the massive sulphides previously
discussed, the nature of the H=5 which combined with the
netals controlled the texture of the sulphides

precipitated.

6.6.6 Pyrite in the Conglomerate Group Ore (Figs. 6.6

and 6, 18)

Pyrite in the CGO has a range of very light §2*5 values
interpreted as Dbacteriogenically~derived H=S and is
similar to those values from parts of 2-1 Lens described

in.Section 6.6.1.

Tﬁé pyrite in the CGO was deposited as syn-sedimentary to
ééfly diagenetic grouths, often !as framBoi&é, and uouid

fherefore readily have access to bacteriégenic sulphur
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produced in the seawater column. Deposition of the CGO
resulted from the exhumation of the mineralizing systen
in the Pale Beds (Andreu and Ashton, 1885). The Fe-rich
nature of the 2-1 Lens makes it likely that exhumation
occurred during deposition of at least the pyrite in the
Lens and thus it is accep;able to assume that the CGO and
pyrite in 2-1 Lens were deposited roughly- synchronously.
Therefore 1nterbretation of the §22S values in the CGO

would apply directly to 2-1 Lens.

The strongest candidate to explain the change in the
isotopic composition of bacteriogenic sulphide in the CGO
gnd 2-1 Lens 1is a change 1in the environment of
bacteriogenic reduction as opposed to a lighter sulphate
source than that observed throughout the Pale Beds. The
age of the mineralization in the CGO is constrained by
the fact that it was deposited above a pre-Arundian
erosion/slump surface and was therefore «considerably
later than the Zn/Pb mineralization in the Pale beds
{Ashton et al., 1986). The carbonate lithologies at the
time of the deposition of the CGO are indicative of a
shelf margin-carbonate slope depositional environmnent
and thus by analoge with present day systenms are
suggestive of water depths >¥500m (Mcllreath and Jones,
1984). This carbonate depositional environment and
water depth contrasts dramatically’with the shallow water
(probably 1less than 10m in many cases), inter to sub-
tidal environment duing the deposition of the Pale Beds

lduring which time much of the Zn/Pb mineralization is
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thought to have been deposited). Clearly the major
difference in the carbonate environment would directly
affect the rate of sedimentation, +the nature of the
bacteria opsrating and the temperatures at which +the
bacteriogenic reduction took place. For example, it is
conceivable that the seauwater temperature in the shallou
marine environment could have been as much as 10-15°C
warmer than say that in water depths of 500m. Kaplan and
Rittenberg (1964) have demonstrated that increasing the
temperature at which sulphate-reducing bacteria are
operating by as little as 10°C, increases the rate of
reduction. Increased rates of reduction result in
relatively smaller fractionations' (Goldhaber and Kaplan,
1975). Thus it may be expected that the fractionations in
warmer. waters would be"less than in relatively colder
waters and may partly explain the more negative isotopic

signatures in the CGO.

The value of =32.6°/0.o obtained bfrom a late-stage
"stalactitic" pyrite grouth in 2- 4 Lens (see Section

8 6.3 and Fig. 6.11) implies that some of this extrenmely

R

isotopically light bacteriogenic sulphide accessed douwn

through the Pale Beds after the Zn-Pb mineralization that

f

formed the 5 to 2 lLenses in the Pale Beds.

3

6.6.7 Barite (plus minor gypsum and celestite) (Figs.

S

v T
S

6. 19-6.21)

Barite samples from Navan exhibit a range of §3%S values
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from +17.7 to +39.1°/oo with the bulk of the data in the
range +18 to +24°/.o. The Navan data shows a greater
spread than reported from elsewhere in Ireland, eg
Silvermines with a range +14.2 to +20.0°/.o (Coomer and
Robinson, 19783 Boyce et al., 1984) and Tynagh with a
range +17.4 to +21.1°/oo (Boast et al., 1981), both of
which . are interpreted as incorporating Louer
Carboniferous seawater sulphate. The bulk of the barite
at Navan is also interpreted as incorporating Louer
Carboniferous seawater sulphate. The greater spread in
the data at Navan 1is related to the carbonate
depositional environment. The Pale Beds are dominated by
inter to sub-~-tidal carbonate deposition uwhich would
present the possibility of a more restricted sulphate
supply, compared to the deeper water facies and a more
open-system at say Silvermines (around 250m water depth,
Samson and Russell, 1988). This restricted supply of
sulphate is reflected in a sample of gypsum obtained from
the Quartz Marker in the Laminated Beds below the Pale
Béds, which gives a value of +24.9°/.o, It is also
interesting to note that the average isotopic composition
of barite at Navan, +22.8°/oo, is the same as the average
value of any gypsum present in the deposit (Fig. 6.19),"
also supporting a Louwer Carboniferous seawater origin for
the sulphate in the barite (however ‘it is probably
coincidence that the average values i are exactly the

same).

It is  interesting that the isotopically heavier barite
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within the massive sulphides (ie, excluding the that in
late~stage veins) occurs in the stratigraphically louest
lenses, . ie 1-5 and 2-5%5 Lenses, uwhereas barite 1in
stratigraphically higher lenses, particularly 2-2 and 2-1
Lenses are characterized by isotopic signatures closer to
normal - Lower Carboniferous sea water, ie ®+19°/.- (Fig.
6.21). Accepting that there are only two results fron
toth 2-3 and 2-4 Lenses, the tendency of &2%S values in
barite in the upper lenses towards values approaching
normal Louer U;rboniferous sea water may reflect a change
ln the carbanate depositional environment and associated
sea water sulphate supply, to more open system conditions
afythe time of mineralization in the upper ore lenses. A
Eore open system with regards to the sea water sulphate
é;pply could afise from an increase in the water depth at
;his time. It is therefore significant that the Navan
énd ABC Groﬁp lithologies reflect an overall increase in
;éfer depth (Chapter 3, Fig. 3.10) from shallou water
éale Beds through to deeper water Shaley Pales, ABC and
waulsoftian nmudbank. The 1mp11cati6n from this is that at
ieést part of the mineralization in the upper ore lenses
fﬁﬁrite is generally the last s&age of mineralization
?Ch;pter VS) could have been synchronous with an increase
fﬁ thé éepth of sea water, poss;biy during the transition
éfoﬁ'deposition of the Pale Be&£ to the Shaley Pales ’and
;XédlAand thus put a broad timé constra;nf on this aspect

of the mineralization.

Ty

The isotopically heaviest barite sample, 6®%S= +35.0°/c0,
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and one celestite sample, 6&6245=+39.1°/0., oOCcCUur as a
coarse laths and crystals in late-stage veins in 2-3 Lens
near the B Fault which cut the massive sulphides and
which are quantitatively insignificant. Houwever, these
extraordinally isotopically heavy results require sone

explanation.

Any explanation of these results must invoke a process of
closed systen bacteriogenic reduction or redox
eéuilibrium reactions in a hydrothermal fluid. In one
exanple from a laie-stage vein in 2-3 Lens (224N on 1435
level); sphalerite coexisting with lbarite
(6®%Svari+e=+35.0°/0o) has a value of -16.4°/ce. If
equilibriunm had been attained, then this gives a
fealistic depositional temperature of around 120=C.
However, sulphate-sulphide pairs have been shoun to be of
limited value in determining temperatures (Ohmoto and
Lasaga, 1982), but as it is the only pair available (due
to sphalerite being the only sulphide present) it must be
considered further. At this temperature the 1isotopic
composition of the H=S in the hydrothermal fluid would be
appoximately the same as the isotopic composition of the
sphalerite (Ohmoto, 1972). Thus, assuming that little or
no sulphate was present in the -initial hydrothermal
fluid, and from previous ' . sections, assuming
8§248,12m=834S u¥+18°/00o, then to produce sulphate with an
isotopic composition of +35.0°/c0 - and co-existing
sphalerite of =-16.4°/.o Would .require.a.S042=/H=S ratio

of=7/3, 1o the hydrothermal fluid:uwould be - relatively
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oxidized. This oxidized fluid would be consistent with
the abundance of barite in .these late-stage veins, in
places comprising 90-100% of the vein. The isotopic
composition of the sphalerite co-existing with the barite
is not consisitent with a closed system bacteriogenic
reduction assuming a fractionaiion of 3% to 45°/co.
However, it is worth considering that the veins are late-
stage, and it has been proposed that the environment of
bacteriogenic reduction involved in the final stages of
mineralization represented by the CGO and pyrite in 2-1
Lens resulted in a greater fractionation, up to 60°/co.
fhus it is possible ihat an isotbpic ‘signature of
716.4°/°, could be the result of closed system reduction

and explain both the barite and the sphalerite.

A small fracture from 1-5 Lens (Block 14) containing
internal =sulphides and barite gives a &®<S value of
+27.9%/co for the barite, precipitated after the
sulphides, and values of -17.2 and -12.5°/oo for the
galena and sphalerite respectively. .The galena pre-dates
the sphalerite. This example: of ‘isotopically heavy barite
may be better explained by a closed system bacteriogenic
reduction. "Initial fractionation from sulphate with an
isotopic signature of betueen +18-and +25°/.o produced a
value of -17.2°/0.0o in the .galena.:and .the remaining
sulphate in the small fracture:became:heavier. Subsequent
bacteriogenic + reduction ‘- produced 'sulphide which wuas
slightly heavier, =-12.5%/c0,:Which:uas incorporated into

the sphalerite and the sulphate_.again- became- slightly
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‘heavier. The final ©batch of sulphate had an isotopic
signature of +27.9°/c0 in contrast to +18 to +25°/co at
the start, and was incorporated into the late-stage

barite.

It therefore remains uncertain as to the exact origin of
the extraordinarily heavy barite. Other tests would be
requifed to de£ermine whether it is seawater sulphate or
hydrothermal, for example oxygen isotopes on the
sulphate. If the isotopically heavy sulphgte was due to
a closed system in a shallow water, locally inter-~tidal
:;arbonate depositional environment, then ue may expect to
find enrichment in the &§'®0 values 1in this sulphate
relative to Lower Carboniferous sea uwater sulphate values
because of the removal of the lighter oxygen isotope by

local evaporation.

6.7 THE ORIGIN OF THE BACTERIOGENIC SULPHIDE

w
P

The lack of evidence for the presence or former presence
of evaporites in the strat!graphy= makes it highly
unlikely that baéteriogenic reduction of gypsum or
anhydrite provided the quantities of sulphide involved in
the formation of the orebody. "Gypsum is present in the
Pale. Beds around 45-50 miles east of "Navan at Keel and
further east at Strokestoun, presenting the- possibility
of ..a sulphate-rich brine derived “from dissolution of
these evaporites and migrating:'during’- diagenesis. This

origin is regarded as unlikely due " to:'the difficulty
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envisaged in migration of a brine across the the strike
of the structural grain at that time, and the
discontnuity in the stratigraphy betuween Navan and for
example Keel. There is no obvious aquifer present. The
only realistic possibility would be permeable
conglomerates and sanstones in the basal Reds Beds, uwhich
are houever discontinuously developed across the Central
Midlands (Philcox, 1884). A Lower Carboniferous seawater
source for the sulphate is therefore favoured. Accepting
this origin, there are factors which must be considered

when invoking bacteriogenic sulphide.

;ﬁderson (1983) has pointed out that +the amount of
b;cter}ogenic sulphur in an economic Pb-Zn deposit is too
éréat to have been present in a static fluid prior to‘the
1n£roduction of metals, and it is essential to have a
Eontinuous supply of sulphur to the metals to produce
the quantities of ore observed. This means that there
must Dbe a continuous in-situ reduction of sulphate or a
supply of sulphur brought to the metals. In exhalative
mineralization continuous in-situ reduction can occur in
a seawater brine, easily accessed by the. metals. This
could possibly apply to the CGO and pyrite in 2-1 Lens,
however for the bulk of the Navan deposit in a sub-
seafloor environment it is less 1likely. The textural
‘evidence suggests that'' the rocks ~had . undergone some
diagenesis prior to the mineralization, including
‘dolomitization, and it is unlikely:.that quantities of

bacteria could operate and continually produce sulphide
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in the remaining pore space. Also, in areas where the
fluids were passing through at temperatures of 180 +to
250=C (Probert, 1983), sulphate-reducing bacteria uould

be unable to survive (Postgate, 1984).

It is counrluded that the bulk of the bacteriogenic
sulphide must have been transported to the site of
deposition at Navan and mechanisms for the derivation of

the sulphide are addressed in Chapter 7.

Finally, dissolution of limestone occurred below
dolomitic lithologies at Navan as a result of ore fluids
passing laterally below the dolomites (Chapter ©5B).
Anderson (1983) showed that if bacteriogenic reduction
does not take place at the depositional site, then acid
formed during the precipitation of sulphide by the

reaction:

H2S + Zn=®* => 2nS + 2H™

is not consumed by in_situ reduction (Section 6.2.2a) and
therefore becomes available for host rock dissolution.
Precipitation of sulphides, with introduced bacteriogenic
ﬁzs} is acid-generating and expldihs the dissolution of

the limestones at Navan.

6.8 THE ORIGIN OF THE HYDROTHERMAL SULPHUR (Fig. 6.22)

C}early interpreting phg isotqpigally: heavy sulphur

component (8§@2S = +18 to +19°/co) in the deposit as
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hydrothermal in origin poses the question as to -the
ultimate origin of the sulphur and why it is heavier than
the hydrothermal sulphur interpreted Silvermines and Keel
deposits (Boyce et al., 1984; Caulfield et al., 1986;

Coomer and Robinson, 1976).

The potential sources for hydrothermal sulphur uere
addressed in Section 6.2.1a The lack of contemporaneous
igneous activity associated with the mineralization and
the wvariations seen in the data are not consistent with
with an igneous origin for the hydrothermal sulphur

(Section 6.2.1a).

The similarity betuween the isotopic composition of the
hydrothermal comnponent and that of Lower Carboniferous
sea water sulphate presents the possibility of chenmical
or thermochemical reduction of such sulphate to produce
the sulphide. The possibility of seawater sulphate being
convected and chemically reduced at temperatures of
around 250°C has been ruled out on the basis of
experimental evidence, although if organic molecules uere
transported doun with the seawater sulphate, they could
theoretically ‘thermochemically reduce the sulphate at
%250°C (M.J.Russell, 'pers comm). There is no way of

testing this latter model. =~ - v %5 g

vey

Thermochemical reduction of Lower Carboniferous seawater
ot : ' Cenate D

sq}phate belouw the deposit may have taken place if the

organic material was present in the underlying Louer

Pds

Palaeozoic rocks (Fig. 6.22). .+ ..
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~Bischoff, Radtke and Rosenbaeur (1881) have demonstrated
that sulphate carried down in the convecting seawater
would be precipitated on reacting with Louwer Palaeozoic
shales and greywackes and therefore be 1lost +to the
hydrothermal solution. If this was the case, then with
the vast quantites of seawater and sulphate involved, ue
might expect to see sulphate minerals in the Lower
.Palaeozoic stratigraphy belouw the deposit. There are no
such occurrences recorded in the Navan region. If the
sulphate was thermochemically reduced either prior to or
after precipitation, this could generate substantial
.quantities of Hz=S and explain the lack of. sulphate
minerals in the Lower Palaeozoic column. Organic matter
.in the Lower Palaeozoics would be altered by  convecting
.fluids to produce hydrocarbons, in a similar way to the
’presently active convecting system.of the Guaymas Basin,
‘where metamorphism of organic material in the sediments
by the action of hydrothermal fluids (around 3@0°C) |is
‘generating petroleum (Simoneit, . 1886). Temperatures
ninvoked during hydrothermal convection are up to 250=C
-(Russell, 1983). The resultant petroleum would then react
‘u;th the sulphate, generating sulphide. In oil fields,
vsulphate in brines pumped douwn ,into wells reacts with oil
.in  the strata to produce thousands of ppm of H=S at
,temperatures often less .than 150=C, with little isotopic
.fractionation between the sulphate and sulphide

(H.J.Russell, pers comm).
EN ) K i ¢ oV

A variation on the above model is the .thermochemical
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reduction of Lower Carboniferous seawater sulphate
contained in the Red Beds by organic gases within the
hydrothermal solution (cf, Guaymas Basin), to produce
isotopically heavy sulphide which was entrained in the
rising hydrothermal fluid (Fig. 6.22). The fact that the
Red Beds have generally not been reduced by the
mineralizing fluids (except locally in clgse proximity to
the B Fault) could be explained by the presence of a
dense S04%?~-bearing brine derived fron a Lower
Carboniferous sabkha which drained down into and along
the Red Beds and kept out the mineralizing solutions
(M.J. Russell, pers comm). Houwever, there is a general
absence of evaporites or evidence for the former presence
of evaporites in the Pale Beds stratigraphy around the
Navan area, which 1is inconsistent with a sabkha
environment where the precipitation of evaporites fronm
such concentrated brines would be common. There is also
an absence gypsum, anhydrite or barite in the Red Beds,
shlphate minerals that would be expected to have been
‘précipitated within the Red Beds from such a brine.
Therefore thermochemical reduction of sulphate contained
ﬁ;thin a dense brine within the Red Beds and derived from
a Lower Carboniferous sabkha enviréﬁméﬁ; seems unlikely.
Houwever, thermochemical reductibn océﬁrriné in the Lower

Palaeozoic pile could provide a mechanism for generating

- hydrothermal sulphur.

An alternative model is one whereby hydrothermal sulphur

was leached from diagenetic pyrite in .the underlying
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Louer Palaeozoic rocks by the circulating fluids (Fig.
6.22). This model can be tested by looking at the
isotopic composition of such diagenetic sulphides. 1If
there wuwere systematic geographical variations in _the
6245 of Lower Palaeozoic diagenetic pyrite, then leaching
of that pyrite would produce different hydrothermal

signatures in different deposits.

6.9 DIAGENETIC PYRITE IN THE LOWER PALAEOZOICS

It is contended that sulphur transported in the ore
fluids had 6§®4S = +18 to +18°/co. This implies that if
the metals were leached from the Lower Palaeozoics below
the deposit, then original diagenetic sulphides within
these rocks would also have a correspondingly
_isotopically heavy signature. We would not expect to see

a preponderance of isotopically light values.

Diagenetic mineralization in the Lower Palaeozoics below
Navan encountered in drilling 3§‘in the fqrm of pyrite
,}élqts“. concretions and dissgminations. Textural
éy}dence shows that the pyrite |is \diagenetic. as
ég%cretions Wwhich deform mud laminae around them (Fig.
é;ég). The samples co;legfed‘gre.:estrgcted to 3 holes
;ﬁgss, N837 and U890) and from dgpths_gf up to 200nm bdbelow
fgé base of the Lower Carboniferous sequence. Ten

results have been obtained ‘and range

&

from +6.0 to
+61.1°/00, with the majority occuring ?etueen +6 and
+31°/0o (Figs. 6.24-6.25). The data shous that diagenetic

3
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sulphide in the Lower Palaeozoic pile is 1isotopically

heavy.

The pyrite is wunaltered and the lack of leaching or
alteration {n these samples may be due to the fact that
the ascending solutions uere saturated with respect to
sulphur on encountering this pyrite or that +the fluids

did not have access to this pyrite.

The range of values and especially the values of +52.7
aﬁd +61. 1°/6o are explained by closed system
bacteriogenic reduction, producing an enrichent of &§245
in the sulphate source. Ordovician seawater sulphate had
a,s=4s value of around +30°/.,. (Claypool et al., 18980).
Bécteriogenic reduction with a fractionation of 30 to
40°/0s would result in initial sulphides with values -10
t;’ ®°/0o. Closed system reduction would result in an
' ihcreased enrichment of §®4S in the sulphate and also the
suiphide produced, with the result that the sulphate
coald become as isotopically heavy as +B80 to +70°/co. If
this final batch of sulphate was totally reduced and
pi;ite precipitated essentially insténtaneously, then the
r;sultant sulphide would inherii the same signature. An
esg;ntial feature in this interfreiation is that sulphide
mﬁ;t have been precipitated during this closed systen
réduction. If it was not, then the §34S in the H2S could
oéiy reach the initial sulphaté‘valueléf around +30°/g40
(Ohmoto and Rye, 1874). This is the only effective way éf
Ae;blaining the observed values 1in the diagenetic

sulphides, and we would expect to find oﬁly minor amounts
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of the 'very heavy sulphide as it represents the final

stages of reduction.

Finally it is accepted that there are vast areas of the
Lower Palaeozoic rocks in the Navan area which we know
little about regarding the isotopic composition of
diagenetic sulphides, for example +the volcaniclastic

lithologies, and this is an area for future research.

6.10 MINOR ZnS, PbS AND CuFeS>-BEARING VEINLETS 1IN

LOWER PALAEOZOIC ROCKS BELOW THE DEPOSIT

[

Very m;nor quartz/carbonate veinlets containing sulphides
ﬁere encountered in Lower Palaeozoic lithologies directly
below 2 Zone. They are presumably the same age as the ore
stage mineralization in the overlying limestones. Results
from sphalerite, galena and chalcopyrite samples are
shown in Figs. 6.24-6.25, and range from +1.8 +to
+4.5°/00o. Temperatures calculated from sphalerite-galena
and chalcopyrite-galena pairs, assuming isotopic
equilibium, are 359 and 210°C respectively. If we assume
210°C as a more plausible temperature (Probert, 1983),
then either &§*4Sy== in the hydrothermal fluid had a value
around +5 to +6°/eeo for that sample or else bacteriogenic
sulphide derived from Lower Carboniferous seawater
sulphate was able to penetrate down into the Lower
Palaeozoics uwhere it mixed with the - hydrothermal fluid

with 624Su2e*+18 to +19°/co.
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6.11 LATERAL VARIATIONS IN THE SULPHUR ISOTOPIC DATA

Individual textures exhibit no systematic lateral or
Qertical variation in &®%S values throughout the deposit,
!e the coarse.bladed galena has similar values in all the
lenses studied and the same applies +to +the internal
gphalerite sediments for example. Houever, different
textural styles clearly have different ranges of values
;hd therefore the lateral variations in textural style
déross the deposit are also reflected in the sulphur
}Sotopes. This is best illustrated by two examples which
have been described in Sections 5.10.1 and 3 and 6.6.1, 2

and 4.

The 2-5 lens footwall mineralization exhibits different
.textural styles towards the west, away from the central
mine area (Fig. 6.28), with the galena deposited as fine
.layers and cubic grouths instead of coarse, bladed
crystals in the central mine area. The &®4S values in
‘galenas are significantly different in the two areas,
Luith isotopically heavy values +7.7 to +11.0°/co in the
central 2-5 Lens footwall and lighter values, =-20.3 +to
=19.5°/00 touards the west (Fig., 6.26). These results
back up the textural interpretation of solutions
ascending through the central ., region with abundant
.veining and brecciation of. the host . rock and massive
mineralization, precipitating any hydrothermal sulphur,
The fluids then migrtied towards,K the uest, depleted in

hydrothermal H=S from this earlier; precipitation,.‘:and
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here bacteriogenic sulphur would consequently dominate.

Ié 2-2 Lens, the mineralization n the central mine area
ié dominated by bedding-parallel, coarse
gglena/sphalerite with an isotopically heavy,
h&drothermal component (Fig. 6.27). Towards the uwest and
1n;1—2 Lens, the sulphide occurs as low-grade sphalerite
réflacement, with a tight grouping of " light,
bacteriogenic values (Fig. 6.27). This again is
interpreted as the result of the solutions ascending in
the central 2-2 Lens area, precipitating hydrothernal
sulphur and all the lead, and the resultant Zn-rich
fluids migrating laterally to encounter bacteriogenic

sulphur in more distal areas.

~ 6.12 COMPARISONS WITH OTHER IRISH DEPOSITS

6.12.1 Tynagh

Boast ' et al. (1981) carried out a sulphur isotope study
on the four paragenetic stages of mineralization
identified within Waulsortian "Reef" limestones at
Tyhagh. They interpreted much of the ore as having been
depbsited in a dilatant cavity system in the limestones
(Stége 2), which has features in common wWith open space
dépbsition at Navan, for example' internal sphalerite
sediments., The results for this mineralization shouw a
very similar range in values to the internal sulphides at

Navan, -26.0 to -4.1°/c0, with a mean‘of -17.2%/co, qhich
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the authors interpreted as bacteriogenic in origin. Later
mineralization (Stage 3) is dominated by tenantite and
galena, and exhibits a spread of data from -23.0 to
+11.1°/0o, with a mean of -8.7°/co. The relatively
heavier values and the spatial relationship with the
Tynagh fault led Boast et al. (18981) to conclude that

there was an input of hydrothermal sulphur at this time.

fﬁére are clear similarities in the data from Navan and
{ynagh. and some similarities in the style of ore
gﬂplacement. The authors noted that the Stage 2
;ﬁlphides shoued eVidencé for a mixing of tuwo solutions,
Sne rich in metals and the other in Hz=S. However Boast et
;i. (1981) interpreted all the §2+45 values as
gécteriogenic. The 1internal sdlphides at Navan have a
T éfﬁilar range in values, also with evidence for mixing
éﬁ& rapid precipitation, although it is considered that
;Eé spread touwards values clbser to 0°/0o at Navan
fépresents an input of hydrdthe§ﬁai sﬁlphur mixing with
{ﬁe’bacteriogenic component prior'io and during sulphide
deposition. The heavier signaturéé in the later stage of
ééﬁosition at Tynagh, which attain values of up to

+11.1°/0o, show some values consistent uwith interpreted

RIS

hyd%othermal sulphur at Navan,ﬁhalfhbugh at Navan the
e . T A
hydrothermal sulphur is incorporated into the earliest

sulphides.  ° R

6.12.2 Silvermines

Several studies have been carried out on the Silvermines
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deposit, notably Greig et al. (1971), Coomer and Robinson
(1976) and Boyce et al. (1884). Greig et al. (1871)
proposed that all the &§®%S values obtained from sulphides
in the deposit could be explained by precipitation
from hydrothermal sulphur. However, a more detailed study
by Coomer and Robinson- - (1976} sugested that both
hydrothermal and bacteriogenic sulphur ﬁere involved 1in
the deposition of the ore body. This is supported by the
work of Boyce et al. (1984). The stratiform
mineralizaton is characterized by a large spread of light
. results from -42.5 to -4.0°/c0, With most of the values
in the range -10 to -30°/..o, interpreted as bacteriogenic
sulphide. This range is broadly similar to .that of the
sulphides at Navan interpreted as having a component of
bacteriogenic sulphur. The discordant Lower G Zone and
the veining in the Shallee pit hosted by ORS, exhibit a
tighter group of results from -10.0 to +12.0°/0-, houever
the bulk of the analyses are spread betuween =10.0 and
+5.0%/co. This is interpreted as . incorporating
hydrothermal sulphur, 1in agreement : uwith Greig et al
(1971). Boyce et al. (1884) estimate the §%*Szs value of
sulphur in the hydrothermal solution .to be ®¥+3°/.o. This
value is isotopically lighter than that proposed at Navan
(cf. ®+18 to +19°/.o) and is interpreted as reflecting
heterogeneity in the isotopic composition of diagenetic
‘pyrite. in the Louwer Palaeozoic rocks from which the
hydrothermal sulphur was probably derived.

. P
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- B6.12.3 Tatestoun
v Caulfield et al. (1988) published data from the Tatestoun
:..prospect, 3km NW of Navan (Andrew and Poustie, 1888).
. The ore-stage sulphides range from -23.6 to +14.4°/¢.,
. “however the majority of the samples, excepting pyrite,
s.are {n the range -3.0 to'+12.®°/=°. The.pyrite analyses
;are generally clustered between -24.0 and -19.0°/.o and
.are interpreted as bacteriogenic sulphur incorporated in
“’early diagenetic sulphide. The range of values of galena
“.and sphalerite is similar to Navan, ie hydrothermal,
:"although the authors favour an origin of in-situ
~"abjogenic reduction of evaporites for this heavy sulphur,
i uh1le not conpletely discarding the possibility of a
“‘hydrothermal source. The main argument against abiogenic
~‘reduction {s the lack of evidence for evaporites in the
- tisuccession, and the example of replaced evaporite cited
S “ein their paper occurs in the Laminated Beds succession,
is only around 1@cm thick and vell below the
" mineralization (Chapter 3). This is unlikely to have
produced the quantities of sulphide involved. The
."similarity in values with hydrothermal sulphur at Navan
~'suggests that the origin of this ‘heavy sulphur 1is +the

. same in both deposits. . Ce S

- B,12.4 Ballinalack AT,

vl e * e
- N > 4 S w3

“.The ‘Ballinalack deposit, hosted in Waulsortian limestones

(Jones and Brand, 1986) has .a range of values from -36.4

-
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to 0.0°/co which Caulfield et al. (1986) interpreted as
essentially bacteriogenic reduction of Lower
Carboniferous seawater sulphate with the possibility of
mixing with a component of hydrbthermal sulphur with a
value between -5.0 and 90.0°/c.. The textures ;n the ores
~are dominated by internal sphalerite sediment in
stfomatactis cavities, and nixing of a' bacteriogenic
and a hydrothermal sulphur component is consistent with
the internal sulphide sediments at Navan. Caulfield et
al.. (1986) interpreted the origin of the bacteriogenic
sulphide as being derived from pre-existing pyrite,
po;;ibly of diagenetic origin, with evidence for galena
and sphalerite replacing pyrite (Jones and Brand, 1888).
This seens unlikely to have been the case at Navan due to
the vast quantities of sulphide with a bacteriogenic

sulphur isotope signature now observed in the deposit and
the primary nature of the sphalerite and galena which

certainly have not replaced pyrite.
6.13 SUMHARY

Théh’éulphur isotopes suggest that there were tuwo sources
of sulphur involved in the deposition of ‘the bulk of the
depositt a bacteriogenic component (834S'z=" -23.0 to
—14.35790) and a hydfdthermal component (8®4S%¥+18 to
+199/22). The former was the dominant sulphur source and
ua;x:derived from the bacteriogenic reduction of Lower
Cafﬁéhiferous seauafér sulph;te :in;la shallow nmarine

environment, which subsequently permeated through
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carbonate 1lithologies and migrated to the site of ore
‘deposition. The hydrothermal sulphur was probably leached
)from diagenetic pyrite in the Louwer Palaeozoic
lithologies below the deposit, however thermochemical
;reduction of convected Lower Carboniferous Seauwater
“'sulphate to produce sulphur in the hydrothermal fluid is

"not ruled out.

. Sulphur isotopes from coarse galena-rich sulphides show
¢that during a pulse of hydrothermal fluid and
. mineralization a component of isotopidally _heavy
fhydrothermal H=S was incorporated into the earliest

galena precipitated. Houwever, the ratio of
:hydrothermai/bacter1ogen1C\ sulphide generally decreased
“during deposition of the coarse galena band due the
“hydrothermal sulphur being used up and the bacteriogenic
fcomponent continually supplied. In places, subsequent
“pulses of the hydrothermal fluid ~replenished the
5h9droiherma1 component. The overall result is that the
"later stages of mineralization are dominated by sulphide

=

“With a bacteriogenic signature.

‘;ﬁigh-grade ore horizons deposited as open space internal
“sulphides incorporated both '  hydrothermal and
“bacteriogenic sulphur, the’latter being dominant, with
“sulphide textures indicative of a 'mixing of two fluids.

‘“fhévflentiful supply of bacté?iéééﬁ}é éuipﬁide avaijilable
| “ﬁu}ing ore deposition meant that the hydrothermal HxS

.component was essentially f§qampedf,‘ but it was still
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incorporated 1into the earliest phases of mineralization
as evidenced by trend of isotopically lighter 624S values

with tine,

gedding—parallel replacement of carbonate allochens
iﬁcorporated bacteriogenic sulphide only giving rise to a
g;ouping of isotopically light 6228  values. This
mineralization is dominated by sphalerite, and combined
u;th the textural evidence, implies that virtually all
the lead had already been precipitated elsewhere,
probably having removed any component of hydrothernal

sulphur.

In the latter stages in the genesis of the deposit,
pyrite in the Conglomerate Group Ore was deposited
“approximately synchronously with Fe-rich mineralization
in 2-1 Lens, both incorporating mostly bacteriogenically-
derived sulphide. The change in the environment in which
the bacteria were operating at this time to water depths
of >500m, resulted in a greater fractionation between

initial sulphate and the sulphide produced.

The sulphur isotopic composition of barite wuwithin the
massive sulphides in the Pale Beds suggests that the sea
ﬁater sulphate supply was partially restricted at the
i ~time of the mineralization in the basal lenses, houever
éperated as a more open system during the mineralization

in the upper lenses.

The internal sulphides at Navan exhibit a similar range

of values to those described by Boast et al. (1981) as
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being internal at Tynagh, and also internal sulphides in
stromatactis cavities at Ballinalack. 1In these examples,
mixing of two solutions is evident and I would suggest
that the range in data within the sulphides represents a
~hydrothermal component carried with the metals, mixing
with a more dominant bacteriogenic component at the site
of deposition, The relative proportion of these tuwo
sulphur sources governed the isotopic composition of the
sulphides precipitated and to a certain extent the ore

textures produced.

et . e ST e e T L
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CHAPTER 7 CONCLUSIONS, DISCUSSION AND THE MODEL

7.1 CONCLUSIONS

7.1.1 Host Rock Depositional Environment

1

The Navan deposit is largely hosted in'the shallou-water
é&le Beds carbonate sequence near the base of the Lower
Carboniferous succession, which unconformably overlies
ﬁauer Palaeozoic, lou-grade metamorphic sediments,
‘Qalcanics and intrusives. The Louer Carboniferous
succession begins with fluviatile Red Beds deposits,
overlain by tidal-flat muds and sands representing the
onset of a marine transgression. Detailed stratigraphic
logging and correlation suggests that . the overall
depositional environment evolved from shallow, marine
conditions depositing sub-to inter—-tidal oolites and
micrites in the Pale Beds, deepening with time to deeper
water, muddy, bioclastic 1limestones and -Waulsortian
mudbanks, and finally into calc-turbidites of the UDL.
This sequence may be explained:by.the evolution of a
'carbonate ranp to slope depositional environment, similar
to that envisaged by Gauwthorpe  (1986) :for the Dinantian

carbonates in the Bowland Basin, England.

Lateral variation in the stratigraphy shous <that the
pfimary control on the carbonate facies development had a

NNW-SSE trend and can be attributed to tidal channel
déposition. A thinning of the micrites, erosion of paf{s

2
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of the shallou marine sequence during deposition of the
Laminated Beds and Pale Beds succession, wuith deposition
of coarse microconglomerates uwere consequences of +these

channels.

Proximity to land during carbonate deposition is
implied by the presence of terrigeneous silt and sand in
horizons that were subsequently preferentially
dolomitized. The most pronounced terrigeneous incursion
resulted in deposition of the LDHM in the central nmine

area.

The NNW-SSE trend can also be traced on a more regional
scale within the Laminated Beds, with the well-defined CG
to CB units only being developed 1in trend from
Carlanstoun in the Kells Outlier to Clogherboy, through
‘the Navan deposit, a distance of "around 12 to 15
kilometres and again’ illustrating the facies control
‘exerted by this ' trend. It* is significant that the
‘Tatestoun/Scallanstown and Clogherboy deposits lie along
‘the north-western and south-eastern extensions of the
NNW-SSE trend defined by the facies variations in the
‘central mine area and indicates a : NNW-SSE host rock
control on the localization'of mineralization ' in the

‘Navan area.

7.1.2 Carbonate Diagenesis

‘Studies on the diagenesis ‘of the host rocks in the

‘deposit reveal that there are > three main stages: of
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calcite cement, often ferroan, uwith the sequence best
interpreted as marine cements precipitated within the
oxidation 2zone through to the sulphate reduction zone in
the sedimentary column. Dolomitic lithologies in the
stratigraphy are of tuo main styles: bedding-parallel,
silt-rich dolomites, wusually 3-4m thick but up to 12m
thick in the micrites, and more ﬁervasive, pitted
dolomites which may extend over a vertical interval of
50m or more, often confined by nuddy marker horizons in
the stratigraphy and occurring in the middle to upper
Pale Beds. There 1is a conplex sequence of ferroan
dolomitization, with both types exhibiting early
replacement and later cements. There is evidence for pre
and post-ore dolomitization. The pre—-ore dolomitization
of bedding-parallel, silt-rich horizons was shallow
burial, diagenetic in origin, whereas the pervasive
dolomitization in the western mine area is thought to
have been related to the mineralizing event. Later stages
of dolomite in both types exibit the same generations and
are often saddle dolomites. These late saddle dolomites
are found associated with many MVT deposits in carbonate
rocks and are thought to form under elevated temperatures
(60-150=C, Radtke and Hathis, 1980). The last stage

cement is a non-ferroan calcite.

f.1.3 Sulphide Deposition

The sulphides in the Pale Beds formed By a varijety of

depositional processes involving rebiacement and open
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space” fill. This occurred during the diagenesis of the
host rocks (ie, syn—-diagenetically) and should not be
regarded as epigenetic mineralization merely superimposed
on lithified host rocks. There is no evidence for
seafloor sedimentary mineralization in the Pale Beds,
houwever the host calcarenites and micrites within which
the sulphides were deposited were seml;lithified at the
time of mineralization and the rheology of the host rock
controlled - the gross geometry and style of the

mineralization to a significant extent.

Bedding—-parallel replacement and infill of small,m 1ntef—
connected cavities ranged from lou-grade replacement of
allochemsl to high-grade ~ coarse galena/sphalerite
mineralization. The ore textures and mineral
relationships indicate that frequent disruption of the
sulphides  occurred during compaction of the semi-

consolidated host succession.

The bulk of 2-5 Lens eaét fofmed as a result of
fracturing and replacement vofﬂthe host rock with the
formation of high—-grade mineralization over considerable
vertical distances. This probably represents an area
where the hydrothermal fluids entered into the Pale Beds
succession.

N N Coowr

Pre sulphide dolomitization of silt- rich horizons reduced

‘ v
¥ ¥ 4

the permeability of these lithologies and increased their

competency. Massive sulphides accumulated belou these

dolomitized horizons with the majority of the sulphide
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textures indicative of open space grouth. There |is
strong - evidence that dissolution provided at least some
of this space, and that the insoluble, residual material
accumulated within the sulphide horizons. Some of the
sulphide was deposited as a fine-grained sphalerite
sedinont vhich wuas 1n1t1a11y precipitated rapidly within
the hydrothermal fluid due to fluid .mixing and then
settled out of suspension as the fluid moved through the
space available. Other textures such as dendritic galena
‘growths uwere the result of rapid in-situ crystal grouth
out of a super-saturated solution. The m{xing of tuo
fluids i3 also suggested by stalactitic grouwths. The
mineraltiation was a continuous event uwith disruption of
previously deposited sulphides as the existing spaces

were continually enlarged.

High-angle, cross-cutting, anastomosing mineralization in
the micrites, with the sulphides deposited as internal
sedimnents and open space growths and continually
disrupted, resulted from the rheology of the partially
lithified micrite which uwas "torn apart" during periods

of extension.

1

Breccia mineralization is iargei& confined to silty
dolonitic lithologiec ana -13 the result of
dolomitization uhichﬁ 1ncrea;ed the competence of the
rock, and alloued only minor fracturing and brecciation.
Sulphides deposited along bedding planes in the form of
stalactitic grouths are frequently associated utth the

breccia mineralization and have been interpreted as
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precipitation in "jacked—-joints". However, it is clear in
some underground headings that a collapse origin for the

space along the bedding is more likely.

The Conglomerate Group Ore contrasts with the Pale Beds
ore in that sedimentary to early diagenetic pyrite formed
as framboids within thin, continuous laminae and in more
complei sedlmentary breccias. Zinc ’and lead
mineralization essentially post -dated the pyrite and wuas

deposited as replacement of the laminae and massive

pyrite lenses.

7.1.4 'Relationship betueen FaultingAand Hineralization

An earlyﬁ stfdctural control(on localization of the ore
had a ﬁE‘to ENE trend. Several minor faults in 1 Zone
uith this trend, have accumulatlons of sulphide on the HW
side, often at the area of greatest throw on the fault.
lhe faults themselves are unmineralized and are‘ not
thought to have controlled sulphide deposltion but to
have developed ‘along a preeursor, possibly a zone;'of
structufal weakness uith relatively ‘minor fracturing{
uhich 1nf1uenced the locatioh of sulphlde deposition and
subsequently the presently observed .faults. - Areas of
high-grade mineralization flanked:by -lower grades have
been logged in core, with.no faulting apparent, .and these
too strike ENE, They'representnareas,uhere fracturing

and mineralization :were not superceded -by larger.. scale

faulting. -
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7.1.5 Source(s) of the Sulphur

Sulphur isotope studies reveal that there wuere tuo
sources of sulphur involved in the bulk of the Pale Beds
ore deposition: isotopically heavy sulphur (§<Sz+18 to
+19°/0o) transported with the metals in the hydrothermal
solution and derived from leaching of éiagenetic pyrite
in the Lower Palaeozoic basement lithologies belouw the
deposit, and secondly a more abundant isotopically light
sulphur (§345=-23.0 to -14.5°/,0) derived from +the
bacteriogenic reduction of contemporaneous Lower
Carboniferous seauwater sulphate and supplied at the site
of ore deposition. Various degrees of mixing of these two
conponents occurred during precipitation of the nmetals
resulting in a varying ratio of Dbacteriogenic/
hydrothermal sulphur. Different styles of mineralization
partly reflect the dominance of one component relative to
the other. The most "pristine" hydrothermal signatures
occur in the earliest sulphides deposited (galena-
dominated). However the hydrothermal component was often
*swamped" - when the ore fluids encountered a plentiful

supply of bacteriogenically-derived sulphide.

As a result of a major change in the environment in which
the bacteria were operating at the time of deposition of
the CGO and contemporaneous pyrite in 2-1 Lens, the

bacteriogenic fractionation was greater and sulphur

incorporated into “this pyrite <had “extremely negative

values (8§24S=-37.3 to -28.2°/cc).
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Barite has a range of isotopic values reflecting a Lower
Carboniferous, shallow marine, inter to sub-tidal

seawater source for the sulphate.

7.2 EVIDENCE FOR THE TIMING OF SULPHIDE EMPLACEMENT

The mineralizing event in the Pale Béds was clearly
occurring during deposition of the pre—Arundian Boulder
Conglomerate : as ' evidenced by the syn-sedimentary/
diagenetic pyrite layers and breccias in the Boulder
Conglomerate, - and probably continued in its waning stage
into the basal Upper Dark Limestones (Arundian) as
evidenced by the presence of sedimentary pyrite laminae
(Ashton et al., 1986) and a Hn/Zn/As enrichment (Finlay
et al.; 1984). However, Ashtoﬂ et al. (1986) put forward
several lines of evidence to suggést that the bulk of the
Pale ﬁeds ore formed prior to the deposition of the

Boulder Conglomerate. These include: -

a) The ' Fe-rich - nature - of the CGO and the 2-1 Lens

suggests that the exhumation of +the Pale Beds
mineralizing event occurred during the deposition of

the stratigraphically highest ore and post-dated the

1 b .";

formation of the basal lenses. Related to the late

Fe-rich mineralization is marcasite cross-cutting

L
T, i‘ RIEX

Zn+Pb sulphides adjacent to the T Fault.
a porenovned

b) The presence of clasts of mineralized Pale Beds .in

the BC.
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c)

d)

The presence of soft-sediment deformation fabrics in

layered sphalerite-in the Pale Beds.

Displacement of the Pale Beds ore by the essentially

pre—erosion B and T Faults.

Other 1lines of evidence relating +to the timing of

sulphide emplacement are:

1)

2)

3)

4)

limestones were not fully lithified.

The prefereptial development‘of sulphides formed by
replacement of semi-lithified sediment in the upper
lenses 1is consistent with the ore fluids entering a
host ~° succession that was - still undergoing

lithification and compaction (ie, during diagenesis).

Buckled or squashed, cross—-cutting sulphide veins
indicate that the sediment was still compacting after

the mineralization.

Carbonate dykes containing allochems and cross-

cutting the mineralization indicate that the host

The isotopic composition of barite in'the Pale Beds
ore suggests a:shallow marine, - possibly partially
restricted source for the seauwater sulphate during
the mineralization. This”is more consistent with the
environment of deposition.of- the-Pale Beds than the
deeper wuwater open system’‘conditions inferred during

deposition of the Chadian-Arundian ' carbonates,” and

the CGO. r S L
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5) The presence of low-grade mineralization in the Shaly
Pales on +the hanging wall side of +the T Fault
adjacent to the 2-5 Lens mineralization possibly
indicates that some mineralization occurred after

displacement along the fault.

6) The presence of high-grade sulphides in a large late-
stage vein suarm in central 2-5 Lens regarded as
forming during the main phase of extension, ie
probably synchronous with initiation of the B and T

Faults.

7) The presence of mineralized intraclasts in the 3 Lens
- microconglomerates indicates that some mineralization

* . had occurred just prior to the deposition of +that

i3

section of the Pale Beds. However, the general

> absence of sulphide clasts in the microconglomerates

P

would suggest that the .mineralization was .very
limited or else the intraclasts were derived from the
- . periphery of the main mineralization.

fioar L o - .
Ashton et al. (1986) concluded that the mineralization
et "~ izt

*...could not have formed belou sediment depths greater

et e G . ~aw s
PP IIRN ~ sl o I

than around 7¢9m, and a 31gn1f1cant proportion of this is

& 4 o .y
- .v»f.‘A 4 ¢ [

;ﬁought to have formed at substantially shalloeer
gepéhs...“. The earliest cons;;eieé ;hat can be put on
the: timing and depth of mineralization:is.the:fact that

the host rocks were:semi-lithified:in .many ' places -and

that sulphate 1in the barite was derived.  from seawater

during deposition of. at least part:of ;. the. Pale Beds

230



sequence. Andrew and Ashton (1982,1985) and Ashton et al.
(1988) proposed that some of the mineralization in the
Pale Beds occurred contemporaneously with sedimentation,
however there 1is no evidence from the present study to
support this. The most important implication arising from
the timing of mineralization is that ore deposition in

the Pale Beds was syn-diagenetic.

7.3 ORIGIN OF THE METALS

Tuwuo main genetic models have been advocated for the
origin of the metal-bearing fluids in the Irish Zn+Pb
deposité; hydrothermal convection (Russell, 1978, 1983 and
19861 Russell et al., 19813 Boyce et al., 19833 Samson
and Russell, 1983, 19873 HMills et al., 1987) and variants
of basinal brine expulsion (Badham 19813 Broun and
Williams 19853 Williams and Brown, 19863 Lydon, 19886). A
third mechanism (a variant of brine expulsion) involving
seismic pumping of formation waters (Sibson et al., 1975)
has been suggested by Boast et al. (1981) and Le Hurray
et al. (1987). Of these mechanisms, hydrothermal
convection of Lower Carboniferous sea water through Lower
Palaeozoic lithologies below a deposit appears to be the

nost plausible  for the following reasons:

Lead isotope compositions suggest that the lead in the
Irish Lower Carboniferous deposits was derived from
underlying Louwer Palaeozoic and Pre-Cambrian basement

lithologies (Boast et al., 19813 Le Hurray et al.,- 19863
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Hills et al., 1987), with localized derivation of the
lead (Caulfield et al., 19863 Le Hurray et al., 1987).
Within the Navan deposit, lead mineralization evolved
with a relatively less radiogenic component becoming
evident with time, consistent with the orebody having
formed from a hydrothermal convection cell which enlarged
and leached metals from progressively déeper parts of the

continental crust (Mills et al., 1987).

Fluid inclusion and stable isotope compositions from the
Silvermines deposit (Samson and Russell, 1983, 1987) are
best interpreted in terms of Carboniferous sea wuater

which travelledh through and equilibrated with Louer

. Palaeozoic sediments and associated granites belou the

. deposit.

The above features combined with the small size of the
Lower Carboniferous shale and sandstone—-filled basins
(ie, source areas for the first model) and the thickness
of the sediment infill needed to achieve the temperatures
recorded in fluid inclusions (up to 250°C), rules out

basin brine” expulsion as a realistic model (Samson and

Russell, 1983,1987). The only basin that could have

provided the required thickness of sediment would be the
South Hunster Basin, with up to 6kmof sediment, however
it 1is unlikely that expelled f191§§ emana;;ng from this
ééqrce could haQe travellgaA1}00—200km \aéross the

structural grain of the basement (Lydon, 1986).

The seismic pumping model is difficult:to assess, however
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Samson and Russell (1987) suggest that more fluid would
be required to- form the Irish deposits than the amount of
formation water that would be available in the Lower

Palaeozoic. succession.

7.4 DISCUSSION.

7.4.1 The significance of early dolomitization at Navan,

and comparisons with dolomitization in other Irish

deposits

The early dolomitizing event prior to and controlling the
ore distribution explains why the ore is approximately
stratiform. The dolomitized lithologies have a higher
detrital =silt content than the surrounding limestones,
and this may have been responsible for creating/
increasing the permeability of these rocks and enabling
flow of  the dolomitizing fluids. The dolomitization
eventually decreased the permeability of these horizons.
The presence _of post-mineralization dolomite shous that
some permeability was retained,. and these later
generations are..best-developed 1in  localized pockets
formed .as a result of the volume reduction after

dolomitization and a probable increase in porosity.

Dolomitization is evident.in most of the carbonate-hosted
Zn+Pb deposits in Ireland, houwever relationships betueen
dolomite formation and ore deposition are varied. It is

important to understand that dolomitization occurred in
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stages in deposits such as Navan (this thesis),
Silvermines (Andreuw, 1986b) and Tynagh (Boast et al.,
1981f, and the formation of pre—oré dolomite may have
been important in ore genesis. There is clear evidence
for both pre and post-ore dolomitization at Navan, with
early replacement and later cements. The later
generations are more ferrocan. At 'Silvermines. the
stratigraphically lowest mineralization in the Lower
Carboniferous limestones is epigenetic (Taylor and
Andreu, 1978 Andreuwu, 1986b) and i3 hosted by a
dolomitized oolitic grainstone (the Lower Dolomitel). The
dolomitization of the limestone is regarded as pre-
mineralizaton (Andrew, 1986b). The dolomitizing event(s)
is thought to have generatqd the permeability and space
in which the sulphides uere then deposited as epigenetic
mineralization (Andrew, 1886b). A comparison may be made
betueen the dolomite-hosted mineralization at Silvermines
and the 2-5 Lens dolomite-hosted ore at Navan. In both
cases, the original host rock was an oolitic grainstone,
the mineralization 1suthe stratigraphically lowest in the
carbonate sequence and the host rock was extensively
fractured. At Navan however, there are clearly post-ore
dolomite cements within both the host rocks and the

massive sulphides.

At Tynagh, pre-ore, ore-stage and post-ore dolomites are
evident (Boast et al., 1981; Clifford et al., 19886).
The last stage in the paragenesis of the deposit consists

of coarse, vuggy dolomite, with calcite and chalcopyrite
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associated, with saddle-type dolomite crystals evident.

At Tatestoun the mineralization is essentially confined

to a horizon in the micrites, directly belou a
dolomitized limestone (Andrew and Poustie, 1986).
Mineralization {is absent in the dolonmite. Detailed

studies using staining techniques have.shoun that there
are both pre aﬁd'post—ore dolomitizing events, again with
the‘later dolo&ites often'coarse. saddle~type, and being
more ferroan than the pre—-ore dolonmnite (Ahdreu and
Ashtﬁn, 1985: Andrew and Poustie, 1986). The ;arly
dolomitization is regarded As resulting from altefation
by pore waters of marine and freshwater origin, with the
late dolomites derived from the hydrothermal fluids.
Andreu and Poustie (19886) suégest that the reasons for
oré localization betﬁeen the dolomite and underlying
micrite uwere theycontrasting physical properties of +the
two lithologies and the proximity to the Tatestown Fault.
it is likely that the compressive and tensile strengths
of the dolomites and micrites vere quite different, with
the micrites fracturing more esasily (Andreu and Poustie,

1986).

Pre-ore dolomitization therefore generated the conditions
for ore deposition in different uways. At Silvermines and
possibly - parts of 2-5 Lens at Navan, it provided the
permeability -and space for deposition of the epigenetic
mineralization. For the bulk of the Navan deposit, pre-
mineralization dolomitization controlled the later

deposition of bedding-parallel Sulphides directly belou
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the dolomitic horizons and little or no sulphide was

deposited in the dolomite itself.

7.4.2 Dolomitization related to the creation of open

3paces

From the previous chapters it is cle;r that abundant
bedding—-parallel sulphide deposition occurred in open
spaces directly Selou the dolomites. The evidence fron
sulphide-host rock relationships shous that dissolution
produced at least some of that space. One obvious
mechanism for +the generation of this space would be
karstification by meteoric waters moving below the
dolomite. The‘ karstification could occur prior to the
mineralization, such as that proposed for the stratabound
Zn+Pb mineralization in the Alpine Middle and Upper
Triassic deposits (Klau and Hostler, 1983, 1986),
Nanisivik (Olson, 1984) and Pine Point (Rhodes et al.,
1984). In these examples, a palaeokarst origin involving
subsurface mixinghof meteoric and marine water has been
proposed for the cavities, houwever at Nanisivik the
initial karstic network may have been enlarged by the
later hydrothermal fluids (Ford, 1986). The absence of
internal carbonate sediments which would be expected if
the karstic network uas‘ present prior to the
mineralization' (Klau and Mostler, 1983), of major
collapse and other karst features, and the presence of
sphalerite layers inter—ﬁedded with the residual material

accumulated during dissolution are inconsistent with
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karstification at Navan. Also, if this process provided
the open space then the space would be more likely to be
generated at the contact betueen the top of the dolomite
and overlying limestone as opposed to the base of the
dolonite, as the meteoric waters passed doun into the
succession. The opposite is observed and implies that

any dissolution involved ascending fluids.

A more plausible interpretation is that any dissolution
was related to the mineralizing event, a process often
misieadingly termed "hydrothermal karst", such as in the
Zn+Pb deposits in the Upper Silesian District (Sass-
Gustkiewicz et al., 19823 Sass-Gustkiewicz 1983). The
acidic nature of probable ore transporting fluids
{Anderson, 1973) would be sufficient to cause initial
dissolution of the limestones. Houwever Anderson (1983)
points out that if the H=S that combines with the nmetals
to ‘form the ore is not produced at the site of
deposition, then sulphide deposition is an acid

generating process, ie
Zn=* + H=S => 2ZnS + 2H*

Conversely, if the H=S is generated at the site of
deposition, then  the acid produced by sulphide

precipitation will be used up by sulphate reduction, eg

P

S04®= + 2H* + CHa => H=2S + CO0= + 2H=0
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The sulphur isotope study (Chapter 6), proposed that the
H=S ‘involved in the deposition of the internal sulphides
had an essentially bacteriogenic origin and that with the
quantities of sulphide now observed and the temperatures
involved during the mineralization that this " H=S must
have been supplied to the site of deposition. This also

provides a mechanism of generating acid for the limestone

dissolution.

It is envisaged that some‘form of initial permeability
must have existed directly below the dolomitized
lithologies (as well as the dolomites acting as barriers)
and this was ‘exploited and enhanced by the later ore
fluids. We have seen evidence in the ©bedding-parallel,
massive sphalerite/galena for small, inter-connected,
bedding-parallel cavities which vere subsequently
infilled by galena. These may have been diagenetic 1in
origin, wformed directly below a partially dolomitized
Nodular Marker and drastically increased the permeability
of the calcarenites belouw the Nodular Harker. At other
levels in the stratigraphy, ‘these diagenetic spaces
providing the permeability beloﬁ the dolomite could have
been exploited and enlarged Sy dissolution, creating the

bedding-parallel internal sulphide horizons.

Why did the diagenetic space form directly below the
dolomite? The answer lies in the competency contrast
betueen dolomites and calcarenites/micrites in a sequence
of semi-consolidated lime-richv sediments undergoing

compaction. The dolomites are envisaged as forming rigid
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layers within a less-lithified sequence,. and .would
therefore act as large ‘"crusts" Dbelowu which the
limestones would compact and tend to.sink unevenly below
the base of the dolomite (Fig. 7.1). This sinking-effect
could create small cavities in the host ‘limestones and
provide the initial permeability along which the ore
fluids\ could 'migrate.< Subsequent depdsition (of dense
sulphides could also enhénce the Sihking—effect and lead
to thé enlérgémeﬁt of existing spaces within which

sulphide§ could continue to bé deposifed (Fig. 7.1).

The. dolomite still provided a physical-barrier to the ore
fluids as evidenced by vertical veins in. the micrite
which die out. as they pass upwards into a dolomitic

horizon..

The geometry of the open space cross~cutting
minefalization\restricted to the thick micrites (eg, that
seen in Block 14) could also be related to extension that
occurred dufing' 60mpaCtion;(A The micfites have a lou
tensile/compfessive strength (Tara Hines Company Reports)
and these weak micrites would therefore'fracture and be
torn apart very easily during periods of extension. The
Sharp. often sub-rounded cont;éts betueen sulphide and
miérite ‘uith accunmulations lof darky insoluble residue
ihdicate ihaf dissolution df tHe micriges did occur in

the cross-cutting mineralization.

A similar style of mineralization to the cross-cutting,

anastomosing ore seen in the micrite at Navan is
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described from Waulsortian micrites in the Tynagh deposit
by Boast (1978), uwhere the main sulphide deposition
occurred in a dilatant fracture/cavity systen in}tiated
by the forceful injection of metal-bearing brines into

the Waulsortian mudbanks adjacent to the Tynagh fault.

In summary, it is envisaged that the formation of
bedding—para)lel open spaces uwas related to the presence
of competent dolomitic horizons overlying calcarenites
and/or micrites, and this space formed by a combination
of dissoluyion of the limestones and the sinking of semi-
lithified calcarenites away from the base of the
dolomites. The latter process wwas enhanced by the
deposition of dense sulphides in the spaces being created

belouw the dolomites.

7.4.3 The intersection of two trends at Navan

Theré was clearly a NE to ENE-trending structural control
on the distribution of the mineralization as evidenced by
the metal distribution in the deposit and the
accumulation of ‘sulphides adjacent to faults:  uwith a
similar orientation. However the facies and thickness
variations within the deposit indicate a NNW-trending
control on the carbonate deposition (Chapter 3% Fig.
3.5). The NNW-SSE +trend is not observed in the main
structural features around-the mine area, and indeed
throughout the Central MHidlands, where NE and ENE-

striking structures are the norm. However, Russell (1975)
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has postulated that N-S trending crustal 1lineaments or
fractures exerted a major control on the localization of
Lower Carboniferous Pb-Zn deposits and veins both in
Ireland and Scotland, even though local structures within
many of the deposits are NE and ENE-trending. One of
Russell's proposed "geofractures" runs from south of the
Navan deposit, northuwards through the NNW-trending lead
veins at Clontibret. This lineament alsoc runs through the
axis of the Upper Carboniferous-Triassic N-S trending
Kingscourt Basin, which he regards as having developed as
a consequeﬂee of the geofracture and indeed facies and
thickness variations within the basin are N to NNW

striking (M.J.Russell, pers conmm).

7.4.4 The reason for such vast quantities of ore at

Navan

The amount of metal present at Navan is substantially
greater than in any other known carbonate-hosted deposit

Ireland. This is a consequence of:

1) The presence of suitable dolomitization-related
barrier and traps which controlled the location
of sulphide deposition: pre-mineralization,
selective, "bedding-parallel dolomitization created
traps which subsequently prevented the ore fluids
escaping and becoming dispersed. This resulted in
continual lateral migration of the ore fluid

enabling the sulphides to accumulate and form the
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high-grade, tabular ore.

2) The presence of a pléntiful source/suppl& of
bactériogenically-derived sulphur which was
continually supplied to the site of ore deposition
to combine with the ascending and laterally

migrating metal-bearing solutions.

7.4.5 Derivation of the bacteriogenic sulphur

It was concluded 1in Chapter 6 that the origin of +the
bacteriogenic . sulphur was the reduction of ' sulphate 1in
Lower Carboniferous seawater as opposed to sulphate 1in
evaporites, Two plausible derivations of this

bacteriogenic sulphur are:

1) Reduction of sulphate in the Lower Carbvoniferous sea

and top few metres.of the sediment column (eg, present

day Bay of Kiel) stratigraphically above the
mineralization, with subsequent downwards and lateral
migration to the  site of ore deposition
(Fig. 7.2). It has been postulated that dolomitic

horizons were essentially impermeable to the mineralizing
solutions and therefore it is unlikely that seawater
containing bacteriogenic sulphide could have permeated
down through these dolomites, below which the sulphides
vere deposited. Consequently, if any seawater containing
bacteriogenic sulphide did access the carbonate sequence

it must have done so by passing either around the margins
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of the dolomite horizons or through fault zones cutting
the dolomites, and subsequently migrated laterally
through more permeable limestones to the site of ore

deposition.

Russell (1978, 1983 and 1886) proposed a mechanism of
hydrothe;mal convection for the origin of the Irish Zn/Pb
deposits, whereby Lower Carboniferous seawater permeated
doun through the Louer Palaeozoiclrocks where metals uere
leached, and the resultant brine was focused in an
updraught zone to the site of ore deposition. The intake
zone where the seawater initially entered the system is
suggested to have an approximate radius of 40km around
the present depos;t (Russell, 1978). The implications are
that: firstly, if +the dolomitic horizons are only
developed in the mine vicinity then the 40km radius of
the intake zone would allow seawater containing
bacteriogenic sulphide to permeate doun into the
carbonates. Secondly, some of this seawater could have
nigrated laterally through permeable carbonate
lithologies instead of continuing down into the
underlying Lower Palaeozoic rocks and therefore provided
the bacteriogenic sulphide for ore deposition. Houever,
there must have been a driving mechanism behind this
lateral movement of bacteriogenic sulphide-bearing
seawater. Anderson (1983) postﬁlaie&‘a”mechanism for MVT
deposits involving llocal‘ temperature gradients
established near a hydrothermal conduit where the upuward

movement of fluids at temperatufes of 80-150=C, may have
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resulted in the lateral migration of bacteriogenic
sulphides generated some distance from the deposit to the
site of ore deposition. He states houwever, that
considerable work is needed to establish the exact
mechanisms involved. Recently, Kucha (1888) has proposed
a model to explain the mineralization at Moyvoughly,
which incorporated bacteriogenic sulphide. The model
consists of two convective cells separated by an
impermeable layer, the Mixed Beds (equivalent to the
Laminated Beds at Navan). High heat_flou initiated the
louer convective cell uwuhich generated the metals in a
fractured basement. An upper convective cell uhich
provided a continual supply of bacteriogenic sulphide uwas
initiated uwhere the impermeable 1ayer was cut by a fault
thereby allouwing a heat source into the Pale Beds. The
idea of an upper convective cell provides:one mechanism
for drawing bacteriogenic sulphide to the site of

minefalization.

The faults observed in the mine area post-date the
mineralization, however it is postulated that precursors
to these faults existed at the time of the mineralization
(Chapter 5). The implication is that any faults uwhich cut
and offset the dolomitic horizons in the vicinity of the
mine area, could have provided’pqrmeable access routes
for the migration of bacteriogenically-derived H=S (Fig.
7.2). This would provide a mechanism to overcome the
inferred impermeability of the dolomites in rglaiion to

the supply of bacteriogenic sulphide. A large vein svarm
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in 2-5 Lens which formed in the later stages in the
evolutién of’the orebody, is dominated by bacteriogenic
sulphide‘ (Section 6.6.5). The size, morphology and
abﬁndance of the veins indicates =significant éxtension
occurred at the time of their formatioh. The presence of
both baéteriogenic sulphide and barite with seaﬁaier
sulphate values may indicate that late—étage, large scale
fracturing allowed seawater sulphate and Dbacteriogenic
sulphide directly down into the Pale Beds in the central

mine area, where it encountered ascending metal-bearing

solutions.

2) Reduction of sulphate in seawater within laterally
equivalent stratigraphic horizons to those hosting the
mineralization, rich in organic material, eg argillaceous
limestones, with subsequent lateral migration of the
sulphur to the site of ore deposition (Fig. 7.2). - This
could provide quantities of bacteriogenic H=S and also
overcome the problem of the impermeable dolomite horizons
(Fig. 7.2). Boast et al. (1981) proposed a bacteriogenic
origin for the sulphur 1in the main stage of the
mineralization in Waulsortian mudbanks 1ﬁ the Tynagh
deposit, uwith the sulphur generated ﬁithin argillaceous,
organic;rich, off-bank facieé which then migrated into
the Waulsortian mudbank. Ther; are no obvious
argillaceous, organic-rich sequences present
stratigraphically equivaleni to the Pale Beds in the
Navan area. vHouever, the 'preséﬁﬁe of thick micrites

around the Navan area (up to 109m in drillhole EP28 west
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of the deposit) containing numerous birdseye structures,
may reflect the generation of H=S during diagenesis. It
is interesting to note that accumulations of H=S are
common 1in modern-day intertidal environments similar to
that inferred for the micrites at Navan (Shinn, 1983).
Bacteriogenic sulphur may therefore have been generated
in the thick micrites. and subsequently migrated to the
site.of ore deposition as the result of a gentle gradient

induced by faulting in the area (Fig. 7.2).

7.5 A _COHPARISON WITH SEDEX AND MVT DEPOSITS AND STYLES

OF MINERALIZATION

This study began with a simplified classification/
description of the SEDEX and MVT Zn+Pb deposits in
relation to Lower Carboniferous base metal mineralization
in Ireland. The Navan deposit illustrates styles of

mineralization which are observed in both SEDEX and MVT

deposits.

Sulphide textures and relationships with host rocks
indicative of open space grouth are features common to
MVT and generally absent from the SEDEX deposits. It is
instructive to .examine the features at Navan which are
similar to those from some MVT deposits. An obvious
feature at Navan, and one that is characteristic of HMNVT
deposits, is the presence of a limestone/dolomite host
rock. Although HVT deposits are generally stratabound

and discordant mineralization is common, c¢oncordant or
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stratiform mineralization does occur, for example in the
tabular orebodies at Pine Point (Rhodes et al., 1884). A
subtle comparison may be made betueen Pine Point and
Navan in that at Pine Point fhe tabular karstic netuorks
developed at the base of the Presqu’'ile dolomite and
sulphides were subsequently deposited within <the open
spaces. The Presqu'ile dolomite is regarded as having
formed diagenstically by mixing of saline Hg-rich fluids
with meieoric waters (Rhodes et al., 1984). It is also
interesting that the principal karstic netuworks at Pine
Point’ occur in two trends uwhich are coincident uithA the
maxinmum development of the dolomite, and in plan these
tuo trends form ;1near strips on either side of an

undolomitized central area (Rhodes et al., 1984)., At

Navan, sulphides also accumulated as open space grouths
below early, diagenetic dolomite horizons, although it is
not proposed that the mechanism for open space formation
or sulphide deposition was the same at Pine Point and
Navan. However, similarities exist in the styles of
mineralization and perhaps the role of early

dolomitization.

Many MHVT deposits are characterized by coarse sphalerite
and galena crystals cementing breccia fragments, for
exanple the Tri-state, zinc-lead &istrict in south-uest
Missouri. Houéver internal sulphide sediments are
observed 1n'some deposits, eé Pine Point (Rhodes et al.,
1984) and the Alpine deposffs {Klau and Mostler, 1983)

and well-developed skeletal galena and collomorphic
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sphalerite grouths are characteristic of many MVT
deposits (Roedder, 1968).. These latter styles are
observed at Navan. Stalactitic pyrite grouwths similar to
those at Navan have been observed 1in the sulphides
deposited in palaeo-karst networks at Nanisivik (Olson,
1984) and sphalerite stalactites are present in the

Alpine deposits (Klau and MHostler, 1983).

However, a striking difference betuween MVT mineralization
and the sulphides at Navan is the abundance of fine-
grained sulphide at Navan (ie, internal sediments,
skeletal and dendritic growths and rhythmically banded
textures) and the absence of the coarse sphalerite
crystal grouwths so common in many MVT deposits. This is a
consequence of the rapid sulphide precipitation at Navan,
in a 2zone of mixing of hydrothermal fluid with fluid
carrying bacteriogenically-derived H=S, thus

precipitating fine-grained sulphides.

One of +the major differences betuwueen the open space
growths at Navan when compared to MVT deposits is the
relative lack of brecciation so common in most MVT
deposits associated with the mineralization (Ohle, 1985).
The 1lack of brecciation associated with open space
formation at Navan may be due to the fact that much of
the open space was formed during the mineralizing process
and therefore large spaces were not present at any one

time to allow gravity-induced collapse and brecciation.

The stratiform nature of some of the ore and the presence
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of tabular ore lenses at Navan is a feature
characteristic of SEDEX deposits (Large, 1980, 1983),
however the fine—-grained sulphide layers and laminations
interbedded with barren host rock observed in so many
SEDEX deposits, eg McArthur River (Williams, 1978) and
Sullivan (Hamilton et al., 1983) are absent in the Pale
Beds nmineralization at Navan. In coﬁtrast, Navan is
characterized by high—grade,\massive.sulphides surrounded
bf essentially barren host carbonate, a feature more
akin to many MVT deposits (é;. Pine Point). The
framboidal pyrite layers in the CGO are very similar to
hand specimens seen from Mt Isa, and the interpretation
of pyrite in the CGOAas sedimentary-early diagenetic
mineralization is consistent with the SEDEX-type model of

deposition.

Bedded barite is a feature indicative of seafloor
exhalation eg, Silvermines, (Taylor and Andreuw, 1978).
Barite at Navan uwas precipitated as carbonate replacement
and late-stage, coarse infill of remaining porosity after
tﬁe Zn/Pb mineralization, and not in statiform horizons.
This is consistent with the absence of sedimentary

exhalative mineralization in the Pale Beds.

SEDEX deposits are generally hostgd in carbonaceous
shales and siltstones {usually dolomitic), sandstones and
cherts, eg ﬁcArthur River (Muir, 1983), Sullivan
(Hamilton et al., 1983) and Red Dog (Lange et al., 1985).
By contrast, the Navan deposit is hosted by clean oolitic

S S

and bioclastic limestones.’
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At Silvermines the sulphides occur in a carbonate
sequence, however the exhalative mineralization overlies
very argillaceous limestones (Taylor and Andrew, 19783
Boyce et al., 1983), and it is significant that where
well-developed o0o0litic grainstones similar to those at
Navan were originally present, they have been dolomitized

and host the louer epigenstic ores {(Andreu, 1886b),.

Metal =zoning patterns are a feature common in many SEDEX
deposits (Large, 1980,1983), but generally absent from
MVT deposits. At Navan the most pronounced zonation
occurs vertically with an overall increase in the 2Zn/Pb
ratio and in the Fe content representing a change in the
deposited sulphide assemblages with time (Andrew and
Ashton, 1985). Large scale lateral zonation is only now
becoming apparent. The vertical zonation clearly implies
that although the mineralization process occurred belou
the sea floor, the internal sulphide deposition and
replacement process migrated upward through the
'stratigraphic section with time, rather than continual
heposition throughout the succession over a particular
time-span, as suggested for many MNVT deposits. The
presence of significant amounts of Fe-sulphides (in the
stratigraphically highest qineralization) at Navan s
more characteristic of SEDEX rather than HMVT deposité

(Gustafson and Williams, 1981).

In summary, the Navan deposit exhibits characteristic
features and similarities to 'both SEDEX and MVT deposits,

but in 1ts own way is substantially different from both
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HUT’and SEDEX and should noirbe fitted 1nt6 one of these
tuo "endmémber"‘ classifiéations. Thé gross stfatiform
natﬁre of the deposit, with sulphide lenses, and the
metal zonation are features suggestive of a SEDEX origin,
however many of the textures and nmechanisns of ‘sulphide
depositioﬁ are akin to those proposed for HVT deposits.
It is proposed that the late-stage,Fe-r;ch mineralization
in the Pale Beds was synchronous with the deposition of
pyrite‘ in the Eodlder Conglomerate/ Conglomerate Group
Ore. Assumning that a "normal" thickness of Upper Pale
Beds (60m), Shaley Pales (100m) and ABC (250m?) has been
removed by the submarine erosion/sluﬁéing, then the
mineralization would have formed at depths of at least
400nm ai this time, which is within the depth range as
indicated’ by stratigraphic evidence in MVT deposits - a
few hundred to around 1000m (Anderson and Maqueen, 1982).
However, the 1mp11cations of basinal brine expulsion and
the ‘"epigenetic" connotation frequently attached to the
origin of MVT deposits are inconsistent uwith the
mineralization at Navan and hence an HVT model for the

mineralization at Navan is rejected.

The near surface mixing in a diagenetic environment at
Navan, of a hydrothermal fluid and Lower Carboniferous

. & s ! . W AR . . ‘e
seawater containing sulphate and bacteriogenically-
: 1} to e by . T - - . % . *
derived H=zS is possibly closer in a gross sense to a
SEDEX model, although it is stressed that Navan exhibits

so many features that are uncharacteristic of the

SEDEX deposits that it hould not be classified as SEDEX.

251



These features are attributed to the fact that the ore
fluids . precipitated the sulphides in a sub-seafloor,
diagenetic . environment within a limestone-dominated
succession. It is possible that if the host lithologies
had been say siliclastic shales .and siltstones, more

typical sedimentary exhalative mineralization could have

occurred.
7.6 THE MODEL (Figs. 7.3-7.4)

During the Louwer Carboniferous, shallouw marine carbonate
deposition of the Pale Beds succession exhibited strong
facies variations from east to west in the Navan mine
area. Calcite cementation was accompanied by an early
episode of dolomitization of probable diagenetic origin,
consisting of a fine-grained replacement of the original
carbonate grains and cement which occurred preferentially
1n bedding-parallei silt-rich horizons in the mine area.
The result of this dolomitizing event was an increase in
the competency and a decrease in the permeabillty of the
rock and was critical in the later }accumulation and

formation of ore.

Metal-bearing brines entered. :-the Pale Beds during

diagenesis, The netal zoning patterns and local
accumulation of sulphides suggest ihat a structural
control on the mineralization uas NE to ENE-trending

fractures. some of uhich acted as precursors to faults

presently observed in the mine.
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The metals ‘were derived from the wunderlying Lower
Palaeozoic succession, 'involving open system hydrothermal
metamorphism by modified convecting seawater (Russell,
1878,1983,1986; Russell et'al., 1981). Tuo sources of
sulphur were involved in the genesis of the bulk of the
depositf‘ ﬂhydrothermal sulphur (transported with the
metals) and a dominant component of (Bacteriogenically—
derived sulphur, The bacteriogenic sulphur uwas derived
from the reduction of contemporaneous Louwer Carboniferous
seauater-sulphate and could have been generated either in
the Louwer Carboniferous sea and top few metres of the
sediment colunn, above the minerﬁlizing Zone, oOr else
laterally in stratigraphically equivalent lithologies to
the Pale Beds, rich in organic matter. In either case;
the bacteriogenically;derlved éulphide subsequently

migrated to the site of ore deposition.

The origin of the hydrothermal sulphur- is uncertain.
However, the tuwo most plausible explanations are leaching
of diagenetic pyrite in the Louwer Palaeozoic pile and
thermochemical reduction of convected Lower Carboniferous
seawater sulphate. The former is supported by the
d;scévery Jof Louer Palaéozoic diagenétic f&riter with

extraordinarily heavy &84S values.

Tl
Constraints on the timing of ‘the mineralization and the
actual styles of sulphide deposition imply-that the  ore
was deposited sub-seafloor, 'syn-diagenetically in semi-
lithified or semi-consolidated ' carbonates. .The ore

horizons formed by a variety~.of- .processes generally
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reflecting the host rock geology as well as the

availability and nature of the hydrogen sulphide.

Spaces were created by diagenetic processes below the
"rigid dolomitized or partially dolomitized lithologies
during compaction of the limestone-dominated succession.
These spaces enhanced the permeability directly belouw the
dolomite and facilitated the flow of the ore fluids which
migrated laterally along the base of the dolomitic
horizons. At the same time, the dolomitic horizons also
acted as barriers to the ascending fluids. High-grade
sulphides formed by infill and replacement around these
small cavities (eg, 2-2 Lens), but more commonly the
permeability was enhanced during the mineralization and
all the sulphides precipitated as open-space grouths.
The limestone host rock uwas semi-consolidated at the time
of mineralization. 1In the micrites episodic extension
created an anastomosing netuwork of fractures uwhich wuere
enlarged by dissolution and infilled with sulphides.
Fracturing and brecciation uere -also associated with

sulphide deposition in the central 2-5 Lens.

In massive sulphides cha;acgefized by coarse galena
grouwths (eg, 2-5 and 2-2 Lepsesi initial mineralization
from a pulse of ore flg;d uas\iead~rich and dominated by
hydrothermal, relative to bacteriogenic, sulphur. As the
lead and sulphur were used up during galena deposition,
so the ratio of "hydrothermal/bacteriogenic sulphur
decreased as the bacteriogenic sulphide was continually

supplied, and the ore: fluids, which uvere now  ‘zinc-
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enriched, precipitated sphalerite dominated by
bacteriogenically-derived sulphur. 1In places these zinc-
enriched/sulphur—-depleted fluids migrated to more distal
locations where they encountered bacteriogenic sulphide
and précipitated sphalerite as bedding-parallel
replaceménts. The sphalerite replacement style is Dbest
developed in the upper lenses and is consistent with the
upuward m;gration of the Zn-rich solutions after
deposition of +the lead. This type of mineralization

preserved the original allochems in the limestone.

Where dissolution and possibly slumping enlarged the
diagenetic spaces belouw the dolomites, open-space grouth
sulphide precipitation was characterized Dby internal
sulphide sediments, stalactitic, dendritic and colloform
grouwths, all often disrupted into a complex assemblage of
clasts. These textures formed by rapid precipitation and
grouth as a result of mixing of tuo chemically
contrasting solutions, interpreted as the metal-bearing,
hydrothermal solution and a bacteriogenic sulphide-rich
solution. The sulphur isotope results suggest that a
small component of hydrothermal sulphur uwas present, but
it was swamped by mixing with a plentiful supply of

bacteriogenic HzS below the dolomitic horizons.

During periods of increased extension probably associated
with higher fluid pressures, the fluids were able to
break through the confining dolomite barriers and form
local breccia styles of mineralization. The unconfined

mineralizing fluids were able to migrate wupuwards and
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continue the ore depositional processes at higher

levels.

Fe-rich mineralization occurred in the later (waning)
stages in the genesis of the Pale Beds-hosted ore, at
which time +the hydrothermal system was unroofed by
submarine erosion/slumping. The late-stage Fe-rich
mineralizing fluids debduched on to the seafloor and
deposited as the Conglomerate Group Ore (GCO). The CGO
is regarded as being cogenetic with Fe-rich
minéralizatlon in the 2~1 Lens and this is supported by
the sulphur isotopic comﬁosition of pyrite. Both
incorporated . bacteriogenically-derived sulphide.
However, the deep uwater (>500m?) carbonate depositional
eﬁvtronment at this time was drastically different to
that at the time of Zn/Pb mineralization in +the Pale
Beds, and this environmental change caused a greater
isotopic fractionation in the bactériogenic sulphide. The
initiating T Fault may have acted as a pathway for some

of these Fe-rich fluids.
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" APPENDIX I STAINING TECHNIQUE AND

CATHODOLUMINESCENCE

1) Staining technique

Uncovered thin sections prepared from carbonate
lithologies wuwere carefully etched in dflute HCL (5%) for
B80-90 seconds (2-3 minutes for dolomites) and then placed
in a mixed solution of Potassium ferricyanide and
Alizarin red for a period of 3-5 minutes. The slides
were then removed from the solution and gently flushed
with deionized water. After drying, the slides were then

covered with a thin coverslip to protect the stain.

2) Cathodoluminescence

Cathodoluminescence is the emission of light
(luminescence) resulting from +the bombardment of a
phosphor by electrons or cathode rays (Sommer, 1972). In
calcite and dolomite, this phosphor or "activator" |is
generally believed to be manganese, however "quenching"
of luminescence results from the presence of Fe=~
(Sommer, 19723 Frank et al., 1981% Fairchild, 1883).
Cathodoluminescent 1light 1in <calcite and dolomite is
controlled by the Fe/Hn ratio and not by the absolute

concentrations of each cation (Frank et al., 1981).

Cathodoluminescence was carried out on uncovered,

polished thin sections using a Tecnosyn cold cathode 8200
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Hark II Luminoscope at 0.06 Torr at voltages between 12
and 20 kV and beam currents of Dbetueen 400 and 250
microamps, Photographs uere taken with 200 ASA

Fujicolour print film.
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APPENDIX II SULPHUR ISOTOPIC ANALYSES

Tuo hundred and fifty two sulphur isotope analyses wuwere
carried out on sulphides and sulphates throughout the

deposit collected from underground headings and diamond

drill core,

Sulphides uwere extracted using a fine-tipped dental drill
or by crushing and recovery uwith heavy liquid
separartion. Where neccessary X-ray diffraction was used
to check the purity of the fhases. The SO0= gas wuas
produced by comBustion of the sulphides or sulphates at
1070 aﬂd 1120=C respec£ively with an excess of Cu=z0
(after Roblnsoﬁ and Kusabe, 1975). The prepared gas was
then an&lyzed on a 12cm radius model double <collector
mass spectrometer (Isospec 44 modified for SO=). The ion
beams monitored are ms/z 66 and 64, with standard
correction factors applied to the rau 6°%® ratios (after
Craig, 1957). The entire instrument is operated at 110-C.
Within ©run precision is typically +0.08°/oo (2v¢) or
better, with a long term reproducibility of +0.27°/co,
based on 20 replicate analyses (including combustion) of
an internal laboratory standard. All 6348 results are

reported as ®/oo (per mil) variations relative to the

Canon Diablo troilite (CDT).

The reproducibilty of +the analyses run on +the mass
spectrometer was continually checked using three
International Standards, with a standard gas prepared and

run on a routine basis for every six samples put through.
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The International Standards used were:

a) CP1 - chalcopyrite (BGS, London) &9<S = -4.1°/o0

b) NBS-123 - sphalerite (1.A.E.A., Vienna) 6345 =

c) NZ-1 - silver sulphide (I.A.E.A., . Vienna) 6348 =
-00 1°/Q°

To also tesat reproducibility, a sample of honeyblende
sphalerite from Navan was crushed and homogenized and
three gases were prepared and run on the mnass
spectrometér. giving &634S values of -15.56, -15.68 and
-15.48°/0o Trespectively. This gave a mean value of

_15.57°/Q° uith Un—’. = 00 leg/oga
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APPENDIX II1 ABBREVIATIONS FOR THE STYLES OF HMINERALIZATION

AND A LIST OF SULPHUR ISOTOPE RESULTS

ALL - Allochem replacement by sphalerite

COL = Colloform pyrite/marcasite in bedding- parallel cavities
in 2-1 Lens

FRA = Framboidal pyrite in the BC/CGO

LAT = Barito laths and rosettes

GYP = Gypsum crystals

DGN = Diagenetic pyrite clots and concretions in the Louer
Palacozoics

VUNT = Small veinlets in the Louwer Palaeozoics

Styles of mineralization within coarse
galena/sphalerite horizons

BVUN = Coarse bladed galena within the massive sulphides

ZON = Coarse, poorly zoned sphalerite

MAS = Zoned sphalerite crystals replacing host carbonate

RHY = Rhythmically banded to crustiform sphalerite including
small, coeval geopetal sphalerite sediments

MSA = Massive sphalerite in 2-5 Lens uest

CBU = Cubic/layered/dendritic galena in 2-5 Lens uest

CLO = Colloform pyrite overgrouth on galena in 1- 5 Lens

BRN = Late- stage bournonite crystals

Styles of mineralization within massive
sulphide horizons deposited in
continually developing open spaces

Layered, internal sphalerite sediment

LAHM =

LAY = Layers of galena within the sphalerite sediment
DPC = Dendritic, skeletal and platelet galena growths
CUB = Coarse cubic galena

STL = "Stalactitic" grouths

RYH = Rhythmically banded or colloform sphalerite

HYB = Honeyblende sphalerite

Styles of mineralization within
cross-cutting veins

VNB = Coarse bladed galena and marcasite in veins

YRH = Rhythmically banded to crustiform sphalerite in veins

YHR = Rhythmically banded sphalerite in the 2-5 Lens vein swarm
DCP = Skeletal to cubic galena in the 2-5 Lens vein swarm

HBY = Honeyblende sphalerite in the 2-5 Lens vein swarm

284



Extraction Sample No.
No.

S1004 NAV G135
S0685 NAV Goo7
S0678 NAV Goo1
S0679 NAV GQ0o2
S0680 NAV G003
S0681 NAV G004
S0683 NAV G005
S0684 NAV GQo6
S0686 NAV GooS8
50688 NAV Go09
S0432 NAV 081
S0433 NAV 082
50499 NAV 083
50498 NAV 084
50437 NAV 085
50497 NAV 086
S0435 NAYV 087
S0512 NAV 088
S0513 NAV 089
S0514 NAV 090
50407 NAV 091
S0439 NAV 092
S0490 NAV 109
50487 NAV 101
50489 NAV 102
50488 NAV 103
50492 NAV 104
S0500 NAV 107
S0533 NAV 112
50534 NAV 114
S0553 NAV 118
S0552 NAV 117
S0535 NAV 118
S0536 NAV 121
S0551 NAV 122
50708 NAV GO14
50701 NAV G018
S0703 NAV Go22
S0707 NAV G026
S0854 NAV G085
50924 NAV G088
850940 NAV G112
50725 NAV GO12
S0691 NAV Go13
S0178 NAV 022
50748 NAV G030
50749 NAV GOo31

RESULTS

Lens

Hineral
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sphalerite
sphalerite
Sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
barite
barite
sphalerite
barite
galena
sphalerite
sphalerite
sphalerite
galena
sphalerite
galena
galena
galena
galena
galena
barite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
sphalerite
barite
galena
sphalerite
galena
galena
barite
Pyrite
sphalerite
galena
pyrite
sphalerite
sphalerite

Style

HYB
ALL
ALL
ALL
LAN
ALL
ALL
ALL
ALL
ALL
HYB
HYB
LAT
LAT
HYB
LAT
DpC
LaM
LAM
LAM
DPC
RYH
BVN
BVN
BVN
BVN
BVN
LAT
LA
LAH
LAH
LA
LAM
LaM
LAH
LAT
DPC
HYB
DPC
UNB
LAT
CLO
LAH
LAY
STL
LAH
LAH



Extraction

H_O—O

50750
50751
S0752
50844
S0918
50919
50925
50822
50926
S0932
50933
50943
50961
50962
50964
50865
50966
S0755
S0756
50186
50182
51151
S1173
S11564
S1174
S1175
51152
S1155
51156
S1176
51183
S1240
51241
51242
S0149
S0150
50151
S0153
50152
S0154
S0155
S0156
50160
Soi61
S0190
50157
50158
50159
S0189
50170
50171
50168

Sample No.

NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV
NAV

Go32
G033
G034
G040
Go9S
Gogs
Glol
G099
Glo2
G1les
G109
G115
G128
G129
G131
G132
G133
G0o36
Go37
219

023

Lo R UL L
IO XOG=TARIHBOQW >

OOOOOO?QOQOOOO

e

Lens

! I
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Hineral Style
sphalerite LAN
galena BVN
galena BVN
galena CUB
barite LAT
barite LAT
barite LAT
barite LAT
barite LAT
sphalerite HYB
sphalerite HYB
marcasite cOL
marcasite cOoL
marcasite COL
marcasite CcOoL
sphalerite HYB
marcasite COL
galena VNB
sphalerite MAS
pyrite COL
pyrite COL
galena BVN
galena BVN
galena BVN
galena BVN
galena BVN
galena BVYN
galena BVN
galena BVN
galena BVN
galena BVN
galena BVN
galena BVN
sphalerite RHY
sphalerite ALL
sphalerite ALL
sphalerite ALL
galena BVN
galena BVN
galena BVN
galena BVN
sphalerite RHY
galena BVN
galena BVN
barite LAT
sphalerite LAM
sphalerite LAM
galena BVN
barite LAT
galena BVN
galena BVN
sphalerite LAH

-+
()
ORI O®

+10.7
+9.8
+11.0
+6.5
+4.7
+0.7
-9.3
-15.0
-14.5
-14.8
+7.0
+1.5
-0.4
+1.7
+2.1
+3.7
-1.1
+19.5
-19.5
-17.5
+5.8
+19.3
+2.1
+2.6
-16.2



Extraction Sample No.
No.

50187 NAV 026
50176 NAV 033
S0177 NAV 034
50226 NAV 035
50227 NAV 036
50235 NAV 037
50237 NAV 039
50236 NAV 041
50229 NAV 051
S0230 NAV 052
50231 NAV 053
S0238 NAV 055
50246 NAV 0862
50242 NAV 063
S0251 NAV 084
S0314 NAV 067
50316 NAV 089
S0331 NAV 073
50332 NAV 074
50406 NAV 075
50429 NAV @786
504390 NAV 077
50333 NAV 078
50431 NAV 079
50436 NAV 080
S0529 NAV 126
50530 NAV 127
50528 NAV 128
S0531 NAV 129
50548 NAYV 130
50843 NAV G039
S1007 NAV G138
sS1e67 NAV G042
50689 NAV Go1l1
S0720 NAV GQ19
51278 NAV G150
51068 NAV G143
S1009 NAV G140
51006 NAV G137
S0899 NAV Goi6e
S0700 NAV GO17
S0702 NAV G021
S0705 NAV Go24
S0708 NAV G025
S0960 NAV G127
50929 NAV G105
50932 NAV G108
50934 NAV G110
S0721 NAV-CEL
S0714 NAV G020
50248 NAV 048
S0233 NAV 054
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t2
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Mineral Style
sphalerite ALL
galena BVN
galena BVN
galena BVN
galena BVN
sphalerite RHY
galena BVN
galena BYN
galena BVN
galena BVN
galena BUN
galena BVN
sphalerite ALL
sphalerite ALL
sphalerite RHY
barite LAT
barite LAT
galena BVUN
galena BVN
galena BVN
galena BVN
galena BVN
sphalerite HAS
sphalerite MAS
galena BVN
sphalerite ALL
sphalerite ALL
sphalerite MAS
galena BVN
sphalerite ALL
galena VNB
sphalerite HYB
galena LAY
galena LAY
barite LAT
bournonite BRN
galena CUB
sphalerite HYB
sphalerite Z0ON
sphalerite LAH
sphalerite LAHM
sphalerite HYB
galena CUB
galena CUB
sphalerite HYB
barite LAT
barite LAT
sphalerite HYB
celestite LAT
barite LAT
galena BVN
sphalerite LAH

543
(=/ao)

-20.2
+6.2
+9.3
+89.3
+10.8
+11.3
+14.1
+10.5
+5.9
+10.0
+6.0
+6. 1
-20.0
~22.3
+4.0
+22.5
+21.86
+9.9
+9.8
+6.5
+7.8
+7.95
+3.8
+3.3
+1.9
-21.1
-14.9
~-0.1
+3.4
-19.2
+10.2
-11.8
-24.8
-20.6
+20.8
-4,2
-9.5
-11.5
+3.7
-5.7
-8.9
-16.8
-12.0
-11.1
-10.2
+23.2
+21.90
-9.7
+39.1
+35.0
+2.2
-20.3



Extraction Sample No.
No.

S0537 NAV 125
50240 NAV 049
50234 NAV 057
S0241 NAV 058
S0244 NAV 059
50243 NAV 060
50245 NAV 061
S0253 NAV 0865
S0464 NAV 085
S0465 NAV 098
50467 NAV 097
S0482 NAV 098
50483 NAV 099
501063 NAV 110
50484 NAV 111
S0550 NAV 124
S1073 NAV G145
S0549 NAV 123
50941 NAV G113
50842 NAV G114
50949 NAV G116
S0950 NAV G117
50951 NAV G118
50952 NAV G119
S0955 NAV G122
S0956 NAV G123
50954 NAV G121
S0973 NAV G134
S0971 NAV Go72
S0869 NAV GO73
50867 NAV GO74
S0923 NAV G100
S1005 NAV G136
S1014 NAV G142
S1069 NAV G144
S09%59 NAV G126
S0704 NAV G023
50856 NAV G046
50862 NAV GOo47
50857 NAV G048
50863 NAV G048
50883 NAV G059
50896 NAV GO51
S0897 NAV G053
50895 NAV G055
50898 NAV G057
S9B899 NAV GoS8
S1070 NAV GO%9
S0894 NAV G060
S0905 NAV G061
S0903 NAV GOB63
S0904 NAV GOoB87

Lens

Mineral
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galena
galena
sphalerite
sphalerite
galena
galena
sphalerite
sphalerite
galena
galena
galena
galena
Pyrite
galena
sphalerite
sphalerite
sphalerite
sphalerite
pyrite
pyrite
sphalerite
sphalerite
sphalerite
sphalerite
galena
galena
sphalerite
barite
galena
sphalerite
sphalerite
barite
sphalerite
sphalerite
sphalerite
sphalerite
marcasite
galena
sphalerite
galena
sphalerite
sphalerite
sphalerite
sphalerite
galena
sphalerite
sphalerite
galena
sphalerite
galena
sphalerite
sphalerite

Style

LAY
LAY
LAN
HYB
CUB
CUB
LAH
RHY
bPC
DPC
STL
STL
STL
BVN
LAH
LAH
LAHM
LAH
STL
STL
LAH
LAN
LAM
LAN
DPC
DPC
LAN
LAT
DPC
RYH
HYB
LAT
HYB
ZON
RHY
ZON
VNB
BVN
RHY
BVN
Z0N
ZON
ZON
RHY
BVN
RHY
RHY
BVN
ZON
BVN
ZON
ZON

5345
(®/oo)

-15.6
-18.7
-22.0
-17.4
-6.1

-7.4

-19.5
+7.8

-20.8
-20.8
-16.9
-16.8
-14.0
+13.3
-11.0
-15.0
-19.3
-16.0
-12.9
-32.6
-12.0
-15.6
-17.5
-13.7
-8.2

-8.4

-23.5
+21.7
-19.7
-18.3
~18.2
+22.1
-3.8

+12.3
-11.6
+8.8

+10.9
+10.3

+7.8
+8.0
+7.1
+8.4
-15.86
+8.8
+3.0
-0.9
+10.8
+10.5
+8.4
+8.8
+10.8



Extraction Sample No. Lens Mineral Style
No.
50858 NAV Go61 2-5 galena BVN
50860 NAV GOB68 2-5 galena BVN
S0859 NAV G068 2-5 galena BVN
S1071 NAV G089 2-5 sphalerite RHY
S1072 NAV GOo70 2-5 sphalerite RHY
S0972 NAV GO768 2-5 galena DCP
Si1o11 NAV G089 2-5 sphalerite YHR
S0970 NAV GO77 2-5 sphalerite YHR
50968 NAV GO78 2-5 sphalerite HBY
Si1010 NAV GO79 2-5 galena DCP
S0900 NAV G086 2-5 marcasite UNB
S1177 NAV Go89 2-5 sphalerite YRH
S0861 NAV G091 2-5 galena UNB
S0901 NAV Ge87 2-5 sphalerite YRH
50855 NAV G0S4 2-5 galena VNB
50920 NAV G097 2-5 barite LAT
50921 NAV G098 2-5 barite LAT
50927 NAV G103 2-5 barite LAT
50928 NAV G104 2-5 barite LAT
50930 NAV G106 2-5 barite LAT
S©935 NAV G111 2-5 sphalerite ZON
S1008 NAV G138 2-5 sphalerite ZON
51244 NAV G200 2-5 galena CBU
S1251 NAV G201 2-5 sphalerite MSA
51254 NAV G202 2-5 galena CBU
51276 NAV G203 2-5 bournonite BRN
S1277 NAV G204 2-5 bournonite BRN
50851 NAV G@45 3-5 galena VUNB
Pyrite in the Conglomerate Group Ore
S0181 NAV 021 i-0 Pyrite FRA
S0179 NAV 025 1-0 pPyrite FRA
50187 NAV 020 1-0 pyrite FRA
Gypsum_ from the Laminated Beds and F26 Fault

S1760 GY-Laminated Beds(1) gypsum GYP
S0330 GY-Laminated Beds(2) gypsunm GYP
S1759 GY-F26 1-5 gypsunm GYP

289

6245
(°/oo)

+11.0
+7.7
+10.2
-2.8
-14.5
-6.8
-14.6
-17.0
-14.4
-190.3
+14.9
+9.0
+0.2
+9.3
+8.5
+24.4
+22.7
+22.5
+29.4
+21.8
+9.3
+7.2
-19.9
-15.7
~-20.3
-14.9
-17.2
+5.9

-30.8
—32. Q
-30.2

+22.95
+24.8
+21.0



Extraction Sample No. Lens MHineral Style 345
No. (®°/0o)

Diagenetic pyrite in the Lower Palaeozoics

S0841 NAV-LP2 pyrite DGN +15.5
50842 NAV-LP3 pyrite DGN +18.8
S0850 NAV-LP1+3 pyrite DGN +19.2
50869 NAV UB80-45m pyrite DGN +61.1
50872 Repeat pyrite DGN +61.7
50878 NAV U80-54m pyrite DGN +31.4
S1106 NAV UB80-55mn pyrite DGN +7.2

S1111 NAV U80-88.6n pyrite DGN +7.1

50885 NAV U80-9G. Im pyrite DGN +52.7
50888 Repeat pyrite DGN +52.7
50993 NAV N168-1(60m) pyrite DGN +24.1
509985 NAV N168-2(63. 1m) pyrite DGN +8.9

Minor sulphides in fractures in the Lower Palaeozoics

S1312 LP/1 sphalerite UNT +3.6
S1313 LP/2 sphalerite UNT +3.5
S1314 LP/3 chalcopyrite VNT +4.5
S1315 LPr/4 galena UNT +1.2
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