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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 
(69.9Ht @ 10.1% Zn, 2.6% Pb) was 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 were 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 
Pale Beds carbonate sequence, 
and micrites, are NNW-trending, 
formation of major channels in 
environment. 

Courceyan shallow water 
dominated by calcarenites 
and are attributed to the 
the intertidal-subtidal 

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, however 
the third stage was 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 continual replacement 
of, and open space infill within semi-lithified 
calcarenites and micrites. especially below 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 below 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 Lower Carboniferous sea water 
sulphate (834SH2S = -23.0 to -14.5~/~~). A far lesser 
component of hydrothermal sulphur (834SH2S ~ +18 to 
+19%0) 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 bacteriogenically-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 H2 S in a sub-seafloor 
environment. Paragenetically early sphalerite and coarse 
bladed galena textures incorporated a significant 
component of hydrothermal sulphur during crystal growth 
although the bacteriogenic component became dominant 
towards 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 two 
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 Lower Carboniferous seawater containing sulphate and 
H2S formed by bacteriogenic sulphate reduction. 

Exhumation of the mineraliZing event in the Pale Beds in 
late Chadian times by submarine slumping and erosion 
resulted in local depOSition of sedimentary to early 
diagenetic Fe-rich sulphides as complex breccias and 
massive Fe/Zn/Pb sulphides within a debris flow 
conglomerate. 

The Navan depOSit is 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 from 
, 

sulphide depOSits which have been loosely classified into 

three main groups: 

1. 1. 1 Stratiform,' sedimentary exhalative (SEDEX) ore 

depos its are' character i zed by con forma b Ie, syngenet ic 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.with barren or poorly 

mineralized sediments. These include some of the largest 

depOSits in,the world (Table 1.1): Ht.lsa, ,HcArthur River 

(HYC), Broken Hill, Howards Pass, ,Sullivan" Red Dog, 

Heggen, Rammelsberg and Silvermines (Goodfellow and 

Jonasson, 1986; Gustafson and Will i ams" 1981; Ham i I ton et 

al., 1983; Lange et al., 1985;, Large 1980, 1981a, 1983; 

HUir, 1983; Russell et al., 1981; ,Wi 11 iams, , 1978; 

Williams and Logan, 1986). The depOSits are associated 

with sedimentary basins of varying magnitudes and are 

hosted by carbonaceous shales and siltstones (often 

dolomitiC), sandstones, limestones and dolomites, cherts, 

and minor sedimentary breCcias. Contemporaneous igneous 

actiVity is indicated by the presence of tuff horizons, 

for example HcArthur River (MUir, 1983) and Rammelsberg 

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

1 



of sedimentary environments from sabkha (McArthur River; 

HUir, 1979) and lacustrine (Ht Isa; Neudart and Russell, 

1982) through to deep, 'marine basins (Howards Pass; 

Goodfellow and Jonasson, 1986). 

The mineralization may extend through a stratigraphie 

interval of over 1000m (eg Mt.lsa) and ·there may be more 

same stratigraphic 

The size of the 

than one stratiform orebody. on the 

level (eg Silvermines) (Large, 1983). 

deposits ranges up to 500Mt (Table 1.1). 

The relative abundance of the base metals varies from 

1:1, Zn:Pb at Mt.lsa and Sullivan, to 8:1 at Meggen, to 

deposits such as Howard's Pass which are almost 

monomineralic ZnS, and distinct zonations of the metals 

are observed (Large, 1980). The general trend is an 

increase in the Zn/Pb ratio laterally away from the 

centre towards the periphery of the ore zone (Large, 

1983), with posSibly an increase in the copper content in 

the stratigraphically higher, stratiform ore lenses 

(Russell et aI., 1981), Manganese haloes in sediments at 

the same stratigraphic horizon around the orebody are 

observed at Tynagh (Russell, 1975), Silvermines (Gray and 

Russe 11, 1984) and Heggen (Gwosdz and Krebbs, 1977). 

Barite is 

deposition, 

Sivermines 

frequently associated 

often peripherally to 

(Taylor and Andrew 

with base-metal 

the sulphides, eg 

1978), reflecting 

deposition in sulphatic seawater in a more OXidized 

environment (Large, 1981; Lydon, 1983), 

2 



Cross-cutting, stockwork mineralization stratigraph-, 

ically below or adjacent to the stratiform 

mineralization, is usually interpreted as feeder zones 

to the stratiform ore, eg Silvermines (Taylor and Andrew, 

1978) and Rammelsberg (Large, 1980). Alteration is often 

associated with the cross-cutting mineralization below a 

deposit. The two best-known examples are the 

silicification and associated copper mineralization in 

the "kneist" at Rammelsberg which cross-cuts the bedding 

in the footwall (Large, 1980), and the tourmalinization 

in a funnel-shaped zone that extends down to 450m below 

the massive sulphides at Sullivan (Ethier and Campbell 

1977; Shaw and Hodgson, 1986). At Sullivan, alteration is 

also present in the hanging wall and 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 ~he sulphides on the sea floor, has been 

proposed for the sulphide laminae (Fin low-bates, 1980; 

Goodfellow and Jonasson, 1986; Hamilton et al., 1983; 

Large, 1983; Lydon, 1983). Williams (1978) and Rye and 

Williams (1981), on the basis of textural and isotopiC 

studies suggested that the stratiform sulphide deposition 

at McArthur River was produced ~iagenetically in the 

sediments. which were probably water-logged and only 

partially compacted. 

similar diagenetic 

Neudart (1986) has proposed a 

model for the stratiform Zn+Pb 

3 



mineralization at Mt 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, 1983; Russe 11 et a 1., 1981) and var i ants of "bas i na 1 

brine expulsion", first applied,to MVT depOSits (Beales 

and Jackson, 1966; Badham, 1981; Lydon, 1983; Cathles and 

Smith, 1983; Sawk ins, 1984). Russell's model involves 

hydrothermal convection of seawater and pore waters 

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 
: . 

Cornwall 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-expapdable clays and subsequently to micas 

during dehydration and diageneSiS (Lydon, 1983). In this 

hypotheSiS, these metal-bearing fluids migrate and are 

expelled from the sediment column, often episodically 

(Cathles and Smith, 1983; Sawkins, 1984) , with 

contemporaneous fault structures probably providing the 

plumbing system by which the metal-rich fluids reached 

the site of ore depOSition. 

4 



1. 1. 2 MiSSiSSippi Valley Type (MVT) ore deposits are 

generally non-stratiform and. characterized by thejr 

occurrence in limestones and,dolomites. and by open-space 

sulphide precipitation in fractures and cavities. The 

best-known examples are ~he deposits occurring in the 

Tri-State. the Viburnum Trend in SE Missouri and the 

upper MiSSissippi Valley in North America •. ~ine Point in 

Canada, and the Alpine and Silesian deposits in Europe 

(various papers in Kisvarsanyi et al •• 1983; Rhodes et 

a 1. , 1984) (Table 1.1). The Zn:Pb ratios are highly 

variable, from 1:10 in SE Missouri to 10:1 in Central 

Tennessee (Sangster, 1983), although higher Zn:Pb ratios 

() 3:1) are more 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. J " 

1 

The depOSits are located at the periphery of major 

sedimentary basins rather than in basins as is the case 

for SEDEX depOSits, and the origin of metal-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, 1986), 

A major problem in HVT depOSits is the uncertainty of the 

timing of the mineralization due to the lack of methods 

for dating sulphide emplacement (Sangster, 1983). 

, , 
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1. 1. 3 VolcanogeniC 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 

examples 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 
I 

near the sea floor by preCipitation of metals from 

uprising hydrothermal fl~ids (Frariklin 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 aI., 1981; Date et aI, 1983) 

Present-day, sea floor deposits include those forming in 

the Red Sea and on the East Pacific Rise, by active 

"venting" of hydrothermal fluid~ (Pottorf and Barnes, 

1983; Bischoff et aI., 1983). 

1.2 THE IRISH DEPOSITS 

In Ireland, deposits With SEDEX, MVT and VMS 

characteristics occur, however it is the SEDEX and MVT 

6 



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., 1981), sedimentary 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 from 

Kildare (Emo, 1986) ~ A summary· of the features 0 f 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 area that has undergone only minor 

deformation and metamorphism since the Upper Palaeozoic. 

It therefore prOVides a unique opportunity of furthering 

our knowledge 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 studied and described by 

Andrew and Ashton (1982,1985) and by Ashton et al. 

(1986). Th~se 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-
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seafloor replacement styles - : and fracture-fi 11 

mineralization, and conclude that the deposit should be 

considered" to be a variant of the sedimentary­

exhalative type of base-metal orebody" (Andrew and 

Ashton, 1985). These conclusions provided the basis for 

a detailed study of features throughout 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) 

3) 

to study the variations in the ore-hosting 

stratigraphy 

relationships 

across the deposit and 

between the host rocks 

the 

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, 

to relate 

sulphides 

depOSition 

sulphur isotope data obtained 

and sulphates to the paragenesis of 

and the ultimate source(s) of 

sulphur, and, 

8 

from 

ore 

the 



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 studying the range of features 

accessible underground and supplementing this with 

detailed logging of drillcore from all areas of the mine. 

Combining this information with sulphide parageneses 

established from thin section petrography and utilizing 

sulphur isotope studies, is expected to help constrain 

the timing and processes) 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. 
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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 in Ireland can be di~i~ed into tw~ 

areas (Fig. 2.1): 

1) Lewisian (~1600Ma) and Grenvillian (~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 are overlain by 

metamorphosed Dalradian sediments, comprising schists, 

quartzites and locally marbles, with lesser meta-

volcanics and metabasic intrusions, 

Connemara, Mayo and Donegal. 

outcropping in 

2) The Rosslare Complex 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 is regarded as late Pre­

Cambrian to Cambrian in age, and consists of quartzites 

and greywackes Which have undergone lower greenschist­

facies metamorphism (Max and Dhonau, 1974). 

2.1.2 Lower Palaeozoics 

The Lower Palaeozoic rocks dominantly outcrop in the E 
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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 

1978) , and 

volcanics and 

to prehnite-pumpellyite facies (Oliver, 

include greywackes, 

maj or ' i ntrus i ves 

Morris, 1983,1987; Romano, 

siltstones, shales, 

(Gardiner, 1974,1978; 

1980; 'Stillman, 1978). 

Ordovician felsic to andesitic volcanics formed in an 

island arc a~e most pronounced in the SE, in a linear 

belt extending from Arklow to Waterford, and are 

underlain by Lower Ordovician shales (Stillman and 

Will iams, 1979). 

In the Longford Down Inlier, the greywackes and shales 

are mainly Upper Ordovician to Silurian in age, whereas 

the inliers in the Central Plain are dominated by the 

Silurian. 

In the Murrisk zone, 12km of Ordovician and Silurian 

sediments and volcanics accumulated in the South Mayo 

Trough (Anderton et a 1., 1979). 

With the closing of the Iapetus Ocean in late Ordovician 

(Hutton and Murphy, 1987) or early Silurian times (Stone 

et al., 1987), late Caledonian deformation, low-grade 

regional metamorphism and associated plutonism occurred. 

Tectonism produced sinistral- shear zones, strike-slip 

faults, and upright, polyphase folds (PhillipS et aI, 

1976; PhillipS and Sevastopulo, 1986). 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, Galway and Donegal granites (Brindley, 1973; 

O'Connor and Bruick, 1978). 

2.1.3 Devonian (Old Red Sandstone Facies) 

Early Devonian sedimentation (non-marine) was restricted 

to fault-controlled basins in the Murrisk Zone, now 

outcropping in the Curlew Mountains (Gardiner and 

MacCarthy, 1981) • Susequent Middle Devonian deposition 

of thick continental sediments was concentrated in the 

Dingle-Shannon BaSin, now outcropping on the Dingle 

Peninsula (Fig. 2.1). The rocks include alluvial fan and 

flood plain sediments derived from the then upstanding 

Caledonian mountains. Sediments in the Dingle 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 Skm 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 in the basin itself. 

Pyroclastics and mafic to felsic volcanics were extruded 
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and deposited in the north-west of the Munster Basin in 

mid-late Devonian times. 

In the latest Devonian times, d~p~sition of the Old Red 

Sandstone migrated into the Midlands with deposition of 

100m-lkm of sediment (Sevastopulo, 1979). Subsidence 

rates increased in the South Munster Basin at this time. 

The basins were infilled and replaced by coastal plains 

in late Devonian to early Carboniferous (Strunian), and 

the first signs of marine transgr~ssion, spreading 

westwards, are expressed as deltaic deposits (Kinsdale 

Delta) south of Cork City (Gardiner, 1975a). However the 

major transgression occurred in the Lower to Middle 

Courceyan with the top of the Old Red Sandstone marking a 

change from fluviatile to marine conditions. In most 

places the top of the DRS facies is Lower Courceyan in 

age (MacDermott and Sevastopulo, 1972). 

2.1.4 Lower Carboniferous 
. , 

During the early Courceyan (i~ictatus and inornatus­

Siphondella conodont biozones; Varker and Sevastopulo, 

1985), the sea transgressed northwards rapidly from what 

is now the Celtic Sea, with two main periods of 

incursion. The overall result of this was a change from 

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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800m, occurred in the still rapidly subsiding South 

Munster Basin (Sevastopulo 1979). 

In the latter part of the Courceyan (P.communis carina 

and Sc.anchoralis conodont biozones; Varker and 

Seva~topulo, 1985) a va~iety of carbonate lithologies 

were deposited on the well-developed carbonate shelf 

north of the South Munster Bas i n (F i g. 2.2) ~ In the 

south, deposition of argillaceous limestones up to 250m 

thick (Ballysteen Limestones) gave way to Waulsortian 

carbonate mudbanks, firstly in the Cork area (MacDermott 

and Sevastopulo, 1972; Sevastopulo, 1979; Ph i lcox, 1984). 

The Waulsortian mudbanks ~eached 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 th~ d~positional strike. The Waulsortian 

limestones formed as knolls and sheets in water depths of 

around 200-300m in the marginally sub-photiC zone, by ~n 

situ accretion of carbonate muds trapped by organisms 

(Lees, 1961; Lees and Mi 11 er, 1985), Further north, 

calcareous sandstones are overlain by inter-tidal 

micrites whiCh pass up into more open marine limestones 

and shales (Phi lcox, 1984; Sevastopulo, 1979). In the 

Central Irish Midlands, the Courceyan stage is dominated 

by the Navan Group and Argillaceous Bioclastic 

Calcarenite Group carbonate sediments, with the Navan 

Group covering around 8200km 2 of the east Central 

Midlands and attaining a maximum thickness of around 400m 

at Navan (Andrew, 1986a; Philcox, 1984), The Navan Group 
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consists of a thin terrigeneous base that passes up 

through tidal, laminated muds and sands into a sequence 

dominated by shallow marine micrite, oolitiC and 

bioclastic calcarenites and calcareous sands (Andrew, 

1986a; Andrew and Ashton, 1985; Ph i lcox, 1984). The 

uppermost section of the Navan Group consists of muddy, 

bioclastic limestones and siltstones. The ABC 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 trangression continued during the Chadian, with the 

development of marine conditions over large areas of the 

north and north-west of Ireland, depositing bioclastic 

she I f limestones (Sevastopulo, 1979) • The Wau I sort ian 

facies disappeared during the Chadian (Lees, 1961; 

Sevastopulo, 1979), associated with subsidence rates 

relatively greater than sedimentation, and cherty 

limestones of basinal facies were deposited in deep-water 

(>500m) basins (Sevastopulo, 1979; Philcox, 1984), 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 

and eventual 

the eruption of submarine alkali basalts 

subaerial bUild-Up of volcanic ashes 

(Strogen, 1973, 1977). 

Prior to the Arundian, a major epsode of tectonic 

instability and faulting on steep slopes of the carbonate 

shelves or ramps, 

and debriS flow 

resulted in submarine slumping/erosion 

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, frequent I y termed "Cal p" • 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 NW (up to 2200m; 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 Platform. 

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 were depOSited in actively 
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subsiding basins (Sevastopulo, 1981). 

2.1.6 Permian, Mesozoic and Tertiary 

Permian and Mesozoic 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, with 

coeval basic dyke-intrusions. 

2.2 TECTONISM AND STRUCTURE AFFECTING-THE CARBONIFEROUS 

ROCKS 

Tectonic actiVity during the late Devonian to early 

Carboniferous is eVident as a structural control to the 

northern margin of the Munster Basin. Here, faulting 

produced scarps which subsequently controlled allUVial 

fan depOSition (PhillipS and Sevastopulo, 1986), 

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 

flows observed at Silvermines and Navan were features 

produced essentially by instability resulting from syn-

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

1986) • 

However, the majority of the structures in the 
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Carboniferous rocks 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 studi ed and descr i bed extens i ve 1 y (G ill, 1962; 

Co 11 er, 1984; Cooper et a 1., 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 low-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, 1981; PhillipS 

and Sevastopulo, 1986). 

Gill's zone 2, occupying most of the Central and Eastern 

Irish Midlands, is characterized by a transition between 

gentle folding in zone 1, the NW Midlands, and the tight 

folding in zone 3 (Fig. 2.4), In zone 2 the cleavage is 

less pervasive than zone 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 zone 1, north and 'north-west of the 'Longford Down 

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 

The Navan 

Exploration 

orebody was discovered in 1970 by Tara 

and, Development Company Ltd, follOWing 

shallow soil geochemistry carried out over the previous 

year (O'Brien and Romer, 1971; Libby et al., 1985). A 

distinct geochemial anomaly was detected on the north 

Side of the River Blackwater, with peak values of 5000ppm 

Zn and 2000ppm Pb. The first diamond drillhole was 

completed in November 1970 and intersected 12m of 8.5% 

combined Zn+Pb, and a 'major drilling program was 

subsequently initiated (Libby et al., 1985)~ Undergrou~d 

development began in' 1973 and ore reserves at ,that time 

including that on the north Side of the River Blackwater, 

which was made unavailable to Tara by the actions of 

third parties, were 69.9mt grading 10~1% Zn 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 Navan deposit is hosted in gently dipping, Lower 

Carboniferous limestones situated on a faulted SW edge of 

the Longford Down Inlier (Fig. 2.5), The Lower 

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 1986a), with 

the deposit itself hosted in the Pale Beds succession in 

the Navan Group (Fig. 2.6). The Pale Beds also host 

various styles of Zn/Pb mineralization at Tatestown, 

Keel, Hoyvoughly, Oldcastle and numerous other minor 

showings (Fig. 2.7) (Various papers in "Geology and 

Genesis of Mineral Deposits in Ireland", Andrew et al. 

(eds), 19861. 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 50m. 

The Pale Beds are thickest in the Navan area (up to 200m 

th ick ) , in contrast to 100-120m in the rest of the NE 

Midlands. They are overlain by silty and muddy, 

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

The ABC Group is generally about 300m thick and comprises 

argillaceous, bioclastic shales and limestones. 

Waulsortian "Reef" limestone knolls are developed to 

varying degrees in the upp~rmost ABC and are up to 250~ 

thick. At the margins of the Waulsortia~ mudbanks, knoll­

forms grade laterally into "flank-bank" crinoidal 

calcirudites and "off-bank" 

argillaceous limestones (Lees, 

1985; Andrew t 1986a). 

facies dominated by 

1961; Lees and Miller, 

The ABC Group is overlain by > 1000m of well-bedded calc­

turbidites of the Middle Limestone Group (MLG) 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 stratigraphie section 

including parts of the ore-hosting succeSSion (Andrew and 

Ashton, 1985). The term 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 overwhelming constraints on the 

timing of at least some of the mineralization in the Pale 

Beds (Chapters 3 and 5). South of Navan, more than 800m 

21 



of the Courceyan stratigraphic section have been removed 

and in places' the erosion surface cuts into the 

underlying Lower Palaeozoics (drillhole EP17; C.J. 

Andrew, pers comm) and the Boulder Conglomerate/UDL rest 

unconformably 

drilling). 

on the Lower Palaeozoic rocks 

General' trends within the Pale Beds over 

Midlands have been recognised (Philcox, 

Resource pI c Company Reports) (F i g. 2.8) • 

the 

1984 ; 

From 

(Tara 

Irish 

Navan 

Navan 

westwards to Ballinalack and Granard, the Pale "Beds are 

typified by a lower member dominated by birdseye micrites 

up to 100m thiCk. These micrites are typically overlain 

by up to 45m of pale grey calcareous sandstones (the 

Upper Pale Beds), which feather out to the Sand SEe 

These sandstones are present as a few 3-4m thick units in 

the Upper Pale 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 siltston~s come to dominate the Pale Beds, 

which here are dominated by clastiC and evaporiie-bearing 

sabkha sediments. Typically the Pale Beds consist of 

oolitic and pelletal calcarenites towards their southern 

facies boundary (approximately from Moynure-Cloghran­

Rosenallis-Honasterevin, Fig. 2.7). 

The general structure in the Navan area is dominated by a 

complex 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. Lower Palaeozoic low-grade 

metamorphosed shales and volcanics are exposed in the 

core of the anticline and ,inc 1 ude a 

chloritized/sericitized syenite intrusion. 

Geophysical anomalies around the deposit can be related 

to the Caledonian geology: magnetic anomalie~ over known 

outcrops of Ordovician volcanics~ positive gravity/non~ 

magnetic anomalies probably reflecting a: denser, iupli'fted 
" 

Pre-Cambrian to Cambrian basement,'and a "negative gravity 

anomaly lying 15km SE ~f the mine thought by some workers 

to represent a late Caledonian granite, the so-called 

Kentstown pluton (Coller et al., 1988). 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 Randlestown and the A-C-D Fault complex (Andrew and 

Ashton, 1982,1985; Ashton et a1., 1988), 

Detail of the structure within the, deposit is shown in 

Figures 2.9 and 2.10. There are two main fault systems 

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

Ashton et al., 1988): 

1) The earliest faulting was ENE-trending. The two 

largest faults are the B and the T Faults (Figs. 2.9 and 

2.10). Both are normal faults with a listric profile. The 

throw on the B Fault averages 50-80m, but the throw on 

the T Fault is much greatei with the downthrown side 
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displaced by about 200m 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 downthrows 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 down thrown side «5m on 

north, >15m on downthrown south); eVidence regarded by 

Andrew and Ashton (1985) as showing the fault to have 

been active contemporaneously with 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-28 Faults 

(Fig. 2.9). Displacements are all normal in the order of 
. , 

10-20m. As with the Band T Faults, these are 

unmineralized. 

2) NE-trending faults cut the Courceyan and. 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-

80m (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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vuggy. These are extensional features (NE-SW extension) 

and there is 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, 

calCite 

1982). Rare examples occur where fractures and 

veins of similar orientation cut a Tertiary 

dolerite indicating" that at least some of 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, 

upwards (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 80m of >5% Zn+Pb). The basal lens in Zone 1 

for example, is termed 1-5 Lens. Pyrite/marcasite-rich 

mineralization in 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 is generally 

confined to Zone 2. Truncation of the Yale Beds an~ the 

mineralization by the erosion surface means that the 

original, eastern up-dip extent of 'the deposit is 

unknown .. The ore in the Pale Beds dominantly occurs in 

bedding-parallel, stratiform, massivesulphid~ horizons, 

although local, cross-cutting contacts with the host rock 

are eVident in places. A variety of textural styles are 

present indicating processes of replacement and open­

space deposition of the sulphides. Other forms of 

mineralization include high-angle, cross-cutting veins 

and minor breccia styles. The mineralization in the eGO 

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 Lower Carboniferous succession at Navan (Courceyan to 

Arundian in agc, Fig. 

PalaeoZOiC, low-grade 

2.6) unconformably overlies Lower 

(prehnite-pumpellyite facies) 

metasediments, volcanics and intrusives (Andrew and 

Ashton, 1982,1985; Ashton et al., 1986). 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 from 

the initial drilling in the mine area, however the area 

presently conSidered is much larger with more data 

available both 

enabling the 

Twenty eight 

from underground and surface drilling, 

detailed facies changes to be examined. 

surface drillholes and over one hundred 

underground holes were logged at Navan, and thirty four 

thin sections were 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 were 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 west across a NW/NNW trend, and two 

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 controls in the 

Navan area. 

The carbonate terminology used throughout the thesis is a 

combination of that used for core and thin section 

descriptions. The carbonate lithologies observed in core 

are subdivided into micrite or calcilutite «0.32mm), 

calcsiltite (0.32-0.62mm), calcarenite (0.62-2mm), 

calcirudite or microconglomerate (>2mm) and dolomite. 

Dunham's claSSification (1962) is used in the thin 

section petrography. 

3.2 STRATIGRAPHY 

3.2.1 Introduction 

Representative surface drill holes were selected as type 

sections for the western and central (or eastern) mine 

areas respectively (N910 and N314), augmented by 

observations from other holes in each area, to give a 

complete stratigraphic section (Fig. 3.1). There are 

major 

the 

differences between the two areas, with holes to 

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, which are strongly 

folded 

1980). 

some 

and sheared. They are Ordovician in age (Romano, 

Green tuffaceous horizons are well-developed in 

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. 

Hinor 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 

intense hematisation and represents a 

weathering prior to the deposition of 

Carboniferous Red Beds. 

3.2.3 Red Beds (RB) «50m thick) 

resulted in 

continental 

the basal 

The Basal Carboniferous lithologies are made up of 

conglomerates, sandstones and shales of a fluviatile 

origin, with 

and western 

ascertained 

no obVious differences between the central 

areas. A Lower Courceyan age has been 

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

colouration due.to hematite cements. 

Clasts in the conglomerates are well-rounded and poorly 

sorted, and are a polymict assemblage of Lower Palaeozoic 

pebbles. Caliche nodules are visible in many holes. The 

onset of marine deposition occurs as a.rapid transition 

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 

from top to 

Beds are diVided into 7 units (CA to 

base; Philcox, 1980) composed 

CG 

of 

calcsiltites, sandstones and argillites, and are the 

eqUivalent of the Mixed Beds of the eastern Irish 

Midlands. Philcox's CA,unit is ,wha~.is now termed. the 

Muddy Limestones (Andrew and Ashton, 1982). There is a 

broad upward 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 ,sandstones 

and argillites. As a general feature, the lower 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 

flow/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 locally (Plate 3.1). Some horizons at 

the top of the unit are bioturbated and the layering 

becomes less obViOUS, however 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 

bedding is developed, 

is up to 4 metres thick. 

especially towards the base. 

sandstone is absent from some holes and is 

Cross­

The 

by replaced 

CG-type material. This is interpreted in terms of 

lensoid-type deposition, perhaps the result 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 between the CD and the 

overlying CC argillite or mudstone. In this tranSition, 

nodules of "cauliflower" chalcedony are commonly 

developed. These range in size from 2cm to around 10cm in 

diameter. Gypsum has been found wi~hin the quartz 

indicating that this was originally an evaporitic horizon 

which has subsequently undergone diagenetic 

silicification (Chowns and Elkins, 1974; Gustafason pers 

comm, in Andrew and Ashton, 1985). The CC unit itself is 

a 3 metre thick dark, laminated argillite with occasional 

thin micritic horizons. 

The uppermost member of the Laminated Beds is' the eB 

unit, composed of' laterally variable, interbedded, pale, 

calcareous sandstones and argillites with local sandy 

calcarenites. 

The upper units of the Laminated Beds are often cut out 

by an erosional feature in the western mine area which 

has removed the CB,CC,CD and ~art of the CE u~it at its 

maximum down-cutting (considered in detail in Section 

3.3.2). 

3.2.5 Huddy Limestones (HL) 

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 Muddy 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 is coarse and is made up of 

crinoids ; and brachiopods. Intraclasts of micritic 

material up to 1.5cm in diameter are observed, although 

no micrites of this stratigraphic level are known 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 Muddy Limestones 

are composed of a dark muddy calcsiltite in place of the 

microconglomerate. 

The upper sections of- tho ML contain black argi!lites, 

often well-layered and fissile, which are up to 8m 

thick. Corals, crinoids and fenestellid bryozoa are found 

throughout. The dark argillite can be traced into the 

central mine area towards the east, however the 

microconglomerates 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 base, there is a thin, discontinuous (0.2-0.5m) 

horizon similar to the microconglomerate in the west 

termed the Limestone Conglomerate (LCG) by Philcox 

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

extension of the thicker units in the west. 

3.2.6 Muddy Limestone Transition (MLT) (0-10m thiCk). 

The 'Muddy Limestones grade into the Micrite Unit through 

the Muddy L~mestone Tiansition (MLT). The transiiion is 

consider~d as a part of the Micrite'Uriit and is 5-10m 

thick. It consists of micritic lithologies, locally 

sit ty, interbedded with calcsiltites. Thin, dark 

argi 11 i te hor izons are 'found throughout th is sect ion. A 

characteristic feature is the presence of in-situ 

Syringopora colonies which are up to a metre (n 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 interval 

between the top of the Muddy Limestones (ie including the 

MLT) and the top- most micrite horizon encountered in 5 

Lens. In the west this usually comprises the entire 5 

Lens interval but in the east the micrites are more 
1 

poorly developed. 
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West (35 to 85m thick) 

The 110 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, 

grained, 

stylolitic' micrites with. interbeds 

buff dolomites (Fig. 3.1, Plate 

of 

3.3), 

fine-

The 

micrites are generally composed of pelletal wackestones 

and grainstones, with a siliciclastic component of less 

than 1-2%. Calcispheres are common and may comprise up 

to 2% of the rock (Plate 3.4), indicating low energy 

environment of depOSition (R.Anderton, pers comm). This 

interpretation is supported by the micritic nature of the 

rocks themselves. Fenestral porOSity (up to 8-10% of the 

rock) is infilled by generations of calcite cement, as 

are locally developed birdseyes (Plate 3.4). The general 

sequence is of a fringing bladed calcite followed 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 between 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 

are 

dolomite horizons in thiS part of the 

about 0.1 to 1.5 metres thick. They 

bedded and homogeneous. Individual 

stratigraphy 

are thickly 

horizons are 

generally semi-continuous (Fig. 3.2). Contacts between 

dolomite and underlying micrite are sharp, whereas those 

between dolomite and overlying micrite are more 

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% dolomite, 

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 100~m in size (Plate 3.6). 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 350~m 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 which were infilled by a later 

stage coarser dolomite, and these dolomites are now 

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 (Flg. 3.1). In some areas (eg, 

Block 17) the calcarenites contain sparry, crinoid-rich 

horizons, and it is only the bottom 1 or 2 metres that 

has been dolomitized to any degree. In such cases, where 

the dolomite is limited in its vertical development, 

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 upper sections of the Micrite Unit are characterized 

by light grey rnicrites, With well-developed birdseyes 

throughout. OccaSional pale, oolitiC horizons occur 

within the micrites and these are partially dolomitized. 

A characteristic feature in thiS part of the stratigraphy 
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is the presence tif up to 8 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 Lower Dark Marker Equivalent (LDQ) marks 

the top of the 5 Lens interval and 'the micrites may 

extend right up to this contact, however 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 MLT) though range from 0 to 10m in thickness. 

Birdseyes are common in most sections studied. In some 

holes minor, thin micrite horizons are occasionally 

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

laterally (Fig. 3.3). 

The 5 Lens 

calcarenites 

is characterized by 

and pale dolomites, 

fine grained oolitic 

with a 4 to 5m thick 

dolomite near the base which may be equivalent to the 

main dolomite horizon in the west (Fig. 3.1). The base of 

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

the top of the 5 Lens (FigS. 2.8 and 3.1). The LDM is 

diVided into 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 is best- developed and the sandstone is 

impersistent. 

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

muddy, dolomitic calcsiltite termed the Bottom Dark 

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

pinches out in some areas. It is p~rticularly well-

developed in Blocks 1 and 2 in 1 Zone and in 2 Zone 

Upper. The interval between the BDM and the LDH is 

dominated 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 skeletal 

components and the rocks are medium to well-sorted. These 

are regarded as high-energy, shallow-water deposits 

(Bathurst, 1975) and the allochems are frequently 

abraded. 

3.2.8 .4 Lens Interval (LDM/LDQ-L8M) 

West (18 to 20m thick) 

Overlying the micrites is a section of the stratigraphy 

characterized by three dull, medium 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 Lower Sandstone (8LS), and the Lower 

8~a=n_d_s_t_o_n~e~~M~a~r~k~e~r~ (L811). They are all similar in 
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appearance, but the L8M has a greater silt/sand content~ 

The 8L8 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 

angle. 

the 8L8 

is knife-edge, often cross-cutting at a low­

This contact is possibly erosional. The L8M and 

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 L8M 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 250~m in size, similar 

to those in the 5 lens dolomites. The detrital material 

is medium to fine sand-size: Under 'cathodoluminescence 

the quartz grains ~xhibit a Violet luminescence, typical 

of an igneous source (Miller, 1985). Pressure solution 

contacts are found between the dolomite and the quartz 

grains which implies that the dolomitization took place 

during the diageneSiS of the host rock, ie prior to 

diagenetic pressure solution events and the total 

lithification of the rock. Calcite is found within the 

dolomitized rock and represents remnants of the original 

carbonate. The 8L8 and LDQ are similar to the L8M 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 light grey calcarenites, 

usually oolitiC, and buff-coloured, sil~y dolomites (LDM 

sandstone and the 8L8). Between the base of the L8M and 

the 8L8, the calcarenites contain 3 or 4 distinct 

brachiopod-dominated bands, which are used as a marker 

(BM1). A second brachiopod marker, (BM2) is located 10 

to 12m above the base of the LDM 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 western mine area (Fig. 3.3). 

3.2.9 3 Lens Interval (L8M-NOD) and the 

microconglomerates 

West (27-35m thick) 

Above the L8M 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 3.9a-b). 

Graded bedding has been observed in some holes. 
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The Silty argillaceous horizons vary in thickness from a 

few 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 ureillites from one 

hole to another. The carbonate content is low and these 

lithologies are dominated by terrigenous input, although 

some contain abundant fenestellid and crinoidal debris. 

The basal 8-10m of the unit is dominated by the 

microconglomerates, and the contact between this and the 

L8M below is sharp. The LSM 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, 

echinoderms, algae, bryozoa and ostracods. The 

brachiopod shells are up to 1cm in length and 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 shows 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, oolitic 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 

in appearance (Plate 3.10). The NOD is a-12m change 

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 muddy 

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 all sections studied and crinoid ossicles 

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 implies that a major facies change exists 

between the two areas in thiS section of the stratigraphy 

(Fig. 3.1). The L8M is thicker here with a gradationil 

upper contact. The interval above is made up of a 
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monotonous sequence of oolitic calcarenites (packstones 

to grainstones), 

horizons. Towards 

with minor dolomitic, sand-rich 

the top, 10m 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 type of lithology 

discontinuously developed 3 to Sm below this. The top 3 

or 4m of the 3 Lens interval is characterized by pale 

grey, "clean", oolitiC limestones similar to those 

directly below the NOD in the west. 

The Nodular Marker is also substantially thinner in the 

east averaging 4 to 8m. 

3.2.10 1 Lens Interval (NOD-UDM) 

(55-85m thick in the west, 48-55m 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 0.8m thick) separated by 

a muddy calcsiltite. The entire thickness of the UDM is 2 

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

of two main lithological units: 

A lower unit is comprised of medium to light-grey, 

"banded", coarse, bioclastic calcarenites (grainstones) 

which are thickly bedded and dominate the 1 Lens intervil 

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 fewer 

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, however 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 muddy 

wisps and not dissimilar in parts to the NOD. Biodebris 

is scattered throughout and consists of echinoderms and 

brachiopods. Approximately 20 to 22m below the UDM at the 

base of the upper unit, there is a 2 to 3m thick horizon 

which is characterized by an increase in the amount of 

muddy WiSps and is packed with small echinoderm 

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

basal contact is usually sharp with coarse calcarenites 

below continuing down to the NOD. 

In the upper unit, a concentration of finger bryozoa up 

to 1. 2m th ick, the Lower Bryozoa Harker (LBY) , is a 

pervasive marker horizon 14-16m below the UDM. The 
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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 h~ngingwall of the 

uppermost mineralization in 2-1 Lens. 

3.2.11 Upper Pale Beds (45 to 55m thick) 

The Upper Pale Beds above the UDH are up to 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 horizon is a 

pale, calcareous or dolomitic sandstone which occurs 14 

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

Harker (USH). This sandstone is 4 to 5m thick and is 

cross-bedded (Plate 3.12). Soft-sediment fluidization or 

liquefaction structures are observed. Thin sections show 

that it is made up of 50-60% quartz" 30-40% feldspar and 

10% calcite. Other less well-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 unit 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, 'calcsiliites and "shale or 

argillite horizons, with lesser amounts of sandstones. 

These are termed the Shaley Pales (Philcox, 

be up to 110m thick; however they are 

cut out at the main erosion 

1980) and may 

almost always 

surface, and incomplete, 

pervasively faulted, and correlation between adjacent 

holes is only POSSible using sections of the sequence 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 0.5m thick and divided the 

overlying lithologies into the Lower, Middle and Upper 

Shaley Pales (LSP, MSP and USP respectively). 

The Lower Shaley Pales are typified by cycliC units 

conSisting of a pale sandstone base, a muddy or Silty 

calcarenite in the middle With local argillite 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 Middle Shaley Pales are dominated by dark, 

fossiliferous argillites and muddy calcarenites, With 

fenestellid bryozoa, brachiopods and crinoids. A marker 

horizon termed the Upper Bryozoa Marker (UBY) occurs 

about 7m above the base of the MSP and is characterized 

by an abundance of encrusting-type bryozoa over a 0.2 to 

0.3m interval. The top of the MSP is usually marked by a 

discontinuous, pale, micaceous, quartzitic sandstone; 

however 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) 

(S0-250m 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 to 2cm in 

length. 
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3.2.14 Waulsortian ."Reef" Limestone (WRL) 

(up to 200m 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-west of the main mine area. It is 

composed of light grey micritic limestones with 

characteristic development of stromatactis and is similar 

in appearance to the better-developed, thicker 

Waulsortian mudbanks elsewhere in the Midlands (Lees, 

1961; 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 erosional/slump surface whiCh 

cuts down 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 is 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 unconformity, or 

49 



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 "Reefl! 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 the stratigraphy as 
" 

far down as 5 Lens in parts of 2 and 3 Zone (Fig. 3. 1) , 

and the Boulder Conglomerate is substantially thicker 

than in the west. Angular blocks of Waulsortian mudbank 

>5m in diameter have been observed in underground 

headings and for this reason it is difficult in some 

surface holes in the west to establish whether 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 contains 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 Be grades up into the overlying Upper Dark Limestono~ 

which are made up of interbedded calcarenites and 

argillites (Plate 3.13). The bed thickne~s'varies from 2-

3m to less than 0.5m. 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 

surface/Be. 

frequently 

over topographic lows in the erosion 

Thin framboidal pyrite -laminae are 

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 in the UDL and more recent stratigraphic 

correlation by Philcox (1989) has shown 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 ~ip towards the 

west. 

3.3 LATERAL VARIATIONS IN THE STRATIGRAPHY ACROSS 

THE DEPOSIT 

3.3.1 Introduction 

Detailed logging 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/Muddy 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 100m. Tidal channels 

are common in the tidal flat environment and are up to 

15m deep in modern examples (Shinn, 1983). The width of 

such channels varies from around 50 to >100m. 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 HL contains up to 18m 

of microconglomerates and these die out into the central 

mine area (Figs. 3.3-3.5). 

3.3.3 The Micrite 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. 3.3-3.6). 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 two 

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 3.6). 

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 LSM to 

the top of the ML towards the west, 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 is 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 

"belts" of thinn~d micrite in the west (Fig. 

attributed to faulting even although only 

unfaulted holes were used in the contouring. 

trending faults in the main mine area can be 

into these "belts". 

trending 

3.6) are 

apparently 

Similar 

extended 

The LDM is absent from the western mine area and from 

compilations of data from drillcore it may be seen to die 
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out along a line running NNW-SSE,' which is roughly 

parallel to the thickening of the micrites (Fig. 3.5). 

The siltstone unit of the LDH is 5 to 6mthick 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 calciruditos would suggest 

that it is the result of some form of terrigeneous 

incursion 

proposed 

into the system and Andrew and Ashton 

a deltaic origin for the LDM. The 

(1985) 

LDM was 

correlated with a dolomitic horizon in the western mine 

area termed the LDQ by mine geologists, but it has become 

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 westwards. The trend of the 

maximum 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 west (Fig. 

3.8>' 

a) Contouring of the thickness of the Micrite Unit by 
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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 cutting down into the 

micrites. They cited the presence of Iligh-energy coarse 

bioclastic, sparry calcarenites and a deltaic incursion 

in the form of the LDM 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 da~k, black/green 

shale bands up to 5-10cm thick (FigS •. 3.1, 3.3 and 3.4). 

These shales are approximately ~tratigraphically 

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 BDM 

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 is less attractive. The 
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increase in the thickness of the interval between the top 

of the ML and the base of the LDQ would suggest that 

thicker sediments accumulated towards the west, possi~y 

as a result of a gentle slope in that' direction (Fig. 

3.8). The low-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 19 horizons containing an 

abundance of micritic intraclasts up to 2cm in diameter 

are found. These are interpreted as' rip-up clasts from 

the central mine region which are iransported and re­

deposited down-slope towards the west. However, the 

abundance of birdseyes in the micritesare a feature 

characteristic of inter-tidal deposits, and oolitic 'and 

bioclastic calcarenites are more typical of subtidal 

carbonate deposition, io the opposite of that expected 

from a gentle slope towards the west (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 and are often succeeded by oolitic limestones 

(various papers in Andrew et al., 1988) would imply 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 is favoured to explain the lateral 

variations in the Micrite Unit. 
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3.3.4 3 Lens miCroconglomerates 

There is clearly a major change in the depOSitional 

environment toward~ the west between the base of the LSM 

and the NOD in the form of microconglomeratesl 

calcirudites inter-digitated with dark, silty argillites 

(Figs. 3.3, 3.4 and 3.9). The limit of the 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 down and remOVing oolitic calcarenites towards 

the west, and the resultant depOSition of coarse 

microconglomerates 

within individual 

on top of this surface. The grading 

units in the microconglomerates 

suggests that they were laid down 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 variations 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 between the micro-

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

3) an onlapping effect between the microconglomerates 
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and the calcarenites (Figs. 3.4 and 3.9). In the 

west, the microconglomerates lie directly on the 

LSII. Passing eastwards, they are developed about 5 

to 8m above the LSM as a single 3· to 5m 

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. silty bands in the west 

grade laterally into muddy/silty calcsiltites 

separated by oolitiC layers. 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). 

4) fragments of mineralization in intraclasts in the 

microconglomerate (Fig. 3.9). 

5) micrite clasts within the microconglomerate indicate 

erosion of the micrites in the vicinity. 

Microconglomerates directly overlie an erosional 

surface at th~ top of the micrites at Tatestown 
, . 

(Andrew and Poustie. 1986) and therefore the micrite 

clasts may have been derived from this area. ie NW 

of Navan. A NW derivation is con~istent with the 

facies trends at Navan and the channel feature may 

have extended along thiS trend from Navan to 

Tatestown. 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 Bed~ suggests spring or storm 

tide deposition in a tidal flat environment (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 burrowing organisms would 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 muddy 

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 were 

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 CR. 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 in 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., 

1983; 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 significant 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 microcong1omerates in the 

western mine area in the Muddy Limestones and the Pale 

Beds, but also gave rise to a marked th~nning of the Pale 

Beds micrites in the central mine area. 

A major change in the depositional environment marks the 

onset of the Shaley Pales and ABC, With an abundance of 

argillite in a deeper water environment. 

The overlying Waulsortian "Reef" limestones are 

characteristic of deep water, carbonate deposition and 

indicate water depths approaching 300m (Lees and Hiller, 

1985; Hi 11 er, 1986) • The Bou lder Conglomerate was 

deposited as a submarine, debris flow (Boyce et al., 

1983) and was the result of instability, probably 

associated with extensional syn-depositional faulting 

(Ashton et al., 1986) which led to a deeper water 

environment. The succeeding thick Upper Dark Limestones 

were laid down as well-bedded, calc-turbidites, and 

represent carbonate slope deposition, by modern analogue, 

probably in water depths greater than 500m (HcIlreath 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 

of shallow water carbonates (Pale Beds), 
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evolution of the carbonate bank from a ramp 

through the Courceyan to the Arundian similar 

described by Gawthorpe (1986) for the 

to slope 

to that 

Dinantian 

carbonates in the Bowland basin. In the Bowland BaSin, 

the carbonate facies and facies associations in the 

Courceyan to early Arundian indicate two 

depOSitional enVironments, with evolution 

distinct 

from a 

involVing depOSition of bioclastic carbonate ramp 

wackestones and packstones with lesser mudstones in a 

shallow marine environment (75-100m below sea level), to 

mudstones, calcarenites and debris-flow breccias and 

conglomerates depOSited on a carbonate slope. 

3.5 CONCLUSIONS 

1. The Lower Carboniferous limestones in the Navan mine 

area crepresent shallow water deposition in the 

Courceyan carbonates 

lithologies, which 

including the 

grade up into 

ore-hosting 

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 with the depOSition 

of a debriS flow conglomerate on top. The Pale Beds 

hosting the mineralization were deposited in a 

shallow marine environment whiCh varied from 

supratidal to SUbtidal/bank margin, dominated by 

micrites and oolitic/bioclastic packstones to 

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

detrital s i 1 t content than the surrounding 

limestones. 

3. The lithologies vary across the mine area and there 

are major differences in the stratigraphic sections 

between the western and central mine areas. 

can be summarized as:-

These 

Western 

a. Overall thickness of 

the 1 Lens interval is 

50-80m and reaching 85-

70m in the far west. 

b. Microconglomerates in 

the 3 Lens interval, 

deposited on an erosional 

surface/channel towards 

the west •. 

c. LDM is absent, however 

there are shale bands in 

the micrites at approxim­

ately the same stratigra­

phiC level. 

d. Thick micrites, usually 

greater than 45m, and in 

places greater than 80m. 

84 

Central 

Constant thickness of 

around 48-55m. 

OolitiC sections. 

LDM with up to 8m of 

siltstone at the top 

of the 5 Lens. 

Thin micrites, often 

less than 2 or 3m. 



e. An erosional feature' 

(channel) cutting into 

the Laminated Beds, with 

thick Muddy Limestones 

containing microconglom­

erates deposited on top. 

Laminated Bedssucc­

ession complete. 

4. Major facies variations trend NNW-SSE and can largely 

be explained by a depositional environment in which 

tidal channels 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 Micrite 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) were 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. la-b). 

The calcite cements are precipitated in the pore 

surrounding the allochems but are also deposited 

brachiopod shells where the original fibrous 

structure has been dissolved out; the shell 

space 

within 

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 (CLl, the calcite cements show 

a more complex pattern of 

Plates 4.2b, 4.3b, 4.4b, 

deposition (Figs 4.2-4.3; 

4.5b, 4.6b and 4.7bl. 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 bl (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 best 

developed as large crystals in the first generation of 

syntaxial overgrowths on echinoderm fragments (Figs. 4.2-

4.3; Plates 4.2b, 4.3b, 4.4b, 4.5b, 4.6b and 4.7bl. In 

some cases the bladed crystals grade into a granular or 

mosaic-type crystal growth at the base of the crystal 

exhibiting the same luminescence. Where the overgrowths 

on the echinoderm debris are well-developed the same 

generation rims on the ooliths are almost absent, 
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implying 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 growths on the earlier rimming 

cement around the allochems and as subsequent overgrowths 

on the echinoid debris (Figs. 4.2-4.3; Plates 4.2b, 4.3b, 

4.4b, 4.5b, 4.6b and 4.7b ). In the latter case it forms 

as the "contouring overgrowths" described by Walkden and 

Berry (1984). The zoned calcite grows 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 however, the later zones exhibit brighter 

luminescence with the outermost zone always bright yellow 

luminescent. 

Stage c) medium yellow luminescent calcite represents the 

last stage of calcite depOSition and often infil1s 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 however, there is a 

final stage of cementation in the form of ferroan 

dolomite. 

Stage d), where present, occurs as well-developed rhombs 
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of non-luminescent ferro an dolomite precipitated as a 

final cement infilling remnant porosity left after c) 

above (Fig. 4.3). The lack of luminescence is consistent 

with the ferroan nature of the dolomite. 

There are therefore 3 stages of calcite cement, with dark 

to non-luminescence in the earliest s~age and brighter 

luminescence in the later stages. Luminescence in 

carbonates is controlled by the presence of manganese and 

iron (Mn 2+/Fe2+ ratio; Frank et al., 1982) with the Mn2+ 

as the activator and Fe 2+ as the inhibitor of 

luminescence (Long and Agrell, 1965; Sommer, 1972). The 

pattern of luminescence observed would therefore suggest 

that the Mn 2+/Fe 2+ ratio increased with 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 (Miller, 

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 

change in 

calcite, can be explained in terms 

the redox state of the cementing fluids 

of a 

from 

the oxidation zone down through to the sulphate-reduction 

zone (Frank et al., 1982; Miller, 1986), Within the 

oxidation 

and Mn""+ 

lattice 

content 

zone, the manganese ions are present as Mn 3 + 

which cannot be incorporated into the calcite 

(Miller, 1986) and therefore the low manganese 

of the calCite would produce little or no 
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luminescence. A change to more reducing conditions 

(sulphate-reduction zone) would convert Mn4+ -) Mn 2 + and 

any Fe 2 + would possibly be incorporated into pyrite, thus 

a high Mn 2 +/Fe 2 + ratio would result in a brighter 

luminescence. The zoning within the Stage 2) calcite 

cement 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 overgrowths 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 

(Chapter 3, 

lithologies are present in the stratigraphy 

Sections 3.2.7, 3.2.8 and 3.2.10) and it is 
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apparent in, drillcore that there are" two types of 

dolomite. The first is typified by the LSM, SLS and 

several horizons in the 5 Lens interval, and occurs as 

bedding-parallel, pale-dull dolomite (usually 2-4m thick) 

with little or no internal structure observed. These 

dolomitic horizons are characterized by a higher detrital 

silt content than typical calcarenites in the 

stratigraphy (Chapter 3, Sections 3.2.7-3.2.8). The 

second type of dolomite isa more pervasive form of buff­

coloured dolomite Which may be up to 50m 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 

3.2.10). It is not in close prOXimity with economic 

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 dolomitizingevents or 

stages can be established which shows 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 brown/red 

luminescence and is a mosaic dolomite. The rhombs have 

dissolved or corroded edges. ThiS stage often comprises 

up to 55% of the rock. It has an inclusion-rich, cloudy 

appearance and is slightly ferroan. It formed 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, barite, and occasionally 

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

(Plates 4.9a-b). 

Stage 3) dark/bright red luminescent dolomite. Usually 

there are 2 dark zones separated by a bright red one. 

This is precipitated in veins which cut both Stages 1) 

and 2) and is also preferentially deposited in small 

pockets 

(Plates 

or vugs within the matrix material as 

4.9a-b). ThiS stage corresponds to 

which post-dates the calcite cements. 

a cement 

Stage d) 

Stage 4) late-stage, bright yellow, blotchy luminescent 

calcite, which is closely correlated with Stage 3) and is 

found following the same veins and dissolving the 

dolomite (Plates 4.9a-b). ThiS stage is also deposited in 

the vugs that contain the last stage of dolomite 

deposition. 
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It is 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 

between 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 single event. There is 

an early dolomite which pre-dates sulphides 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) 

cements. 

4.4.3 Pervasive, pitted dolomites 

A comparison with holes that are undolomitized suggests 

that 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.l3a-c and 4. l4a-b: 

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

luminescent dolomite (Plates 4.10b and 4. llb). 

Stage B) bright orange/yellow 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, however 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 St.age 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 growth (Plates 4. 10b and 

4.11b), ~mplYing 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 luminescent dolomite has not been seen 

elsewhere. The bright orange/yellow zone has undergone 

neomorphism and there are numerous, minute rhombs which 

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 luminescence, although Stage A) is slightly 
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brighter. 

Stage C) coarse, ferroan dolomite deposited as a cement, 

which is dark luminescent with one or two distinct bright 

red zones (Plates 4. llb and 4. l2b). In transmitted light, 

stained sections have zones Which are non-ferroan and 

which correspond to the bright red luminescence. ThiS 

dolomite is depOSited in small spaces left after Stages 

A) and B), but is best developed in larger vugs up to 2cm 

across, where it is precipitated on the margins and may 

form crystals up to 2 or 3mm in length (Plates 4. l2a-b). 

In these vugs, crystals of honeyblende sphalerite are 

depOSited prior to Stage C) dolomite. Stage C) is 

correlatable with Stage 3) in the Silty dolomites. 

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), ie there is pre and post­

ore dolomite. However, the sulphides are honeyblende 

sphalerite with occasional pyrite, Which represent 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 

event, 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 t the 

early Fe-poor dolomite exhibits' bright 'orange/red 

luminescence as expected and the ferroan dolomite rhombs 

are dark luminescent (Plate 4.13b). It would 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 is the presence of well-developed 

authigenic quartz overgrowths on detrital grains. 

Inclusions'within the quartz overgrowths are medium­

bright yellow luminescent calcite implying that the 

silicification' pre-dated' the dolomitization (Plate 

4.14bL 

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 5 and 4 Lens 

intervals dominated by oolitic and bioclastic 
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calcarenitei, have been partially replaced and ceme~ted 

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 were examined under CL and each example 

exhibits a different diagenetic sequence. All 3 examples 

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 micro­

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 dark/bright red luminescent cement. The dark 

luminescent dolomite is fine-grained although it 

still forms well-developedrhombs, and occurs as a 

replacement of calCite cement. The allochems show 

only slight signs of dolomite replacement. ThiS 

dolomite has obliterated any texture in the cement, 

although traces of original calCite are present 

Within the dolomite. The dolomite is encroaching on 

the allochems but has beell arrested. The dolomite 
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correlates with Stages 2) and 3) in the- silty 

dolomites and partly with Stage B) in the coarse, 

vuggy dolomites 

Quartz grains have non-luminescent silica overgrowths 

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 cuts the dolomite and 

dissolves it. Micro-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 bryozoa) 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) , 

78 



c) Neomorphism of the original calcite cement 

uniform, bright yellow luminescent calcite. 

4.4.5 Summary and correlation of dolomitization 

by 

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 

prec ipi tated (Stage 1, dull luminescent) 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 commonly zoned. 

There is often a major dissolution/corrosion of Stage 1) 

prior to subsequent generations. Any sulphides were 

depOSited during Stage 2). 

In the more pervaSive dolomites, the earliest stages of 

dolomitization also formed as replacements (Stages A and 

B), however the relationship between 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 is pre and post-sulphide dolomite, however due to 

the lack of ore grade sulphides in these rocks it is 

impossible to say whether the replacement dolomite 
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(Stages A and B) formed prior to all the mineralization 

or just the late-stage honeyblende. Coarse honeyblende 

sphalerite also occurs in NW-trending calcite joints 

interpreted as Hercynian in age (Andr~w and Ashton, 

1982), WhiCh cl~arly 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 vugs. 

The timing of the early replacement dolomitization in the 

western mine area away from the economic mineralization, 

although pre-dating the h9neyblende, is therefore 

uncertain., However, there are two POSSibilities: 

1) The vertically extensive dolomite replacement 

restricted to the western mine area, and that in the 

bedding-parallel, Silt-rich horizons throughout the mine 

area, occurred synchronously. If the honeyblende 
, . 

sphalerite in the vugs which post-date the replacement is 

regarded 

sulphides,' 

as synchronous with that in the massive 

then contemporaneous dolomite replacement 

could not be ruled out. Relationships between the massive 
c::' 

dolomite replacement in the western area and the 

selective, bedding-parallel replacement in the main mine 

area, would suggest that the dolomitizing flUids arose in 

the west, replacing entire sections of the stratigraphy, 

and migrated along silt-rich, bedding~parallel beds of 

enhanced perme~bility towards the central mine area. If 

the massive replacement dolomitization in the 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 tho ~lratigra~hy in the western mine area dominated by 

oolitiC and bioclastic grainstones occurred at different 

time (later) than the pre-mineralization dolomite 

roplacement in the silty horizons, and was pOSSibly 

gonetically related to the mineralization. ThiS 

interpretation is supported by the presence of a similar 

style of massive dolomitization to that observed at Navan 

in Pale Beds-hosted prospects in the general viCinity of 

the Navan mine (for example, the mineralization at 
, " 

Clonabreeny, Moyvoughly and Sion Hill)" and implies a 

genetic association between mineralization and the 

dolomitization. Ore-grade mineralization is absent from 

the pervaSively dolomitized rocks in the western mine 

area. At Sion Hill, " the mineralization is best 

developed in undolomitized rocks, and the more intense 

the dolomitization, the less chance that the rocks are 

mineralized ••• " (Geological Survey of Ireland, Open 

Files). Massive, replacive, ferroan dolomite is observed 

at Moyvoughly, where there are " ••• significant are 

deposits above and below the dolomites, but only small 

amounts actually within them ••. " (Danielli, 1983). 

The latter interpretation is favoured with the pervaSive 
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early replacement dolomitization in the western mine area 

being related to the mineralizing event and therefore 

post-elating the pre-mineralization dolomitization of the 

silt-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) dolomite preCipitated 

prior to the mineralization (Section 4.4.2). The 

processes 

world have 

and problems of dolomitization throughout 

been the subject of much speculation 

the 

and 

debate and are not fully understood (Hardie, 1987). The 

follOWing section is not primarily concerned With the 

origin .of 

features 

dolomites, 

observed 

mineralization. 

but is an attempt to . assess 

at Navan in relation to 

4.5.1 Early replacement dolomite in the bedding­

parallel. silt-rich horizons prior to the 

mineralization (Stage 1) 

The Stage 

interrretod 

detrital 

1) dolomite described in 

aa being preCipitated 

silt-rich calcarenites 

mineralization. 
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Dololnito formation can occur without difficulty at 

elevated temperature, . ie 

,reluctance to form at say 

100°C, as opposed to its 

25 0 C (Hard ie, 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, 

1987) • 

Models for early diagenetic dolomite formation have 

centred on 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 woaknesses in both 

of these models. 

A deep burial .diagenetic model whereby compaction of 

sediments during burial results in the expulSion of pore 

water. has been proposed by Mattes and Mountjoy (1980). 

The ClAY minerals in shale sequences undergo 

In itlern.l ugica 1 changes dur i ng increased bur i a land 

compaction that can result in release of water and 

magnesiuln, which migrate and become available for 

dolomitization. At Navan, the carbonate sediments were 

semi-lithified in many cases during mineralization 

(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 sulphate-reducing . 
bacteria, With later meteoric overprinting due to Uplift. 

The bacteria reduce the sulphate to sulphide, thus 

lowering the sulphate concentration in the seawater. 

Baker and Kastner (1981) demonstrated experimentally that 

sulphate ions inhibit dolomite formation, using the 

Holocene Abu Dhabi sabkha dolomite and low-sulphate 

groundwater brinos as support for their experimental' 

observat ions'. Hardie (1987)'has pointed out that many 

modern sedimentary dolomites are forming from brines with 

sulphate concentrations up to 70 times that of seawater 

and casts doubt over the validity of the Baker-Kastner 

mode 1. 

A shallow burial origin for dolomite has also been 

invoked by Burns and Baker (1987). They calculated that 

the maximum depth for dolomitization in the Miocene 

Monterey Formation of California of rocks containing 10-

20% dolomite, was within the uppermost few metres of the 

sediment column. 

Bird at al. (1987) recognised three distinct types of 

.lnlomit.e in Dinantian limestones in SE Wales, with' the 

earlie!;t dolomite (3-15~m in diameter) formed by 

replacemont 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 barr~ers to dolomite 

formation. Dolomites that are regarded as beine related 

to hydrothermal ore deposition, for example in HUT 

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 ~m 

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 e), 

especially where preCipitated in vugs in the rock. At 

thiS pOint it is 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 MUT 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, 1980). 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 evaporite dissolution (Beales, 1975; Beales 

and Hardy. 1980). Traces 0 f res idua 1 bitumen are common 1 y 

found and are probably best-developed in the Pine Point 

depos i t (Macqueen, 1986; Macqueen and Powe 11, 1983) • 

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 H2 S (Beales and Hardy, 

1980; Macqueen and Powell 1983; Powell and Macqueen, 

1984). ThiS can be expressed by: 

In the presence of aqueous magnesium thiS becomes 

2"CH." + 2CaSO.2- + Mg2. => 2H 2S + CaMg(C03) 

+ Ca 2 • + 2H;zO 

Machel (1987) has advocated the formation of saddle 

dolomite in a Devonian reef in Alberta by thermochemical 

sulphate reduction and chemic~l compaction at 
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temperatures in excess of 110°C during deep burial. 

Although there are no sulphides present, this 

illustrates a requirement of elevated temperatures 

the formation of saddle dolomite. 

again 

for 

The late 

post-date 

crystals 

stages of dolomite at Navan, which 

the sulphides and in places form 

may therefore be associated 

generally 

saddle-type 

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, however 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 

formed 

therefore appear that these dolomites were not 

by interaction between 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 Mg-rich flUids represent the 

waning stage of the ore flUid during hydrothermal 

convection. 

4.6 CONCLUSIONS 

The diagenetic history of the ore-hosting succession 

involved initial cementation of the limestones by a 

sequence of calcite cements. Dolomitization of bedding­

parallel, Silt-rich horizons occurred by initial 
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diagenotic 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 ~ntire sections of 

the stratigraphy in the western mine area (dominantly in 

the 3 to 1 Lens intervals) formed by initial replacement 

and later cements. 

correlated with 

Although the last stage cement can be 

the that in the bedding-parallel 

dolomites, the earlier replacements in the two 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 sulphides observed underground and in 

core/handspecimen are combined with detailed petrographic 

examination of the variOUs forms of mineralization, so 

that the processes of ore deposition might be understood. 

ThiS is essential' as a foundation for the sulphur isotope 

study. There are eight main styles of mineralization in 

the Pale beds, which are (not neccessarily in order 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/sphalerite/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) Massive sphalerite and galena fracture-infill and 

replacement in (central) 2-5 Lens (Section 5.6) 
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6) 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 

Conglomerate 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 

continual processes Which led to 

superimposition 

formation of 

of 

the 

mineralized section. Samples were 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 (Scm 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 
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was studied in detail in 2-1 Lens (204-206W, 1345 level 

and 222W, 1315 level), 2-2 Lens (W20S-W40S, 1285 level) 

and 2-3 Lens (240N, 1375 leve 1 ) . I t cons i sts of layered 

sphalerite-rich sulphides which exhibit a bedding­

parallel 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 structures (Plate 5.2). For this 

reason, although a horizon in which this texture is 

eVident may be traced for distances of up to ten metres 

or more, individual layers often cannot be continually 

traced over distances greater than 1-2m. The layers are 

generally pale brown; many have a darker brown/orange 

margin either at the top or bottom of the layer (Plate 

5.3). Sulphide/host 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 

fashion both 

replaced· the carbonate 

upwards and downwards 

in a symmetrical 

from a permeable 

layer, possibly formed during early carbonate diagenesis. 

These sphalerite layers exhibit the change from a dark 
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brown/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 new 

generations of ZnSformed in a similar manner. The. 

resulting bands of sphalerite ,are disrupted and often 

have a buckled or compressed appearance, ,possibly 

indicating" that they were in a "semi-lithified state 

(Plate 5.4). 

EVidence for the processes involved and the timing of 

thiS replacement is found in thin sections prepared from 

both massive horizons and lower grade, more isolated 

layers. Thi~ '~eveals that much of the sp~alerite is made 
.', 

up of fine grains but that it also ocurrs as replaced 

carbonate debris (allochems), for which the term 

"sphaleritized allochems" Will b~ used throughout the 
, 

text. The sphalerite pseudomorphs and preserves the 
, . 

original carbonate structure in biodebris, although the 

degree of preservation varies (Plates 5.5a-c). Oolites 

and pellets are also commonly replaced, but internal 
" 

structure, 1e radial or concentric fabric, is not clearly 

retained (Plate 5.5a). Algal borings were found in one 

smal,l area within sphaleritized pellets, which implies 

that some diagenetic ,processes had occurred in the 

carbonate before ZnS precipitation and replacement. 

This l~yered sulphide is therefore interpreted as the 

result of very delicate sub-seafloor replacement. 
'p • I I 

EVidence for the early timing of some of this replacement 
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can be seen in one section where replaced ooliths have a 

rimming-style sphalerite coating and a later, blocky 

sphalerite infill (Plate 5.5a). The rimming .phalerite 

appears to occur as a primary cement prior to development 

of any carbonate cement, rather than as a replacement 

fabric, although it could be argued that if the ZnS 

pseudomorphs the allochems so well then the cements could 

also have been perfectly pseudomorphed. However, the 

blocky sphalerite was deposited as an open space growth 

and implies that the replacement occurred prior to all 

the calcite cements. Also, in unreplaced bioclastic 

carbonates directly above or below the sulphide the 

allochems often show an open-packed relationship and. do 

not exhibit abundant pressure solution contacts (Plate 

5.5d). The sphaleritized allochems however,are much more 

closely packed and pressure solution contacts are 

commonly observed (Plate 5.5c). ThiS is consistent with 

replacement of semi-consolidated, uncompacted carbonate 

debris as opposed to lithified rock, as replacement of a 

cemented rock be expected to produced open-packed 

sphalerite allochems. 

Replaced ooliths occur in the layers which have a ~arker 

sphalerite base and become paler upwards. It is eVident 

in thin section that the darker colouration is due to the 

fact that the allochems are totally replaced and there 

are subsequent rimming sphalerite cements around the edge 

of the layers, whereas 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 granular 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 containing 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 some 

sulphide preCipitation occurred within small, originally 

horizontal bedding-parallel veins after the sphalerite 

replacement. These are tabular, usually only a few 

centimetres to a few tens of centimetres in length, and 

layers of host 

bedding-parallel 

rock may contain several 

veins (Plate 5.7). The 

isolated 

maximum 

thickness of these structures where seen in entirety is 

approximately 5-6cm and they are commonly 20-30cm 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 calcite/dolomite With occa~ional 

barite is the last stage of infill. The calCite and 

dolomite are tho same generation as the last stage 

ca lc i te and' do lorn i te 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 

textures in the sulphides were mainly Disruption 

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 within 

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 into 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 complex 

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 between 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 narrow, 

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. 

5.10). The disrupted clasts often have small geopetal 

sphaleite sediments subsequently ,precipitated on their 

top surfaces (Plate 5.9). 

5.2.3 Intrepretation 

There is a close association between processes of 

bedding-parallel replacement, ~nd open-space, vein-type 

deposition of sulphides in a semi-lithified carbonate, 

initiated With the formation of permeable horizons 

parallel to bedding 

mineralizing solutions 

which were exploited by 

and presumably enlarged. 

the 

The 

layer-parallel mineralization formed by a combination of 

3 processes: 

1) Prior to the mineralization, diagenetic porosity 

formed in the sediment enhancing th~, permeability. The 

origin of these open spaces is uncertain but many major 

sulphide horizons occur at the contact between underlying 
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limestones and overlying silty dolomitic lithologies. 

Differences between the two lithologies, such as state of 

lithification, may have been sufficient to initiate the 

formation of small spaces, which were 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 horizons 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, 1982; Wallace, 

1987). 

2) The rate of dissolution of the limestone was 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 diSSolution/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: 

Zn 2 + + HzS => ZnS + 2H+ ( 1 ) 
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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 replaced calcite allochems and 

so layers with an abundance of allochems would have been 

preferentially replaced. Prior to sulphide deposition, 

where there were 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 

between 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 Which the ore fluids 

passed along and precipitated sphalerite by replacement. 

Minor amounts of ZnS 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 ZnS 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) where it occurs directly above a massive sulphide 

horizon (Plate 5.10). 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 galenal 

sphalerite veinlets are surrounded by a halo of fine-

grained sphalerite penetrating into the host rock 

(Plates 5.11a-b). The sphalerite around the veinlets has 

a granular texture with 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). 
u 

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 ~m in diameter), however is poorly developed directly 

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 dolomite 

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 

S.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; 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 mineralization. The 

relationships between sphalerite, dolomite and quartz are 

illustrated in Fig. S.12b. 

Where thiS style of mineralization is most 

developed. there are two different mineral 

dolomite-quartz-sphalerite-barite, and 
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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 t quartz, sphalerite and 

barite (Plate 5.12). This is an in-situ brecciation 

probably due to differences in the degree of 

consolidation between the two assemblages. 

5.3.2 Interpretation 

ThiS style of mineralization was deposited in 

calcarenites which had been partly dolomitized prior to 

the mineralization. Dolomitization had not obliterated 
, 

the original allochems and they were partly preserved by 

the later sphalerite. Sphalerite was precipitated by 

replacment around narrow veinlets With galena and 

sphalerite deposited 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 Introduction 

More massive replacement mineralization than previously 

described and one of the distinctive textures in the 
, 

depositt consists of coarse contorted galena bands and 

aggregates associated 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 

(W20S-W40S, 1285 level) and much of this section is based 

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

In underground headings the most striking feature of 2-2 

Lens is the massive nature of the sulphdes, with sharp 

contacts with the host rock. The hanging wall is the 

Nodular Harker and the footwall is an oolitiC 

calcarenite. Hinor 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 

infill and 

paragenetic sequence representing open 

replacement can be established. 

space 

Barite 

rosettes and laths, associated with fino-erained 

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 allochems (Section 

5.2.1; Plate 5.5c) and carry the implication 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 mud/silt-size quartz 

gralns are concentrated in ~ark seams, with pressure 

solution contacts between adjacent quartz grains. The 

detrital material has been squeezed aSide as the barite 

has grown by carbonate replacement. Very fine barite 

laths or needles in, layersdominate~ by mud-Size, 

detrital quartz, resulted from primary barite growth 

within porous detrital horizons. 

A complex 

produced a 

sequence of mineralization followed 

texture of coarse galena growths (bands 

and 

and 

contortions) in a "matrix" of sphalerite (Plate 5.13a). 

The galena occurs as layers/bands and aggregates of 

varying thickness (mm-3cm) and is highly contorted With a 

complex looped appearance, but is locally well-layered, 

resembling a symmetrical cockscomb vein growth (Plate 

5.15). The galena grew in open space in all cases. 

IndiVidual galena bands are asymmetrical and have grown 

as bladed crystals in one direction away from a 

substratum (Plate 5.15). IndiVidual bands often coarsen 

in the direction of growth With a fine base and a coarse 

bladed top (Plate 5.15). In hand speCimen, much of the 

galena occurs in a series of small, inter-connected, 

elongate cavities or pods Which often exhibit an 

irregular outline (Fig. 5.14). 

The sphalerite replaces carbonate as well as preViously 

depOSited barite, around the small cavities or pods, and 

is also prosent as crustiform overgrowths 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 to more than ten 

zones in places (Plates 5. 16a-c) . The zoning is best 

developed adjacent to the galena and is picked out by 

darker orange-red bands in a paler crysta 1. A thin 

reddened "halo" is eVident in the sphalerite at the 

contact With the base of a galena band and is due to a 

concentration of orange/red zones within the zoned 

sphalerite or else a dark orange generation of granular 

sphalerite (Plates 5.16c-e). This presumably reflects a 

change in the trace element content in the sphalerite 

associated with deposition of the galena. These well-

zoned crystals are thought to be the result of 

recrystallization of finer grained more 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 where a transition occurs 

from sphalerite crystals, in places zoned, into a form of 

rhythmic crust directly below 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 generatioqs however was not 

a continuous event as is eVidenced by local hiat,i"ses and 

diSSolutional contacts within the overgrowths (Plate 

5. 18c) • 

The small cavity structures were lastly infilled by a 

barite/detrital quartz mud with barite present as an 

intergrowth 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 paragenetic sequence as minor fractures in the 

galena. replacement of the sphalerite. and as localized 

small geop~tal 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. however 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 into the semi-lithified host material below 

(Fig. 5.15). There are two 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 shows that the limestone was not 

consolidated after the sulphide had formed, and host 

material was injected into the sulphide (Plate 5.20). 

b) At the HW contact in 2-2 Len~, an upper coarse galena 

band deforms a pressure-solution seam developed in the 

Nodular Marker (Plate 5.21a-b). This suggests that the 

galena was deposited prior to lithification of the 

overlying host material, and either the galena was 

buckled up into the lithifying sediments above or the 

sediments were compacted around the sulphide. 

The second posSibility is that the contorted appearance 

is the result of the galena being deposited as 

encrustations or linings on the margins of relic 

fragments of host rock within some form of cavity or 

breccia system (Fig. 5.16). This would be similar to the 

mechanism suggested by Sass-Gustkiewicz et ale (1983) to 

explain the galena textures in the Silesian ores, where 

the galena is envisaged 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 features and the lack of eVidence for relic clasts 

of host rock favours the former interpretation. Also, the 

locally well-layered galena with symmetrical cockscomb 

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 ~he 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 observation that the hanging wall is essentially flat 

or planar whereas the footwall is undulating and 

irregular) (Fig. 5.17; Plates 5.23a-b). The 

interpretation of some of these structures is equivocal 

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 

suffiCiently, 

the mine, but 

well formed 

extension direction. 

5.4.4 -2-5 Lens west 

the funnels 

to establish 

are seldom 

unequivocal 

A variation on the bedding-parallel, massive 

galena/sphalerite mineralization is observed in 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 growths.· 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 with the host rock are highly irregular but 

sharp, and the are 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 between dolomite and 

underlying calcarenite is 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 

(222W, 1315 

of mineralization was studied in 2-1 Lens 

level and 226-229N, 1435 

Lenses (252/2538, 1315 level and 224N t 

level), 2-3/2-4 

1435 level) and 

numerous localities in 1-5 Lens (see Section 5.5) 

In 1-5 Lens the mineralization occurs in the micrites and 

is considered in detail towards the end of thiS section 

Since a more cross-cutting style of mineralization is 

eVident. 

The bedding-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 lower contacts, often with a strongly 

undulating footwall containing depres~ions 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. 

Complex, 

locally 

chaotic assemblages of sulphide clasts with 

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 infi11 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' foim the space associated with 

precipitation 'of sulphid~s. This oft~~ occurred at thi 

contact between two strongly differing lithologies, a 

micrite or calc~renite and an overlying dol6mite. 

An important feature found in these areas is a very 

irregular .. lower contact and the presence of small, 

rounded depressions filled With a dark, laminated mud 

(Fig. 5.18; Plate 5.25)" ThiS argillaceous material is a 

non-calcareous, . quartz/feldspar sediment and 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 (Plate 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 aand-size layers paSSing upwards into 
. 

mud-Size horizons. Similar depreSSions and infill are 

observed on thin section scale with ~ knife-edge contact 

between argillite and oolitic calcarenites below (Plate 

5.26). Theoolttes are dissolved at the contact With the 

argillite. 

It is probable that thiS arg~llite 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 its 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) sediment 

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 firie silt­

size detrital quartz/feldspar. Graded bedding can be seen 

within both the quartz-rich material and to a lesser 

extent the sphalerite-domiriated layers, implying that 

there was 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 den~ity 

loading, and the layers are often disrupted (Plates 

5.28b-c). The quartz/feldspar-rich sedi~ent 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 is interpreted as being depOSited and preserved 
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within a form of cavity structure. 

Thin sections prepared from this sphalerite show that 

much of the mineralization is a microcrystalline sulphide 

mUd. A proportion is made up of a coarser, granular 

sphalerite occasionally intergrown 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 growth folds 

(Fig. 5.19). 

5.5.4 Complex, chaotiC sulphide clasts 

This term is applied to a complex assemblage of poorly 

sorted clasts of sulphide of sizes ranging from a few mm 

up to tens of em set in a matrix of fine quartz silt and 

mud (Fig. 5.20; Plates 5.31a-b). Clasts are clearly 

matrix 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: 
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(1) Layered and laminated sphalerite sediment 

(2) Clasts of host rock containing galena/sphalerite 

veining. 

(3) Clasts made up of barite rossettes 

(4) Fragments of a coarse, bladed galena (see later). 

(5) Clasts of ~phalerite 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 which 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 

veinlets 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 

existing spaces. 
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The sulphides -described so far only make up part of a 

mineral ized 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, 

solution growths. 

5.5.5 In-situ solution growths 

and- termed in-situ 

These appear as a 

sphalerite +/- barite. 

complex intergrowth' of . galena, 

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 minerals 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 sphalerite and subsequently remnant 

porOSity being infilled by honeyblende sphalerite 

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 

most 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 skeletal 

crystals grow and "fill-in" (Plates 5.33b-c). The 

dendritic forms are typical of dendritiC growths in other 

minerals (eg, silver) formed under experimental 

conditions (George and Vaidkin, 1981; Honjo and Sawada, 

1982; Hason et al., 1982). Rapid growth from a 

supersaturated solution and the resulting instablilty 

during crystal growth is the main factor attributed to 

dendrite formation, although incorporation of certain 

trace elements may have a poisoning effect and also 

result in non-cubiC growth. Rapid growth is thought to be 

due to rapid cooling (Honjo and Sawada, 1982; Jones and 

Kahle, 1985). In some sections there are clear 

indications where the skeletal crystals have started to 

"fill-in" and the result is a CUbic crystal. The 

dendrites can vary in size from those only visible in 

thin section to examples 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 

"stalactites" or "rods" (see next section). 

pyrite 

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. f' " 

It appears that when a free surface is available on the 

pyrite rods, the galena Will nucleate and grow as 

crystals. Otherwise the galena crystallizes 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-bl. The term "stalactitic" isused due to their 

overall morphological resemblance to present day 

stalactites but they are genetically dissimilar as they 

grew in a fluid as opposed to air. They consist of a 

pyrite core With later galena and sphalerite overgrowths 

(Plate 5.35). The pyrite takes two forms: a central rod 

structure which conSists of successive generations of a 

concentric ring-type growth, and later overgrowths (often 

marcasite) of a botryoidal, radiating form (Plate 5.35). 

The stalactitic structures are overgrown by galena 

crystals and generations of rhythmically banded 

sphalerite. Geopetal sediments are synchronous with the 

rhythmic overgrowths. The stalactites are regarded as 

resulting from graVity-induced crystal growth. A central 
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column or rod is initially precipitated as successive 

concentric generations, prior to 'later overgrowths 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 tho fact that these 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 whereby mixing of an 

acidic and an alkaline solution could produce rod-type 

structures. ThiS mixing of two solutions is essential in 

forming these growths 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 MicroscopiC, rhythmically banded, crustiform 

sphalerite and geopetal sphalerite sediments 

Rhythmically banded or collomorphic sphalerite (Plates 

5.36a-c) occurs as coatings on the dendritic and skeletal 

galena, on the stalactitic growths, and on clasts within 

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 two main fabrics developed: the 

concentric banding and an aCicular growth perpendicular 

to the banding. Under high magnification the acicular 

texture protrudes through the boundaries of these bands, 

resulting in an imbricated, rugged contact between 

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 5.36c). These delicate structures 

are alays well preserved. There are distinct hiatuses in 

the depOSition of the sphalerite as illustrated by 
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dissolution of early bands prior to precipitation of 

later bands. Between the sphalerite bands~ microscopic 

galena crystals may occur with th~ overlying band. being 

deflected around the outward crystal face. 

Finely laminated geopetal sphalerite sediment was 

depOSited synchronously with. and can be traced into the 

rhythmic growths (Plates 5.37a-b). These laminations 

cannot be traced over distances greater than a few 

centimetres~ Numerous small geopetal structures can be 

seen in individual 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 is 

with present as a microcrystalline mud, zoned crystals 

different layers having different zones. and a form 

concretion, like small spherules which appear to be 

tranSitional growth into crystals (Plates 5.37a-b 

of 

a 

and 

5.38a-c). The cause for the last style of sphalerite is 

unclear but may be due to supersaturation and consequent 

high rate of preCipitation being too rapid for well­

formed crystal growth (Roedder, 1968). The laminations 

are a dark orange/brown colour both in hand specimen and 

thin section and display pronounced vertical variations 

in colour over a few mm with a general sequence of upward 

darkening (Plate 5.38a). Sedimentary structures. 

including injections 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 within the sphalerite sediment are only 

observed in one or two examples and authigeniC quartz 

overgrowths are always developed. 

The origin of the rhythmically banded texture is 
. 

controversial and terms including colloform, collOidal 

and botryoidal have all been 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 

Point; Roedder, 1968). The main dispute is to whether 

the sphalerite is precipitated as a gel or as minute 

crystals, and whether the banding is primary or 

diffusional 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/growth rate (cf, galena dendrites and 

skeletal crystals). Roedder argues for a non-collOidal 

origin of deposition. 

5.5.5a Honayblende sphalerite 

This is a term given to coarse, well-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 5.39a-b). The sphalerite is 

usually preCipitated on top of the rhythmic spalerite and 

there is often a transtional boundary between the two 

(Plate 5.39a). In transmitted light little internal 

structure is ViSible, but under cathodoluminesence yellow 

growth zones are apparent. Occasi~nally where the 

honeyblende is found in narrow, 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 well 

as filling pre-existing spaces (Plate 5.40). In one 

section ,the honeyblende appears to force open 

layers of sphalerite. PreCipitation must be 

contrast to the dendritic/skeletal galena 

rhythmic 

slower in 

and the 

ryhthmic banded sphalerite to allow the well-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 mineralization 

(Plates 5.32 and 5.41), It is associated with the 

honeyblende, and comprises coarse crystals. In thin 

123 



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 (Plate 

5.38a). Two or three skeletal galena growths and later 

rhythmic sphalerite are overgrown and replaced by calCite 

which is in optical continuity. The sphalerite appears to 
. . 

be preferentially replaced and the original banded fabric 

is preserved as numerous small inclusions within ~he 

calCite (Plates 5.42a-b). Within the sphalerite banding, 

indiVidual bands are selectively replaced and the 

surrounding material untouched. In places thiS 

replacement is best developed where 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 between 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 now 

studied in detail as they host much of the ore in 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 two gross forms of mineralization: 1) bedding­

parallel, 0.5-2.5m 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, low-angle cross-cutting, 

and in the case of 2), frequently high-angle cross­

cutting~ 

The mineralization within these two gross forms is 

essentially similar and dominated by 3 styles: laminated 

argillite and sphalerite, complex chaotic clasts of 

sulphides within an argillaceous matrix, and in-situ 

solution growth textures. These have been described 

earlier, however 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-

1.0m 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 between micrite and an overlying dolomite (Figs. 
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5.22-5.23; 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 is subsequently replaced by· new generations. 

The basal contact between argillite and micrite is sharp, 

sub-roundod,' and truncates stylolites where 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 

angle, cross-cutting contacts with the host rock. 

hanging wall is commonly breCCiated (Plate 5.44). 

low­

The 

In the more anastomosing, cross-cutting mineralization, 

eg Block 14, laminated sphalerite occurs in a complex 

network of former cavities. Some of thiS sulphide 

appears 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 

dissolution. The initial space clearly eXisted prior to 

the mineralization. The layered sphalerite 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 allow growth 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 more 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

parallel and anastimosing sulphides (FigS. 5.24-5.26; 

Plates 5.45-5.47). Sulphide clast's are unsorted, mm-15cm 

in size. With no overall layering observed. The clasts 

are varied. consisting of disrupted layered and l~minated 

sphalerite. galena/pyrite crystal growths. rhythmic 

sphalerite bands and in-situ solution growths. Clasts of 

unmineralized or unaltered host micrite frequently occur 

within ~he complex sulphides (Fig. 5.26; Plate 5.47). 

They vary in size 'from millimetres up to 2.0m in diameter 

and are always subrounded with dissolved margins. The 

matrix to all these clasts is a detrital quartz and 

feldspar mud-fine Silt. In thin section. the sulphide 

cla~is show that the mineralization was co~tinuous. with 

sphalerite replacing galena and pyrite fracturing and 

replacing both galena and sphalerite (Plate 5.48). Small 

spherical growths 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 5.49) and has subsequently been 

disrupted into 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 

dynamic environment in contrast to the quieter 

sphalerite. conditions that produced the well-layered 

The presence of a detrital mUd/silt to these clasts is 

again interpreted as residual, insoluble material 

accumulated during dissolution of the micrites. However, 

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 shows that the micrite was still compacting 

during the mineralization and was not fully consolidated. 

Extension, resulting in a fracture network in the 

micrites, would allow fluids into these rocks and 

deposition of the sulphides could occur on the fracture 

surfaces (Fig. 5.28b; Plate 5.50). If there was a 

continual 

fracturing, 

series of pulses of such 

collapse and disruption of 
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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 wel~-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 growth textures are best-developed. 

5.5.6c In-situ solution growths 

These textures form a greater proportion of the massive 

sulphides in the micrites than elsewhere in the depOSit. 

occurring as intersections over 1.0m thick in places. and 

also as disrupted clasts within the chaotiC sulphides 

previously described. Where present as clasts. these 

deform argillite and sphalerite sediment, 

they have collapsed into the sediment 

implying that 

(Fig. 5.25). 

Pyrite is absent from thiS textural assemblage, although 

late fractures brecciating this mineralization 

contain pyrite and pyrite/sphalerite geopetal 

commonly 

sediments 

Within an 

the rhythmic 

and associated coatings (Plate 5.51J. 

individual area, the paragenesis within 

sphalerite overgrowths can be correlated from one sample 

to another, indicating that within that area, the in-Situ 

textures were depOSited in one main event, ie there were 

existing spaces prior to that particular mineralizing 
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event. 

Clearly the delicate nature of the textural 

(dendritic growths are abundant) as well as 

assemblage 

the thick 

accumulation suggests that there were distinct periods of 

"quiescence" with significant open space present during 

the formation of the massive sulphides •. 

The in-s.itu 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 

Wides~read 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 

dolo~ite 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 

130 



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 growth was rapid. How did the open space develop. 

There are several lines of eVidence showing that 

dissolution occurred below the dolomite: 

1) Rounded depressions in the footwall of an ore horizon 

filled with insoluble, residual mud, 

2) Accumulations of black, insoluble residual material 

at the contacts between micrite and sulphide (Fig. 

5.25)t 

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 

sulphlde~ were later deposited (ie t a form of karst 

process completely separate from the mineralizing 

process) or was permeability at the dolomite/calcarenite 

contact (initiated)t 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 were synchronous. The 

depressions may have been initiated closer to the base of 

the overlying dolomite and subsequently slumped down and 

away from the base of the dolomite during mineralization 

and compaction of the stratigraphic section, creating 

space for further sulphide deposition. The difference in 

rheology between a competent dolomitic horizon and an 

underlying. semi-lithified calcarenite may have been 

sufficient to initiate this process, however it would 

have been propogated and enhanced by the accumulating 

dense sulphides (Chapter 7). 

With the development of open spaces below the dolomite, 

some fracturing and collapse of the base of the dolomite 

would be expected, however 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 was 

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 would have occurred during periods of extension 
~ 

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 li thology 

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 10cm 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, however these die out 0.5 metres 

above the massive sulphides (Fig. 5.31). There is a dark 

2-3 cm thick argillite at the top of the sulphide horizon 

and the contact between 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 which sulphide veins were 

unable to pass, directly below which narrow sulphide 

133 



horizons were deposited (Plate 5.52). 

5.6 MASSIVE. CENTRAL 2-5 LENS-STYLE MINERALIZATION 

5.6.1 Introduction 

The main areas studied were the 242S headings on 1330 and 

1315 levels. The mineralization displays many features in 

common with the massive galena/sphalerite sulphides 

discussed in Section 5.4, but differs distinctly 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 shows 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 in various paragenetic stages but is usually 

late and is associated With calcite. The massive 

sulphides consist of a coarse galena Which is similar to 

that in 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, 

sediments. 

there are also small, minor internal 

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/galena/barite of the same generations as those 

in massivo sulphides and these interconnect the more 

massive minaralized areas. 

5.6.2 Description 

The general paragenesis is as follows: 

The first 

deposited 

sulphides, predominantly sphalerite, were 

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 was 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/yellow diffuse zones. Under 

cathodoluminescence, this sphalerite shows a blocky 

texture and the only zoning observed is a distinct 

purple-blue 

lUminescent 

horizon which separates a dark, non­

base from blue-yellow luminescent upper 
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horizons (Fig. 5.32). Barite laths were also deposited at 

this stago but unlike 2-2 Lens, did not preserve the 

allochems. Galena 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, show 

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 now 

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 i~ coarse and bladed, 

however the galena bands are' usually sub-vertical as 

opposed to bedding-parallel and the complex contorted 

texture is absent. The galena within the massive 

sulphides can also be traced down 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, 

previously deposited generations 

resulted . in a complex textural 

fragmentation of 

including galena 

assemblage. Under 

cathodoluminescece, various complex generations of zoned 

sphalerite crystals are eVident (Plates 5.58a-b and 

5.59a-b). Early generations of zoned sphalerite crystals 

replacing 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 growths (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 dark brown geopetal sphalerite sediments 

are common as a later stage of mineralization, 

synchronous with rhyhmically banded growths (Plate 5.61). 

They are more eVident in thin section than in 

underground exposures and are also disrupted and 

brecciated (Plate 5.62). The sphalerite is not always 

developed as one Simple geopetal. The geopetal sphalerite 

sediment is often absent and rhythmic banded sphalerite 
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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 cathodoluminescence (Fig. 5.32). Zoned crystals show 

the same generations as the rhythmic sphalerite and were 

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 Zn8 generations are finely banded or zoned 

compared 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 are found, it is always 

yellow cutting blue. Individual crystals show blue 

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 

det~iled 

the luminescence are unknown and would 

probing of the sections under 

luminescence. 

require 

cathodo-

Coarse, late-stage, white dolomite and barite infilled 

the final 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 

dolomite/barite assemblage is identical to that observed 

as the last stage 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-stage nature of the marcaSite is regarded as 

eVidence for the T Fault being involved in the 

channelling of late Fe-rich hydrothermal flUids, pOSSibly 

those flUids responsible for the Fe-rich mineralization 

in 2-1 Lens and the eGO at stratigraphically higher 

levels (Andrew and Ashton, 1982,1985). 

5.6.3 Interpretation 

The mineralization formed by fracture-infill/brecciation 

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 growths and 
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geopetal sediments, with ,continual· brecciation and 

preCipitation of new 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. " 

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 5.65a), with 

the dolomite being of varying coarseness both in hand 

specimen and,thin section, with well-developed rhombs (up 

to 750 ~m in diameter). Under cathodoluminescence, there 

is a complicated sequence of preCipitating events and 

growth zones. There are 5 'main sequential stages of 

growth (Plates 5.65b and d and Plate 5.66b) and several 

stages can be correlated with those observed in ,the 

unmineralized host rocks in Chapter 4 and the dolomite 

associated with the 'stringer mineralization in 2-4/2-3 

Lenses. The stages are: 

(al Dark, almost non-luminescent granular growth 

precipitated only as replacement of both pellets or 

intraclasts, 

(b) A dull brown-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 dissolution 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 d), 

(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 5.65d and 5.66b), however the relationships 

between 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 5.65d 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, shows that some of the rock was 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 were not sUitable host 

rocks and may indicate that the host rock in the 2-5 Lens 

footwall wa~ a limestone at the time of mineralization. 

5.7 BRECCIA STYLES OF MINERALIZATION 

Angular, breccia mineralization is essentially confined 

to the silty dolomitic lithologies and consists of 

angular clasts and fragments of host rock, cemented by 

various sulphide generations and textures. It occurs on 

a local scale, and is commonly developed above massive 

sulphide horizons (Plates 5.67-5.70). The breCCiation 

generally occurred in-Situ. 

Breccia and fracture-fill, sulphides occur at the base of 

the LDM and BDM where 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, 1983).' The mineralization in the massive 

sulphides, below the LDM and BDM is bedding-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 growths between clasts and in adjacent 

bedding-p~rallel horizons. 

The origin of the fracture-fill, breccia-infill textures 

is thought to be in situ brecciation of the dolomite as a 

result of fluids forcing their way upwards through 

permeability at points of weakness which were 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 wedge 

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 growths are well-developed, 

formed during 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 weakness and resultant deposition of sulphides, these 

features would 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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5 Lens (Plate 5.71). The veins are NE to ENE-trending and 

The veins vary in width from em-scale up to 0.5m. 

dominated by two textural styles: banded, 

crustiform growths with coarse galena and 

marcasite overgrown by rhythmically banded 

are 

symmetrical, 

occasionally 

sphalerite, 

and collomorphic sphalerite associated with skeletal and 

cubic galena with late stage honeyblende (in-situ 

solution growth 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 LDM 

(C.J.Andrew, pers comm). 

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 below 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 

examples examined occur in drill core and are dominated 

by sphalerite. In the Upper Sandstone Marker, fine 

disseminations of sphalerite were 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 the 3 Lens 

interval 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, followed 

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 coniinuously over a vertical 

distance of up to 15m. Further west (eg 2-5 Lens west, 

1190 haulage) the are is made up of a discrete horizon 
, " 

(1-3m thick) of massive, bedding-parallel galena and 

sphalerite with sharp, di~Solutiorial 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 ascending in the central 2 

Zone area, With fracturing and brecciation of the host 

rock. Furiher to the west the mineralization formed less 

forcefully and bedding-parallel indicating that the are 

flUids migrated towards this area (Fig. 5.33). It is 

worth n~ti~~' that the host rock in the central 2-5 Lens 

footwall is often a pale dolomite and the relative timing 

of the ea~liest dolomi~izing event and the ~i~eralization 

al'e ambiguouS. If the earliest dolomitization pre-dated 

tl e mineral izat"ion, then thiS may explain why the host 

r~ck is so fractured, as the dolomitization would . 
piobably hav~ altered the rheology of the rock, I perhaps 

i 
mc.king it more succeptible to fracturing. The vertically 

continuous mineralizati~n is still consistent with 

hydrothermal flUids ascending in the central 2 Zone area. 

5.10.2 2-4/2-3 Lenses 

Relationships between the bedding-parallel, massive 

sulphides depOSited as internal sediments and the 
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"stringer" ~einlet replacement described in Section 5.3 

are clearly illustrated in headings in 1315 level, 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 lower 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 penetrate into the base and 

sulphides were deposite~ here as sub-horizontal veinlets 

(Fig. 5.34). The bulk of the ore was precipitated below 

the dolomite as open space growth. There is also eVidence 

for collapse of the mineralization in the overlying, 

silty dolomite into the space and sulphides generated 

below (Plate 5.74), whiCh illustrates that the 

mineralizing event was an ongoing process. 

5.10.3 2-2 Lens 

In the central mine area, thiS lens consists of 

stratiform, . high-grade massive sulphides (Section 5.4) 

which formed as bedding-parallel mineralization of 

oolitic limestones below the Nodular Harker. Towards the 

west, this style dies out and is replaced by low-grade, 

sphalerite replacement of allochems (Section 5.2), which 

is very discontinuous. ThiS is 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 upwards 

(Fig. 5.35), and it is interesting to note that the Zn-

rich allochemical replacement is best developed in 2-3, 

2-2 and 2-1 Lenses. ie 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 sulphides in 2-1 Lens West are dominated by 2 main 

styles: high-grade, stratiform horizons with 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 intill (Section 5.2), dominant in the hanging-wall 

mineralization. The lateral relationships between 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 dolomitic"lithlogies dominant in the 
',1 I! ','l: 

, I j 1 ";:; 

middle-basal sections of 2-1 Lens controlling the higher 

grade mineralization allowed the flUids to move laterally 

towards ,the west, whereas 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 wore deposited more locally (Fig. 

5.36). 

5.11 DISTRIBUTION OF ORE IN THE PALE BEDS 

There are two major controls on the distribution of 

high-grade ore horizons in the Pale Beds: lithological 

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, whether 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, however 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 

substantially towards the west, and a thick dolomitic 
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siltstone-sandstone (S-10m) 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, however, 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 which 

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, 1985). 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 between 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). In 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 footwall right up to the 

LDQ (Fq~. 5.37a). In Block 15 there is a dramatic 

accumulatioll 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 throw (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 is illustrated in Fig. 5.37b and consists of a 

southerly dipping fault which separates the two blocks in 

1-5 Lens. Block 7 contains relatively little ore, with a 

good 1.52.5m thick footwall horizon developed and 

relatively little above. Adjacent to the fault however, 

there is a thickening of ore. Mineralization and ore 

grades are higher and better developed in Block 6, with 

good intersections occurring up to 15m above the main 

footwall horizon. 

5.11.2c Fl Fault in Block 2 

As the F1 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 throw decreases to the SW and 

the mineralization is less well developed. Across the 

fault into the north of Block 2 the mineralization is 

more continuous vertically and may extend right up to the 

base of the LDM. 

In underground drillholes logged in Blocks 18 

thero is a large variation in the development 
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sulphide 

metres. 

over 

Holes 

lateral 

drilled 

d1stances in the order of 30 

essentially 

sulphides 

this distance 

the same stratigraphy, however 

}Iresen tin one ho 1 e are tota 11 y 

apart show 

high-grade 

absent from 

anot.ll€11', wllleh illustrates the laterally discontinuous 

natur~ 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 known faulting coincident 

with 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 Andrew and Ashton (1982,1985) has shown that localized 

areas of higher grade mineralization are NE to ENE­

trending, particularily in 4 and 5 Lenses, with local 

SWings 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. 

Andrew 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 is suggested that the factors 

controlling the iron distribution were pOSSibly different 

to those controlling the lead and zinc. Texturally and 

paragenetically the pyrite is generally late stage within 

an individual area and a later control on its 
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distribution may be inferred. The presence of marcasite 

very close to the T Fault suggests that the Fe influx 

occurred ,when the larger movements or growth of th is 

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 pyrite/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 eGO and to a 

lesser extent in thin laminae in the UDL, ,with individual 
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laminae traceable for d~stances greater than 5 or 8m 

(Fig. 5.39, Plates 5.75-5.76) and locally replaced by 

sphalerite. The pyrite laminae often exhibit soft-

sediment deformation structures possibly indicating that 

active faulting was synchronous with the deposition of 

the laminae. In places the pyrite laminations are clearly 

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 l'resent as thin isolated laminae within dark 

calc-argillites. In polished thin section, the pyrite is 

dominated by framboidal growths Which are locally 

concentrated into concretions (Plate 5.77). Euhedral, 

cubiC pyrite forms are rarely observed and the 

paragenetic relationships between the framboids and cubes 

are unclear. It has been noted at Mt. Isa that pyrite 

layers consist of cubic crystals that may contain 

framboids at their centres and it has been proposed that 

the framboidal pyrite pre-dated the later CUbic 

overgrowths (Eldridge et al., 1988). Samples from the 

Mt.Isa depOSit bare a striking similarity to those from . 
the Navan CGO. The pyrite in the eGO is inter-layered 

with dark mudstone which is packed with calcified sponge 

spicules. Cherty horizons present in the UDL may have 

derived their 5i02 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 massive pyrite, sphalerite and galena occurring as 

complex intorgrowths. Breccias occur Within the massive 

sulphides in a variety of forms consisting of: rare, 

angular clasts of Pale Beds ore and Pale 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 breccia can be found and trying to interpret 

the relatiOnships between each style is extremely 

difficult. It is eVident however that the the 

mineralization was clearly a continuous event during 

disruption, as clasts of pyrite/sphalerite occur in a 

later pyrite matrix and thiS has subsequently brecciated 

into clasts in an argillaceous matrix. Clasts of 

limestone and dark mud in a pyrite matrix are graded and 

it may be that the pyrite was precipitated in the 

porOSity between the clasts whiCh themselves were 

depOSited as part of the Boulder Conglomerate debriS flow 

(Plate 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 infill 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 comm). 
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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 

per i ods 0 f qu i escence, on I y 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 CGO may 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 textural styles within the 

massive sulphides in the Pale Beds, reflecting 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 

sphalAritn, galena and pyrite, with pyrite deposition 

genernlly pnnt-dating the main sphalerite and galena 

event(s). The depositional processes are:-

(a) Beddillg-parallel, sphalerite-rich replacement of 

calcarenites occurred along semi-consolidated lithologies 

with allochAms in the host rock pseudomorphed and 

preserved. This replacement often occurred around narrow, 

bedding-parallel, permeable horizons, or open, bedding­

parallel veins. Subsequent in situ disruption of the 

sulphides resulted from compaction and local collapse. 

Soft-sediment, pull-apart structures, compaction of 

sulphides around unreplaced 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 galenal 

sphalerite/barite 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. 

(c) Dolomitization of silt-rich calcarenite horizons 

occurred prior to the ore deposition (al~o see Chapter 4) 

and the later ascending ore fluids "migrated 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 

f19wing 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 replacement of the host rock 

indicating that the host rocks were in a more lithified 

state than a) and b) above. Galena was preCipitated early 

in thiS system. 

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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elsewhere. Relationships and timing of earlier 

replacement dolomite 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 

structural 

now seen 

distribution was also controlled by 

features which were precursors to the 

in the mine area (NE-SW trending) •. The 

early 

faults 

major 

sulphide veins exhibit a similar trend. Virtually all the 

faults are unmineralized and have developed roughly 

coincident With the earlier, less distinct features which 

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, 1985). 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 followed and 

accompanied by soft-sediment disruption and brecciation. 

Later pyrite, sphalerite and galena mineralization 
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occurred as replacement of the earlier pyrite laminations 

and infilling interstices of complex breccias. The 

increased Fe at this stage 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 the 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 origines) of the sulphur and construct a 

model for the mineralization. 

Sulphur has four stable isotopes, 32S, 33S, 34S and 38S, 

with percentage abundances 95.02, 0.75, 4.21 and 0.02 

respectively. Sulphur isotope measurements are made on 

34S/~2S and are expressed as per mil (0/00) deviations 

relative to a standard; troilite from the Canyon Diablo 

meteorite (CDT). The sulphur isotope ratio for a given 

sample is defined as: 

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 the 

metals at the site of depOSition, or a combination of 

both. Sulphur transported with the metals is termed 

"deep-seated" or "hydrothermal" sulphur and for some 

Irish depOSits, eg Silvermines, has been regarded as 

magmatic in origin (Greig et al., 1971). However, 

hydrothermal sulphur may also be derived by leaching 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 seawater 

sulphate Which can prOVide a source of reduced sulphur 

by: 

1) Bacterial 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 'deta i led rev i ew 0 f hydrothermal su 1 phur~ and contro 1 s on 
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sulphide signatures preCipitated' from thiS source 'is 

given in Ohmoto (1972) and Rye and Ohmoto (1974). 

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 of the source and the factors 

affecting equilibrium isotopiC exchange in the fluid. 

6.2.1a Potential sources of hydrothermal sulphur 

a) Lower Carboniferous Seawater 

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 Lower PalaeOZOiC or older lithologies 

below a potential depOSit to produce a metal-bearing 

brine. This fluid would contain large quantities of 

seawater sulphate, which if reduced either 

thermochemially or abiologically to sulphide would 

potentially be available for combination with the metals. 

Bischoff, Radtke and Rosenbaur (1981) demonstrated 

experimentally that sulphate in seawater, on 

encountering Lower PalaeOZOic-type 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. 

Magmatic sulphur is unlikely to have contributed to the 

hydrothermal sulphur because any intrusives in the area 
. " 

have been dated around 400Ma and pre-date the 

mineralization by at least 40Ma. There is no evidence for 

igneous actiVity contemporaneous With the mineralization. 

Lead isotope data (Mills et al., 1987) 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 were 

transported in the same flUid. It will be shown that the 

sulphur isotope results themselves are inconsistent with 

an igneous source. 

c) Lower Palaeozoic rocks 

Leaching of diagenetic sulphides within Lower Palaeozoic 

greywackes, shales and volcanics which underlie the Navan 

depOSit could have provided a source of sulphur for the 

mineralization. This possibility is discussed in Sections 

6.8 and 6.S. 
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6.2.1b Fa~t6rs affecting isotopic equilibrium 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 isotopiC compOSition of the sulphur in the solution, 

is a combination of the isotopiC composition of 

all the aqueous sulphur species, including: HzS, HS-, S2-

controls 

phases is 

of 

fractionation 

KS042-, and NaS04 2 -. One of the primary 

eqUilibrium fractionation between these 

temperature and there is a constant 

between the different species at a given 

temperature (Ohmoto, 1972). For example at 250°C, the 

fractionation between HzS and S04Z- will be +26.50
/ 00 , 

whereas at 1500 C it will be +39%0. If the sulphides are 

precipitated from HzS in the ore flUid, then the relative 

proportion of reduced to oxidized sulphur species Will 

also control the isotopic compOSition of the HzS, as Will 

the pH of the ore fluid (Fig. 6.1). Thus assuming 

6~4Sm.=0°/.. at a temperature of say 200°C, then if 

HzS/S04z - in the hydrothermal fluid is 9/1, 634SHZS= 

~3.2°/oo (Fig. 6.2a). If the fluid becomes more oxidized 

and the ratiO becomes 1/9, then o34SHzs=~28.8°/00 (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 

f02, as the sulphur isotopes are partitioned among the 
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preCipitating minerals (Ohmoto, 1972). Changes or 

fluctuations in these parameters will result in a shift 

in the 834S of the minerals preCipitated. For example, at 

is the only sulphur speCies in the flUid, 

then sphalerite and galena preCipitated would have 

isotopiC signatures of -1.2 and -4. lQ/~Q respectively. 

However, if 50% of the H2 S in the flUid was oxidized to 

SO.2- prior to the mineral phases being preCipitated, 

then the sphalerite and galena would inherit isotopiC 

Signatures of apprOXimately -17.2, and 

respectively, and any barite preCipitated would have 

With regard to the transport of sulphur in the solution, 

the presence of conSiderable amounts of barite at Navan 

and inmost Irish depOSits, suggests that sulphate was 

not a major component in the hydrothermal fluid due to 

the difficulty of transporting barium and sulphate in the 

same flUid (Lydon, 1983). Therefore any hydrothermal 

sulphur 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 
\ 1 ,f 

sulphide minerals pr~cipitated would possess a 

fairly constant isotopic signature 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, indicate that the two metals 

are most soluble and easily transported as chloride 

complexes in NaCI brines (Lydon, 1983); these were 

probable ore transporting fluids. However, it is not 

conSidered possible to transport enough metal and reduced 

sulphur in the same solution to form an economic Zn-Pb 

depOSit under real istic conditions (Anderson, 1975,1983), 

thus it is almost certain that a substantial proportion 

of H2S must have been supplied to the metals 'at the site 

of deposition. 

6.2.2 Sulphur supplied at the site of ore depOSition 

Unless a separate hydrothermal sulphur-rich fluid is 

invok~d, the~ the ultimate source of sulphur supplied at 

the site of ore depOSition is seawater sulphate, Which 

can be reduced byt 

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 (Kemp and 

Thode, 1968; Postgate, 1984), It is a non-equilibrium 

'reaction and can be expressed ast-

, ! 

2(CH20) + 2H+ + S042 - => HzS + 2H2C03 , and 
(organic matter)'! ,,"c, 



is ~ombined with oxidation of the organic material. 

Bacteriogenic reduction in the natural environment can 

result in extensive fractionation, with a 

enrichment of the light isotope (328) in 

preferential 

the sulphide 

produced, due to its relatively weaker bond strength. 

Harrison and Thode (1957) demonstrated experimentally 

that 328-0 bonds are more easily broken than 348-0 bonds. 

Bachinski (1969) also demonstrated that bonds in,sulphur­

bearing minerals are more easily broken for the lighter 

isotope. Enrichment up to 50 0
/ 00 has been obsered in the 

Black Sea (Vinogradov et al., 1962) and the Bay of Kiel 

(Hartmann and Nielson, 1969), although the maximum 

fractionation produced in the laboratory is only 27 0
/ 00 

due to ideal t 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 is an inverse 

correlation between the rate, of reduction and the 

resulting fractionation (Goldhaber and Kaplan 1975). ThiS 

means that slower 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 
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Kaplan, 1975) and therefore the fractionation. Faster 

rates 0 f sed i mentat i on can preserve any organ i c ma te'r i a 1 

before it gets OXidized and therefore influence the rate 

of reduction,as the bacteria Will reduce at a faster 

rat"e if there is an abundance of org'an ie mater ial. 

Type' of bicteria 

Kemp and Thode (1968) have demonstrated that different 

strains of bacteria can produce different fractionations. 

It is impOSSible to determine what strain of bacteria was 

operating and so this is of little use in our 

interpretation. 

Temperature 

There is a POSitive correlation between increased 

temperature and increased rates of reduction (Kaplan and 

Rittenberg, 1964), although thiS correlation is not 

systematic. This means that small in 

temperature, eg 10~C, 'can indirectly influence the 03~S 

~f the s~l~h~des preCipitated • 

. : 

"Open vs closed" system ba6terio~e~ici ~ulphate 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 • .' 1972). The environment 

however must be anoxic. If there is a continuous supply 

and replenishment of the . ~ulphate source, termed an 
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"open" system, then the isotopiC signature of the 

sulphide produced by bacteriogenic reduction will remain 

roughly constant and will be isotopically light or 

negative. However, if these environments are, or become 

restricted with regard to the supply of sulphate, then 

thiS can result in a spread in the 0~4S of the sulphide 

produced towards isotopically heavier or more positive 

values. ThiS is because bacteriogenic reduction is 

removing the light isotope in the source and therefore 

making the source sulphate heavier (Schwartz and Burnie, 

1973 ) • , Th is restriction is termed "closed" system 

reduction. Closed systems are most obVious in seafloor 

sediments where the sulphate supply is often limited to 

interstitial pore waters; for example the Bay of Kiel in 

the Baltic Sea '(Hartmann and Nielsen, 1969) • The 

relationship between closed system fractionation and the 

034S value of the sulphide produced is shown in Figure 

6.3. Closed system fractionation is used to explain 

secular variations in the O~·S value of diagenetic pyrite 

from Ordovician to Lower Carboniferous sediments in the 

Selwyn Ba8in (Goodfellow and Jonasson, 1984), and the 

vertical variations in the isotopic composition of the . ,. 

sulphides in the stratiform, M~Arthur River deposit in 

,the Northwest Territory, Australia (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, 

1982; Trudinger and Chambers, 1985), with the oxidation 

of Fe 2 + to Fe3 +. These temperatures are unrealistically 

high for those invoked in the·formationof the the Irish 

Zn+Pb depos its (:::: 150-250°C: Probert,·' 1981; Samson and 

Russe 11, 1983, 1987). It must be po inted out that the 

length of time involved in such experiments· does not rule 

out the PO"~ibility 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. 

6.2.2c Thermochemical reduction of sulphate by organic 

matter 

This non-biogenic reaction has been thought to be 

impossible·below 250-300°C (Kiyosu, 1980; Trudingerand 

Chambers, 1985) t al though Krouse et ale ( 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 inttwo' stages, with 

the .formation .of native sulphu~ .cas a necessary 

intermediate step in this process.u The fractionation 

between the initial sulphate .and the sulphide produced is 

generally less than 7%0· ,(Krouse et·,al., 1988). The 

net react ion can be expressed as: .< 1. ',:., 
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SO.2- + 2H+ + CH. => HzS + COz + 2HzO 

6.3 SEAWATER SULPHATE 

The secular variation in seawater sulphate 8 3 ·S can be 

deduced from evaporites in the geological record 

(Claypool et al., 1980). This is because precipitation of 

sulphate minerals from seawater results in little 

isotopic fractionation between the sulphate mineral 

produced and the original seawater sulphate (Thode and 

Monster, 1965). A curve of the changing isotopiC 

composition of global seawater sulphate through time has 

been constructed by Claypool et al. (1980) (Figure 6.4). 

The isotopic composition of Lower Carboniferous seawater 

sulphate is estimated to be around +1ge /oo. Sulphates 

forming 

although 

removal 

at 

it 

of 

thiS time will inherit such a signature, 

may be modified by features such as the 

light 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 were interpreted as 

incorporating bacteriogenically reduced Lower 

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 is 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, enriched in 32S) in 

the allochemical replacement mineralization are 

interpreted as the result of bacteriogenic reduction of 

sulphate with a Lower Carboniferous seawater sulphate 

isotopiC composition (~+19%0). The results fall into 

"two tight groups, -23.0 ,to -19.20 /00 and -16.6 to 

-14.50/ 00 • The former group of relatively lighter results 

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

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

. Lenses. The variation between the two areas, ie. 1 and 2 

Zone, ,'may therefore ref lect local ,di fferences 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%0,could be·the, .resul~ of 
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relatively slower 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 0
/ 00 which is consistent with fractionations observed 

at the present day (Hallberg and Bagander, 1985). The 

range from -23.0 to -14.5%0 implies that the reduction 

took place under open system conditions, as there is no 

major spread in the data towards isotopically heavy 

values close to contemporanoeus seawater sulphate. The 

textural eVidence suggests that the sediments were semi­

consolidated when replaced and therefore initial 

. bacteriogenic HzS may have been present in the pore 

spaces in the sediment and continually replenished, 

perhaps from reduction in the seawater and top few metres 

of the sediment column, above. 

Colloform marcasite 

bedding-parallel, 

and pyrite precipitated 

cavity-infills associated 

as narrow 

with the 

sphalerite replacement in 2-1 Lens exhibit more negative 

values from -37.3 to -28.2Q/oo (Figs. 6.6-6.7). These 

values are also interpreted as incorporating 

bacteriogenic sulphide, but are substantially lighter 

than the bacteriogenic sulphide in the sphalerite 

replacement. The pyrite and marcasite appear to be 

paragenetically later than the sphalerite, both in hand 

specimen and in thin section. An explanation for similar 

extremely negative values has been put f~rward by Boyce 

et ale (1984) to explain similar results at Silvermines, 
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by a process of "fractionation loops". Essentially this 

involves two stages of bacteriogenic 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 the oxidation. A 

second reduction of this sulphate gives rise to extremely 

negative values. The above process has been demonstrated 

in recent sediments (Hallberg~ 1984). 

However, if these extremely negative values were produced 

by a fractionation loop then we would expect to see a 

range of values from -38 down to "-20%
0t similar to 

Silvermines (A.J.Boyce, pers comm), but the results are 

generally concentrated around -33 to -280 /00' ThiS 

implies that either the entire starting sulphate was 

lighter or the fractionation was greater. There is no 

eVidence" for isotopically light sulphate in the depOSit 

"tie starting sulphate would require 8345 values around +5 

to +10 0
/ 0 .), 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 bacteria were 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 following 

mineralization 

section includes the bedding-parallel 

(eg, 2-2 Lens) and the more massive 2-5 

Lens mineralization. These sulphides have a different 

range of 834S values with an abundance of significantly 

heavier results (Fig. 6.8 and 6.10). This is exemplified 

by the coarse bladed galena. With the exception of two 

analyses of -0.7 and -1.1 % 0' the coarse bladed galena 

throughout the depOSit has 8 34S values greater than 0%
0 

(Fig.S.10) 

A possibility for thiS heavy sulphide is that of 

thermochemical reduction of seawater sulphate by organic 

matter or hydrocarbons occurring in the host lithologies 

at the Site of depOSition (Section 6.8), 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 does not take place at 

temperatures below 250°C in the laboratory. However, 

recent ly Krouse et al. (1988) 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 7 %
0 • 

,·Thermochemical reduction has been used to explain ,'the 

·geriesis of the Pine Point depOSit 'in the NW Territories, 

Canada. Here, fluid inclusion·,data suggests ore 

~ depos it i on 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 example,; the isotopic composition of the sulphides 

Krouse, 1969) is essentially the same the postulated 

initial sulphate source (+19 to +200
/ 00 ; Sasaki and 

Krouse, - 1969). 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. Native 

sulphur is also observed which is . an essential 

intermediate stage in the reaction (Haqueen, 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 seems an 

unlikely pOSSibility for the heavy sulphide. 

An attractive alternative origin to explain the data is 
-,1' " 

that the sulphides incorpora~ed a component of 

hydrothermal sulphur transported with the metals which 

had an isotopically heavy 834S Signature. Textural 

studies on the' ore 'paragenesis 'are-essential in thiS 

interpretation, particularly,sinbe weare~often' looking 

at 'isotopiC variations on a small' scale: ·c., 
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A significant- feature to emerge from the isotope results 

is the overall trend towards isotopically lighter 8~4S 

values in 

depOSition 

subsequent paragenetic stages of sulphide 

(Figs~ 6. 1i( 1-4) and 6.12), ThiS is best 

illustrated in-samples from 2-5 Lens, where a sequence of 

sulphide depOSition is clearly established and 8~4S 

values in many samples change from around +8 to +11 0 / 00 

in the early coarse zoned sphalerite and galena, to about 

-3Q /oo and then to around -150
/ 00 in the later rhythmic 

sphalerite (Fig. 6.12). This variation occurs over a 

distance of less than one centimetre. The 

generations of . rhythmic sphalerite are cogenetic 

geopetal sediments which also have light values 

later 

With 

from 

around -16 to -11 0 /00' One sample from 1-5 Lens shows 

colloform pyrite overgrowths on a coarse galena band, 

with the top of the galena band haVing 8~4S = +11.80
/ 00 , 

and 8 345= -26.30 / 00 in the pyrite above (Fig. 6.11(4)). 

In 2-2 Lens, rhythmiC sphalerite is in the range +2.1 to 

+11.3°/00 but is always isotopically lighter than the 

earlier galena (Fig. 6.11(2-3)). The last stage of 

sulphide depOSition in thiS lens involved minor amounts 

of bournonite assOciated with late-stage calCite and 

barite. The one sample of bournonite analysed yielded a 

value of -4.20
/00 and again confirms the trend towards 

isotopically lighter results with time. 

To explain all the isotopiC values by sulphide 

precipitation involVing only, H:z5 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, 1972; Rye and Ohmoto, 1974). Alternatively, 

mixing of a hydrothermal component carried with the 

endmember •. 8~4S <-16c /co, 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 

replacement~ (8345 = -23.0 to -14.5%
0 ). To assess these 

two interpretations and to ascertain whether variations 

or trends eXisted within individual sulphide phases it 

was decided to look in detail at the coarse galena. 

Galena was chosen as it displayed a distinct range of 

isotopically heavy 834S values and was coarse enough in 

places to obtain several samples across the bladed 

growths in an individual band. 

An isotope traverse was conducted on a sample from 2-1 

Lens across a coarse galena band in the direction of 

crystal growth. The ba~d is 25mm i~iCk and there"is a 
. 

distinct textural break 6mm above the base which marks a 

change from finer (lower'band) to coarser' (upper band) 

galena. The sample is therefore regarded as representing 

two phases of galena deposition. 
; ", .... " 

The, ,upper. coarser 

galena band has rhythmically banded sphalerite 

overgrowths. The results obtained from the traverse is 

illustrated in Figure 6.13. 
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The hand-drilled traverse (12 samples) indicated that: 

a) The range of 8345 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. 

b) The observed textural break in the sample corresponds 

to a major shift in the isotopiC composition of the 

galena. 

c) There is an apparent trend towards isotopically 

lighter values towards the top of the both the lower 

and upper bands, relative to values towards the base 

of each band. 

d) There is an apparent trend in the lower 2/3 of the 

upper band for the 8345 values to become slightly 

heavier passing upwards. 

e) The trend towards isotopically lighter values in the 

top 5-Smm of the upper band is continued within 
. -

subsequent overgrowths of rhythmically banded 

sphalerite With values approaching a 

. bacteriogenic signature. 

Two POSSibilities are considered to explain the range of 

values: 
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8.8.2a 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-chemical conditions during ore deposition, 

namely pH and 'foz. For example, the decrease in values 

from +5.5 to +0.7 0
/ 00 in the lower band would involve an 

increase in the oxidation state of the hydrothermal 

fluid, ie' a decrease in Hz8/804z - or an increase in the 

pH of the or~ fluid during galena deposition (Ohmoto, 

1972; Rye and Ohmoto, 1974). 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 8 348 values for 

individual 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 6348 values 

observed' within individual sulp~ide samples is around 

10.50 /00 (from centre to outer 'edge 'of zoned sphalerite 

crystals) and substantially less than observed within an 

individyal galena sample at Navan~ 

The trend towards more positive 6 348 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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fractioriation 'between 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 0 / 00 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 834S value approximately 4 

to 5%0 less than the original HzS in the solution, ie z 

1972) • If thiS pulse of fluid was 

not replenished, then the remaining HzS would have been 

slightly enriched in 34S, ie, operate as a closed syst~m. 

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 was exhausted or 

"swamped" by a new input. However, thiS does not explain 

the zig-zag effect as we move up the coarser galena band, 

because we'~ould expect the values to get consistently 

heavier. Therefore although there is an overall simple 

trend towards heavier 834S values moving up through the 

lower two thirds of the upper band, closed system 

equilibrium fractionation does not seem to explain thiS. 

The model is also like ly to, be more~ dyn_~mic than th is 
, ' 

statiC closed system envisaged; The Raleigh distribution 
. , , 

calculated for the trend is not as would be expected for 
, ," ~ 

. " 

this process either. 
::~ I 

To try and explain the rangeo! values<observed within 
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the galena sample (and by extrapolation throughout the 

deposit) by precipitation involving hydrothermal H2 S only 

seems unacceptable. Firstly, major fluctuations in pH 

and/or fo z would be required, eg, to explain the trend 

towards decreasing 834S values in the lower 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%0 in sphalerite coating 

the upper band, and values around -16.0%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 

by the presence of late-stage barite in samples 

containing the isotopically heavy sulphides, with the 

barite isotoPiC composition indistinguishable from Lower 

Carboniferous seawater sulphate. This implies that 

seawater accessed into the mineralizing zones and could 

have provided a fluid for transporting a component of 

bacteriogenically-derived HzS. 

Mixing of hydrothermal and.bacteriogenically-derived 

sulphur has been invoked to explain, .the isotopic 

composition of clasts of sulphide in' the Rammelsberg 

deposit (Eldridge et aI., 1988), ,the' isotopic composition 

of sulphides in the Silvermines~ deposit (Coomer 'rand 

184 



Robinson, 1976; 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 HzS is different, for 

example ~+3a/oo at Silvermines (Boyce et al., 1984), and 

:::::+15 0
/00 ill the Kanmantoo mine (Seccombe et al., 1985) 

and essentially reflects the source of the hydrothermal 

sulphur. 

The isotopiC composition of the hydrothermal HzS 

endmember would be greater than the isotopically heaviest 

value obtained from the sulphides (FigS. 6.8-6.9). 

Therefore, if we take the isotopically heaviest value in 

the galena throughout the depOSit to represent the most 

"pristine" hydrothermal signature in the sulphides, then 

this gives a $34S value of around +14%0. ThiS is close 

to the isotopically heaviest value observed in the 

traverse sample. 

depOSition from 

(Probert, 1981; 

At estimated temperatures of ore 

the hydrothermal flUids of 150-250o C 

Samson and Russe 11, 1983, 1987) , th is 

,would indicate $34S:::::+18 to +190
/ 00 for HzS in the 

hydrotherma I flu id (Ohmoto, 1972) • The bacter iogen ic 

sulph ide would have $34S val ues ,in the range -23.0 to 

,-14.50/0 0 (Section 6.6.1). MiXing of, these two components 

and increasing or decreasing the relative proportions of 

each, ie varing the ratio of hydrothermal/bacte~iogenic 

H2 8, would produce the variations observed both in the 

indiVidual sample and throughout"the;,deposit as a whole. 

J f, > th is increase or decrease was, systematic, ·thenl trends 
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towards relatively lighter or heavier 8345 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 was 

incorporated into the earliest galena deposited along 

with a bacteriogenic component, however the 

hydrothermal/bacteriogenic HzS ratiO decreased during 

precipitation of the lower galena band. This decrease 

could be 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 ,lithologies, allowing 

increased quantities of bacteriogenic sulphide-rich flUid 

down into the system. 

, 

The trend towards less positive values in the lower band 

" was arrrested at a point corresponding to the textural 
" 

in the sample by an increase in the 

hydrothermal/bacteriogenic H2S ratio. ,It is, POSS,i ble that 

the lead in a pulse of o!e flUid was ,consumed along with 

a. substantial amount o~ the hy~roth~rma~ su~phur and,the 

t~xturA Ibrel1k corres~on~s t<? a newinpu~. of" hydrothermal 

fluid at the onset of. the. upper ,band. 
< ' 1 \ .. ' ~'("'-'I ~ • 

This is 

corroborated by the presence of mi~~oscOpiC quantities of 

sphalerite locally coating .the topof.the lower band and 
.,,,' .) .' ~ , ' 1< ,'" • I ~ 
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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 HzS, thus 

increasing the hydrothermal/bacteriogenic sulphide ratio 

and producing a 

galena deposited 

hydrothermal fluid 

shift in the isotopiC composition 

to more POSitive values. If 

was continually supplied, then 

of 

the 

the 

isotopiC composition of the galena would be dominated by 

relatively more POSitive values during crystal growth. A 

final input of hydrothermal HzS can be inferred around 

6mm 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 are flUid and most of the 

hydrothermal sulphur, resulting in 834S values (-9.3%0) 

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 of sulphur and processes 

operative during galena deposition, a more detailed 

traverse over approximately the same area was conducted 

using a la~er probe '(Fig. 6.14; the traverse was 

conducted by Dr. Simon Ke~ly at SURRC). The system used 
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was Laser SpectraphysicS 164, .. run in multi~ode producing 

8 watts of power (all lines). The precision is ~0.25%0, 

however a calibration factor of +2.5 0
/ 00 is added to the 

values due to a fractionation occurring at the pOint of 

impact on the sample (~1500°C). ThiS calibration is 

based on multiple analysis of standards. 

The three most important observations arising from the 

laser traverse. are: 

1) The traverse extended the sampling almost down to the 

base of the lower band which gives values ~+12%o, 

ie similar to the most "pristine" hydrothermal 

sulphide. This supports the idea of hydrothermal 

sulphur in the fluid being incorporated and dominant 

in the earliest galena depOSited from a pulse of 

hydrothermal fluid. 

2) Clear trends towards isotopically lighter values 

3) 

:, ' ' 

, ,. 
v,,,-

throughout the lower band and the top of the upper 

band are enhanced, and-other tends and variations are 

apparent. ' 

, .. 
There are major shifts in the isotopiC compOSition of 

the galena over minute vertical distances in the band 

(eg, +3.9%0 to +14.40/ 00 and then back down to 

+6.50/ 00 over a vertical distance of <1mm) • 

. The interpretation. of ~the?isotoPiC variations during 

galena and later sphalerite preCipitation remains the 
,.. . t ~ 

same, however clerly there are more complex interplays 
:' ;:",: -1. ' 
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regarding the mixing of the two sulphur sources and must 

reflect the source and supply of sulphur during 

precipitation of the metals. 

In summary. the range of values observed throughout the 

textural assemblage characterized by coarse galena and 

later rhythmic and geopetal sphalerita can best be 

explained by miXing of an isotopically heavy hydrothermal 

sulphur (834SH2e~+18 to+19 c / oo ) and an isotopically light 

bacteriogenically-derived component (834SH2S= -23.0 to 

The relative proportion of these two 

components governed the isotopiC composition of sulphur 

incorporated into the galena. As a general rule, the 

earliest mineralization within a band of galena was 

dominated by hydrothermal sulphide, however the 

hydrothermal/bacteriogenic ratio decreased during 

subsequent deposition, as exemplified by the rhythmically 

banded sphalerite overgrowths. With bacteriogenic 

sulphide-rich fluids finally becoming dominant. It is 

interesting to note that the 834S values in the galena 

are never less than -1. 1%
0 • Simple mass balance 

calculations to 

represent the endmembers, indicate ~hat. the minimum 

amount of hydrothermal H2S present.during galena growth 

was 40-45~ of~he total sulphide. ·incorporated~ and 

i~plies that hydrothermal H2S was a~ways available during 

deposition of the coarse galena •. .', ti' 

The reasons 
';.) • r . 

for the relative increase;:decrease of the 
? _ ,(1"" 1" .. - ~ 

isotopic composition in the galena and therefore the 
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interpreted variations in bacteriogenic/hydrothermal H2 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 was 

consumed whilst the bacteriogenic sulphide was 

continually supplied. It is more likely 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 from 

contemporaneous Lower Carboniferous seawater sulphate 

would be continually available. However, it is 

postulated above that a component of hydrothermal HzS was 

always available during deposition of the galena and may 

imply that the supply of bacteriogenic HzS varied. 

-Finally, looking at the trace element geochemistry within 

~the galena may shed some light on the complex trends 

observed within the laser traverse, in trying to 

~recognise inputs of hydrothermal HzS-bearing fluid. For 

example, it could be predicted that the Ag/Pb ratio would 

be relatively greater at the base of a galena band where 

~hydrothermal sulphide is dominant~ as Ag is commonly 

~enriched in the paragenetically earliest mineralization 

\1 in many deposits (Gustafson. and Williams, 1981; Large, 

. '1980; 1983). I f the arrest i ng of; the trends towards 

:isotopically lighter values: in'the isotopiC compoSition 

~of the galena were 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 8345 values. 

The inter-lens variations of the range in the sulphur 

isotopic composition of the coarse galena throughout the 

deposit (Fig. 6.10) probably reflect the ~ampling, with 

more detailed 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 on ly two samples analysed from' 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 

res~ectively does reflect the act~al 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 elsewhere. 

6.6.3 Bedding-parallel massive ~ulphidesindicative of 

open space deposition (Fi~S. 6.15-6.16). 

~'I • 

The bedding-parallel, massive sulphide 'horizons deposited 

a~ a variety of open space growths e~hibit a range of 

values from - 32.6 to +0.2%0. With the exception of 
- ., ' 

the more negative end of this 

population is similar to the 8345 values obtained from 

the sphalerite replacement of allochems (Figs. 6.7 and 



6.16), interpreted as bacteriogenically reduced sulphide 

in an open system, however open system bacteriogenic 

reduction alone does not explain the spread in the data. 

The value of -32.6% 0 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 feature is the general trend towards 

isotopically lighter values within later sulphides in the 

paragenetlc sequence in a given sample (Fig. 6.11(5», a 

feature whiCh bears similaritiies to the coarse 

galena/sphalerite previously discussed (Section 6.6.2). 

There are 3 possible explanations conSidered to explain 

the range -24.8 to +0.2D/OO: 

6.6.3a Closed system bacteriogenic reduction 

The spread of values could be explained by a closed 

system reduction of sulphate, perhaps where the sulphate 
, 

is trapped in the sediment, with the reduction taking 

place in 

'~~soc iated 

pore spaces. However, late stage barite 
- i\ 

with the sulphides has a range of values from 
, . '. 

which is not consistent with closed 
- ~ . " . 

system reduction. Also, the isotopically' lighter 8 34S 

values in the 
. t ';" ~., .,' , ': ',' . 

paragenetically later sulphides is the 
• ,'; \ , ~. ~I r'" 

opposite of what would be expected from closed system 

reduction • 
. '., 
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6.6.3b Precipitation from hydrothermal sulphur only 

Precipitation from hydrothermally-derived sulphur is 

rejected bflcause 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 preCipitation of 

values remotely near this signature are observed in these 

open space growths. 

6.6.3c MiXing of isotopically light bacteriogenic and 

heavy hydrothermal sulphur 

A substantial quantity of isotopically light 

generated by bacteriogenic reduction (8 345= -23.0 to 

mixing with a far lesser amount of 

isotopically heavier hydrothermal component carried along 

with the metals (834SZ+18 to +19Q /o o ), could explain the 

range of values and also the overall trend in lightening 

of the isotopiC Signature with time. If a substantial 

amount of bacteriogenically-derived sulphide was present 

and encountered by the hydrothermal flUid, then the 

limited amount of hydrothermal sulphur would literally be 

"swamped" by the abundant bacteriogenic component. It is 
i,' • 

also likely that any hydrothermal sulphur would be 

incorporated in the earlier sulphides precipitated, 
~" :. 

become exhausted during ore depostion and so the 

bacteriogenic component would become dominant with time. 
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Thus later sulphides precipitated would possess lighter 

834S 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 swamped by bacteriogenic H2S. 

Textural eVidence of dendritic galena, finely banded 

rhythmic sphalerite and internal sphalerite sediment 

within the open spaces is eVidence for the rapid 

precipitation of the lead and Zinc from supersaturated 

solutions (Roedder, 1968). This arose from the miXing or 

"quenching effect" of metals encountering a plentiful 

supply of bacteriogenic HzS. Stalactitic growths in the 

sulphides formed by a process of "chemical garden" growth 

(Chapter 5, Section 5.5.5c), are also indicative of the 

mixing of two solutions (Russell 1988, in press), in this 

case metal-rich and bacteriogenic H2S-bearing fluids. The 

mixing model offers the most satisfacto~y explanation of 

the trends within the sulphides and the textural features 

observed. 

6.6.4 2-5 Lens west (footwall) (Figs. 6.8-6.9) 

,In. parts of 2-5 Lens west, the, massive sulphides contain 

a·finer layered galena"with local.coarser cubiC growths • 

. These sulphides all. give light. results from -20.3 to 

~14.9%o (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 isotopiC composition. 

Instead, the isotopiC signatu~e of sulphides Within the 

veins is relatd to the textures displayed by the 

sulphides, which exhibit a similar range in values to the 

same textures Within the massive sulphides previously 

discussed. For example, cockscomb vein growths of galena, 

'and locally marcaSite adjacent to the T Fault, With 

subsequent overgrowths of crustiform sphalerite, exhibit 

a range of isotopically heavy values indistinguishable 

from the range of results obtained from similar textures 

in massive sulphide horizons throughout the deposit (Fig. 

6.8), The results from these veins are likewise 

interpreted as the dominance of a component of 

hydrothermal travelling with the metals and 

preferentially incorporated 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 

the same textures within the massive sulphides (Fig. 

6.15), is interpreted as being dominated by a component 
'.' 11. , T' 
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of bacteriogenically-derived HzS. The nature and size of 

this vein,swarm implies a major phase of extension and 

fracturing associated with the formation of the veins, 

possibly related to the initiation of the Band 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, 

dominated 

and thus precipitated sulphides as 

by bacteriogenically-derived 

veins 

HzS. 

Alternatively, such large vein systems may have initiated 

small convection cells Which continually drew 

bacteriogenic sulphide into the veins. 

Clearly, as with the massive sulphides previously 

~~scussed"the nature of the HzS Which combined with the 
" 

metals controlled the texture of the sulphides 

preCipitated. 

6.6.6 Pyrite in the Conglomerate Group Ore (Figs. 6.6 

and 6. 18) 

~yrite in the CGO has a ,range of very light 6 34S values 

!~terpreted as bacteriogenically-derived HzS and is 

similar to those values from parts,of 2-1 Lens, described 

in. Sect ion 8. 6. 1. 

The pyrite in the eGO was deposited as syn-sedimentary to 
t. l . 
early diagenetic growths, ofte~ as framboids, and would 

" . 

therefore readily have access to bacteriogenic sulphur 
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produced in the seawater column. Deposition of the eGO 

resulted from the exhumation of the mineralizing system 

in the Pale Beds (Andrew and Ashton, 1985). 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 acceptable to assume that the eGO and 

pyrite in 2-1 Lens were deposited roughly synchronously. 

Therefore interpretation of the 8 34 S values in the eGO 

would apply directly to 2-1 Lens. 

The strongest candidate to explain the change in the 

isotopiC composition.of bacteriogenic sulphide in the eGO 

and 2-1 Lens is a change in the environment of 

bacteriogenic reduction as·opposed to a lighter sulphate 

source than that o~served throughout the Pale Beds. The 

age of the mineralization in the eGO 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 eGO are indicative of a 

shelf margin-carbonate slope depositional environmnent 

and thus by analoge with present day systems are 

suggestive of water depths >~500m (Hcl1reath and Jones, 

1984). ThiS carbonate depositional enVironment and 

~ater depth contrasts dramaticallY'\~ith the shallow water 

(probably less than 10m in many cases), inter to sub-

tidal 

(during 

environment dUing the deposition of the Pale 

which time much of' the Z~/Pb' mirieral~~~tion 
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thought to have been deposited). Clearly the major 

difference in the carbonate environment would directly 

affect th~ rnte of sedimentation, the nature of the 

bacteria 0l'Arnting and the temperatures at Which the 

bacteriogenic reduction took place. For example, it is 

conceivable that the seawater temperature in the shallow 

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 eGo. 

The value of -32.6%0 obtained from a late-stage 

"stalactitic" pyrite growth in 2-4 Lens (see Section 

6.6.3 and Fig. 6.11) implies that some of this extremely 
: ''\. \, ' 

isotopically light bacteriogenic sulphide accessed down 

through the Pale Beds after the Zn-Pb mineralization that 

formed the 5 to 2 Lenses in the Pale Beds. 
", \.. ~;, 

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

6. 19-6.21) 

Barite samples from Navan exhibit a range of 8 345 values 
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from +17.7 to +39.10/ 00 with the bulk of the data in the 

range +18 to +24%0' The Navan data shows a greater 

spread than reported from elsewhere in Ireland, eg 

Silvermines with a range +14.2 to +20.00
/ 00 (Coomer and 

Robinson, 1976; Boyce et al., 1984) and Tynagh with a 

range +17.4 to +21.1 0
/ 00 (Boast et al., 1981) , both of 

which are interpreted as incorporating Lower 

Carboniferous seawater sulphate. The bulk of the barite 

at Navan is also interpreted as incorporating Lower 

Carboniferous seawater sulphate. The greater spread in 

the data at Navan is related to the carbonate 

depositional environment. The Pale Beds are dominated by 

inter to sub-tidal carbonate deposition which 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 
, 

Bed s t W hie h g i ve s a val u e 0 f + 2 4. 90
/ 00 • I tis a Iso 

interesting to note that the average isotopiC composition 

of'barite at Navan, +22.80
/00' is the same as the average 

value of any gypsum present in the deposit (Fig. 6.19),' 

also supporting a Lower Carbo~iferous' seawater origin for 

the SUlphate in the-barite '~however it is probably 

coincidence that the average values; are exactly the 

sa'me) • 

Itl' is ' interesting that the"isotopically he'avier barite 
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within the massive sulphides (ie, excluding the that in 

late-stage veins) occurs in the stratigraphically lowest 

lenses" ie 1-5 and 2-5 Lenses, whereas barite in 

stratigraphically higher lenses, particularly 2-2 and 2-1 

Lenses are characterized by isotopiC signatures closer to 

normal ,Lower Carboniferous sea water, 

6.21). Accepting that there are only two results from 

both 2-3 and 2-4 Lenses, the tendency of 834S values in 

barite ill the upper lenses towards values approaching 

normal Lower Uarboniferous sea water may reflect a change 

~n the carbonate depositional environment and associated 

sea water sulphate supply, to more open system conditions 

at the time of mineralization in the upper ore lenses. A 
v 
more open system with regards to the sea water sulphate 

supply could arise from an increase in the water depth at 
" 
thiS time. It is therefore significant that the Navan 

and ABC Group lithologies reflect an overall increase in 
, 

water depth (Chapter 3, Fig. 3.10) from shallow water 
, 
Pale Beds through to deeper water Shaley Pales, ABC and 

Waulsortian mudbank. The implication from this is that at 

least part of the mineralization in the upper ore lenses 

(barite is generally the last stage of mineralization 
.' 
(Chapter 5) could have been synchronous with an increase 

, -
. .: ~.' 

in the depth of sea water, posSibly during the transition 
I, . 

from deposition of the Pale Beds to the Shaley Pales and 
. ~"'" ; . 
ABC and thus put a broad time constraint on this aspect 

" ... ' 

of the mineralization. 

The isotopically heaviest barite sample, 834S= +35.00
/ 00 , 
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occur 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. However, these 

extraordinally isotopically heavy results require some 

explanation. 

Any explanation of these results must invoke a process of 

closed system bacteriogenic reduction or redox 

equilibrium reactions in a hydrothermal fluid. In one 

example from a late-stage vein in 2-3 Lens (224N on 1435 

level), sphalerite coexisting with barite 

(CS 34S'b .. r .. "'.=+35.0°/ ...... ) has a value of -16.4 ... 1....... If 

equilibrium had been attained, then this gives a 

realistic depOSitional temperature of around 

However, sulphate-sulphide pairs have been shown 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 isotopic 

composition of the HzS 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 r initial hydrothermal 

fluid, and from previous". sections, assuming 

CS3·SHz.=CS3·SE.~+18 ... 1 ...... , then to produce sulphate With an 

lsotopiC composition of +35;0 ... 1 ...... ; and co-eXisting 

sphalerite of -16.4 ... 1 ...... would·.require~a.SO.z-/HzS ratiO 

of~7/3, io the hydrothermal fluid:would"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 fractionation of 35 to 45~/oo. 

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 eGO and pyrite in 2-1 

Lens resulted in a greater fractionation, up to 600/ 00 . 

Thus it is POSSible that an isotopiC signature of 

-16.40/ 00 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 8345 value of 

+27.9 0
/ 00 for the barite, "precipitated after the 

sulphides, and values of -17.2 and -12.50/ 00 for the 

galena and sphalerite respectively. ,The galena pre-dates 

the sphalerite. This ,example·ofisotopically heavy barite 

may be better explained by a closed system bacteriogenic 

reduction •. Initial fractionation from sulphate With an 

isotopic signature of between +18;and +25~/oo produced a 

value of -17.20/00 in the galena ,1and . the remaining 

sulphate in the small fracture:becamelheavier. Subsequent 

bacteriogenic t reduction" produced sulphide which was 

slightly heaVier, -12.5~/00,;which;was incorporated into 

the sphalerite and thesulphate~again' became- slightly 
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heavier. The final batch of sulphate' had an isotopic 

signature of +27.90
/ 00 in contrast to +18 to +25Q

/ oo 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. Othe~ tests would be 

required to determine whether it is seawater sUlphate or 

hydrotherma I, for example oxygen isotopes on the 

sulphate. If the isotopically heavy sulphate was due to 

a closed system in a shallow water, locally inter-tidal 

carbonate depositional environment, then we may expect to 

find enrichment in the 8 180 values in thiS sulphate 

relative to Lower Carboniferous sea water sulphate values 

because of the removal of the lighter oxygen isotope by 

local evaporation. 

6.7 THE ORIGIN OF THE BACTERIOGENIC SULPHIDE 

The lack of eVidence for the presence or former presence 

of, evaporites in the stratigraphy, makes it highly 

unlikely that bacteriogenic reduction of gypsum or 

anhydrite provided the quantiti~s 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 Strokes town t present ing the' poss i bi I i ty 

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 

of the 

in migration of a brine across the the strike 

structural grain at that time, and the 

discontnuity in the stratigraphy between 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, which 

are however discontinuously developed across the Central 

Midlands (Philcox, 1984). A Lower Carboniferous seawater 

source for the sulphate is therefore favoured. Accepting 

~hls origin, there are factors which must be considered 

when invoking bacteriogenic sulphide. 

Anderson (1983) has pOinted out that the amount of 

bacteriogenic sulphur in an economic Pb-Zn deposit is too 

great to have been present in a statiC fluid prior to the 

introduction of metals, and it is essential to have a 

continuous supply of sulphur to the metals to produce 

the quantities of ore observed. ThiS means that there 

must be 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 likely. 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 would 

be unable to surVive (Postgate, 1984). 

It i:'l cOI\r'llltlecl that the bulk of· the bacteriogenic 

sulphide mU3t 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 5). 

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: 

HzS + Zn 2 + => ZnS + 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 

H2S, is aCid-generating and explains the dissolution of 

the limestones at Navan. 

~.' . 

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

r', _ 

Clearly 
, .. ' ~ :. .int~rpretin~ the isotopically heavy sulphur 

component (8 34S = +18 to +19 0
/ 00 ) 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 Rob i nson. 1976). 

The potential sources for hydrothermal sulphur were 

addressed in Section 6.2.1a The lack of contemporaneous 

igneous activity associated with the mineralization and 

the variations seen in the data are not consistent with 

with an igneous origin for the hydrothermal sulphur 

(Section 6.2. la). 

The similarity between the isotopic composition of the 

hydrothermal component and that of Lower Carboniferous 

sea water sulphate presents the pOSSibility of chemical 

or thermochemical reduction of such sulphate to produce 

the sulphide. The pOSSibility of seawater sulphate being 

convected and chemically reduced' at temperatures of 

around 250a C has been ruled out on the basis of 

experimental evidence. although if organic molecules were 

transported down with the seawater sulphate, they could 

theoreticallytharmochemically reduce the sulphate at 

~250QC (M.J.Russell,' pars comm). There is no way of 

testing thiS latter model. ' 

Thermochemlcal reduction of Lower Carboniferous seawater 

sulphate below the deposit may have taken place if the 

organic material was present in the underlying Lower 

PalaeOZOiC rocks (Fig. 6.22), ,';~ 
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· Bischoff. Radtke and Rosenbaeur (1981) have demonstrated 

that sulphate carried down in the convecting seawater 

would be precipitated on reacting with Lower Palaeozoic 

shales and greywackes and therefore be lost to the 

hydrothermal solution. If this was the case, then with 

the vast quantites of seawater and sulphate involved, we 

might expect to see sulphate minerals in the Lower 

. Palaeozoic stratigraphy below 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 H2 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.o! the Guaymas Basin, 

where metamorphism of organic material in the sediments 

,by the action of hydrothermal fluids (around 300=C) is 

,generating petroleum (Simoneit, 1986). Temperatures 

invoked during hydrothermal convection are up to 250=C 

.(Russell, 1983). The resultant petroleum would then react 

With the sulphate, generating sulphide. In oil fields, 

sulphate in brines pumped down.linto wells reacts with oil 

.in the strata to produce thousands of ppm of .H 2 S at 

.temperatures often less ;than 15~~C, with little isotopic 
! ~ 

,fractionation between 

(M.J.Russell, pers comm). 
'. , 

~ ~ . \ 

the sulphate and sulphide 

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 hydrothormal fluid (Fig. 6.22). The fact that the 

Red Beds have generally not been reduced by the 

mineralizing fluids (except locally in close proximity to 

the B Fault) could be explained by the presence of a 

dense brine derived from a Lower 

Carboniferous sabkha which drained down into and along 

the Red Beds and kept out the mineralizing solutions 

(M.J. Russell, pers comm). However, 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 is inconsistent with a sabkha 

environment where the precipitation of evaporites from 

such concentrated brines would be common. There is also 

an absence gypsum, anhydrite or barite in the Red Beds, 

sulphate minerals that would be expected to have been 

precipitated within the Red Beds from such a brine. 

Therefore thermochemical reduction of sulphate contained 

within a dense brine within the Red Beds and derived from 
, 

a Lower Carboniferous sabkha environment seems unlikely. 

However, thermochemical reduction occurring 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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Lower Palaeozoic rocks by the circulating flUids (Fig. 

6.22) . This model can be tested by looking at the 

isotopiC composition of such diagenetic sulphides. If 

there were systematic geographical variations in the 

8348 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 PALAEOZOIC8 

It is contended that sulphur transported in the ore 

flUids had 8 348 ~ +18 to +19%0. 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 l~~ht values. 

Diagenetic mineralization in the Lower Palaeozoics below 

Navan encountered in drilling is in the form of pyrite 

"clots", concretions and disseminations. Textural 

eVidence shows that the pyrite is ,diag~netic, as 

concretions which deform mud laminae around them (Fig. 
,>, J. ',' ~ 

6.23) • 
, ' ~ ..... (' 

(N168, 

The samples colle~;ed are res~r~cted to 3 holes 

N837 and U80) and from depths of up to 200m below 
'., - I 

the base of the Lower Carboniferous sequence. Ten 
I '" 

~,' 

results have been obtained and +6.0 to , 

+61.1% 0' with the majority occuring between +6 and 
• " • 0 ~ 0 1 _ 

!~l~/oo (Figs. 6.24-6.25). The data shows ~hat d~agenetic 
.... ~ , ~ 
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sulphide in the Lower Palaeozoic pile is isotopically 

heavy. 

The pyrite is unaltered and the lack of leaching or 

alteration in these samples may be due to the fact that 

the ascending solutions were saturated with respect to 

sulphur 011 oncountering thiS pyrite or t~at the fluids 

did not have access to thiS pyrite. 

The range of values and especially the values of +52.7 

and are explained by closed system 

bacteriogenic reduction. producing an enrichent of 0 345 

in the sulphate source. Ordovician seawater sulphate had 

a 8348 value of around +30%0 (Claypool et al •• 1980). 

Bacteriogenic reduction with a fractionation of 30 to 

40%0 would result in initial sulphides with values -10 

to 0°100 • Closed system reduction would result in an 

increased enrichment of 8348 in the sulphate and also the 

sulphide produced, with the result that the sulphate 

could become as isotopically heavy as +60 to +700
/ 00 , If 

thiS final batch of sulphate was totally reduced and 

pyrite preCipitated essentially instantaneously, then the 

resultant sulphide would inherit the same signature. An 

essential feature in this interpretation is that sulphide 

must have been preCipitated during this closed system 

reduction. If it was not, then the 8348 in the H2 8 could 

only reach the initial sulphate value of around +30 0
/ 00 

(Ohmoto and Rye. 1974). This is the only effective way of 

explaining the observed values in the diagenetic 

sulphides, and we would expect to find only 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 ~hiS is an area for future research. 

6. 10 MINOR ZnS, PbS AND CuFeS2-BEARING VEINLETS IN 

LOWER PALAEOZOIC ROCKS BELOW THE DEPOSIT 

Very minor quartz/carbonate veinlets containing sulphides 

were 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%0. Temperatures calculated from sphalerite-galena 

and chalcopyrite-galena pairs, assuming isotopiC 

equilibium, are 359 and 210a C respectively. If we assume 

210 0 C as a more plausible temperature (Probert, 1983), 

then either 8~4SHze in the hydrothermal fluid had a value 

around +5 to +6%
• for that sample or else bacteriogenic 

sulphide derived from Lower Carboniferous seawater 

sulphate was able to penetrate down into the Lower 

Palaeozoics where it mixed with the' hydrothermal flUid 

With 834SH2.~+18 to +19%0' 
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6.11 LATERAL VARIATIONS IN THE SULPHUR ISOTOPIC DATA 

IndiVidual textures exhibit no systematic lateral or 

vertical variation in 834S values throughout the deposit, 

ie the coarse bladed galena has similar values in all the 

lenses studied and the same applies to the internal 

sphalerite sediments for example. However, different 

textural styles clearly have different ranges of values 

and therefore the lateral variations in textural style 

across the deposit are also reflected in the sulphur 

isotopes. 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. 
1-" .; 

The 2-5 Lens footwall mineralization exhibits different 

.textural styles towards the west, away from the central 

mine area (Fig. 6.26), with the galena depOSited as fine 

layers and cUbiC growths instead of coarse, bladed 

crystals in the central mine area. The 8 34S values in 

·galenas are Significantly differ,ent. in ,the two areas, 

~ith isotopically heavy values ~7.7 to +11.00
/ 00 in the 

central 2-5 Lens footwall and ,lighter values, -20.3 to 

,-19.50
/00 towards the west (F ig. '; 6.26). ,These resul ts 

back up the textural interpretation of solutions 

ascending through the central. I,. region with abundant 

veining and breCCiation ofithe host,rock and massive 

mineralization, precipitating,any hydrothermal sulphur. 

,The .flUids then migrtied towards, the .. west, depleted in 

hydrotherma 1 H:zS from th is ear 11 er.; prec i p i tat ion,,,' and 
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here bacteriogenic sulphur would consequently dominate. 

In 2-2 Lens. the mineralization n the central mine area 

is dominated by bedding-parallel, coarse 

galena/sphal~rite with an isotopically heavy, 

hydrothermal component (Fig. 6.27). Towards the west and 

in 1-2 Lens, the sulphide occurs as low-grade sphalerite 
, l 

replacement, with a tight grouping of . 1 ight. 
, , 

bacteriogenic values (Fig. 6,.27) • This again is 

interpreted as the result of the solutions ascending in 

the central 2-2 Lens area, precipitating hydrothermal 

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 
, 

ide'ntlfled Within Waulsortian "Reef" limestones at 

Tynagh. They interpreted much of the ore as haVing been 

deposited in a dilatant caVity system in the limestones 

(Stage 2). which has features in common With open space 

depOSition at Navan, for example internal sphalerite 

sediments. The results for this mineralization show a 

very similar range in values to the internal sulphides at 

Navan. -26.0 to -4.1 %
0' with a mean of -17.20

/ 00 , Which 
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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 

+ll.l a / aa , with a mean of -8.7a / aa • The relatively 

heavier valuos and the spatial relationship with the 

Tynagh fault led Boast et al. (1981) to conclude that 

there was an input of hydrothermal sulphur at thiS time. 

" There are clear similarities in the data from Navan and 

Tynagh, and some similarities in the style of ore 
'~ .:. 

emplacement. The authors noted that the Stage 2 

sulphides showed eVidence for a miXing of two Solutions, 

one rich in metals and the other in HzS. However Boast et 

al. ( 1981) interpreted all the as 
. . 

bacteriogenic. The internal sulphides at Navan have a 

similar range in values, also with eVidence for mixing 
",' " 

and rapid preCipitation, although it is considered that 

th~ spread towards values closer to 0a / aa at Navan 
:-' . 

represents an input of hydrothermal sulphur miXing With 

the bacteriogenic component prior'to and during sulphide 

deposition. The heavier signatures in the later stage of 

deposition at Tynagh, which attain values of up to 

show some values 6~nsist~~t-~i~h interpreted 

hydrothermal sulphur at Navan, although at Navan the 
: t~ i , -. i r. ... , 

hydrothermal sulphur is incorporated'into the earliest 
L' ,.; . J~ 

sulphides. 
~ " ,~: I .' ~ " 

~ \< :" ~ .' j .... 

6:12.2 Silvermines 
,c, "", 

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 ale (1984). Greig et al. ( 1971> 

proposed that all the 63·S values obtained from sulphides 

in the ueposit 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 were involved in 

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%0' with most of the values 

in the range -10 to -300 / 00' interpreted as bacteriogenic 

s,ulphide. 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 

~he veining in the Shallee pit hosted by ORS, exhibit a 

tighter group of results from -10.0 to +12.00/ 00 , however 

the bulk of the analyses are spread between -10.0 and 

+5.0%0. ThiS is interpreted as. incorporating 

hydrothermal sulphur, in agreement t with Greig et al 

( 1971) • Boyce et al. (1984) est i mate .the 03·Sz:'S val ue of 

sulphur in the hydrothermal solution ,to be ~+3%0. This 

value is isotopically lighter than that proposed at Navan 

(cf,. ~+18 to +19%0) and is interpreted as reflecting 

heterogeneity in the isotopiC composition of diagenetic 

pyrite, in the Lower PalaeOZOiC rocks from which the 

hydrothermal sulphur was probably derived. 

., '. 1', , ' 

.' ;r' 
, " 

\ . ~ i I 
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~ 6.12.3 Tatestown 

Caulfield et al. (1986) published data from the Tatestown 

:, ,prospect, 3km NW of Navan (Andrew and Poustie, 1986) . 

':The ore-stage sulphides range from -23.6 to +14.4°/°°' 

:however the majOrity of the samples, excepting pyrite, 

:;are In the range -3.0 to +12.0°/00' The pyrite analyses 

~,are generally clustered between -24.0 and -19.0°/00 and 

~ are inter~reted as bacteriogenic sulphur incorporated in 

: ?early diagenetic sulphide. The range of valu~s of galena 

:,and sphalerite is similar to Navan, ie hydrothermal, 

'a I though the authors favour an origin of in-situ 

. "abiogenic reduction of evaporite~ for thiS heavy sulphur, 

'while not completely discarding the 'possibility of a 

~:hydrothermal source. The main argument against abiogenic 

"reduction is the lack of eVidence for evaporites in the 

~;succession, and the example of replaced evaporite cited 

~.in their paper occurs in the -Laminated Beds succession, 

is only around 10cm thick and well 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 is the 

same in both deposits. , :,. 

1-' !: < 

6;12.4 Ballinalack . " ... ; 

~The ,Ballinalack deposit, hosted in·Waulsortianlimestones 

,,(Jones and Brand, 1986) has·a range of values from .-36.4 
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to 0.0%0 which Caulfield et al. (1986) interpreted as 

essentially bacteriogenic reduction of Lower 

Carboniferous seawater sulphate With the POSSibility of 

miXing with a component of hydrothermal SUlphur With a 

value between -5.0 and 0.0%0. The textures in the ores 

are dominated by internal sphalerite sediment in 

stromatactis caVities, and mixing of a bacteriogenic 

and a hydrothermal sulphur component is consistent with 

the internal sulphide sediments at Navan. Caulfield et 

a 1. , (1986), interpreted the or igi n of the bacter i ogen i c 

sulphide as being derived from pre-existing pyrite, 

pOS,~ibly of diagenetiC origin" with eVidence for galena 

and sphalerite replaCing pyrite (Jones and Brand, 1986) • 

ThiS seems unlikely to have been the case at N~van 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 SUMMARY 

t~ i • < 

The 'sulphur isotopes suggest that there were two sources 

ofsul'phur involved in the depOSition of 'the bulk of the 
. ' 

a bacteriogenic component 
. 

-14.50 /00) and a hydrothermal component' (o34S~+18 to 

The former was the dominant sulphur source and 
'.\ I , 

was 'derived from the bacteriogenic reduction '6f Lower 

Caib6~iferous seawater sulphate in a shallow marine 

enVironment, which subsequently permeated through 
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carbonate lithologies and migrated to the site of ore 

deposition. The hydrothermal sulphur was probably leached 

from diagenetic pyrite in the Lower Palaeozoic 

lithologies below the deposit, however thermochemical 

-reduction of convected Lower Carboniferous seawater 

,,'su 1 pha te to' produce su I phur in the hydrotherma 1 flu i dis 

'not ruled out. 

~', ( , ; 

. Sulphur isotopes from coarse galena-rich sulphides show 

that during a pulse of hydrothermal flUid and 

mineralization a component of isotopically heavy 

~~drothermal HzS was incorporated into the earliest 

galena preCipitated. However, the ratio of 

-hydrothermal/bacteriogenic' sulphide generally decreased 

;'d'uring 'depOSition of the coarse galena band due the 

~h~drothermal sulphur being used up and the bacteriogenic 

component continually supplied. In places, subsequent 

of the hydrothermal fluid replenished the 

~h~droiherma) component. The overall result is that the 
,. 

'later stages of mineralization are dominated by sulphide 

j~~~h a bacteriogenic signature. 

Itt _ 

'High-grade ore horizons deposited as open space internal 

incorporated both' 
, , 

'hydrothermal and 

v , • , "f' ' 

sulphide textures indicative of a miXing of two flUids. 

'J~h~ ~lentiful supply of bact~~i~~~~i~ ~ulphide available 

~~U~ing ore deposition meant that the hydrothermal H2S 

was essentially "swa~ped~,. but it was 
"r ,~~ i , ;' p • "'" 

still 
, < 

., J,,. , ~ 
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incorporated into the earliest phases of mineralization 

a~ eVidenced by trend of isotopically lighter 634S values 

with time. 

Bedding-parallel replacement of carbonate allochems 

incorporaten bacteriogenic sulphide only giVing rise to a 

grouping of isotopically light 6 349. values. ThiS 

mineralization is dominated by sphalerite, and combined 

with the textural eVidence, implies that Virtually all 

the lead had already been precipitated elsewhere, 

probably haVing removed any component of hydrothermal 

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 >S00m, resulted in a greater fractionation between 

initial sulphate and the sulphide produced. 

The sulphur isotopiC composition of barite Within the 

massive sulphides in the Pale Beds suggests that the sea 

water sulphate supply was partially restricted at the 

time of the mineralization in the basal lenses, however 

operated 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 ale (1981> as 
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being internal at Tynagh, and also internal sulphides in 

stromatactis cavities at Ballinalack. In 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 mor~ dominant bacteriogenic component at the site 

of· depositiun. The relative proportion of these two 

s~lphur sources governed the isotopiC composition of the 

su~phides precipitated and to a certain extent the ore 

textures produced • 

• <, 

'.' 

",' \ 

~. - t 

(. ::: ... 
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CHAPTER 7 CONCLUSIONS, DISCUSSION AND THE HODEL 

7.1 CONCLUSIONS 

7.1.1 Host Rock Depositional Environment 

The Navan deposit is largely hosted in the shallow-water 

Pale Beds carbonate sequence near the base of the Lower 

Carboniferous succession, which unconformably overlies 

Lower Palaeozoic, low-grade metamorphic sediments, 

'volcanics and intrusives. The Lower 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 limestones and ·Waulsortian 

mudbanks, and finally into calc-turbidites of the UDL. 

This sequence may be explained:by~the'evolution of a , 
carbonate ramp to slope depOSitional enVironment, Similar 

to that envisaged by Gawthorpe~(1986) ~for the Dinantian 

carbonates in the Bowland BaSin, England. 

Lateral variation in the stratigraphy shows that the 

'. ' 
primary control on the carbonate facies development had a 

NNW-SSE trend and can be attributed to tidal channel 
." .. )" 

.• 1" i} , 

depOsition. A thinning of the micrites, erosion of parts 
;. l· 
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of the shallow marine sequence during deposition of the 

Laminated Beds'and Pale Beds succession. with deposition 

of coarse microconglomerates were consequences of these 

channels. 

PrOXimity to land during carbonate deposition is 

i~plied 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 LDH in the central mine 

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 u~its only being developed in trend from 

Carlanstown in the Kells Outlier to Clogherboy. through 
, 
~he Navan deposit. a distance of' around 12 to 15 

kilometres and again' illustrating the faCies control 

'exert'ed by thiS' trend. It'> is Significant that the 

Tatestown/Scallanstown and Clogherboy deposits lie along 

~he north-western and south-eastern extensions of the 

NNW-SSE trend defined by'the faCies variations in the 

'c'entral mine area and indicates a 1 NNW-SSE host rock 

'co'ntro 1 on the local iz'at ion'; of in ineral izat ion . in the 

'Navan area. 

·7.1'.2 Carbonate Diag~nesis 

Studies on' the diagenesis" "of 'tile' host rocks in' the 

'deposit reveal that there are ~; three main stages" of 
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calcite cement, often ferroan, with the sequence best 

interpreted as marine cements preCipitated within the 

oXidation zone through to the sulphate reduction zone in 

the sedimentary column. Dolomitic lithologies in the 

stratigraphy are of two main styles; bedding-parallel, 

silt-rich dolomites, usually 3-4m thick but up to 12m 

thick in the micrites, and more pervasive, pitted 

dolomites which may extend over a vertical interval of 

50m or more, often confined by muddy marker horizons in 

the stratigraphy and occurring in the middle to upper 

Pale Beds. There is a complex 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 

buri~l, 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 

(60-150o C, Radtke and MathiS, 1980). The last stage 

cement is a non-ferroan calCite. 

7.1.3 Sulphide Deposition 

The sulphides in the Pale Beds formed by a variety of 

depositional processes involVing replacement 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 ~s epigenetic mineralization merely superimposed 

on lithified host rocks. There is no eVidence for 

seafloor sedimentary mineralization in the Pale Beds; 

however the host calcarenites and micrites within which 

the sulphides were 'deposited were semi-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, inter-

connected cavities ranged from low-grade replacement of 

allochems 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 east formed as a result of 

fracturing and replacement of the 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. 

Pre-sulphide dolomitization of Silt-rich horizons reduced 

the permeability of these lithologies and increased their 
, • _" '\. ~ ~-.i"::, ~ . t t ... ,:, " ~ 

competency. Massive sulphides accumulated below these . .~, 

'-, I 

dolomitized horizons with the majority of the sulphide 
, ~, ",.' -!: ~' , ~ ., , t -
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textures indicative of open space growth. 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 

sediment which was initially 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 were the result of rapid in-situ crystal growth 

out of a super-saturated solution. The miXing of two 

flUids is also suggested by stalactitic growths. The 

mineralization was a continuous event with disruption of 

previously depOSited sulphides as the eXisting spaces 

were continually enlarged. 

High-angle, cross-cutting, anastomOSing mineralization in 

themicrites, with the sulphides depOSited as internal 

sediments and open space growths and continually 

disrupted, resulted from the rheology of the partially 

lithified. micrite which was "torn apart" during periods 

of extension. 

I • 

Breccia mineralization is largely confined to Silty 

dolomitic lithologies and is the result of 

dolomitization which increased the competence of the 

rock, and allowed only minor fract~ring and brecciation. 

Sulphides depOSited along bedding-planes in the form of 

stalactitic growths are frequently assOCiated with 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 

complex sedimentary breccias. Zinc and lead 

mineralization essentially post-dated the pyrite and was 

deposited as replacement of the laminae and massive 

pyrite lenses. 

7.1.4 Relationship between Faulting and Mineralization 

An early structural control on localization of the ore 

had a NE to ENE trend. Several minor faults in 1 Zone 
o' • "'_ 

With thiS trend, have accumulations of sulphide on the HW 

side, often at the area of greatest throw on the fault. 

The faults themselves are unmineralized and are not 

thought to have controlled sulphide depOSition but to 
y' ... - ' 

have developed along a precursor, pOSSibly a zone of 

structural weakness with relatively minor fracturing, 
ri ~,~, !;: 'oJ 

whiCh influenced the location of sulphide depOsition and 

subsequently the presently ,observed ,faults. Areas of 

high-grade mineral izat ion, (lanked ,.by ·lower grades have 

been logged in core, ,with,no f~ulting apparent, .and these 

too strike ENE. They ,represent, ~ar~"as ,where fractur ing 

and mineral ization ;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 were two 

sources of sulphur involved in the bulk of the Pale Beds 

ore deposition; isotopically heavy sulphur (O~4S~+18 to 

+19%0) transported with the metals in the hydrothermal 

solution and derived from leaching of diagenetic pyrite 

in the Lower Palaeozoic basement lithologies below the 

deposit, and secondly a more abundant isotopically light 

sulphur (834S=-23.0 to -14.5%0) derived from the 

bacteriogenic reduction of contemporaneous Lower 

Carboniferous seawater sulphate and supplied at the Site 

of ore deposition. Various degrees of mixing of these two 

components occurred'during precipitation of the metals 

resulting in a varying ratio of bacteriogenic/ 

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 plent i ful 

supply of bacteriogenic ally-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 
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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 Beds was clearly 

occurring during deposition of the pre-Arundian Boulder 

Conglomerate; as' ev idenced by the syn-sedimentaryl 

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, Ashton et al. (1986) put forward 

several lines of eVidence to suggest that the bulk of the 

Pale Beds ore formed prior to the depOSition of the 

Boulder Conglomerate. These include: 

a) The' Fe-r ich - 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 
, '. 

formation of the basal lenses. Related to the late 

Fe-rich mineralization is marcaSite cross-cutting 
t .1" , 

Zn+Pb sulphides adjacent to the T Fault. 

b) The presence of clasts of mineralized Pale Beds in 

the Be. 
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c) The presence of soft-sediment deformation fabrics in 

layered sphalerite'in the Pale Beds. 

d) Displacement of the Pale Beds ore by the essentially 

pre-erosion Band T Faults. 

Other lines of eVidence relating to the timing of 

sulphide emplacement are: 

1) The preferential development of sulphides formed by 

replacement of semi-lithified sediment in the upper 

lenses is consistent with the ore fluids entering a 

host succession that was, still undergoing 

lithification and compaction (ie, during diagenesis). 

2) Buckled or squashed, cross-cutting sulphide veins 

indicate that the sediment was still compacting after 

the mineralization. 

3) Carbonate dykes containing allochems and cross­

cutting the mineralization indicate that the host 

limestones were not fully lithified. 

4) The isotopiC composition of barite in'the Pale Beds 

, . ore suggests a:shallow'marine, ,possibly partially 

restricted source for the seawater sulphate during 

the mineralization. This: is more consistent with the 

environment of deposition',of:the .. Pale Beds than the 

(t' deeper water open system' conditions' inferred during 

~~. depOSition of the Chadian-Arundian carbonates,' 'and 

the CGO. i :' 
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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 swarm in central 2-5 Lens regarded as 

forming during the main phase of extension, ie 

probably synchronous with initiation of the Band 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 

, section of the Pale Beds. However, the general 

,;' absence of sulphide clasts in the microconglomerates 

., 
j would suggest that the' 'm ineral izat ion was ,very 

limited or else the intraclasts were derived ,from the 

periphery of the main mineralization. 

L .• ,', \ ' .. ~ . ,~ ) . 

Ashton at ale (1986) concluded that the mineralization 
~~-'! ~. ~'1:<1,.~~.·..,. j.,. '. ',' • 

" ••• could not have formed below sediment depths greater 

than around 700m, and a Significant proportion of thiS is 

thought to have formed at substantially shallower 
'", " \" c, :. :,'" I ',' ' 

depths ••• II. The earliest constraint that can be put on 

the' timing and depth of mineralization ,is.the~fact that 

the' host rocks were!sami-lithified~in,many places ;and 

that, sulphate in the barite was derived ,,"from seawater 

dur ing depos i t ion of /' at I east part) of r the /, Pal e Beds 
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sequence. Andrew and Ashton (1982,1985) and Ashton et ale 

(1986) proposed that some of the mineralization in the 

Pale Beds occurred contemporaneously with sedimentation, 

however there is 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 HETALS 

Two main genetic models have been advocated for the 

origin of the metal-bearing fluids in the Irish Zn+Pb 

depos its: hydrotherma I convect ion (Russe 11, 1978, 1983 and 

1986; Russell et al., 1981 \ Boyce et a 1., 1983; Samson 

and Russell, 1983,1987; Hi lIs et al., 1987) and variants 

of baSinal brine expulsion (Badham 1981; Brown and 

Williams 1985; Williams and Brown, 1986; Lydon, 1986), A 

third mechanism (a variant of brine expulsion) involving 

seismic pumping of formation waters (Sibson et aI., 1975) 

has been suggested by Boast et ale (1981) and Le Hurray 

et ale ( 1987) • Of these mechanisms, hydrothermal 

convection of Lower Carboniferous sea water through Lower 
o 

Palaeozoic lithologies below a depOSit appears to be the 

most plausible'for the following reasons: 

Lead isotope compositions suggest that the lead in the 

Irish Lower Carboniferous deposits was derived from 

underlying Lower Palaeozoic and Pre-Cambrian basement 

lithologies (Boast et al., 1981; Le Hurray et al.,' 1986; 
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Hills et al., 1987), with localized derivation of the 

lead (Caulfield et al., . 1986; 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 deeper parts of the 

continental crust (Hills 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 water 

which travelled through and eqUilibrated with Lower 

PalaeOZOiC sediments and associated granites below ~he 

,deposit. 

The above features combined with the small size of the 

Lower Carboniferous shale and sandstone-filled basins 

(ie, source areas for ~he first model) and the ~hickness 

of the sediment infill needed to achieve the temperatures 

i~corded in fluid inclusions (up to 250a 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 Munster BaSin, with up to 6km f of sediment, however 

it is unlikely that expelled fluids emanating from thiS 
~. ,- , ~ .(. :', 

source could have travelled 100-200km across 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 creatingl 

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 shows that 

some permeability was retained. and these later 

generations are. ,best-developed in localized pockets 

formed ,as a result of the volume reduction after 

dolomitization and a probable increase in porosity. 

Dolomitization is eVident.in most.1of the carbonate-hosted 

Zn+Pb depOSits in Ireland, however relationships between 

dolomite formation and.ore depOSition are varied. It is 

important to understand that dolomitization occurred in 
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stages in 

Silvermines 

deposits such as Navan (this thesis), 

(Andrew, 1986b) and Tynagh (Boast et al., 

1981), and the formation of pre-ore 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 ferroan. At Silvermines, the 

stratigraphically lowest mineralization in the Lower 

Carboniferous 

Andrew, 1978; 

limestones is epigenetic 

Andrew, 1986b) and is 

(Taylor and 

hosted by a 

dolomitized oolitic grainstone (the Lower Dolomite). The 

dolomitization of the limestone is regarded as pre­

mineralizaton (Andrew, 1986b). The dolomitizing event(s) 

is thought to have generated the permeability and space 

in which the sulphides were then deposited as epigenetiC 

mineralization (Andrew, 1986b). A comparison may be made 

between 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 is the 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., 1986). 

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 

to 

Tatestown the mineralization is essentially 

a horizon in the micrites. directly 

confined 

below a 

dolomitized limestone (Andrew and Poustie, 1986) • 

Mineralization is absent in the dolomite. Detailed 

studies USing staining techniques have.shown that there 

are both pre and post-ore dolomitizing events, again with 

the later dolomites often coarse. saddle-type, and being 

more ferroan than the pre-ore dolomite (Andrew and 

Ashton, 1985; Andrew and Poustie, 1986). The early 

dolomitization is regarded as resulting from alteration 

with the 

flUids. 

by pore waters of marine and freshwater origin, 

late dolomites derived from the hydrothermal 

Andrew and Poustie (1986) suggest that the reasons for 

ore localization between the dolomite and underlying 

micrite were the contrasting 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 were qUite different, with 

the micrites fracturing more easily (Andrew and Poustie, 

1986) • 

Pre-ore dolomitization therefore generated the conditions 

for ore depOSition in different ways. 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, 

mineralization dolomitization controlled the 

depOSition of bedding-parallel sulphides directly 
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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 

spaces 

From the previous chapters it is clear that abundant 

bedding-parallel sulphide deposition occurred in open 

spaces directly below the dolomites. The eVidence from 

sulphide-host rock relationships shows 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 Hiddle 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 mixing of meteoriC and marine water has been 

proposed for the cavities, however 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 was present prior to the 

mineralization (Klau and Hostler, 1983), of major 

collapse and other karst features, and the presence of 

sphalerite layers inter-bedded 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 between the top of the dolomite 

and overlying limestone as opposed to the base of the 

dolomite, as the meteoric waters passed down into the 

succession. The opposite is observed and implies that 

any dissoluiion involved ascending fluids. 

A more plausible interpretation is that any dissolution 

was related to the mineralizing event, a process often 

misleadingly termed "hydrothermal karst", such as in the 

Zn+Pb deposits in the Upper Silesian District (Sass-

Gustkiewicz et al., 1982; Sass-Gustkiewicz 1983). The 

acidic nature'~f probable ore transporting fluids 

(Anderson, 1973) would be sufficient to cause initial 

dissolution of the limestones. However Anderson (1983) 
, . 

points out that if the H2S that combines with the metals 

to form the ore is not produced at the site of 

deposition, then sulphide deposition is an acid 

generating process, ie 

Convers~ly, if the H2S is generated at the Site of 

deposition, then the aCid produced by sulphide 

prec~pitation will be used,up by sulphate reduction, eg / 
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The sulphur isotope study(Chapte~ 6), proposed that the 

H2S lnvolved in the deposition of the internal sulphides 

had an essentially bacteriogenic origin and that with the 

quintities of sulphide now observed and the temperatures 

involved during the mineralization that thiS - H2 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 

litnologies (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 sph~lerite/galena for small, inter-connected, 

bedding-parallel cavities which were subsequently 

infilled by galena. These may have been diagenetic in 

origin, formed directly below a partially dolomitized 

Nodular Harker and drastically increased the permeability 

of the calcarenites below the Nodular Harker. At other 

levels in the stratigraphy, these diagenetic spaces 

providing the permeability below the dolomite could have 

been exploited and enlarged by 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 

between dolomites and calcarenites/micrites in a sequence 

of semi-consolidated lime-rich 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" below 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 deposition of dense 

sulphides could also enhance the Sinking-effect and lead 

to the enlargement of eXisting spaces Within which 

sulphides could continue to be deposited (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 

The geometry of the open space cross-cutting 

mineralization restricted to the thick micrites (eg, that 

seen in Block 14) could also be related to extension that 

occurred during compaction. The micrites have a low 
, 

tensile/compressive 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 contacts between sulphide and 

micrite with accumulations of dark insoluble reSidue 

indicate that dissolution of the micrites 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), where the main sulphide deposition 

occurred in a dilatant fracture/cavity system initiated 

by the forceful injection of metal-bearing brines into 

the 'Waulsortiari mudbanks adjacent to the Tynagh fault. 

I n summary, it 

bedding-parallel 

is envisaged that the formation of 

open spaces was related to the presence 

of competent dolomitic horizons overlying calcarenites 

and/or micrites, and this space formed by a combination 

of dissolution of the limestones and the Sinking of semi­

lithified calcarenites away from the base of the 

dolomites. The latter process was enhanced by the 

deposition of dense sulphides in the spaces being created 

below the dolomites. 

7.4.3 The intersection of two trends at Navan 

There 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' with 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 Midlands, where NE and ENE­

striking structures are the norm. However, Russell (1975) 
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has postulated that N-S trending crustal lineaments 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, northwards through the'NNW-trending lead 

veins at Clontibret. This lineament also runs through the 

axiS of the Upper Carboniferous-Triassic N-S trending 

Kingscourt BaSin, which he regards as haVing developed as 

a consequence of the geofracture and indeed facies and 

thickness variations Within the basin are N to NNW 

striking (H.J.Russell, pers comm). 

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 plentiful source/supply of 

bacteriogenically-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 in Chapter 6 that the origin of' the 

bacteriogenic . sulphur was the reduction of . sulphate in 

Lower Carboniferous seawater as opposed to sulphate in 

evaporites. Two plaUSible derivations of this 

bacteriogenic sulphur are: 

1) Reduction of sulphate in the Lower Carboniferous sea 

and top few metres,of' the sediment column (eg, present 

day Bay of Kie}) 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 sulphid~ could have permeated 

down through these dolomites, below which the sulphides 

were deposited. Consequently, if any seawater containing 

bacteriogenic sulphide did,access the ca~bonate 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. 

Russe 11 ( 1978, 1983 and 1986) proposed a mechanism of 

hydrothermal convection for the origin of the Irish Zn/Pb 

deposits, whereby Lower Carboniferous seawater permeated 

down through the Lower Palaeozoic rocks where metals were 

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 deposit (Russell, 1978). The implications are 

that: firstly, if the dolomitic horizons are only 

developed in 

the intake 

bacter t'ogen ic 

the mine viCinity then the 40km radius of 

zone would allow seawater containing 

sulphide to permeate down into the 

carbonates. 

migrated 

lithologies 

underlying 

Secondly, some of this seawater could have 

laterally through permeable carbonate 

instead of continuing down into the 

Lower Palaeozoic rocks and therefore provided 

the bacteriogenic sulphide for '~re deposition. However, 

there must have been a driving mechanism behind thiS 

l~teral movement of bacteriogeniri sulphide-bearing 

seawater. Anderson (1983) post~laiea ~'mechanism for HVT 

deposits involving local· temperature gradients 

established near a hydrothermal c~ndui~ where the upward 

movement of fluids at temperatures of 80-150o 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 however, that 

considerable work is needed to establish the exact 

mechanisms involved. Recently, Kucha (1988) has proposed 

a model to explain the mineralization at Hoyvoughly, 

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 flow initiated the 

lower convective cell which generated the metals in a 

fractured basement. An upper convective cell Which 

provided a continual supply of bacteriogenic sulphide was 

initiated where the impermeable layer was cut by a fault 

thereby allowing a heat source into the Pale Beds. The 

idea 

for 

of an upper convective cell provides one 

drawing bacteriogenic sulphide to the 

mineralization. 

mechanism 

site of 

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 which cut 

~nd offset the dolomitic horizons in,the vicinity of the 

mine area. could have provided p~rmeable access routes 

for the migration of bacteriogenically-derived H2S (Fig. 

7.2). This ,would provide a mechanism to overcome the 

inferred impermeability of the dolomites in relation to 

the supply of bacteriogenic sulphide. A large vein swarm 
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in 2-5 Lens which formed in the later stages in the 

evolution of the orebody, 

sulphide (Section 6.6.5). 

is dominated by bacteriogenic 

The size, morphology and 

abundance of the veins indicates significant extension 

occurred at the time of their formation. 

both bacteriogenic sulphide and barite 

The presence of 

with seawater 

sulphate values may indicate that late-stage, large scale 

fracturing allowed seawater sulphate and bacteriogenic 

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 stratigraphie 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 H2S and also 

overcome the problem of the impermeable dolomite horizons 

(Fig. 7.2). Boast et ale (1981) proposed a bacteriogenic 

origin for the sulphur in the main stage of the 

mineralization in Waulsortian mudbanks in the Tynagh 

depOSit, With the sulphur generated within argillaceous, 

organic-rich, off-bank facies which then migrated into 

the Waulsortian 

argillaceous, 

stratigraphically 

mudbank. There are no 

organic-rich sequences 

equivalent to the Pale Beds 

obViOUS 

present 

in the 

Navan area. However, the presen~e of thick micrites 

around the Navan area (up to 100m in drillhole EP28 west 
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of the deposit) containing numerous birdseye structures, 

may reflect.the generation of HzS during diagenesis. It 

is interesting to note that accumulations of 1I2S are 

common in 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 COMPARISON WITH SEDEX AND MVT DEPOSITS AND STYLES 

OF MINERALIZATION 

ThiS study 

description 

began With a 

of the SEDEX 

Simplified classification/ 

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 growth are features common to 

MVT and generally absent from the SEDEX depOSits. It is 

instructive 

similar to 

to ,examine the features at Navan Which are 

those from some HVT depOSits. An obVious 

feature at Navan, and one that is characteristic of HVT 

deposits, is the presence of a limestone/dolomite host 

rock. Although MVT deposits are generally stratabound 

and discordant mineralization is common,. concordant or 
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stratiform mineralization does occur, for example in the 

tabular orebodies at Pine Point (Rhodes et al., 1984). A 

subtle comparison may be made between Pine Point and 

Navan in that at Pine Point the tabular karstic networks 

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 diagenetically by miXing of saline Hg-rich fluids 

with meteoric waters (Rhodes et al., 1984). It is also 

interesting that the prinCipal karstic networks at Pine 

Point occur in two trends which are Coincident with the 

maximum development of the dolomite, and in plan these 

two trends form linear strips on either 

undolomitized central area (Rhodes et al., 

side of 

1984). 

an 

At 

Navan, sulphides also accumulated as open space growths 

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 MVT deposits are characterized by coarse sphalerite 

and galena crystals cementing breccia fragments, for 

example the Tri-state, Zinc-lead district in south-west 

Missouri. However internal sulphide sediments are 

observed in some depOSits. eg Pine Point (Rhodes et al •• 

1984) and the Alpine depOSits (Klau and Hostler, 1983) 

and well-developed skeletal galena and collomorphic 
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sphalerite growths 

deposits (Roedder, 

are characteristic of 

1968) .' These latter 

many 

styles 

"VT 

are 

observed at Navan. Stalactitic pyrite growths similar to 

those at Navan have been observed in the sulphides 

deposited in palaeo-karst networks at Nanisivik 

1984) and sphalerite stalactites are present 

Alpine deposits (Klau and Mostler, 1983}' 

(Olson, 

in the 

However, a striking difference between "VT 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 ~f the coarse sphalerite 

crystal growths so common in many "VT deposits. ThiS is a 

consequence of the rapid sulphide precipitation at Navan, 

in a zone of mixing of hydrothermal fluid With flUid 

carrying bacteriogenically-derived H:eS, thus 

preCipitating fine-grained sulphides. 

One of the major differences between 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 lack 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 anyone 

time to allow graVity-induced ?ollapse 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 mineralization at Navan. In contrast, Navan is 

characterized by high-grade, massive sulphides surrounded 

by essentially barren host carbonate, a feature more 

akin to many MVT deposits (eg, 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 CGO as 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 Andrew, 1978) • 

Barite at Navan was precipitated as carbonate replacement 

and late-stage, coarse in£ill of remaining porosity after 

the Zn/Pb mineralization, and not in stati£orm horizons. 

ThiS is consistent with the absence of sedimentary 

exhalative mineralization in the Pale Beds. 

SEDEX deposits are generally hosted in carbonaceous 

shales and siltstones (usually dolomitic), sandstones and 

cherts, eg McArthur 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 

and biocla~tic 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, 1978; 

Boyce et .al., 1983), and it is significant that where 

well-developed oolitiC grainstones similar to those at 

Navan were originally present, they have been dolomitized 

and host the lower epigenetic ores (Andrew, 1986b). 

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 Zn/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 below 

the sea floor, the internal sulphide deposition and 

replacement process migrated upward through the 

stratigraphic section with time, rather than continual 

deposition throughout the succession over a particular 

time-span, as suggested for many MVT depOsits. The 

presence of significant amounts of Fe-sulphides (in the 

,stratigraphically highest mineralization) at Navan is 

more characteristic of SEDEX rather than MVT deposits 

(Gustafson and Williams, 1981). 

In summary, the Navan depOSit exhibits characteristic 

features and similarities to"both SEDEX and MVT depOSits, 

but in its own way is substantially different from both 
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HVT and SEDEX and should not be fitted into one of these 

two "endmember" classifications. The gross stratiform 

nature of the deposit, with sulphide lenses, and the 

metal zonation are features suggestive of a SEDEX origin, 

however many of the textures and mechanisms of sulphide 

deposition are akin to those proposed for HVT deposits. 

It is proposed that the late-stage ,Fe-rich mineralization 

in the Pale Beds was synchronous with the deposition of 

pyrite in the Boulder Conglomerate/ Conglomerate Group 

Ore. Assuming that a "normal" thickness of Upper Pale 

Beds (60ml, Shaley Pales (100m) and ABC (250m?) has been 

removed by the submarine erosion/slumping, then the 

mineralization would have formed at depths of at least 

400m at thiS time, which is within the depth range as 

indicated' by stratigraphie eVidence in MVT deposits - a 

iewhuridied to arou~d 1000m (Anderson and Maqueen, 1982). 

However, the implications of basinal brine expulsion and 

ihe "epigenetiC" connotation frequently attached to the 

origin of MVT deposits are inconsistent with the 

mineralization at Navan and hence an 'HVT model for the 

mi~eralizati~n at Navan is rej~cted. 

The near surface mixing in a diagenetic environment at 

Navan," of 'a hydrothermal fluid and Lower Carboniferous 

seawater 
: ; '~ i •. 

containing sulphate and 'bact~riogenically-

derived HzS 
.j t u· r ~ - , ~' .' 

is possibly closer in a gross sense to a 
J,." ',,: 1; "'f _ 

SEDEX model. although'(i"is str~sied ihai Navan exhibit~ 
. - ~ (, r. 

so many features that are uncharacteristic of the 
!' ~' 

SEDEX deposits that it hould not be classified as SEDEX. 
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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 HODEL (Figs. 7.3-7.4) 

During the Lower Carboniferous. shallow 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 

in bedding-parallel, silt-rich horizons in the mine area. 

The result of this dolomitizing event was an increase in 

the competency and a decrease in the permeability of the 

rock and was critical in the later accumulation and 

formation of ore. 

Metal-bearing brines entered· ~the Pale Beds during 

diagenesiS. The metal zoning patterns and local 

accumulation of sulphides suggest that a structural 

control on the mineralization was NE to ENE-trending 
. . . ·s ' 

fractures. some of which acted as precursors to 
" . 

presently observed in the mine. 
, ' ; ~ 

.. ~ ... 
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The metals 'were derived from the underlying Lower 

PalaeozoiC succession, 'involving open system hydrothermal 

metamorphism by modified convecting seawater (Russell, 

1978,1983,1986; Russell et al., 1981). Two sources of 

sulphur were involved in the genesis of the bulk of the 

deposit: hydrothermal sulphur (transported with the 

metals) and a dominant component of bacteriogenically-

derived sulphur. The bacteriogenic sulphur was derived 

from the reduction of contemporaneous Lower Carboniferous 

seawater sulphate and could have been generated either in 

the Lower Carboniferous sea and top few metres of the 

sediment column, above the mineralizing zone, or else 

laterally in stratigraphically equivalent lithologies to 

the Pale Beds, rich in organic matter. In either case, 

the bacteriogenically-derived sulphide subsequently 

migrated to the site of ore deposition. 

The origin of the hydrothermal sulphur, is uncertain. 

However, the two most plausible explanations are leaching 

of diagenetic pyrite in the ,Lower Palaeozoic pile and 

thermochemical reduction of convected Lower Carboniferous 

seawater sulphate. The former is supported by the 

discovery of Lower Palaeozoic diagenetic pyrite With 

extraordinarily heavy 8 348 values. 

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 avariety~,of· :processes generally 
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reflecting the host rock geology as well as the 

availability and nature of the hydrogen sulphide. 

Spaces 

rigid 

were created by diagenetic processes 

dolomitized or partially dolomitized 

below the 

lithologies 

during compaction of the limestone-dominated succession. 

These spaces enhanced the permeability ~irectly below 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 growths. 

The limestone host rock was semi-consolidated at the time 

of mineralization. In the micrites episodiC extension 

created an anastomosing network of fractures which were 

enlarged by dissolution and infilled with sulphides. 

Fracturing and brecciation were also associated with 

sulphide deposition 1n the central 2-5 Lens. 

In massive sulphides characterized by coarse galena 

growths (eg, 2-5 and 2-2 Lenses) initial mineralization 

from a pulse of ore fluid was lead-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 were now:'zinc-
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enriched, precipitated sphalerite dominated by 

bacteriogenically-derived sulphur. In places these zinc­

enriched/sulphur-depleted fluids migrated to more distal 

locations where they encountered bacteriogenic sulphide 

and precipitated sphalerite as bedding-parallel 

replacements. The sphalerite replacement style is best 

developed in the upper lenses and is consistent with the 

upward migration 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 below the dolomites, open-space growth 

sulphide precipitation was characterized ,by internal 

sulphide sediments, stalactitic, dendritic and colloform 

growths, all often disrupted into a complex assemblage of 

clasts. These textures formed by rapid precipitation and 

growth as a result of mixing of two 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 was 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 

mineralizing flUids were able to migrate 
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continue 

levels. 

the ore depositional processes at higher 

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 la~e-stage Fe-rich 

mineralizing flUids debouched on to the seafloor and 

deposited as the Conglomerate Group Ore (GCO). The CGO 

is regarded as being cogenetic with Fe-rich 

mineralization in the 2-1 Lens and this is supported by 

the sulphur isotopic composition of pyrite. Both 

incorporated bacteriogenically-derived sulphide. 

However, the deep water (>500m?) carbonate depositional 

environment 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 bacteriogenic sulphide. The 

initiating T Fault may have acted as a pathway for some 

of these Fe-rich flUids. 

. ; 
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APPENDIX I 

1) Staining technique 

STAINING TECHNIQUE AND 

CATHODOLUMINESCENCE 

Uncovered thin sections prepared from carbonate 

lithologies were carefully etched in dilute HCL (5%) for 

60-90 seconds (2-3 minutes for dolomites) and then placed 

in a mixod 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 Fe2~ 

(Sommer, 1972; Frank et a1., 1981; Fairchild, 1983), 

Cathodoluminescent light in calcite and dolomite is 

controlled by the Fe/Mn ratio and not by the absolute 

concentrations of each cation (Frank et a1., 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 between 400 and 250 

microamps. Photographs were taken with 200 ASA 

FUjiColour print film. 
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APPENDIX II SULPHUR ISOTOPIC ANALYSES 

Two hundrod and fifty two sulphur isotope analyses were 

carried out on sulphides and sulphates throughout the 

deposit collected from underground headings and diamond 

drill core. 

Sulphides were extracted uSing a fine-tipped dental drill 

or by crushing and recovery with heavy liqUid 

separartion. Where neccessary X-ray diffraction was used 

to check the purity of the phases. The S02 gas was 

produced by combustion of the sulphides or sulphates at 

1070 and 1120°C respectively with an excess of Cu2 0 

(after Robinson and Kusabe, 1975). The prepared gas was 

then analyzed on a 12cm radiUS model double collector 

mass spectrometer (Isospec 44 modified for S02). The ion 

beams monitored are m/z 66 and 64, with standard 

correction factors applied to the raw sea ratiOS (after 

Craig, 1957). The entire instrument is operated at 110o C. 

Within run preCision is typically +0.080
/ 00 (2~) or 

better, with a long term reproducibility of +0.27 0 /00, 

based on 20 replicate analyses (including combustion) of 

an internal laboratory standard. All S34S results are 

reported as 0/00 (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) CPl - chalcopyrite (BGS, London) 834S = -4.10
/ 00 

b) NBS-123 sphalerite (I.A.E.A., Vienna) 

c) NZ-l - Silver sulphide (I.A.E.A ... Vienna) 

-0.10/00 

To nlso tA~t reproducibility, a sample of honeyblende 

sphalerite from Navan was crushed and homogenized and 

three gases were prepared and run on 

spectrometer. giving 8 34S values of -15.56, 

-15.480
/00 respectively. This gave a mean 

-15.57 0 /00 with ~n-l = 0.10Q
/ oo • 
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APPENDIX III ABBREVIATIONS FOR THE STYLES OF MINERALIZATION 

ALL -
COL = 
FRA = 
LAT = 
GYP = 
DGN = 
VNT = 

AND A LIST OF SULPHUR ISOTOPE RESULTS 

Alloch~m replacement by sphalerite 
Colloform pyrite/marcasite in bedding-parallel cavities 
in 2-1 Lens 
Frambotdal pyrite in the BC/CGO 
Barito laths and rosettes 
Gypt:ttm crysta I s 
Diagenetic pyrite clots and concretions in the Lower 
Pal<"oozoics 
Small veinlets in the Lower Palaeozoics 

Styles of-!!Iineralization within coarse 
galell!'l./sphalerite horizons 

BVN 
ZON 
MAS 
RHY 

MSA 
CBU 
CLa 
BRN 

= 
= 
= 
= 
= 
= 
= 
= 

Coarse bladed galena within the massive sulphides 
Coarse, poorly zoned sphalerite 
Zoned sphalerite crystals replacing host carbonate 
Rhythmically banded to crustiform sphalerite including 
small, coeval geopetal sphalerite sediments 
Massive sphalerite in 2-5 Lens west 
Cubic/layered/dendritic galena in 2-5 Lens west 
Colloform pyrite overgrowth on galena in 1-5 Lens 
Late-stage bournonite crystals 

Styles of mineralization within massive 
sulphide horizons deposited in 

continually developing open spaces 

LAM 
LAY 
DPC 
CUB 
SrL 
RYH 
HYB 

= 
= 
= 
= 
= 
= 
= 

Layered, internal sphalerite sediment 
Layers of galena within the sphalerite sediment 
Dendritic, skeletal and platelet galena growths 
Coarse cubic galena 
"Stalactitic" growths 
Rhythmically banded or colloform sphalerite 
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 = Rhythm ica 11 y banded sphaler i te in the 2-5 Lens ve in swarm 
DCP = Skeletal to cubic galena in the 2-5 Lens vein swarm 
HBY = Honeyblende sphalerite in the 2-5 Lens vein swarm 
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RESULTS 

" ' 

Extraction 8amEle No. Lens Mineral 8tyle 8 345 
No. (<=> /00 ) 

81004 NAV G135 1-2 sphalerite lIYB -13.7 
80685 NAV G007 1-2 sphalerite ALL -23.0 
S0678 NAV G001 1-2 sphalerite ALL -20.9 
80679 NAV G002 1-3 sphalerite ALL -21.6 
80680 NAV G003 1-3 sphalerite LAM -22.2 
80681 NAV G004 1-3 sphalerite ALL -20.3 
80683 NAV G005 1-3 sphalerite ALL -21.4 
80684 NAV G006 1-3 sphalerite ALL -21. 3 
80686 NAV G008 1-3 sphalerite ALL -22.6 
S0688 NAV G009 1-4 sphalerite ALL -22.5 
S0432 NAV 081 1-5 sphalerite H'fB -10.8 
80433 NAV 082 1-5 sphalerite H'fB -10. 1 
S0499 NAV 083 1-5 barite LAT +21.6 
S0498 NAV 084 1-5 barite LAT +23.6 
S0437 NAV 085 1-5 sphalerite H'fB -8.7 
S0497 NAV 086 1-5 barite LAT +24.4 
S0435 NAV 087 1-5 galena DPC -6.9 
S0512 NAV 088 1-5 sphalerite LAM -6.6 
S0513 NAV 089 1-5 sphalerite LAM -10.2 
S0514 NAV 090 1-5 sphalerite LAM -9.4 
S0407 NAV 091 1-5 galena DPC -6.1 
50439 NAV 092 1-5 sphalerite R'fH' -10.2 
S0490 NAV 100 1-5 galena BVN -1:'8.5 
S0487 NAV 101 1-5 galena BVN +8.2 
S0489 NAV 102 1-5 galena BVN +8.5 
S0488 NAV 103 1-5 galena BVN +9.8 
S0492 NAV 104 1-5 galena BVN +11.8 
S0500 NAV 107 1-5 barite LAT +17.7 
S0533 NAV 112 1-5 sphalerite LAM -21. 1 
S0534 NAV 114 1-5 sphalerite LAM -7.7 
S0553 NAV 116 1-5 sphalerite LAM -8.6 
50552 NAV 117 1-5 sphalerite LAM -9.4 
50535 NAV 118 1-5 sphalerite LAM -10.7 
S0536 NAV 121 1-5 sphalerite LAM -6.0 
50551 NAV 122 1-5 sphalerite LAM -3.4 
50708 NAV G014 1-5 barite LAT +27.9 
50701 NAV G018 1-5 galena DPC -11. 1 
50703 NAV G022 1-5 sphalerite H'fB -9.3 
50707 NAV G026 1-5 galena npc -6.5 
50854 NAV G085 1-5 galena VNB +12.3 
50924 NAV G088 1-5 barite LAT +19.4 
S0940 NAV G112 1-5 pyrite CLO -26.6 
S0725 NAV G012 1-5 sphalerite LAM -12.5 
50691 NAV G013 1-5 galena LA'f -17.2 
S0178 NAV 022 1-5 pyrite STL -19.3 
S0748 NAV G030 2-1 sphalerite LAM -18.2 
50749 NAV G031 2-1 sphalerite LAM -15.3 
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Extraction SamEle No. Lens Mineral St::t le 8348 
No. (0/.".,,) 

80750 NAV G032 2-1 sphalerite LAn -9.7 
80751 NAV G033 2-1 galena BVN +13.5 
80752 NAV G034 2-1 galena BVN +9.7 
80844 NAV G040 2-1 galena CUB +1.2 
S0918 NAV G095 2-1 barite LAT +19.5 
80919 NAV G096 2-1 barite LAT +19.3 
S0925 NAV G101 2-1 barite LAT +17.9 
S0922 NAV G099 2-1 barite LAT +20. 1 
80926 NAV G102 2-1 barite LAT +17.9 
80932 NAV G108 2-1 sphalerite HYB -15.3 
80933 NAV G109 2-1 sphalerite HYB -15.3 
80943 NAV G 115 2-1 marcasite COL -32.3 
80961 NAV G128 2-1 marcasite COL -37.3 
80962 NAV G129 2-1 marcaSite COL -28.2 
80964 NAV G131 2-1 marcaSite COL -32.3 
80965 NAV G132 2-1 sphalerite HYB -16.6· 
80966 NAV G133 2-1 marcasite COL -30. 1 
80755 NAV G036 2-1 galena VNB +7.3 
80756 NAV G037 2-1 sphalerite MA8 +7.2 
80186 NAV 019 2-1 pyrite COL -28.9 
80182 NAV 023 2-1 pyrite COL -32.9 
81151 NAV G-A 2-1 galena BVN +4.8 
81173 NAV G-B 2-1 galena BVN +5.8 
81154 NAV G-C 2-1 galena BVN +0.7 
81174 NAV G-D 2-1 galena BVN +7.6 
81175 NAV G-E 2-1 galena BVN +9.9 
81152 NAV G-F 2-1 galena BVN +8.8 
81155 NAV G-G 2-1 galena BVN +10.7 
81156 NAV G-H 2-1 galena BVN +9.8 
81176 NAV G-I 2-1 galena BVN + 11. 0 
81153 NAV G-J 2-1 galena BVN +6.5 
81240 NAV G-K 2-1 galena BVN +4.7 
81241 NAV G-L 2-1 galena BVN +0.7 
S1242 NAV G-M 2-1 sphalerite RHY -9.3 
50149 NAV 001 2-2 sphalerite ALL -15.0 
80150 NAV 002 2-2 sphalerite ALL -14.5 
50151 NAV 003 2-2 sphalerite ALL -14.8 
50153 NAV 005 2-2 galena BVN +7.0 
50152 NAV 004 2-2 galena BVN +1.5 
80154 NAV 006 2-2 galena BVN -0.4 
50155 NAV 007 2-2 galena BVN +1.7 
80156 NAV 009 2-2 sphalerite RHY +2. 1 
80160 NAV 010 2-2 galena BVN +3.7 
50161 NAV 011 2-2 galena BVN -1.1 
80190 NAV 012 2-2 barite LAT +19.5 
50157 NAV 013 2-2 sphalerite LAM -19.5 
50158 NAV 014 2-2 sphalerite LAM -17.5 
80159 NAV 015 2-2 galena BVN +5.8 
50189 NAV 016 2-2 barite LAT +19.3 
50170 NAV 017 2-2 galena BVN +2. 1 
50171 NAV 018 2-2 galena BVN +2.6 
50168 NAV 024 2-2 sphalerite LAM -16.2 
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Extraction 5amEle No. Lens Mineral 5t~le 8345 
No. (0/00 ) 

50167 NAV 026 2-2 sphalerite ALL -20.2 
50176 NhV 033 2-2 galena BVN +6.2 
50177 NAV 034 2-2 galena BVN +0.3 
50226 NAV 035 2-2 galena BVN +9.3 
50227 NAV 036 2-2 galena BVN +10.8 
50235 NAV 037 2-2 sphalerite RHY + 11. 3 
50237 NAV 039 2-2 galena BVN + 14. 1 
50236 NAV 041 2-2 galena BVN +10.5 
80229 NAV 051 2-2 galena BVN +5.9 
50230 NAV 052 2-2 galena BVN +10.0 
50231 NAV 053 2-2 galena BVN +6.0 
50238 NAV 055 2-2 galena BVN +6. 1 
80246 NAV 062 2-2 sphalerite ALL -20.0 
50242 NAV 063 2-2 sphalerite ALL -22.3 
50251 NAV 064 2-2 sphalerite RHY +4.0 
50314 NAV 067 2-2 barite LAT +22.5 
50316 NAV 069 2-2 barite LAT +21.6 
50331 NAV 073 2-2 galena BVN +9.9 
50332 NAV 074 2-2 galena BVN +9.8 
S0406 NAV 075 2-2 galena BVN +6.5 
50429 NAV 076 2-2 galena BVN +7.6 
50430 NAV 077 2-2 galena BVN +7.5 
50333 NAV 078 2-2 sphalerite MAS +3.8 
50431 NAV 079 2-2 sphalerite MAS +3.3 
50436 NAV 080 2-2 galena BVN +1.9 
50529 NAV 128 2-2 sphalerite ALL -21. 1 
50530 NAV 127 2-2 sphalerite ALL -14.9 
50528 NAV 128 2-2 sphalerite MA5 -0. 1 
50531 NAV 129 2-2 galena BVN +3.4 
50548 NAV 130 2-2 sphalerite ALL -19.2 
50043 NAV G039 2-2 galena VNB +10.2 
51007 NAV G138 2-2 sphalerite HYB -11.8 
51067 NAV G042 2-2 galena LAY -24.8 
50689 NAV G011 2-2 galena LAY -20.6 
50720 NAV G019 2-2 barite LAT +20.8 
51278 NAV G150 2-2 bournonite BRN -4.2 
51088 NAV G143 2-3 galena CUB -9.5 
51009 NAV G140 2-3 sphalerite HYB -11.5 
51006 NAV G137 2-3 sphalerite ZON +3.7 
50899 NAV G018 2-3 sphalerite LAM -5.7 
50700 NAV G017 2-3 sphalerite LAM -8.9 
50702 NAV G021 2-3 sphalerite HYB -16.8 
50705 NAV G024 2-3 galena CUB -12.0 
50706 NAV G025 2-3 galena CUB -11. 1 
50980 NAV G127 2-3 sphalorite HYB -10.2 
50929 NAV G105 2-3 barite LAT +23.2 
50932 NAV G108 2-3 barite LAT +21.0 
50934 NAV G 110 2-3 sphalerite HYB -9.7 
50721 NAV-CEL 2-3 celestite LAT +39. 1 
50714 NAV G020 2-3 barite LAT +35.0 
50248 NAV 048 2-4 galena BVN +2.2 
50233 NAV 054 2-4 sphalerite LAM -20.3 
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Extraction SamEle No. Lens Mineral St~le 834S 
No. (0/00 ) 

S0537 NAV 125 2-4 galena LAY -15.6 
S0240 NAV 049 2-4 galena LAY -18.7 
S0234 NAV 057 2-4 sphalerite LAM -22.0 
S0241 NAV 058 2-4 sphalerite HYB -17.4 
S0244 NAV 059 2-4 galena CUB -6. 1 
S0243 NAV 060 2-4 galena CUB -7.4 
S0245 NAV 061 2-4 sphalerite LAB -19.5 
S0253 NAV 065 2-4 sphalerite RHY +7.8 
S0464 NAV 095 2-4 galen.a DPC -20.8 
S0465 NAV 096 2-4 galena DPC -20.8 
S0467 NAV 097 2-4 galena STL -16.0 
S0482 NAV 098 2-4 galena STL -16.8 
S0403 NAV 099 2-4 pyrite STL -14.0 
80-163 NAV 110 2-4 galena BVN +13.3 
80484 NAV 111 2-4 sphalerite LAM -11. 0 
S0550 NAV 124 2-4 sphalerite LAM -15.0 
S1073 NAV G145 2-4 sphalerite LAM -19.3 
80549 NAV 123 2-4 sphalerite LAM -16.0 
S0941 NAV G 113 2-4 pyrite STL -12.9 
80942 NAV G114 2-4 pyrite STL -32.6 
S0949 NAV G116 2-4 sphalerite LAM -12.0 
80950 NAV G 117 2-4 sphalerite LAM -15.6 
80951 NAV G 118 2-4 sphalerite LAM -17.5 
80952 NAV G119 2-4 sphalerite LAM -13.7 
80955 NAV G122 2-4 galena DPC -8.2 
80956 NAV G123 2-4 galena DPC -8.4 
80954 NAV G121 2-4 sphalerite LAM -23.5 
80973 NAV G134 2-4 barite LAT +21.7 
S0971 NAV G072 2-4 galena DPC -19.7 
80969 NAV G073 2-4 sphalerite RYH -18.3 
80967 NAV G074 2-4 sphalerite HYB -18.2 
80923 NAV G100 2-4 barite LAT +22. 1 
81005 NAV G136 2-4 sphalerite HYB -3.6 
81014 NAV G142 2-5 sphalerite ZON +12.3 
81069 NAV G144 2-5 sphalerite RHY -11.6 
80959 NAV G126 2-5 sphalerite ZON +8.8 
80704 NAV G023 2-5 marcasite VNB +10.9 
80856 NAV G046 2-5 galena BVN +10.3 
80862 NAV G047 2-5 sphalerite RHY -1.5 
80857 NAV G048 2-5 galena BVN +7.8 
80863 NAV G049 2-5 sphalerite ZON +8.0 
80893 NAV G050 2-5 sphalerite ZON +7. 1 
80896 NAV G051 2-5 sphalerite ZON +8.4 
80897 NAV G053 2-5 sphalerite RHY -15.6 
80895 NAV G055 2-5 galena BVN +8.8 
80898 NAV G057 2-5 sphalerite RHY +3.0 
80899 NAV G058 2-5 sphalerite RHY -0.9 
81070 NAV G059 2-5 galena BVN +10.8 
80894 NAV G060 2-5 sphalerite ZON +10.5 
80905 NAV G061 2-5 galena BVN +9.4 
80903 NAV G063 2-5 sphalerite ZON +8.8 
80904 NAV G067 2-5 sphalerite ZON +10.8 
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Extraction 
No. 

80858 
80860 
80859 
81071 
81072 
80972 
81011 
80970 
80968 
81010 
80900 
81177 
80861 
80901 
80855 
80920 
80921 
80927 
S0928 
S0930 
S0935 
S1008 
S1244 
S1251 
S1254 
S1276 
S1277 
S0851 

S0181 
S0179 
S0187 

81760 
80330 
81759 

8amEle No. Lens Mineral 8ty"le 

NAV G061 2-5 galena BVN 
NAV G066 2-5 galena BVN 
NAV G068 2-5 galena BVN 
NAV G069 2-5 sphalerite RHY 
NAV G070 2-5 sphalerite RHY 
NAV G076 2-5 galena DCP 
NAV G080 2-5 sphalerite YHR 
NAV G077 2-5 sphalerite YHR 
NAV G078 2-5 sphalerite HBY 
NAV G079 2-5 galena DCP 
NAV G086 2-5 marcasite VNB 
NAV G089 2-5 sphalerite YRH 
NAV G091 2-5 galena VNB 
NAV G087 2-5 sphalerite YRH 
NAV G094 2-5 galena VNB 
NAV G097 2-5 barite LAT 
NAV G098 2-5 barite LAT 
NAV G103 2-5 barite LAT 
NAV G104 2-5 barite LAT 
NAV G106 2-5 barite LAT 
NAV G111 2-5 sphalerite ZON 
NAV G139 2-5 sphalerite ZON 
NAV G200 2-5 galena CBU 
NAV G201 2-5 sphalerite MSA 
NAV G202 2-5 galena CBU 
NAV G203 2-5 bournonite BRN 
NAV G204 2-5 bournonite BRN 
NAV G045 3-5 galena VNB 

Pyrite in the Conglomerate Group Ore 

NAV 021 
NAV 025 
NAV 020 

1-0 
1-0 
1-0 

pyrite 
pyrite 
pyrite 

FRA 
FRA 
FRA 

Gypsum from the Laminated Beds and F26 Fault 

GY-Laminated Beds(l) gypsum 
GY-Laminated Beds(2) gypsum 
GY-F26 1-5 gypsum 
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GYP 
GYP 
GYP 

8348 
(<:> /00) 

+ 11. 0 
+7.7 
+10.2 
-2.8 
-14.5 
-6.8 
-14.6 
-17.0 
-14.4 
-10.3 
+14.9 
+9.0 
+0.2 
+9.3 
+8.5 
+24.4 
+22.7 
+22.5 
+29.4 
+21.6 
+9.3 
+7.2 
-19.9 
-15.7 
-20.3 
-14.9 
-17.2 
+5.9 

-30.8 
-32.0 
-30.2 

+22.5 
+24.9 
+21.0 



Extraction SamEle No. Lens Mineral Sty-Ie cS 345 
No. (0/00 ) 

Dtagenet ic pyrite in the Lower Palaeozoics 

50841 NAV-LP2 pyrite DGN +15.5 
S0042 NAV-LP3 pyrite DGN +18.8 
S0050 NAV-LP1+3 pyrite DGN +19.2 
50869 NAV U80-45m pyrite DGN +61. 1 
50872 Repeat pyrite DGN +61.7 
50878 NAV U80-54m pyrite DGN +31.4 
Sl106 NAV U80-55m pyrite DGN +7.2 
S 1111 NAV U80-88.6m pyrite DGN +7. 1 
50885 NAV U80-9G. 1m pyrite DGN +52.7 
50888 Repeat pyrite DGN +52.7 
50993 NAV N 16S-1( 60m) pyrite DGN +24.1 
50995 NAV N16S-2(63.1m) pyrite DGN +6.0 

Minor sulphides in fractures in the Lower Palaeozoics 

51312 LP/l sphalerite VNT +3.6 
51313 LP/2 sphalerite VNT +3.5 
51314 LP/3 chalcopyrite VNT +4.5 
51315 LP/4 galena VNT +1.2 
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