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ABSTRACT

This study describes and characterises the iron oxide mineralisation (hematite, 

magnetite, silica) associated with base metal mineralisation in the Irish Central 

M idlands Basin. The iron oxide mineralisation occurs over a range o f  styles and sizes 

from isolated jasper nodules at Silvermines, Lisheen, Galm oy and Navan to thick, 

stratabound, banded ironstone units at Tynagh and Crinkill.

The iron oxide mineralisation formed during the early diagenesis o f  the W aulsortian 

M udbank Com plex at Tynagh, Crinkill, Silvermines and Garrycam, that is, during the 

Courceyan to Chadian in a seafloor to sub-seafloor setting (10s o f  centim eters to 10s o f  

m etres burial). However, massive ironstones and iron oxides occur throughout the 

entire Courceyan to Chadian carbonate package at Tynagh, from the upper Ballysteen 

Limestone Form ation, throughout the W aulsortian M udbank Com plex and within the 

lower Grey Calp/Supra-W aulsortian. Hence at Tynagh. the hydrothermal system 

appears to have been active over significant a period o f  time (approxim ately 5Ma).

The iron-oxide-silica mineralisation forms the paragenetically earliest hydrothermal 

product within the Central M idlands Basin, pre-dating both hydrothermal dolomitisation 

(Regional dolom ite. Black and White M atrix Breccias) and sulphide mineralisation.

Products o f  iron-oxide-silica mineralisation are overgrown, cross-cut and replaced by 

sulphide mineralisation at Crinkill, Tynagh. Silvermines, Lisheen, Galm oy and Navan. 

The iron-oxide-silica mineralisation was probably originally developed over 

geographically larger areas than seen at present and was subsequently replaced by the 

sulphides. Thus in many deposits iron-oxide-silica mineralisation is preserved only at 

the fringes; or outboard o f  the sulphide mineralisation. Many o f  the hematised 

limestones associated with the sulphide deposits have outer rims o f  chlorite-rich green 

argillites reflecting the passage o f  the reduced metal-bearing hydrothermal fluids.

The oxygen isotope values o f  hematite from 5 deposits can only be reasonably 

explained if  the fluids from which the hematite formed contained isotopically very 

heavy ox>'gen (S '*0  o f  approxim ately +20 to 30 per mil). The only widely available 

oxygen as isotopically heavy as this would have been atm ospheric oxygen dissolved in
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seawater. Therefore hematite mineralisation involved ingress o f  seawater containing 

dissolved atmospheric oxygen; this is m ost likely to have occurred within the upper few  

metres o f  the sedimentary colum n.

G eochem ical m odelling using iron-oxide-sulphide stability diagrams indicates that the 

iron-oxide-silica mineralisation w as deposited from oxygenated, that is S0 4 '̂, 

dominated fluids. Magnetite (at Tynagh and Crinkill) is typically follow ed by hematite 

indicating that the initial hydrothermal fluids in those deposits had low oxygen  

fiigacities on the order o f  ^ 5  to - A 1  log fo2. The presence o f  magnetite requires that 

parental fluids had an initial pH in the range 5.5 to 9. The weakly acidic values are 

considered to be m ore likely. Elsewhere the geochemistry o f  the oxidised fluids is less 

w ell constrained. H ow ever the lack o f  significant dissolution suggests precipitation 

from near neutral brines. Due to the lack o f  co-precipitated sulphides, oxygen  

fiigacities were approximately - 4 4  to - 4 6  log fo2.

In addition to the iron-silica mineralisation associated with base metal mineralisation, 

there are extensive developm ents o f  hematised limestone. These are m ostly 

concentrated in the southern part o f  the Central Midlands Basin (the Red Marble facies). 

Hematisation at all locations occurred early in the diagenesis o f  the host lithologies at 

Hook Head, Whiting Bay, Buttevant. Limerick and Ballinasloe and the Red Marble 

Facies.

The sulphide-bearing brines were reducing in nature, that is HiS dominated. Metals 

were transported as chloride com plexes at a  pH o f  4 or less, relatively high temperatures 

and salinities (based on limited fluid inclusion data [temperature I77°C ; salinities o f  

17wt% N aC leqv] from Black Matrix Breccias at Crinkill). Sulphide precipitation was 

promoted by one or all o f  the following factors; an increase in pH caused by 

neutralisation o f  the acidic brines by the carbonate host lithology; a temperature 

decrease resulting from fluid mixing; and a  reduction in salinity as a result o f  fluid 

m ixing. Data from the analyses o f  fluid inclusions from the White Matrix Breccia at 

Crinkill are interpreted as recording the mixing between a low temperature (100 -  

160°C), high salinity (14wt%  N aCl«qv), brine and a  moderate to high temperature (1 6 0 -  

185°C ), low  salinity (7wt%  NaCUqv) fluid.
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Chapter 1 INTRODUCTION and REVIEW

1.1 INTRODUCTION

Over the last thirty years successful exploration has ensured that Ireland is, and will 

remain, Europe’s primary zinc producer. The Irish Orefield hosts the giant Navan (c. 

85Mt @ 8%Zn & 2%Pb), the world-class Lisheen (22.5M t @ 13.02%Zn & 2.19%Pb) 

and the Galmoy (c.lOMt @ 11.5%Zn & 1.1 %Pb) deposits (Fig. I . l ) .  Ireland contains 

more tonnes o f  mineable zinc metal per square kilometre than any other zinc producing 

district.

The earliest discoveries, Tynagh (1961), Siivermines, (1963) and the giant Navan 

deposit (1970), resulted from the application o f  the then state-of-the-art soil 

geochemistry with complementary prospecting and limited geophysical input (Meldrum 

et al., 1979). During this period there was relatively little understanding o f  the 

geological controls on mineralisation.

The most recent discoveries, Galmoy (1986), Lisheen (1990) and the U-Iens at Navan 

(1995-96), resulted from the utilisation o f ground-based geophysics combined with the 

application o f  the latest geological models (Doyle, 1992; Hitzman et al., 1992a &b).

As is common in any mature mineral province, the outcropping and sub-cropping 

deposits (Tynagh. Siivermines and Navan) were the first to be discovered followed by 

the shallow to moderately buried occurrences (Galmoy, 56m depth; Lisheen, 160m). 

Successful exploration for increasingly blind deposits requires a scientific 

understanding o f  the processes o f  ore formation and deposition. The most recent 

research has concentrated either on specific aspects o f  individual deposits (Redmond, 

1998) or on specific areas or trends (Eyre, 1998). However there has been an increasing 

need for larger scale regional studies examining the factors in common between the 

various deposits.

At present, exploration philosophies are multidisciplinary in nature, using airborne 

geophysics (electromagnetic and magnetic) in tandem with the latest structural and 

geological models. They hold the promise o f  additional discoveries in the Irish 

Orefield.
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Almost all the deposits in the Orefield are spatially associated with iron-oxide 

alteration/mineralisation (hematite, silica, magnetite) which occurs over a range o f 

scales from isolated jasper nodules (Silvermines, Lisheen, Galmoy and Navan) to thick 

stratabound massive banded ironstone or iron formations at Tynagh and Crinkill (Fig. 

1 . 1 ).

1.1.1 Irish-type Deposits

The epithet “Irish-type” was introduced for deposits which clearly did not fit the 

categories Mississippi Valley Type Deposit or SedEx deposit. As the name suggests, 

the Irish Orefield is the locus typicus o f these deposits. A synthesis o f the 

characteristics of an Irish-type deposit based on the known deposits in the Irish Orefield 

is as follows.

The mineralisation, mainly pyrite, sphalerite, galena, commonly with barite and with 

generally minor amounts o f copper sulphides, is stratabound and in some cases 

stratiform, and is hosted in limestones which in some cases are extensively dolomitised.

Mineralisation occurs within the stratigraphically lowest substantial thickness of'clean', 

non-argillaceous limestones. All economic mineralisation discovered to date is hosted 

within Courceyan to Chadian carbonates - the Waulsortian Mudbank Complex (WMC) 

in the central and southern Midlands and the Navan Beds in the northern Midlands.

Mineralisation is considered to have occurred either on the seabed and/or during burial 

o f the host rocks relatively soon after their deposition (in contrast to both Mississippi 

Valley Type and SedEx deposits). The deposits are found in the hanging walls o f 

extensional faults which can be shown to have been active close in time to the 

deposition o f the host rocks. The faults formed the conduits for fluid flow. The fluids 

that deposited the ores were o f relatively high temperature and moderate salinity (150- 

250°C, 5-25wt% NaCI«,v)- A large component o f the sulphide was derived from more 

or less contemporary sea water sulphate.

It should be noted that in the Irish Orefield there are deposits such as Gortdrum (Cu, 

Ag, Hg) (Steed, 1986) and Harberton Bridge Pb-Zn (Emo, 1986) which may be
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genetically related to the other deposits o f the Irish Orefield but do not conform to the 

diagnosis o f  an Irish-type deposit (the Harberton Bridge deposit, is in many respects 

similar to the Lisheen & Galmoy deposits, has typically been referred to as a 

Mississippi Valley type deposit).

Irish-type or Irish-style deposits have now been identified throughout the world, from 

the late Proterozoic o f Brazil to the Cretaceous o f Northern Spain. Examples include 

the deposits o f Bambui Basin, Brazil (Romagna and Costa, 1995; Hitzman, 1999b); 

Cadjebut. W. Australia (Hitzman and Large, 1986; Wallace et al, 1999); the Maritimes 

Basin, Nova Scotia (Sangster et al 1998) and Reocin and Troya, Northern Spain 

(Hitzman, 1999b).

A general characteristic o f these deposits is that they formed in extensional basins 

including failed intrcratonic rifts.

A brief review o f the age and origin of the base metal deposits and their geological 

framework is presented. Finally a short section is devoted to other regions o f iron-oxide 

mineralisation throughout the world.

1.2 FOCUS OF RESEARCH ON BASE METAL DEPOSITS IN IRELAND

There is general consensus between all researchers working on Irish base metal deposits 

that the hydrothermal fluids responsible for base metal mineralisation were introduced 

to the sites o f  deposition via predominantly normal faults which formed as a result o f 

dextral transtension and are located above major NE-trending Caledonian basement 

structures (Johnston e/a/. 1996; O’Reilly e/a/. 1999, Johnston, 1999).

Two principal topics continue to dominate all academic discussions concerning the Irish 

deposits. They concern the age o f the mineralisation and the origin o f the hydrothermal 

fluids and their migration pathways. Both topics are discussed below:

L2.1 Age of Mineralisation

As in many mineralised areas there have been two schools o f thought that may be 

categorised as syngenetic and epigenetic.
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Initial discussion focused on the Tynagh deposit. Derry et al. (1961) interpreted the 

mineralisation as syngenetic but Schultz (1968) demonstrated widespread evidence o f 

replacement and postulated that the sulphide mineralisation was epigenetic in origin.

Following the discovery o f 'black smokers' on the East Pacific Rise, a group o f 

researchers led by Professor Mike Russell o f the now defunct Department o f Geology, 

Strathclyde University, Scotland began to apply the then latest geological models and 

concepts to the Tynagh, Silvermines and Navan deposits, all o f which were being 

actively mined. The early studies concluded that the iron oxides and sulphides had been 

precipitated from exhalative hydrothermal solutions directly onto the Lower 

Carboniferous seafloor at Tynagh and Silvermines (Russell, 1975, 1978; Taylor, 1984; 

Andrew, 1986). Members o f this research team subsequently described what were 

interpreted as hydrothermal vent faunas from both the Tynagh and Silvermines deposits, 

one o f the first areas in the world where fossil faunas of this kind were recognised 

(Larter t?/a/., 1981; Boyce e/a/. 1983, 1999; Banks, 1985 & 1986).

At Lisheen the sulphide mineralisation clearly post-dates the extensively developed 

'regional' dolomite and is seen to replace the hydrothermal breccias (Hitzman et a i, 

1992b; Redmond, 1998; Eyre, 1998; and Sevastopulo and Redmond, 1999). Hitzman 

questioned the earlier theories and stated that the bulk of the mineralisation in the Irish 

Orefield was epigenetic in origin (Hitzman, 1986, 1995b & c, 1999). The putative 

hydrothermal vent faunas were discounted as representing either a non-biological 

mineralogical phenomenon, such as colloform growth, or replaced bioclasts, such as 

crinoid ossicles, etc. (Hitzman and Beaty, 1996). However, researchers from the Natural 

History Museum, London visited the Ballynoe (Silvermines) barite pit in 1998 and 

collected additional 'worm tubes'. The results o f their fmdings were presented at the 

recent SGA/IAGOD conference in the Natural History Museum (Boyce et al. 1999). 

They describe a cylindrical tube 21mm long by 2.5mm in diameter comprised of a 

barite core and an external pyrite shell. The pyrite shell is formed o f concentric 

annulations. C. Little (Boyce et al. 1999) a palaeontologist at the Natural History 

Museum has concluded that the tube is not a replaced fossil from the surrounding 

limestones "nor can it be assigned to any other Carboniferous fossil group". The 

specimen shares many characteristics with tube worms found in Phanerozoic Volcanic
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Massive Sulphide deposits where the link between seafloor exhalation and vent- 

dependent fossils is unequivocal (Little et al. 1998). This clearly indicates that seafloor 

hydrothermal activity occurred at Silvermines.

The most recently published models suggest that the bulk o f the sulphide mineralisation 

formed in cavity systems and by replacement in a sub-seafloor environment with 

mineralisation occurring up to and during the Arundian (c. 335 Ma) at the Navan 

deposit (Anderson et al., 1998) and possible later (Visean) at Lisheen (Hitzman et al., 

1992; Sevastopulo and Redmond, 1999).

However it is worth noting that at Lisheen and along the Rathdowney Trend research is 

still ongoing concerning the formation and origin of the regional dolomite, the most 

recent research favouring an early sedimentary origin for the bulk o f the regional 

dolomite (Wright et al., 1999). Also, the earlier studies assume a single, relatively 

rapid, dolomitising event and do not investigate the possibility o f  diachronous dolomite 

cementation.

1.2.2 Origin and migration pathways o f the hydrothermal fluids

Debate continues concerning the fluid pathway utilised by the hydrothermal fluids. 

There are 3 principal models which will be briefly discussed below in order o f their 

conceptualisation.

• Deep Convection/Density Drive Convection Model

Russell (1978) proposed that the high heat flow resulting from tectonic extension during 

the Courceyan resulted in the formation o f deeply 'excavating' seawater convection cells 

that penetrated into the underlying Lower Palaeozoic basement (to depths o f more than 

10km). The convection cells are envisaged as having expanded laterally until they 

encountered a steep fault zone where they ascended to the mineralisation site on, or 

close to the Lower Carboniferous seafloor.

The main problem with this model is the difficulty o f circulating large volumes o f 

seawater through the Lower Palaeozoic basement rocks. Additional complications are 

the source o f the heat to drive the convection cells. Volcanic centres occur within the 

midlands, in the Limerick Syncline and at Croghan Hill but they do not seem to be
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associated with base metal mineralisation and are younger than the earliest 

manifestations o f hydrothermal activity at Tynagh and Silvermines. The presence o f 

thin tuffs below the orebody at Lisheen and associated with the iron mineralisation at 

Tynagh may indicate that there was more extensive volcanicity coeval with 

hydrothermal activity than has been generally recognised. The model is supported by 

studies o f Pb isotopes which strongly suggest a local basement source for the 

mineralising fluids (Caulfield et a l,  1986; O'Keeflfe, 1986). The most recent 

geochemical studies (fluid inclusions and stable isotopes) by Everett et al. (1999a & b) 

demonstrate a basement involvement over a c. 50km^ area surrounding the Silvermines 

deposit.

• Basin Compaction Model

This model, based largely on investigations of the Devonian West Canada Basin and the 

Pine Point deposits, invokes compaction in a subsiding sedimentary basin as a 

mechanism o f expelling basinal formation waters to the basin margins and thus to sites 

o f mineralisation. Lydon (1986) proposed that hydraulic sealing and thermal insulation 

o f the Old Red Sandstone in the Central Midlands and Dublin Basins resulted in 

overpressurising o f the formational waters. E.xtensional derived heat flow heated these 

waters to c. 200“C. Metals were leached from the Old Red Sandstone and carried by the 

fluids towards the sites o f mineralisation where the geopressured aquifers were 

breached by extensional faults.

The principal problem with this model concerns the timing and metal budgeting. Basin 

dewatering is considered to occur typically 25-60Ma after basin formation. Therefore 

in the Irish case the thermal sag phase o f basin subsidence could not have started until 

after the main mineralising event(s). Lydon's model requires large scale basins, both 

laterally and vertically (100s-1000s kilometers with several kilometres o f basin fill). It 

is unlikely that the Irish Carboniferous basins were of suf?icient scale (Andrew, 1991, 

1992). Finally, theoretical studies o f metal budgets indicate that the volume o f fluid and 

resultant metal tonnages required cannot be accounted for by the postulated basin fills 

(Bethke and Marshak, 1990).
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• Topographic Driven Fluid Model

Hitzman (1993) and Hitzman and Beaty (1986) proposed that the topographic driven 

fluid flow model, developed by Garven (1984, 1985) and Leech and Rowen (1986) for 

the M ississippi Valley deposits o f  the central USA, might be applicable in Ireland. 

Flow was envisaged as having resulted from uplifl caused by the early stages o f  the 

Variscan orogeny to the south o f  Ireland.

Fluids sourced from  the Variscan front located c. 200-300km  to the S o f  Ireland during 

the Lower C arboniferous, travelled through the M unster Basin and into the Devonian 

Old Red Sandstone aquifer within which they migrated northward until they intersected 

favourably oriented faults which provided access to the sites o f  mineralisation.

Detractors o f  this m odel state that it fails to explain why the fluids migrated long 

distances (c.400-600km ) across the pre-existing structural grain w ithout escaping from 

the Old Red Sandstone aquifer. Also it is widely considered that the Old Red Sandstone 

would have been relatively impermeable at this stage. M allon (1997) has shown that 

hydrothermal alteration in the Old Red Sandstone is geographically very restricted, 

which is contrary to what might be expected if large volumes o f  hot fluid were passing 

through it.

The most recent hydrological basin modelling suggests that regionally topographically 

driven regional fluid flow was unlikely to have produced the bulk o f  the sulphide 

mineralisation in the Irish M idlands (however the model m odels the M unster Basin as 

being only 30km  across) (Lewis and Couples, 1999).

The debate about fluid migration pathways has been extremely productive and has 

generated several research projects which were initiated during the mid to late 1990s. 

These include studies by M allon (1997) on the Old Red Sandstone; Mullane (1997) on 

the Ballynoe Barite deposit; Redmond (1997) on Lisheen; Eyre (1998) on the 

Rathdowney Trend; Everett, (1999) on the Lower Palaeozoic basement; Blakeman (in 

progress on Navan); Wright (in progress) on the Regional Dolomite; and Cruise (this 

study) on Iron-Oxides.
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1.3 REGIONAL GEOLOGICAL SETTING

A brief description o f  the geological setting o f  the Carboniferous base metal deposits in 

Ireland is given below. More detailed information is available in Holland et al. (1981 & 

in press).

• Pre-Cambrian Crystalline Basement

The oldest rocks in Ireland are Laxfordian (c. 1700Ma) to Grenvillian (c. lOOOMa) 

gneisses which outcrop in NW Ireland (Van Breenan et al., 1978; Sanders et al., 1987; 

Muir et al., 1994). Slightly younger, post-Grenvillian gneisses also outcrop in Co. 

Wexford where they are considered to represent a fault-bounded block (Winchester and 

Max, 1982). Xenoliths o f Pre-Cambrian gneiss occurring in Carboniferous volcanics in 

central Ireland indicate that a similar crystalline basement is present beneath significant 

portions o f  the Midlands (Strogen, 1974).

• Caledonides

The opening o f the lapetus ocean during the late Proterozoic resulted in the deposition 

o f a thick (+10km) predominately clastic sequence during the Dalradian (c.800-530Ma) 

in NW Ireland (Anderton, 1982; Barker and Gayer, 1985). Closure o f  the lapetus 

ocean caused collision, subduction and micro-plate accretion o f  the North American 

plate beneath the European (Avalon) plate from the Cambrian through to the mid- 

Silurian (Phillips and Sevastopulo, 1986). Southeasterly dipping subduction (sinistral 

oblique) fi"om mid-Ordovician through to mid-Silurian times caused significant volcanic 

arc activity and resulted in the formation o f  the Avoca (Co. Wicklow) and Parys 

Mountian (Wales) Volcanic Massive Sulphide deposits (Stillman, 1982).

The Caledonian collision zone or lapetus suture is interpreted as a Himalayan-type 

collision zone extending across Ireland and the British Isles as a series o f  NE-SW 

trending structural corridors (Phillips and Sevastopulo, 1986; Hitzman, 1995a). These 

NE-SW, Caledonian trending structures are clearly visible as deep seated linears in the 

regional gravity and magnetic datasets. They played an important part in controlling 

the later structural conduits exploited by base metal-bearing fluids (Johnston et al., 

1996; O'Reilly e /a /., 1999).
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The 'prim ary suture or lapetus suture was interpreted by Phillips and Sevastopulo 

(1986) to extend along the Shannon estuary through Silvermines northeastward to 

Navan. From the Silurian onwards both plates (NW and SE Ireland) were close enough 

to have shared similar sedimentation. During or slightly after the Caledonian collision, 

syn- to post-orogenic granitic intrusions were emplaced, including the Donegal, Newry 

and Galway granites as well as the large Leinster batholith which has been dated as 

405M a (O'Connor et a i,  1989).

• Devonian

During the Lower to Mid-Devonian, convergence and subduction o f  the Proto-Tethys 

Ocean beneath the Laurussian megacontinent resulted in the formation o f  relatively 

small-scale fault-bounded pull-apart basins with associated continental alluvial fan and 

flood plain sedimentation in W and NW Ireland (Ziegler, 1988; Graham. 1983; 

Hitzman, 1995a).

Subsequent collision o f Gondwana-derived microplates (Acadian orogeny) in the Mid- 

Devonian halted the strike-slip faulting causing regional uplift and erosion o f much o f 

southern and central Ireland. Hence Lower to Mid-Devonian rocks are poorly 

represented in this region.

Renewed strike-slip deformation and back-arc extension in the early Upper Devonian 

resulted in significant sedimentation particularly in southern Ireland (the Munster 

Basin). The Munster Basin is a ENE trending half-graben containing over 7km o f  

continental fluviatile sediments deposited as alluvial fans and in braided river systems 

which transported sediments from the uplifted mountainous metamorphic terrain 

(Dalradian) far to the north (Graham, 1983). The northern margin o f the Munster basin 

is defined by a thick sequence o f  coarse alluvial conglomerates and bimodal volcanic 

centres interpreted to represent a major syn-sedimentary fault zone approximately in the 

position o f  the present day Killamey-Mallow fault (Penney, 1980; Graham, 1983; 

Williams et a i,  1989). North o f this basin bounding fault the Old Red Sandstone facies 

thins dramatically to typically less than 250-300m thick. At the end o f  the Devonian a 

second major fault zone, the Kenmare-Cork fault, developed effectively bisecting the 

Munster Basin (MacCarthy, 1990, 1995). South o f the fault shallow water tidal 

sediments were deposited in the relatively long-lived South Munster Basin (which
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continued to influence sedimentation throughout the Lower Carboniferous (Upper 

Devonian-Namurian)) while to the north marginal marine sedimentation occurred.

• Carboniferous

Sea levels are interpreted as rising cyclically during the Upper Devonian to earliest 

Carboniferous (Vail et al., 1977). In Ireland, a marine transgression was initiated in the 

south (South Munster Basin) and by Mid-Toumaisian/Courceyan times the Lower 

Carboniferous sea had submerged the Midlands.

The Toumaisian/Courceyan succession can be summarised in terms o f a number of 

sedimentary successions. The initial transgression is represented by littoral to shallow 

shelf mixed clastic-carbonate strata, the Mellon House Formation, which aggraded to 

sea level; its top represents a geographically widespread boundary. The succeeding 

package consists o f shallow marine calcareous shales and limestones of the Ringmoylan 

Shale and Ballymartin Limestone Formations respectively. The Mellon House and the 

Ringmoylan Shale Formations are commonly grouped under the term Lower Limestone 

Shales (LLS).

Broadly speaking the third package forms a general deepening upward succession 

which hosts the majority o f the base metal mineralisation. In the southern Midlands, the 

Ballysteen Limestone Formation, referred to in the Industry as the Argillaceous 

Bioclastic Limestone (ABL), grades from shallow-water, high-energy grainstones, 

including locally oolitic shoals at its base and middle portions, to deeper water cherty 

argillaceous packestones and wackestones at its top. The lower part o f the Ballysteen 

Formation is replaced in the north Midlands by a shallower, closer to shore sequence of 

peritidal micrites, offshore siliciclastic and carbonate (skeletal and ooid) sands and 

shales (Pale Beds o f Industry). These grade upward through a more shaley sequence 

still containing siliciclastic sandstone into sand-free limestone and shale, also referred to 

by the Industry as Argillaceous Bioclastic Limestone. Thus the base o f the Argillaceous 

Bioclastic Limestone is diachronous, its base being older in the south Midlands.

The widely developed Waulsortian Mudbank Complex (WMC, late 

Toumaisian/Courceyan/Chadian) overlies the Ballysteen Limestone of the south 

Midlands and the Argillaceous Bioclastic Limestone of the north Midlands. In places it
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attains thicknesses o f  more than 600m (depocentres o f  the Shannon Trough and the 

Dublin Basin). As the name suggests, the Waulsortian (comprehensively reviewed by 

Lees and Miller (1995)) is made up largely o f micrite and formed banks, which in many 

cases had relief above the contemporary sea floor. The micrite is commonly 

fossiliferous and originally had a high porosity as a result o f  common large cavities 

(including stromatactis) whose genesis is debated. The banks grew in relatively deep 

water (c. 100-300m).

The Waulsortian Mudbank Complex hosts the Tynagh, Silvermines, Ballinalack, 

Garrycam, Galmoy and Lisheen deposits as well as numerous base metal prospects. 

From the latest Courceyan onwards there is evidence for increasing steep fault- 

controlled slopes and syn-sedimentary deformation; fault-derived breccias and 

conglomerates become common. During this period thin sequences o f  shales and 

argillaceous carbonates were deposited in the starved South Munster Basin 

(Sevastopulo, 1981; Sleeman e /o /., 1986).

By the Visean (Chadian to Brigantian Stages) there was clear differentiation between 

shelf and deeper water basinal areas maintained by continued tectonic activity. The 

Waulsortian Mudbank Complex is succeeded in shelf areas such as Crinkill (described 

in Chapter 3) by shallow water limestones and in basinal areas by deeper water, 

calcareous mudstones and cherty argillaceous turbiditic limestones and shales, 

commonly termed the Calp. Increased subsidence occurred throughout large areas o f 

the central Midlands leading to the development o f  moderate sized to small 

interconnected basins (Andrew, 1992). The basin margins were controlled by active 

faults, many o f  which can be shown to be re-activated basement structures (Somerville 

and Strogen, 1992).

In the north midlands the Dublin Basin formed the largest o f  these sub-basins and 

expanded predominantly in an E-W direction during the Chadian to cover a large part o f  

the north and central midlands (Hitzman, 1995a). To the south rapid subsidence in the 

Shannon Trough, again in an E-W direction indicating N-S extension, resulted in the 

deposition o f  extensive cherty argillaceous grainstones. Shallow water oolitic shoals 

were deposited on the high blocks and basin margins.
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Younger Visean rocks which contain very little base metal mineralisation exhibit the 

same pattern o f  shelves and basins as during the Chadian, with only slight progrradation 

and retreat o f  basin margins.

The tectonic activity responsible for the development o f  the basin and shelf m otif o f  the 

Visean was broadly coeval with alkaline basaltic volcanism (Strogen, 1995) in the 

Limerick area and in the north Midlands.

The Upper Carboniferous was marked by a return to clastic sedimentation, initially 

marine, but eventually almost exclusively non-marine with the development o f  coals in 

the late Namurian and Westphalian.

•  Variscan/Hercynian Orogeny

Subduction on the southern margin o f  the Laurussian continent and the resulting 

collision between the Laurussian and Gondwanan plates led to the Variscan orogeny 

(Zeigler, 1988). Plate convergence culminated during the Lower Carboniferous in a 

Himalayan-type continental collision. The resultant deformation front migrated 

northwards through time reaching Ireland in the late Carboniferous, producing large 

ENE-trending upright folds and a pervasive cleavage (Zeigler, 1988; Sevastopulo, 

1981a). The northern margin o f this fold and thrust zone broadly coincides with the 

edge o f the Munster Basin and has been termed the ‘Variscan Front’. Cooper et al 

(1984) estimated that shortening o f  the Upper Palaeozoic strata decreases from 45% to 

15% across the Front, however, tight chevron folds are known in the Calp as far north 

as Loughshinny in the Dublin Basin.

Price and Todd (1988) suggested that the folds and associated thrusts nucleated along a 

basal detachment between the Devonian and Lower Palaeozoic basement and along the 

major normal faults which were favourably oriented, that is southerly dipping, relative 

to the stress regime (Hitzman, 1999b; Cruise, 1996, Chapter 3, this study). More recent 

evidence suggests that many o f  the 'unfavourably oriented (northerly dipping) faults, 

were also inverted to varying degrees during this time (Cruise, 1998b; J. Guven, pers. 

comms, 1999).
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1.4 STRATIGRAPHIC SETTING OF IRON OXIDE ALTERATION 

and MINERALISATION

Due to the regional nature o f  this study it was necessary to adopt a relatively simplistic 

lithostratigraphy to avoid confusion with the multitude o f  local and regional 

stratigraphical names. Consequently the Lower Carboniferous lithostratigraphy used is 

based upon the earlier work o f  Philcox (1984) and Hitzman et al. 1992 (Fig. 1.2). 

Wherever possible the simplest and most widely recognised (by industry) 

lithostratigraphy was adopted.

All the occurrences o f  iron oxide alteration and mineralisation are in Lower 

Carboniferous limestones spanning the early Courceyan at Whiting Bay, County 

Waterford to the Chadian o f  the Cork Red Marble facies (Red Marble Facies; Fig. 1.1, 

Fig. 1.3; Appendix 1). They can be divided into 6 groups based on their 

lithostratigraphical position (Fig. 1.3):

1. Top o f  the Waulsortian and Supra Waulsortian.

2. Waulsortian

3. Non-mudbank equivalents o f  the Waulsortian.

4. Nodular Micrite Unit (Base o f the Waulsortian).

5. Lower Limestone Shales (LLS), initial Carboniferous transgression.

6. Others.

In the following chapters the two largest and more important occurrences, Crinkill and 

Tynagh, are dealt with separately. The remaining sites are discussed based on their 

relationships to known base metal mineralisation and stratigraphical context.
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1.5 OTHER IRON OXTOE OCCURRENCES

The following section deals with other occurrences o f hematised limestones and iron 

oxide mineralisation throughout the world.

1.5.1 Hematised Limestones

Hematised limestones are relatively common throughout the Phanerozic period. 

Examples include the Lower Cambrian o f the Flinder Ranges, S. Australia (James and 

Gravestock, 1990), the Ordovician o f  central Sweden (Middleton, 1988), the Upper 

Silurian o f  the Quebec Appalachians (Bourque and Gignac, 1983) and the Devonian o f  

S and W Australia (Kearans et al, 1986; Wallace, 1987) as well as many examples from 

Europe, where red marbles (limestones) or 'griottes' have been extensively quarried as 

dimension stone since the Middle Ages. Examples include the Devonian-Carboniferous 

'griottes' o f  the Pyrenees, the Frasnian 'red marbles' or 'recifs rouges' o f  the Belgian 

Ardennes (Boulvain, 1993; Bourque and Boulvain, 1993) and the Devonian Slivenec 

Limestone o f  Prague (Mamet et al., 1997).

Many o f  the descriptions of these occurrences (Boulvain and Coen-Aubert, 1992; 

Boulvain, 1998; Bourque and Boulvain, 1993; Preat, et al., 1998; Preat et al., 1999) 

bear a striking resemblance to those o f the Irish hematised limestones. There are three 

principal models for the origin o f these hematised limestones.

• Detrital Origin Model

In this model which was proposed for the red Devonian 'r e e f  limestones o f Belgium 

(Delhaye, 1908; Lecompte, 1936) the iron was derived from a weathered continental 

land mass from which it was transported and finally deposited in a low energy, deep 

water setting. Iron was preserved from reduction because it is above the redox 

line/chemocline due to the elevation o f  the mudmounds above the surrounding reducing 

argillaceous sediments.

• Oxygenated Seawater Reflux Model

Bourque and Boulvain (1993) proposed that as the mudmounds grew (primarily due to 

sponges and microbial faunas) the upper I Os o f  centimetres o f  the mound sediment 

was oxygenated. Tens o f  centimetres to several metres below the 'living' surface o f  the
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mound, the decay o f  organic matter and bacteriogenic reduction o f  sea water sulphate 

resulted in the precipitation o f amorphous iron-sulphides (anoxic conditions). This 

zone o f  decaying organisms (sponges) ultimately resulted in the formation o f  an 

interconnected cavity system, now seen as stromatactis. Connection o f  this open 

cavity system to the seafloor resulted in the circulation o f  oxygenated seawater and the 

re-establishment o f  an oxic environment below the seawater-sediment interface. The 

previously precipitated iron sulphides began to oxidise and this resulted in the 

formation o f  iron oxides.

As burial continued to 10s o f  metres initial marine cementation and fracturing o f the 

partly rigid mudmounds may have resulted in the establishment o f  a secondary, sub

vertical, cavity system connected to the seafloor and leading to continued circulation 

o f  oxygenated seawater. The heterogeneity o f such cavity networks connected to the 

oxygenated seafloor may explain the patchy and apparently random distribution o f the 

hematised limestones.

• Microbial Model

The most recently proposed model (Preat et a i ,  1999a; Preat et a i ,  1999b; Preat et al., 

1998; Mamet el al., 1997) ascribe a microbial (bacteria and algae) origin to the iron 

oxides and in particular to hematite. These authors have described well preserved 

microstromatolitic textures (blisters, microtufts and ’hedgehogs'), textures interpreted 

as mineralised biofilms/exopolymeric substances (EPS) and bacteria. Comparisons 

have been made with living iron-encrusting siderophilic biofilms and bacteria (Gillan, 

1997; 1999).

The model proposes that predominantly deep water environments, below storm base, 

promoted the growth o f  large bacterial colonies which formed the primary benthic 

community on the sediment surface or at a chemocline or oxic/anoxic interface.

It is worth considering here the role o f bacteria in biomineralisation. Bacteria provide 

excellent sites for the initial precipitation o f  metals, in particular iron, by secreting 

metabolic waste products into the surrounding environment to form charged surfaces 

that will induce mineralisation (Reuter and Perdue, 1977; Degens and Ittekkot, 1982; 

Konhauser, 1998; Gillan, 1999).
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Biomineralisation by bacteria is a two-step process. Initially metals are electrostatically 

bound to  the anionic surface o f  the bacterial cell wall and its surrounding exopolymer 

substance (EPS) biofllm. Once metals have been trapped they will act as nucleation 

sites for additional crystal growth which will then be inorganically driven.

In oxygenated w aters iron hydroxides will precipitate and form passively via the 

binding o f  the dissolved ferric species to negatively charged EPS/biofilms. 

Alternatively, soluble ferrous iron may spontaneously react with dissolved oxygen to 

precipitate as ferric hydroxide on available nucleation sites such as bacterial cell walls. 

Finally siderophilic o r Fe(II)-oxidising bacteria can induce ferric hydroxide 

precipitation as a secondary by-product. These ferric hydroxides will subsequently act 

as precursors for m ore stable iron oxides such as goethite and hematite. Under sub-oxic 

to anoxic conditions ferric hydroxides will be converted to magnetite, siderite and iron 

sulphides.

Proponents o f  the bacteriogenic model argue that with increasing burial depth and 

bacterial growth, sub-m icron grains o f  iron oxide (hematite) are released into the 

sedim ent as the bacteria die. Similar models have been applied to the formation o f  the 

large Banded Iron Formations, discussed below.

Regardless o f  which model is correct, if any, the salient point is that the iron-oxide 

mineralisation/hem atisation in all models is non-hydrothermal and is the result o f  the 

palaeoenvironm ental/depositional setting.

It should be noted that in all examples the Fe concentrations are low, typically less 

than lw t%  Fe and commonly on the order o f  0.2wt% Fe (B ourque and Boulvain, 1993; 

P re a te /a / . ,  1999b).

1.5.2 Banded Iron Form ations (BIF 's)

Jam es (1954) defined iron formations as chemical sedimentary rocks, typically thinly 

bedded or finely laminated, that contain greater than 15% iron and com m only contain

39



Chapter 1 INTRODUCTTON and REVIEW

layers o f  chert. The term banded iron formation is reserved for those iron-rich 

sediments characterised by regular banding.

Banded Iron Formation's account for over 90% o f the world's iron ore and because o f  

their economic importance there is a substantial amount o f  literature concerned with 

their origins. A ftill digest o f  this literature is beyond the scope o f this review and it is 

only proposed here to provide an overview o f  the general mineralogy and current 

models regarding the genesis o f  Banded Iron Formations. More detailed reviews are 

available in, Trendall and Morris (1983), Schoff and Klein (1993) and the references 

contained therein.

Banded Iron Formations range in age from the Archean to the Recent (Goldich, 1973). 

Many o f  the worlds largest Banded Iron Formations were formed/deposited during the 

early Proterozoic (c. 2 ,500-l,900Ma). Isley (1995) states that more than 75% o f the 

worlds iron is contained in the five largest BIF’s, those in the Labrador Trough 

(Canada), Kirvoi Rog (Russia), Transvaal-Griquatown (South Africa), Minas Gerais 

State (Brazil) and the Hamersley Basin (W. Australia).

The deposits are characterised by their banding or layering. Individual layers are 

generally on the order o f  0.5 to 3cm thick and are themselves internally banded on a 

scale o f  millimetres to microns. The layering reflects compositional differences. Silica 

alternates with iron-rich material o f  variable mineralogy (ferroan carbonates, iron 

silicates and iron oxides).

Mineralogicaly they are relatively simple, being dominated by chert/quartz, iron-oxides 

(hematite, magnetite), iron-carbonates (ferroan dolomite and calcite, siderite and 

ankerite), iron phyllosilicates (greenalite, chamosite, minnesotaite, stilpnomelane), iron 

sulphides (pyrite) and Na-Fe amphiboles (riebeckite and crocidolite).

French (1973) described the mineral assemblages from various B lF 's with increasing 

metamorphic grade. Primary diagenetic assemblages are characterised by chert/quartz, 

hematite, greenalite, chamosite and magnetite. Secondary diagenetic assemblages 

interpreted to have formed at pressures o f c. ~ l kb and temperatures o f 150-200°C, are 

characterised by the replacement o f  the primary diagenetic mineral assemblage by 

quartz, ankerite, magnetite and chlorite. Low grade metamorphic BIF's, interpreted to
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have formed at pressures o f  c. ~2-5kb and temperatures o f  250-350°C are characterised 

by the development o f  minnesotaite, stilpnomelane, magnetite tchlorite. If Na is 

available amphiboles may be represented by riebeckite and/or crocidoloite.

Various models developed have sought to explain the chemical and/or sedimentological 

aspects o f  the Banded Iron Formations and may be summarised as follows:

• Chemical Weathering/Supergene enrichment models

Many models propose a deep chemical weathering/supergene enrichment origin o f 

Banded Iron Formations to goethite via an electrochemical process which was driven 

by meteoric water in near surface locations and below the weathering interface (Morris, 

1985). In most instances subsequent burial metamorphism further enriches the iron 

content by the transformation o f  goethite to microplaty hematite.

•  Palaeoceanographic Models

Klein and Beukes (1989, 1993) attempted to explain the prevalence o f large scale, early 

to late, Proterozic BlF's in terms o f  their global palaeoceanic setting. In this model the 

Archean to Early Proterozoic oceans (such as those in which the Yilgarn Banded Iron 

Formation was deposited) were interpreted to have been highly stratified with large 

anoxic water columns. Iron mineral precipitation preferentially occurred at the 

chemocline, the anoxic-oxic water boundaries. Mineral assemblages reflect the variable 

Eh/pH conditions as determined by fluxes o f  organic mater from the shallow photic 

zone and ferrous iron from the deeper anoxic waters.

Increased oceanic circulation by the early to middle Proterozoic, possibly caused by an 

increased hydrothermal cycling rate (Isley, 1995), caused oceanic mixing and a 

subsequent breakdown in the stratified oceanic system. This upwelling resulted in the 

reaction o f  ferrous iron transported from deep water and oxic shallow waters. 

Consequently iron oxides were deposited as hematite-rich oolitic iron formations (such 

as those o f  the Labrador Trough and Lake Superior).

By the Middle Proterozoic iron-depleted stratified oceanic systems were re-established 

and no major Banded Iron Formation's were deposited.
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Global glaciation in the late Proterozoic resulted in ‘snowball Earth' (Isley, 1995) and 

led to the build up o f  ferrous iron in solution in deep stagnant, anoxic bottom waters. 

Water mixing during the interglacials caused the deposition o f  iron oxides (such as the 

Rapitan Banded Iron Formation, Canada, deposits in Transvaal, S. Africa).

Recently published literature on the sulphur isotope record o f  the oceans postulates that 

the anoxic bottom waters persisted for a considerable period after the deposition o f  the 

last Banded Iron Formation. Canfield (1998) using a mass balance approach 

demonstrated that sulphide production, via sulphate reduction, may have been sufficient 

at 1800Ma to account for the precipitation o f the total flux o f  iron in the oceans.

• Orogenic-Hydrothermal Models

The most recent geological models ascribe a hydrothermal to syn-orogenic origin for 

the giant Hamersley iron-oxide deposits (Powell et al, 1999; Oliver and Dickens, 1999). 

Oxygen isotope and fluid inclusion analysis indicates that the deposits formed from 

oxidised fluids at temperatures o f  >200°C and possibly up to 400°C suggestive o f a 

contribution from heated meteoric water. The authors propose that the Ophthalmian 

orogeny resulted in the formation o f a fold and thrust belt and the regional circulation o f 

meteoric water and a basinal brine. This basinal brine resulted in silica dissolution and 

recrystallisation o f  iron oxides to hematite along the fluid recharge pathways.

Geochemically all the BIF's are broadly similar with total iron contents ranging from 23 

to 35 wt%Fe (Fig. 1.4 & Table 1.1).
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Figure 1.4: Geochemistry o f selected Banded Iron Formations.

1.5.3. E uropean  Oolitic Ironstones

The Ordovician-Devonian and Jurassic-Palaeogene were two major periods o f  oolitic 

ironstone deposition in Europe and N Africa. The best known examples include the 

Minette Iron Ores o f  Europe. In broad terms they are interpreted to have formed during 

periods o f  high global sea level with dispersed continental landmasses containing large 

areas o f  peneplained terrain (Van Houten and Purucker, 1984). Several workers have 

suggested a 32My and 400,000 year cyclicity to their formation related to Milankovitch 

cycles, modified by local tectonic conditions (Van Houten and Arthur, 1989).

Mineralogically the oolitic ironstones are dominated by ferriferous silicates such as 

berthierine and nontronite. In many instances berthierine has transformed to chamosite 

at temperatures above 120-160°C (Curtis, 1985). Goethite is well represented and is 

interpreted as an alteration product o f  berthierine, a primary mineral or a more stable 

form o f  an iron-oxyhydroxide (Gehring, 1989).
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Various models for the formation o f  the oolitic ironstones include replacement o f  pre

existing calcareous ooids (Kimberley, 1974), in situ growth as microconcretations 

(Hemingway 1974), crystallisation from ferruginous gels (Harder 1978), mechanical 

accretation o f clays and subsequent transformation to iron-rich phases (Van Houten and 

Purucker 1984), biologically induced such as fungal and/or bacteria mats (Dahannayake 

and Krumbein 1986) and derivation from lateritic soils (Siehl and Thein 1978).

1.5.4 Cumbrian Iron-Ores, NW England

The Cumbrian orefield has been mined over a 200 year period, producing in excess o f  

183Mt o f  iron-ore grading 50-60% Fe from W and S Cumbria (Egremont and Dalton 

mines). The hematitic orebodies are hosted by Dinantian limestones, although 

hematised veins were locally important from the Lower Palaeozoic basement o f  the 

Lake District.

•  Geological Setting

The outline o f  the geology o f the region is as follows. The Lower Ordovician Skiddaw 

group is overlain by the Borrowdale Volcanics and late Ordovician to Silurian 

turbidites. Regional gravity surveying indicates that the seemingly minor Caledonian 

granites at Skiddaw, Eskdale and Shap may represent the exposed top o f a much larger 

batholith (Shepherd and Goldring, 1993).

In S Cumbria the Courceyan basement beds (0-240m) rest unconformably on the 

Borrowdale Volcanics (Ordovician) and are succeeded by the Chadian Martin 

Limestone (25 -125m), the Arundian Red Hill Oolite and Dalton Beds (60m and 110- 

255m respectively). The sequence in N Cumbria is significantly thinner with Arundian 

Basal Beds (<18m) and in places younger limestones resting unconformably on the 

Ordovician.

Variscan deformation resulted in the uplift and folding o f the Courceyan to Arundian 

limestones and reactivation o f  favourably oriented Caledonian structures (NE and NNW 

trending normal faults).
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The Permo-Triassic sequence is characterised by alluvial fans deposits o f  the Brockram 

and thick evaporitic dolostones, shales and sandstones o f  the Magnesian Limestone.

• Mineralisation

The hematitic iron-ores are predominantly structurally controlled and are interpreted to 

have formed by replacement (Goidring and Greenwood, 1990). Mineralisation occurs 

over a range o f  scales from minor replacement along discontinuties to +20M t stratiform 

orebodies.

Kendall (1875) originally proposed a replacive origin for the hematite citing as evidence 

the continuation o f  thin unreplaced shale bands in to the orebodies and partially to fully 

replaced bioclasts. Hematite is seen to preferentially replace the coarsely crystalline 

sparry Red Hill Oolite and underlying Martin Limestones. Minor sub-economic 

mineralisation is known from the Mesozoic Magnesian and Brockram limestones 

(Smith, 1924; Goidring and Greenwood, 1990).

Three distinct styles o f  mineralisation are recognised:

1. Vein Deposits

Vertical to sub-vertical, relatively small-scale vein deposits occur preferentially in the 

S o f  the orefield. They form narrow elongate deposits whose maximum dimensions 

rarely exceed 700m by 30m and 150m depth. The hanging walls o f  the WSW steeply 

dipping (55° to 75°) normal faults (downthrows in the order o f  I00-140m) are 

mineralised. Mineralisation also extends laterally from the faults into the relatively 

flat-lying limestones (Rose and Dunham, 1977).

2. Flats

Structurally controlled stratiform replacive orebodies occur in the N o f  the orefield. In 

detail they appear discordant, cross-cutting the Red Hill Oolite and Martin limestone 

(Rose and Dunham, 1977).

3. Sops

Sops are large karstic dissolution hollows up to 350m wide and 180m deep. They are 

filled with polymict clasts o f  hematitic ore and overlying Mesozoic units (St. Bees 

Sandstone, etc) commonly set in an earthy, clay-like hematitic matrix.
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The deposits are mineralogically simple composed o f  intergrown hematite and silica 

±vuggy calcite, dolomite and rare barite and fluorite. Dolomite in some places forms a 

narrow, c. 5m, alteration halo to the orebodies. Silification is extensive; the average 

silica content is on the order o f  5-15wt% SiO^.

Hematite is the most important iron oxide present. Siderite and goethite are uncommon 

and magnetite is unknown. Ore textures vary from initial massive to colloform 

hematite, to later botryoidal to finely crystalline specular hematite. The hematite is 

considered to have originally formed from ferric gels.

Sulphides, (pyrite, marcasite, arsenopyrite, chalcopyrite and galena) are rare and occur 

as vuggy infills in hematite. They are late in the paragenesis.

The age and origin o f  the hematite orebodies is far from unequivocal. On the one hand 

hematite clasts occur within the Brockram indicating a pre-Permian age. On the other, 

local hematisation o f the Brockram, St. Bees Sandstone and Magnesian Limestone 

suggests a Triassic or post-Triassic age o f  mineralisation (Shepard and Goldring, 1993). 

Finally palaeomagnetic studies favour a Permian to early Triassic age o f  mineralisation 

(Evans et al., 1982; Evans, 1984). Regardless o f  the actual age o f  mineralisation all 

models are in agreement that hematisation occurred substantially later than the Lower 

Carboniferous host rocks.

Published chemical analysis o f Cumbrian iron-ores are tabulated below (Table 1.2).

Fluid inclusion studies from the associated gangue minerals (quartz, fluorite and calcite) 

indicate that the orebodies formed from moderately high temperatures fluids (80- 

120°C) at moderate to high salinities (12-24wt% NaCl).

The earliest models postulated that deep hydrothermal fluids sourced from the basement 

utilised the faults as conduits and replaced the clean Dinantian limestones. More recent 

models favour downward percolating supergene enriched meteoric waters. Shepard and 

Goldring (1993) state that mineralisation resulted from the mixing o f sulphatic 

groundwaters with warm, iron-rich oxidising hypersaline brines.
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Elements
Wt%

Range: Average:

Si02 10 -  14.5 12.48
AI2O3 0 .4 -2 .8 1.1

Total Fe 47.2 -  54.2 52.27
MgO 0 .2 -0 .7 0.35
CaO 1 .4 -4 .4 3.2

NajO (n=3) 0.03 -  0.05 0.04
K2O (n=3) 0 .02 -0 .31 0.12
Ti’02(n=3) 0 .0 1 -0 .1 0.04
P20s(n=3) 0 .0 1 -0 .0 8 0.03
MnO (n=3) 0.01 -0 .0 7 0.03

BaO 0 .2 -5 .6 2.8
F (n=3) 0 .0 0 5 -0 .7 5 0.25

ppm
Mg 1250
Mn 431
Ba 52
Ti 24
Sr 9
Rb 3
Zr 5
As 307
Pb 25
Cu 12
Zn 6
Ni 6

Table 1.2: C hem ical analysis o f  Cum brian iron-ore (after Shepard and Goldring, 1993)

1.6 AIMS

The prim ary aim o f  this study is to describe and characterise the regionally extensive 

iron oxide alteration associated with both econom ic and sub-econom ic base metal 

m ineralisation in the M idlands o f  Ireland using the latest petrographic, isotopic, 

geochemical and geophysical techniques. Iron oxide occurrences without associated 

sulphide m ineralisation (to date) are also considered.

Well constrained observations coupled with a m ultidisciplinary study which places the 

iron-oxide alteration/mineralisation within a m odem  paragenetic framework will help 

to evaluate the age/onset o f  hydrothermal activity in the Irish Orefield.

The geochemical, isotopic and thermal results have the potential to guide exploration 

targeting and ground selection.
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Chapter 2 MATERIALS & METHOD

2.1 INTRODUCTION

The following chapter briefly reviews the materials and methods utilised during this 

study. Detailed descriptions o f  the theory and methodology o f  the stable isotopes 

and palaeomagnetic methods is provided in their respective chapters (Chapters 7 & 

8).

2.2 DATA REVIEW

A detailed literature review o f  all published papers and unpublished mapping theses 

on the Irish Midlands located the majority o f  the iron-oxide alteration associated with 

base metal mineralisation and the extensively developed hematised limestones o f 

southern Ireland (Tynagh, Silvermines, Lisheen, Ballinalack, Cork Red Marbles, 

Hook Head, etc.). The relevant references are cited in the following chapters.

Subsequently all active exploration and mining companies, government agencies 

(Geological Survey, Exploration and Mining Division) and consultants were 

contacted by letter in 1993. Replies were followed-up by telephone calls and visits 

to the respective offices where warranted. Finally an appeal for iron-oxide 

occurrences was published in the I.A.E.G. newsletter fNo. 3, 1993). Additional 

occurrences were added to the database in subsequent years as new 

material/locations came to light: the most recent addition was in August 1999.

2.3 SAMPLING

Boreholes were logged at 1:100 scale or greater; all depths were converted to metres. 

Potassium ferricyanide and Alazarin Reds stains was routinely used to distinguish 

between various ferroan and non-ferroan carbonate types (Dixon, 1965). Logs o f  the 

Crinkill boreholes are attached in Appendix 2.

Orientated half and quarter core samples, typically B and NQ diameter (3.75cm and 

4.75cm respectively), were collected where possible. Samples were numbered by
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reference to the location (townland or prospecting licence), borehole number and 

sample depth. For example LK-332-68m, refers to the Lisheen-Killoran townland, 

borehole number 332 at 68m downhole depth. Way-up was clearly marked on all 

samples.

Doubly polished, stained and half-stained, thin sections were produced on a Logitech 

lapping machine using standard procedures. Once sampled and described a small 

rectangular block o f approximately 5mm to 1cm thickness was cut and polished by 

grinding on a lapping machine using a slurry o f carborundum (silicon carbide) and 

water. Following this the polished faces were stained and fixed to a pre-ground glass 

slide using an epoxy resin (araldite) and cut to 100-200jim using an automated 

diamond saw. Grinding o f the unmounted, rough, surface resulted in an unpolished 

thin section approximately 40-50|o,m thick. Finally the sections were polished on a 

cloth lap using a fine (several microns) diamond paste to produce a doubly polished 

thin section o f 30-35(im thickness.

Fluid inclusion wafers were produced in a similar manner using water cooled 

diamond saws and cold mounting techniques with a final fluid inclusion wafer 

thickness o f 100-120^m (Shepard et al., 1985; Shepard and Rankin, 1998).

2.4 PETROGRAPHY

All thin sections were systematically studied using transmitted, reflected and 

cathodoluminescence (CL) petrography.

Samples were examined in transmitted and reflected light using a Nikon Labphot-Pol 

microscope with an attached incident light source and x3.5 to xlOO objectives. The 

textural identification and interpretation o f opaque minerals in reflected light was 

based on Ramdor (1969), Craig and Vaughan (1981) and Spry and Gedlinske (1987).

• Cathodoluminescence:
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Luminescence is defined as the emission o f  light from a solid or mineral when it is 

excited by an energy source. Cathodoluminescence utilises an electron beam to 

excite the samples. The intensity o f  the luminescence is a function o f  the current 

density and the voltage or acceleration potential o f  the electron beam and parameters 

o f the sample. Strong emission or luminescence is caused by impurities which 

function as activators o f  luminescence.

In carbonates the transition and rare earth elements act as activators with Mn'^ 

forming the primary activator o f  luminescence in calcite and dolomite. The most 

important quencher o f  Mn"^ activated luminescence is Fe*^. The ratios between 

these two elements commonly controls the CL characteristics or signatures o f  calcite 

and dolomite. It is estimated that as little as 10-20ppm Mn'^ in solid solution will 

produce visibly detectable luminescence if the total Fe‘  ̂ content is below 

approximately 150ppm. The principal controls on the substitution o f  Mn‘  ̂ and Fe'^ 

in carbonates include the concentration o f the anions in solution, rate o f  precipitation, 

super-saturation, temperature and the influence o f  other trace elements. The most 

important factor is the redox potential o f  the mineralizing fluids: at high oxidizing 

potentials, Mn will be in the 3" or 4" state and Fe will reside as 3*; these ions are 

excluded from the carbonate lattice and hence the cements will be dull to non- 

luminescent. With increasing reduction both Mn* and Fe' may substitute into the 

carbonate crystal lattice resulting in moderate to dull luminescence.

In carbonates Mn'"^ may substitute for Mg^^ preferentially over Ca'"^ resulting in a 

red/orange luminescence; typically low Mg calcites have yellow CL signatures while 

high Mg calcites luminesce orange to red. Dolomites characteristically luminesce a 

brick red to strawberry red colour.

A detailed description o f  CL techniques and methodology can be found in Miller 

(1988) and Marshall (1988).

A carbonate crystal or carbonate phase may be defined by a series o f  characteristic 

CL zones or cement stages. A cement stage is defined by Gilles (1987) as a package 

o f  cement with definite and recognizable CL characteristics, mineralogy, chemistry 

and crystal habit. Stages are typically bounded by a disconformity such as a
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dissolution surface and/or habit changes and must be recognizable over a large area. 

A sub-stage is a localised sub-division o f  a stage distinguished by distinctive CL 

characteristics, staining or inclusion density, etc. A zone or sub-zone is the smallest 

scale cement division observable within a stage or sub-stage.

Samples were examined under vacuum in a Technosyn 8200 Mkll Cold Cathode 

Luminoscope at operating voltages o f  18-26kV and gun currents o f  350-500nA using 

a Nikon Labphot-Pol microscope and X3.5 to X40 objectives.

Photographs were taken on 200 ASA Kodak colour film using a blue light filter with 

a Nikon HFX-II camera.

• Scanning Electron Microscopy: (SEM)

The above techniques which utilise optical microscopy are extremely useful but they 

are made much more powerful tools when used in conjunction with SEM and 

Electron Microprobe Analysis (EMPA).

SEM has the ability to resolve many o f the very fine-grained phases present, 

especially when used in backscatter mode. EMPA allows the identification o f  the 

mineral phases present as well as providing detailed quantitative and qualitative 

geochemical data.

High-energy electrons bombard the sample causing an electron from the inner orbital 

shell (L or M) o f  the sample to be ejected. The ground state o f  the excited atom is 

restored by shifting an electron fi'om an outer shell to an inner orbital shell. The 

resultant energy release equals the difference in energy between the two electron 

shells (K, L or M). For accurate analysis, detection and accurate measurement o f  the 

X-rays generated by the mineral sample are essential. The most important 

parameters for quantitative analysis are the electron accelerating voltage and the 

beam current. The accelerating voltage must be greater than the excitation potential 

o f  the X-ray line o f the elements present; ideally it should be at least twice this value 

to give sufficient intensities for quantitative and semi-quantitative analysis. Finally 

X-ray intensities are directly proportional to the beam current therefore a high beam 

current is advantageous.
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There are two distinct methods for the quantitative analysis o f minerals using EMPA: 

energy dispersive spectrometry, or EDS; and wavelength dispersive spectrometry, or 

WDS. WD spectrometers typically give higher spectral resolution with fewer peak 

overlaps than those using EDS.

Spatial distributions of an element are revealed by recording or mapping the intensity 

of the characteristic X-ray lines o f the element by scanning the electron beam across 

the sample. For the purposes o f  this study quantitative and semi-quantitative analysis 

utilised the latest X-ray mapping equipment known as position-tagged spectrometry, 

or PTS.

X-rays are detected and their energy determined in a digital pulse processor. Each 

individual photon is tagged with its energy and the 'x ’ and ‘y’ co-ordinates from the 

position from which the X-ray was generated. The digital signal processing provides 

clean well-resolved elemental peaks, a problem with older EDS systems.

The PTS system automatically strips overlapped peaks, evaluates relative intensities 

and searches for additional lines to confirm the final element identification. PTS 

sorts the data into fijll EDS spectrum from the area scanned, full EDS spectrum at 

each pixel location, and multiple spectra from different regions o f the sample as 

defined by similar composition or user defined regions.

Generated elemental maps and line profiles are dynamically updated. The beauty of 

the system is that once collected and stored the data may be interrogated for any 

element at any stage. Different compositional phases in a sample are easily 

identified and displayed as a phase map.

Analyses were conducted on a on a Leica 2000 Scanning Electron Microscope. PTS 

analyses were conducted using a Princeton Gamma-Tech Inc. digital pulse processor 

and Sun Sparcstation workstation.

Further detailed information on the theories involved and instrumental components 

are found in Potts et al. (1995), Scott and Love (1994) and Reed (1996).
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2.5 CONODONT ALTERATION INDICIES (CAI)

The progressive alteration of conodont colours from light yellow through to black to 

grey and to white with increasing temperature/maturation is widely used as an 

indicator o f palaeotemperature. It has been shown that CAI colour is a function of 

burial time, temperature and strain (Epstein et al., 1977; Armstrong and Strens, 1987; 

Kovacs and Arkai, 1987).

CAIs are determined by comparing samples with a set of reference standards; values 

are equated to the nearest values on the CAI scale. CAI values 1 to 8 reflect 

temperatures in the range of 50 to +600°C; the value assigned to each sample reflects 

the highest percentage of conodonts exhibiting a particular index.

For a detailed description o f the CAI method see Austin (1987) and references 

therein.
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3.1 INTRODUCTION

The Crinkill deposit, located 2km S o f Birr in central Ireland (Fig. 1.1), was discovered 

by Billiton Exploration (Irl) Ltd. in 1982 as a result o f  a shallow soil geochemistry 

survey. Subsequent follow-up diamond drilling (13 short boreholes, SHR-82-01 to 13, 

c. 10-20m long) intersected Waulsortian-hosted disseminated sulphide mineralisation in 

two boreholes (SHR-82-02 and -05). SHR-82-02 was deepened to the base o f  the 

Waulsortian but no additional sulphide was intersected. However, the borehole 

terminated in 50cm o f  massive hematite and silica. Comparisons were made with the 

Iron Formation at Tynagh (see Chapter 4), which is peripheral to economic sulphide 

mineralisation. A fiirther 12 diamond drillholes were drilled on four NW-SE fences 

sub-paralleling the trace o f  the Knockshigowna Fault Zone (SHR-83-14 to -26). Drill 

spacing is approximately 100-150m along the fences (NW-SE) and 250m between 

boreholes in a NE-SW orientation (Fig. 3.1). Eleven o f  the boreholes intersected 

additional iron-oxide and sulphide mineralisation in sub-economic quantities (Fig. 3.1). 

The prospecting licences were relinquished when Billiton retired from the Irish 

exploration scene in 1985.

Crinkill is a blind deposit being known only from drillcore. For the purpose o f this 

study Ennex International Pic. made available all 15 surviving boreholes. All boreholes 

were relogged at 1:100 scale (a total o f  2,403m o f core, see Appendix 2.1), 147 half and 

quarter core samples were collected from which 86 polished thin sections were made. 

Additional thin sections were provided by CSA Ltd. In this study a map (Fig. 3.3) and 

cross sections (Figs. 3.15 to 3.19) have been constructed on the basis o f  the logged 

boreholes. In the cross sections, for illustration purposes, the iron-oxide mineralisation 

as depicted represents the total thickness encompassed by the first to last ironstone unit.

3.2 REGIONAL GEOLOGICAL SETTING Fig. 3.2

The Courceyan stratigraphy at Crinkill conforms to that o f  the Limerick Province 

(Philcox, 1983; see Fig 1.1). The deposit lies within the area referred to as the 

Silvermines-Shinrone block, which is bisected by a major regional gravity linear, the 

“Silvermines-Navan’ Linear, commonly thought to reflect a major structural zone in the
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pre-Upper Palaeozoic basement which can be traced for at least 75km, or 120km if 

extended to Navan itself Locally this linear manifests itself as the Knockshigowna 

Fault Zone. The Knockshigowna Fault Zone effectively divides the region in two: to 

the SE the Waulsortian Mudbank Complex and Ballysteen Limestone Formation 

subcrop while to the NW the Visean shelf limestones (Arundian to Holkerian) are 

present. The rocks are folded along NE-SW trending axis; in the vicinity o f Crinkill 

itself the dips are to the SW and are very variable, from shallow (10°) to steep (40-50°).

The Knockshigowna Fault Zone probably has a long deformation history and is likely to 

have undergone several phases o f reactivation. Initially reactivation o f Caledonian 

basement structures may have led to the formation o f what is now considered as the 

Knockshigowna Fault Zone with predominantly normal movement and significant 

displacement to the S-SW (100s m). By analogy with similar structures in the Irish 

Midlands the onset of this phase o f deformation probably occurred during the 

Courceyan - syn-sedimentary faulting of this age is known from Silvermines, Tynagh 

and Lisheen and at Navan this phase of fracturing possibly culminated in the Arundian 

(Andrew, 1986; Clifford et al. 1986; Hitzman, 1992; Redmond, 1997 and Anderson er 

al., 1998).

During the Hercynian a series o f large scale (wavelength 8 -10km), NE-SW trending 

anticlines and synclines were formed (see Hitzman. 1992c). The central zone o f the 

area is dominated by a northeasterly trending syncline, here termed the Birr-Shinrone 

Syncline. It is most likely that during this period o f compression the southerly dipping 

Knockshigowna Fault Zone was inverted as a steeply (60-70°) dipping reverse fault. 

Finally, the Knockshigowna Fault Zone is partitioned by NW(NNW)-SE trending 

normal faults which probably reflect later (possibly Tertiary) ENE extension (Fig. 3.2).

The area is highly prospective containing many shows o f hydrothermal alteration and 

brecciation as well as numerous occurrences of sub-economic sulphide mineralisation.
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3.3 PROSPECT GEOLOGY Figs. 3.3, 3.4

Three principal lithological units have been encountered in drillcore, from youngest to 

oldest:

• Borrisokane Limestone Formation

This massive, sandy to clean bioclastic (dominated by large crinoids) calcarenitic 

packestone forms what sparse outcrop there is. A minimum o f  c. 10m has been 

intersected in borehole SHR-83-8.

• Waulsortian Mudbank Complex (WMC)

The Waulsortian Mudbank Complex at Crinkill is composed o f  biomicrites 

(wackestones) with abundant fenestellid and crinoidal material. Spar-filled cavity 

systems (stromatactis) are well developed in places and record a typical diagenetic 

history as seen throughout Ireland. Crypto-fibrous calcite and calcite scalenohedra form 

the first two calcite cement stages (Stage 1 and 2; Si and S2). They are commonly 

considered to have formed early in the diagenetic history o f the Waulsortian Mudbank 

Complex from in an oxic environment (Lees and Miller. 1995). Stage 2 is followed by 

a Stage 3 calcite cement which under cathodoluminescence luminesces bright orange. 

It is interpreted to have formed in a sub-oxic environment. Blocky calcite spar (Stage 

4) typically forms the final fill in many cavities where it is interpreted to have formed at 

intermediate burial depths. Occasionally late Stage 5 calcite veinlets may cross-cut the 

earlier cement phases. The diagenetic history o f  the Waulsortian Mudbank Complex is 

discussed in more detail in Section 3.7 and Figure 3.14.

The macro and micro-fauna o f  the Waulsortian Mudbank Complex at Crinkill is 

dominated by fenestrate bryozoa, disarticulated crinoids, hyalosteliid sponge spicules, 

bivalves and gastropods. The presence o f  hyalosteliid sponge spicules indicates that the 

Waulsortian Mudbank Complex at Crinkill should be assigned to Phase B o f  Lees and 

Miller (1985) or a higher phase and the common occurrence o f  peloids may indicate the 

presence o f Phase C. Deposition took place therefore in the aphotic zone.

Angles o f  bedding measured from stromatactoid cavities are highly variable with the 

Waulsortian Mudbank Complex dipping from 5°-45° and probably reflect downhole
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depositional dip; iiowever, boreholes containing a stratigraphic contact with the 

underlying N odular M icrite Unit are shallow to flat lying (0-10°). Contouring o f  the 

base o f  W aulsortian contact with the underlying Ballysteen Limestone Formation 

indicates that the bedding dips to the S-SE although small scale faulting undoubtedly 

com plicates matters (Fig. 3.3). A minimum thickness o f  294m  o f  W aulsortian 

M udbank Com plex was intersected in borehole SH R-83-25; however the possibility o f  

structural repetition cannot be discounted.

W aulsortian-equivalent facies, such as encrinites and cherty, nodular biomicrites, have 

not been found and it is thought that the W aulsortian M udbank Com plex at Crinkill 

forms a tabular bank o f  coalescesing m udm ounds with little palaeorelief on the complex 

as a whole.

•  B allysteen L im estone F o rm atio n  (Argillaceous Bioclastic Limestone; ABL)

The contact with the overlying W aulsortian M udbank Com plex is generally sharp. The 

upperm ost 10-30m o f  the Ballysteen Limestone Formation is regionally a cherty, 

nodular, micritic facies with thin ’anastom osing' argillaceous units and which is known 

as the N odular M icrite Unit (NM U; the M uddy R eef or Ballynash M em ber o f  other 

workers). The N odular M icrite Unit hosts the iron-oxide mineralisation and the higher 

grades o f  sulphide mineralisation. Contact between the N odular M icrite Unit and the 

rest o f  the Ballysteen Limestone Formation varies from sharp to gradational. The 

Ballysteen Limestone Formation consists o f  argillaceous bioclastic, crinoidal limestones 

interbedded with calcareous shales. A minimum thickness o f  66m  has been drilled. 

Dips in both the N odular Micrite Unit and the Ballysteen Limestone Formation are 

generally relatively flat lying, 5-15°; however zones o f  steeper dips are known.

C onsidering the tabular nature o f  the W aulsortian M udbank Com plex and the relatively 

flat lying attitude o f  the Ballysteen Limestone Form ation (10-15°) it is likely that the 

steep dips represent fault drag (due to inversion?) on the Knockshigowna Fault Zone.

•  S tru c tu re

The trace o f  the Knockshigowna Fault Zone has been m apped using geophysics (VLF) 

and drill intersections. The fault zone may have had a prolonged deform ation history 

with initial syn-sedimentary deformation probably occurring during Waulsortian
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mudbank growth as evidenced by the presence o f  limited conglomeratic units (see Plate 

14C) (alternatively these minor conglomeratic zones may represent toe-bank 

accumulations). Extension resulted in downthrow to the SE with a throw on the order 

o f 170m.

Interpretation o f  the drill sections (Figs. 3.15 to 3.19) indicates that two subsidiary 

faults (possibly secondary accommodation structures) must sub-parallel the 

Knockshigowna Fault Zone. These faults have downthrows to the SE varying between 

approximately 50 to most probably greater than 200m (Fig. 3.3; 3.16 and 3.17.). They 

are interpreted to ‘sole’ into the Knockshigowna Fault Zone at depth. The thickest 

intersected developments o f  both iron-oxide and sulphide mineralisation occurs in the 

hanging walls o f  these faults (Fig. 3.5 and 3.13.).

The Knockshigowna Fault Zone probably inverted during the Variscan (late 

Carboniferous -  Permian). The amount o f  inversion is known only from one borehole, 

SHR-83-18, where a minimum o f c. 200-250m o f reverse movement has occurred (Plate 

1 & Fig. 3.17.). Inversion deforms and therefore post-dates both the iron-oxide and 

sulphide mineralisation. ‘Post-mineralisation’ inversion structures are known from 

Navan, Silvermines and Lisheen (Anderson et al, 1998; D. Coller, pers. comms., 1998; 

and Cruise, 1998).

The Knockshigowna Fault Zone is bisected by a NW-SE trending, normal fault, which 

may have a minor sinistral component to it with a downthrow o f  c. 100m to the SW 

(Figs. 3.3; 3.18 and 3.19.). Such Mate’ NW- to NNW-trending faults are regarded by 

some authors as being due to ENE-WSW extension, possibly in a Tertiary stress field 

(Miller, 1990).

Crinkill forms part o f  the northwesterly limb o f  the Birr-Shinrone syncline. However 

when cross sections parallel to the Knockshigowna Fault Zone are examined there 

appears to be a secondary sets o f small scale folds (fold axis perpendicular to the 

Knockshigowna Fault Zone with wavelengths approaching 350m) which warp the base 

o f Waulsortian contact (Figs. 3.18 and 3.19). Similar folds are present at Silvermines 

(Ballynoe Open pit), Lisheen and Galmoy and are interpreted as having a tectonic 

origin, presumably related to inversion during the Hercynian.
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3.4 IRON-OXIDE MINERALISATION Fig. 3.5

Iron-oxide mineralisation and alteration at Crinkill (Figs. 3.5 and 3.6) can be subdivided 

into two distinctive categories. The first is massive iron-oxide or ironstone (here 

considered as any unit or zone being composed o f  greater than 10% hematite/magnetite 

+ silica and referred to as iron-oxide mineralisation). The second is subtle pink to red 

mottling o f  the Waulsortian Mudbank Complex itself, the degree o f  reddening 

depending on the degree o f hematisation. For the purposes o f  this study the latter style 

o f  alteration is referred to as ‘pink mottling’.

3.4.1 IRONSTONE

The iron-oxide mineralisation at Crinkill forms a stratabound, lobate body traceable at 

least 1950m along strike (NE-SW) parallel to the Knockshigowna Fault Zone and 

approximately 500m to the S-SE o f  the fault zone. Its limits to the NE, SE and SW 

have not been drilled o ff (Fig. 3.5).

The iron oxide, or ironstone is predominantly hosted within the Nodular Micrite Unit, 

typically from 5 to 10m below the base o f  Waulsortian Mudbank Complex contact 

(Figs. 3.15 to 3.19, Plates 2 & 3). Only in one borehole, SHR-83-23, does the ironstone 

mineralisation occur at the Waulsortian Mudbank Complex/Ballysteen Limestone 

Formation contact itself, although SHR-83-16 also exhibits intense hematitisation o f  the 

Waulsortian Mudbank Complex for 1.5m above the base o f  Waulsortian.

Mineralisation occurs in the hanging wall (SE) o f the Knockshigowna Fault Zone and is 

concordant with bedding. It is thickest adjacent to the Knockshigowna Fault Zone with 

a maximum true thickness o f 3.5m in borehole SHR-83-I7 located 350m SE o f  the 

Knockshigowna Fault Zone (borehole SHR-83-18 intersects the Knockshigowna Fault 

Zone and the Nodular Micrite Unit is faulted out, see Plate 1). From SHR-83-17 

mineralisation thins from 3.5m to 2.2m over a distance o f  c. 150m indicating that the 

ironstones are persistent with good lateral continuity. A secondary ‘pod’ may be 

centred on borehole SHR-83-23, where 2m o f ironstone was intersected; it thins to 0.4m 

thickness 250m to the SW (Fig. 3.5). To the NE o f  the prospect the iron-oxide 

mineralisation is faulted out as seen in boreholes SHR-83-21, 24 & 25. The fault
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responsible is here interpreted as part o f  the Knockshigowna Fault Zone or an 

secondary sub-parallel fault, but a N-NW oriented fault cannot be discounted. Only 

0.4m o f  deformed and brecciated ironstone was intersected in borehole SHR-83-25. 

There is a strong possibility that additional intersections o f  ironstone may be located to 

the SE o f  borehole SHR-83-25 (Fig. 3.5).

Contacts o f the ironstone beds with the interbedded limestones (nodular micrites, 

bioclastic calcarenites and argillites) are generally sharp, but diffuse contacts are known 

with massive ironstone grading to disseminated iron-oxide (hematite and silica) to pink 

mottled limestone over several centimetres. Many o f  the individual ironstone units are 

bounded by more argillaceous, shaley beds.

In core the ironstone exhibits a range o f textures from planar and wavy laminated to 

nodular and colloform (Plate 4A &B). Hematite in many cases has partially or fiilly 

replaced the bioclastic material, but in other instances it has selectively replaced the 

micritic matrix leaving crinoid ossicles and rugose corals unaltered (Plate 4C & D). 

The fauna where discernible is identical to that o f unmineralised Nodular Micrite Unit. 

In rare instances, angular, brecciated silicified Waulsortian Mudbank Complex clasts 

are set in a hematitic-jasperoid matrix (Plate 4E).

In detail the iron-oxide mineralisation itself is predominantly composed o f hematite, 

silica ± magnetite. The composition o f  individual units may be variable - from more 

than 90% massive hematite to silica-rich chalcedony and jasper zones and all variations 

between these two end members. Typically magnetite is present in small quantities (c. 

5% or less). However, rare magnetite rich zones (40-60%, over 2cm thickness) have 

been recorded. Individual ironstone units vary in thickness from a maximum o f  + 1.5m 

thickness in boreholes SHR-83-20 and SHR-83-14 (Plate 3A) to c. 5mm thickness in 

borehole SHR-83-14 (Plate 2C) with the majority falling within the range o f  5 to 20cm 

thickness.
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Petrography

In thin section the ironstones may be sub-divided into two types depending on their 

dominant constituent:

• Siliceous ± iron-oxide dominated ironstone.

• Massive hematite ± magnetite dominated ironstone.

The ironstones record three distinct phases o f  silicification. The bulk o f  the silica is 

pre-iron-oxide mineralisation and is non-luminescent in cathodoluminescence (CL). 

Paragenetically later, dark mauve luminescent silica cross-cuts the early silicification 

and pre-dates the iron-oxide mineralisation (magnetite followed by hematite).

Hematite tends to form massive to acicular needles (c. 6|im). However where hematite 

is a constituent o f  jasper, the individual hematite inclusions are commonly beyond the 

resolution o f  the reflected light microscope. Magnetite typically has a coarse euhedral 

cubic habit with textures varying from massive to semi-massive to cubic to acicular 

crystals and grain size o f  c. IO-12^m. Magnetite where present appears generally to 

have crystallised before hematite (Plate 5A).

Late, dark navy blue luminescent silica and associated late ferroan carbonate (calcite 

and dolomite) cross-cut the earlier phases. Much o f the earlier silica displays 

chalcedonic to saccharoidal textures (Plate 8A).

Chalcedony is thought to form either by direct precipitation from hydrothermal solution 

or by the transformation o f amorphous silica to more stable crystalline material 

(Fournier, 1985). Where direct precipitation o f  chalcedony occurs, silica 

supersaturation with respect to quartz is intermediate and temperatures are below c. 

180°C (Morrison et al., 1992). The formation o f amorphous silica requires a high 

degree o f silica supersaturation with respect to quartz. Silica polymers initially grow 

past their critical nucleus size and ultimately coagulate or flocculate producing a 

gelatinous material which transforms to amorphous silica (Weres et al., 1982). If the 

degree o f  supersaturation is too low then amorphous silica will precipitate directly on
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pre-existing solid material. A m orphous gels commonly exhibit spheroidal textures; 

such textures are com m on at Crinkill (Plate 8A).

Ferroan planar-rhom bic dolom itisation post-dates ironstone mineralisation. M any o f  

the dolom ites contain small (c. 2-3 ^m ) hematite inclusions. Finally, paragenetically 

very late iron-silicates, such as stilpnomelane and minnesotaite, cross-cut and replace 

earlier phases (Plate 9B & C).

Under reflected light the ironstone units exhibit diverse textures ranging from replacive, 

colloform , to  space-filling and cross-cutting.

•  Replacive

In core, the massive ironstones display num erous examples o f  replacement o f  the 

N odular M icrite Unit protolith (Plates 4B, C & D). In many instances bioclasts (crinoid 

and echinoderm  ossicles) are faithfully replaced by massive iron-oxides (Plates 5B & 

C). In silica dom inated units replacement textures are quite subtle and the bioclasts are 

often only highlighted by inclusions o f  hematite (Plate 5D).

•  Colloform

The ironstones at Crinkill commonly exhibit colloform textures. Similar textures at 

Tynagh were interpreted as being o f  algal-oncolitic origin (Schultz, 1968; Banks, 1985). 

At Crinkill the majority o f  such colloform  textures can be shown to be replacements o f  

bioclasts particularly echinoderm ossicles (the porous nature o f  the stereom may have 

provided initial nucleation sites) (Plate 6A & B). A single example (Plate 7A & 7B) o f  

a strom atolite-like laminated hematite and silica texture was found in borehole SHR-14 

at 145.6m. In this ‘grow th’ was upwards. There is no evidence o f  replacement but it 

seem s likely that it represents a mineralogical texture rather than having grown on the 

sea bed.

•  Space Filling

Exam ples o f  space filling iron-oxide mineralisation following the precipitation o f  silica 

are relatively com m on in the m ore siliceous ironstone units. Iron-oxides (magnetite 

followed by hematite) fill remnant porosity (Plate 8A).
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•  Cross-cutting

Hematite and magnetite veinlets and micro-veinlets are commonly observed to cut the 

siliceous matrix o f  the ironstone units (Plate 8B & C). The veinlets are seen to cross

cut only the ironstones themselves. Contacts between ironstone units and the adjacent 

argillaceous limestones tend to be either sharp or disseminated.

•  Other Textures

a.) Brecciated Ironstone

Polymodal angular clasts o f  brecciated massive hematite occur in a ferroan 

carbonate (calcite and dolomite) matrix (Plate 9A). Interestingly paragenetically 

very late iron-silicate (stilpnomelane) occurs within the clasts and is clearly earlier 

than the brecciation (Plate 9B & C). This late brecciation event may relate to 

inversion o f the Knockshigowna Fault Zone during the Variscan or the Tertiary 

deformation.

b.) Vermicular Textures

Vermicular textures (breccias containing lath-like fragments) have been reported 

from dolomites from Silvermines and Crinkill (C.J. Andrew, pers. comm.; this 

study). Macro- and microscopically similar textures have also been noted within 

massive ironstone units (for example in borehole SHR-83-23), where silica bearing 

veins have been fragmented now occur within an iron-oxide matrix (Plate lOA). 

Convoluted and folded siliceous veins have also been noted (Plate II).  It is likely 

that both vein-types are process linked and may suggest vein-formation within 

semi-lithified (folded veins) to lithified (fragmented veins) sediments? 

Alternatively the convoluted textures may result from bedding plane slip (possibly 

due to low angle compression). It should be noted that both textural types are quite 

rare.

c.) Total Replacement

A few massive ironstone units exhibit augen-like, nodular textures, macro- and 

microscopically identical to that o f  the surrounding Nodular Micrite Unit (Plate 

lOB). These textures may represent total replacement o f the precursor Nodular 

Micrite Unit protolith.
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Geochemistry

Westland Exploration Ltd, a subsidiary o f  Ennex International pic, conducted a 

lithogeochemical study o f  the principal lithological units in 7 o f  the Crinkill boreholes 

(Hughes, 1986). The cores were analysed at OM AC laboratories for the following 

elem ents (Table 3.1):

Unit Cu
ppm

Pb
ppm

Zn
ppm

Fe
ppm

Mn
ppm

Mg
ppm

B a
ppm

A s
ppm

Hg
ppb

Waulsortian 2 6 16 900 210 3,330 50 2 20
n=67 13 280 1,220 4,700 770 69,000 760 62 200

Nodular II 22 86 4,600 550 2,400 100 5 20
Micrite Unit 19 760 1.490 60,900 8,000 7,500 1,090 51 650

n=19
Iron 11 930 747 107,000 1.690 5,500 140 38 20

Formation 65 9.S00 9,999 169.000 10.600 8,000 3,450 400 1.500
n=6

Ballysteen 10 14 15 14,500 620 2,700 140 3 20
IJmcstone 22 560 3,390 22,900 2,450 19,800 1,000 170 800
Formation

n=I4
T ab le  3 .1 : Lithogeochemistry o f  the stratigraphical units in the Crinkill area:
The values shown in normal typeface are mean minimum and maximum values for each 
element. Values in bold are the highest values encountered.

All elem ents with the exception o f  Mg have their highest values within the i ro n  

Form ation '. However, elevated values are also found associated with the N odular 

M icrite Unit and Ballysteen Limestone Formation reflecting disseminated sulphide 

mineralisation and early framboidal pyrite within these lithologies. The high Mg values 

within the W aulsortian M udbank Complex are due to the presence o f  dolomite.

Hughes (1986) noted that maximum values o f  Zn and Pb coincide with the ironstones 

where the latter are present or are at similar stratigraphic levels, from 1.5 to 27m  below 

the base o f  the W aulsortian, where the ironstone is absent. Maximum values o f  both Ba 

and Mn are within the iron -F orm ation ’ in borehole SHR-83-17 (the point o f  maximum 

ironstone thickness has most significant disseminated sulphide mineralisation).

M ore recent analyical work conducted by CSA Ltd on behalf o f  Chevron Mineral 

Corporation o f  Ireland, analysed for additional elem ents as well as sampling from Pink 

M ottled zones from within the W aulsortian M udbank Com plex itself (Table 3.2).
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Sample No: 
(alteration)

FeiOj
%

SiC>2
%

AI2O3
%

MnO
%

MgO
%

Ba
ppm

Zn
ppm

Pb
ppm

SHR-2S-240.6m 
(Very weak Pink 

Mottling)

0.38 2.25 0.66 0.1 0.9 Trace 81 3

SHR-25-146.5m 
(Weak Pink Mottling)

0 29 18 0.77 0.02 0 69 11 21 2

SHR-25-178.4m 
(Medium Pink Mottling)

0.29 2.2 0.94 0.03 0.8 28 24 1

SHR-25-184 8 
(Weil dev Pink 

Mottling)

0.39 2.1 0.9 0.05 0.76 14 31 3

Ironstone 37 19 72.2 0.27 1 49 0.57 3,468 356 109

Table 3 .2 : Additional Lit logeochemical data from t le Crinkill area.

Unfortunately no unaltered Waulsortian Mudbank Complex was analysed. However 

the analyses show that only very minor amounts o f iron-oxide (hematite) are required to 

produce red colour in the limestone.

In the present study in order to augment the lithogeochemical data and to determine 

what elements were intimately associated with the iron oxide-silica mineralisation, 

conventional microprobe-spot analysis was used in conjunction with Position-Tagged 

Spectrometry (PTS). The advantage of utilising PTS is primarily that all X-ray data 

from the area o f interest are collected and the position o f source o f the X-rays is 

electronically tagged. Once the data has been collected it can be further interrogated at 

any stage. Mapped areas can be sub-divided into relatively homogeneous domains 

which can then be identified semi-quantitatively using microprobe spot analysis. Three 

areas were mapped using the method. The phases identified in each sample and 

their composition in terms o f selected elements are shown in Table 3.3 (Plates 11, 12 & 

13).

The PTS results largely confirm the previous studies. However the values for copper, 

lead and zinc are less than in the earlier analyses (compare Tables 3.1 and 3.3). This 

may be because small areas mapped in PTS when compared to conventional 

lithogeochemical sampling (where samples are 10s o f cm to channel samples through 1 

to 2m are common).
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Saiqpk No: 
(% arm)

Fe% Si% Al% MnV. Mg% C i% Cu% Za*/. Pb% S% Cd%

Sample SHR-23-157.7m 
Plate 11

Phase 1 
Silica dominated 

(53.77%)

4.83 40.8 2.15 0.53 0.53 0.53 0.53 0.53 1.07 1.07 1,07

Phase 2 
Iron dominated 

(44.24%)

30.08 3.53 1.76 0.88 0.88 1.32 0.88 0.88 1.32 1.32 1.32

Phase 3 
(1.65%)

0.62 0.67 0.06 0.03 0.03 0 0 4 0.03 1 0.01 0.04 0.04 0.03

Phase 4 
(0.34% )

Tr 0.14 Tr Tr Tr 0.12 Tr 1 Tr Tr Tr Tr

SHR-23-157 7m 
Plate 12

Phase 1 
Silica dominated 

(65.06% )

4.5 50.7 1.95 0.65 0.65 1.3 0 65 i 0.65 1.3 1.3 1.3

Phase 2 
Iron domianted 

(34.68% )

21.84 4.85 1.38 0.69 0.69 1.04 0.69 1 0.34 1.04 1.04 1.04

Phase 3
(0.20%)

Tr 0.1 Tr Tr Tr 0 06 Tr Tr Tr Tr Tr

Phase 4 
(0.05%)

0 01 0.02 Tr Tr Tr Tr Tr 1 Tr Tr Tr Tr

SHR-23-157 7m 
Plate 13

Phase 1 
Iron dominated 

(71 93%)

65.45 2 87 2.15

Phase 2 
Silica dominated 

(17.59% )

1.05 15 83 0 70 ■

Phase 3 
Mixed 
(9»4)

4 32 4 32 0.27

Phase 4 
Cartxmale 
dominated 

(1.2%)

0 0 6 0 08

i

0.01 1 05

Phase 5 
(0 17%)

Tr 0.08 i Tr - - 0 06 1 - - -

Phase 6 
(0 12%)

0 05 0,01 1 Tr
1

- - 0 04 - - - -

Table 3.3: Analyses o f  ironstone samples from Crinkill using Position Tagged
Spectrometry.

The results are consistent with the petrographic studies in that the ironstones are 

relatively ‘pure’ with the bulk o f  the sample areas mapped comprising either iron- 

oxides or silica (typically Phases 1 & 2, see Plates 11 to 13 and Table 3.3 above).

The earlier analytical studies had shown elevated Mn (1-1.49%) and base metal 

enrichments o f  varying intensities seemingly related to the iron-oxide mineralisation. 

Similar relationships were seen at Tynagh where Russell (1974 and 1975) attributed the 

Mn-halo to sea-floor exhalation. However as will been demonstrated in Chapter 4 

(Tynagh), Mn which gives rise to the Mn halo at T>-nagh resides in paragenetically later 

(post-sulphide mineralisation) ferroan dolomites. It is worth noting that similar, ferroan 

carbonates (calcite and dolomite) also post-date iron-oxide and sulphide mineralisation
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at Crinkill. The PTS results show only relatively minor Mn enrichments, which are 

within background Ballysteen Limestone Formation values.

3.4.2 PIN K  M O TTLIN G  Fig. 3.6

Subtle, weakly disseminated hematite occurs throughout the Waulsortian Mudbank 

Complex at Crinkill resulting in reddening or mottling o f the micrite. This mottling 

varies from intense reddening to a weak pink mottling o f the more micritic rock types 

(Plate 14A, B & C). In many cases the mottling grades from strong reddening adjacent 

to fractures or stylolites, to pink, to unaltered limestone over c. Im o f  core (PlateH B  & 

C). Rare partially hematised/pink mottled Waulsortian Mudbank Complex clasts may 

have resulted from syn-sedimentary deformation (Plate 14C). A substantial thickness o f  

Waulsortian Mudbank Complex may be mottled/weakly hematised, in aggregate 1.5% 

to 53% o f  the total thickness o f  the intersected Waulsortian Mudbank Complex in the 

borehole (Fig. 3.6).

Mapping o f the distribution o f  Pink Mottling demonstrates that it is congruent with the 

iron-oxide mineralisation but that its thickness has an antipathetic relationship (Fig. 

3.6). The greatest composite thickness o f  Pink Mottling occurs in boreholes SHR-83-15 

and 16, where 31% (25m) and 53% (63m) o f the Waulsortian Mudbank Complex is 

mottled (Figs. 3.6 and 3.15). This coincides with the thinnest occurrence o f  ironstone 

mineralisation in the Nodular Micrite Unit (compare Figs. 3.5 and 3.6). Such a 

distribution may indicate more prolonged hydrothermal activity in this area. 

Alternatively the Nodular Micrite Unit may have been more intensely deformed and 

fractured allowing the hydrothermal fluids to breach the argillaceous Nodular Micrite 

Unit and Ballysteen Limestone lithologies (impermeable?) and dissipate into what was 

probably more porous and (potentially) permeable Waulsortian Mudbank Complex. 

The weakly hematised limestones may illustrate palaeoporosity within the Waulsortian 

Mudbank Complex.

Pink Mottling occurs as:

•  Cavity Linings:

Stromatactoid cavities may contain hematised geopetal muds, suggesting an early 

origin (Plate 14D, E & F).
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• Replacements:

Much o f the pink mottling is associated with bioclasts. Hematite is commonly seen to 

fill the stereom of crinoid and echinoid ossicles and to replace the lumens o f crinoid 

columnals (Plate 15B & C). Elsewhere it occurs as subtle disseminations in the more 

micritic matrix.

In thin section (Plate 15A) hematite can be seen to post-date the earliest calcite cement 

stages (Stages 1 to 3).

The Pink Mottling has an antipathetic relationship with dolomitisation. For example, in 

borehole SHR-83-25, the upper Waulsortian Mudbank Complex is extensively mottled 

(pink); however approaching the base o f the Waulsortian, zones of dark, finely 

crystalline hydrothermal dolomite are increasingly common and are developed at the 

expense o f the Pink Mottling. A similar relationship is seen at Lisheen, where 

siliceous-jasperoid zones and argillaceous hematitic encrinitic zones were protected 

from later dolomitising fluids (see Chapter 5).

3.5 DOLOMITISATION

During the logging o f the boreholes it was possible to differentiate between four 

distinctive dolomites. They are in order of appearance:

3.5.1 REGIONAL DOLOMITE (D l) (Fig. 3.7)

Medium to coarsely crystalline, buff to creamy dolomites at Crinkill are 

macroscopically and microscopically similar to what Hitzman and co-workers have 

termed the Regional Dolomite (Allan, et al., 1992; Hitzman et al., 1998). Therefore 

the term ‘Regional Dolomite’ has been used for these dolomites at Crinkill (Plate 16A 

& B), even though the deposit lies W of the ‘Dolomite Front' o f the Rathdowney Trend. 

This is discussed below.

At Crinkill the regional dolomite may be divided into two components. The first is a 

very finely crystalline, replacive component and the second a coarsely crystalline
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dolomite, developed as rhombs or as saddle shaped crystals which fills the vuggy 

porosity developed within the fine replacive phase (Plate 16A & B). Rare examples o f 

vermicular textures were also noted during logging, with medium white dolomite veins 

and micro-veinlets fractured and offset all set in a massive fine grey dolostone matrix 

(Plate 16C). A non-ferroan, fine to medium crystalline dolomite is seen to replace 

faithfully Waulsortian biomicrites. Abundant ghost textures remain. The dolomites 

exhibit a coarse rhombic habit where they replace cavity systems and vuggs.

The distribution o f the regional dolomite is very patchy. Typically zones o f dolostone, 

that is 100% dolomite, interfinger with partially and undolomitised biomicrites. The 

dolomite is not present in all boreholes. It apparently forms a lobate body, thickest to

the SE o f the Knockshigowna Fault Zone (Fig. 3.7).

Petrography

In thin section the regional dolomite may be sub-divided into finely crystalline replacive 

dolomite and coarser rhombic to baroque/saddle dolomite. In plain polarised light the 

coarse dolomite crystals are polymodal in size and vary from interlocking planar- 

idiotopic euhedral to subhedral crystals; a few non-planar-xenotopic crystals occur. 

Typically they have turbid to very turbid cores and clear outer rims. Using 

cathodoluminescence microscopy they maybe sub-divided into at least 3 stages (Plate 

17A):

• Stage 1: Medium to dull luminescent brown-orange mottled core. Its margins are 

commonly corroded it is overgrown by Stage 2.

• Stage 2: Non-Iuminescent outer stage.

• Stage 3: Medium to bright luminescent yellow-brown veins o f this stage cut non-

luminescent Stage 2 dolomite (Plate 17A).

This pattern o f moderate, bright, dull to non-luminescent is typical o f cement 

precipitation from increasingly reduced pore waters resultant from sediment burial 

(Bruckschen et al., 1996).
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As previously mentioned examples o f  vermicular dolomites are seen under 

cathodoluminescence to have dully luminescent Stage I cores (D 11).

Both the fine replacive dolostone and the coarse white space filling dolomite display 

similar CL signatures Indicating that both coarse and fine dolomite precipitated at the 

same time. The fine dolomite may well represent crystallisation from a supersaturated 

fluid.

Due to the highly turbid nature o f the regional dolomite, attempts at analysis o f  fluid
• • • 18 inclusions were not successful but isotopic analysis (n=9) exhibit a range o f 5 O values

from 19.6 to 26.3 per mil suggesting the dolomites crystallised at elevated temperatures

(see Chapter 7 for a detailed discussion). Furthermore the baroque habit o f some of the

coarse dolomite is commonly thought to be indicative o f crystallisation at elevated

temperatures o f  60 to !50°C (Radke and Mathis, 1980).

Dolomite similar in character to the dolomite at Crinkill is widely distributed in 

Toumaisian and early Visean rocks in southern Ireland. Hitzman and co-workers (see 

Hitzman et al., 1998) referred to these dolomites as the Regional Dolomite 

(Dolodstone) and described their occurrence as extending from the Mallow area in N. 

Co. Cork to Roselawn. south o f Dublin, a distance o f over 170km. The western margin 

o f dolomitisation (the “Dolomite Front’) was shown as passing close to the Lisheen and 

Galmoy deposits east o f the Slieve Bloom and Devilsbit inliers. However when the 

distribution o f  this dolomite is examined in more detail it appears that there is a zone 

surrounding the Leinster Granite and Lower Palaeozoic inlier where the Waulsortian 

Mudbank Complex is regionally pervasively dolomitised. In the more easterly, inner, 

part o f  the zone, the underlying Ballysteen Limestone Formation is also pervasively 

dolomitised. The zone o f dolomitisation extends from the Wexford outlier through the 

region surrounding the Leinster and Slieve Ardagh coalfields with a ‘dolomite’ front as 

described by Hitzman and co-workers within the Rathdowney Trend. Outside o f this 

zone o f pervasive dolomitisation there are local developments o f dolomite similar in 

character to the regionally more pervasive dolomite. The occurrences around Mallow 

fall into this category as do developments at Newscastlewest, Co. Limerick (G.D. 

Sevastopulo, pers. comm.) and at Cloughjordan, 20km SW o f  Crinkill (W. Wright,
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University College Dublin, pers. comm.). The Crinkill development is believed to be 

another example.

The findings o f  Hitzman et al. (1998) maybe summarised as follows:

1.) Late diagenetic regional scale dolomite affects large areas (c. 7,000 km^) o f  the 

Waulsortian Mudbank Complex in Ireland.

2.) Fluid inclusion data implies that the dolomitising fluids had an average temperature 

o f  c. 70-100°C and salinities o f  c. 10-13 wt% NaCl.

3.) The dolomites display systematic decrease in crystal size and the degree to which 

they are xenotopic northwards.

4.) Isotopic data suggest that the average S'*0 values increases to the north while the 

*^Sr/**Sr values decrease.

5.) These data suggested that dolomitisation was due to large scale, northward directed 

fluid flow due to topographic uplift associated with the Hercynian orogeny.

More recently fluid inclusion analysis by Eyre (1998) indicates that the coarse white 

regional dolomite formed under a range o f temperatures from 198-218°C with low 

salinities (5.4 wt% NaCI). This clearly is in conflict with the substantially lower 

temperatures described by Hitzman et al. (1998). It is worth noting that Eyre's results 

for the macroscopically similar 'hydrothermal' White Matrix Breccias at Lisheen were 

similar (170-210°C, 5-7 wt% NaCI) and may well reflect the difficulty in distinguishing 

between the two dolomite types and/or reflect resetting o f  the deposit regional dolomite 

by the later mineralising brines.

Given its clear relationship with the Knockshigowna Fault Zone as well as its very 

patchy distribution, in a regional sense even over a small area such as Crinkill, I feel 

that it is highly unlikely that this dolomite represents a simple ‘burial’ dolomite. I 

would therefore broadly concur with Hitzman et al. that it may represent an early 

hydrothermal fluid pulse (not necessarily sourced from the Hercynian Front) that 

utilised the Knockshigowna Fault Zone or a sub-parallel damage zone as a fluid 

pathway.

75



Chapter 3 CRINKILL

3.5.2 DOLOMITE MATRIX BRECCIAS

Two distinctive dolomite matrix breccias are recognisable at Crinkill.

3.5.2.1 Black Matrix Breccia (BMB, D2) Fig. 3.8

The first breccia-type consists o f angular to subrounded polymodal clasts. The clasts 

are composed entirely of dolomitised to partially dolomitised to undolomitised 

Waulsortian Mudbank Complex biomicrites contained in a matrix o f dark finely 

crystalline dolomite. Clasts size is very variable, but in core ranges from c. 1mm to at 

least 3.75cm (the diameter o f the BQ drillcore). Undoubtedly larger clasts exist. Clasts 

may exhibit sharp, embayed, cuspoid and corroded contacts with the matrix (Plate 18). 

Both matrix and clast supported breccias occur, but clast supported breccias 

predominate. The breccias are typically unsorted. Individual clasts are occasionally 

cross-cut and partly-replaced by the dark, fine, crystalline matrix. In core, the breccias 

vary from well developed clast supported to poorly developed vein-stringer dark fine 

crystalline dolomites to dark fine dolomites lining cavities (Plate 18A to F).

Intersections in drill core of individual breccia intervals rarely exceed 30cm thickness. 

The drilling is too widely spaced to determine whether the breccias form extensive 

sheet like bodies or are more restricted in their distribution. A rare zone o f incipient to 

moderate Black Matrix Breccia, 2.45m thick, is present in borehole SHR-83-14. The 

majority o f  occurrences o f Black Matrix Breccia are moderate to steeply dipping, 

bedding parallel zones. However, cross-cutting high angle (sub-vertical) dark finely 

crystalline dolomite bodies without associated brecciation are known (Plate 18E & F).

Similar dolomite breccias from the Rathdowney Trend are known as either Rock Matrix 

Breccias or Black Matrix Breccias (BMB) and this terminology is adopted here (Doyle 

& Bowden, 1992, 1995; Shearley e/ a/., 1995). At Lisheen the Black Matrix Breccias 

form a halo to the massive sulphide orebodies and the sulphides can be shown to have 

replaced the Black Matrix Breccia which thickens towards the principal faults 

(Redmond, 1998). At Lisheen the Black Matrix Breccias are best developed at or 

adjacent to the base of the Waulsortian contact with the Ballysteen Limestone 

Formation. However at Crinkill, the Black Matrix Breccia intervals are scattered, 

apparently randomly, throughout the Waulsortian Mudbank Complex. A significant 

proportion o f  dark fine crystalline dolomite occurs as cavity linings (Plate 18D).
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Mapping o f  the distribution and thickness o f  the Black Matrix Breccia at Crinldll shows 

two distinct areas o f  BMB formation. Attempts were made during logging to classify 

the Black Matrix Breccias into poor/incipient, moderately and well developed, as well 

as further sub-dividing them depending on their predominant clast type (undolomitised, 

partially dolomitised, regional dolomite); however, no coherent patterns emerge. 

Interestingly, an area o f  no Black Matrix Breccia formation corresponds with that o f the 

best development o f  the regional dolomite (Figs. 3.7 and 3.8). Many, but not all, the 

intersections o f Black Matrix Breccia contain associated disseminated sulphides. Some 

o f  the better grades o f  sulphide mineralisation hosted by the Waulsortian Mudbank 

Complex are intimately associated with these dolomites (for example, borehole SHR- 

83-15, lm @  10.8% Z n&  4.1% Pb).

Petrography

In thin section Black Matrix Breccia is composed o f  xenotopic, non-planar to planar-S 

rhombic dolomite. Crystal size is very variable with the fine matrix being composed o f 

small, c. 10-30jam crystals. Larger crystals, 70-+100)j,m, are observed ’seeding’ on the 

finer dolomites. Under cathodoluminescence, clast and matrix can be shown to be 

composed o f  the same dolomite (Plate 19A & B). The D2 dolomite is comprised o f 2 to 

possibly 3 stages:

• Stage 1: Non- to dull luminescent cores are almost always partially corroded and 

replaced by Stage 2.

•  Stage 2: Medium, massive, unzoned strawberry-red dolomite corrodes and cross

cuts D2i.

•  Stage 3: Occasionally it is possible to observe a final medium to darkly luminescent 

outer zone; it often contains fine sub-zones.

The matrix o f  the BMB would have originally been highly porous, it is estimated that 

the initial porosity may have been as high as 15-20%, based on point counting o f  

dolomite inter-crystalline pore spaces (Plate 20A to C). However, reflected light 

petrography and SEM-EDAX analysis shows that much o f the (palaeo)porosity is now 

occupied by small, 5-lO^im, sulphides, typically pyrite ± sphalerite as well as organic
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(pyrobitum en?) material (Plate 21). It is therefore likely that the dark colour o f  the

dolom ite is primarily a function of:

•  rem nant porosity.

•  Its finely crystalline nature.

•  an increased organic content.

•  presence o f  fine grained crystalline sulphides.

F o rm a tio n  o f  B lack  M a trix  B reccia

At Crinkill Black M atrix Breccia is envisaged as having formed by several processes:

1.) R ep lacem en t o f  the host rock and possibly o f  pre-existing carbonate/calcite 

breccias (Plate 22A & B). In thin section, undolomitised limestone/sparry calcite 

breccias are present. Angular to sub-rounded micritic clasts are seen ‘floating’ in a 

calcite cement, which under cathodoluminescence is seen to be com posed o f  early 

non-lum inescent to brightly luminescent Stage 2 (Nail Head Spar) and Stage 3 

calcite cements. Elsewhere undolomitised carbonate conglom erates are preserved 

(Plate 14C). This provides strong evidence for early brecciation and fracturing o f  

the W aulsortian M udbank Com plex. The calcite cement o f  these breccias ( ‘Proto- 

B M B 's’?) was preferentially replaced, probably due to the fact that the fine calcite 

crystal size provided copious nucleation sites for the dark fine hydrothermal 

dolom ite (Plate 22B). In other areas the well developed strom atactoid cavity system 

may have had som e remnant porosity (the final blocky Stage 4 calcite fill is syn- 

D 2/D 3) which would have allowed access to the dolom itising fluids (Plate 18D & 

E).

2.) M icro v e in in g  (possibly following stylolites) and ‘stoping’ o f  the host rock (Plate 

22E). Poorly developed o r incipient Black M atrix Breccia is clearly related to 

apparently minor microveining o f  the protolith. M icroveins and dolomitised 

stylolites are seen to cross-cut and partially replace the adjacent lithologies. Vein 

developm ent appears to have continued until discrete blocks o f  protolith were 

isolated o r ‘stoped’ (Plate 18D). The high angle stylolites may have formed due to 

possible local com pression parallel to the Knockshigowna Fault Zone, resultant
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relaxation or extension may have lead to minor Black Matrix Breccia formation. In 

other instances, veinlets and veins o f  dark crystalline dolomite are seen to cross-cut 

the protolith. The dolomitising fluids also appear to have utilised stylolites as fluid 

pathways (Plate I8E & 18F).

3.) Open-Space Filling may have occurred in larger cavities which led to graded and 

bedded D2 dolomites which crystallised from supersaturated hydrothermal fluids 

and settled geopetally on the cavity floors (Plate 31C). Alternatively similar 

textures may have formed from the replacement o f  a pre-existing graded fissure fill 

(however no remnants o f  this are visible under cathodoluminescence).

Finally tectonic activity on the Knockshigowna Fault Zone would have significantly 

enhanced porosity and more importantly permeability in the Waulsortian Mudbank 

Complex and is envisaged as allowing ingress o f  dolomitising fluids.

G eochem istry & Fluid Inclusion Studies

It has proved very difficult to find productive fluid inclusions in any development o f 

Black Matrix Breccia in Ireland. Eyre (1998) failed to obtain any from the whole o f the 

Rathdowney Trend. Due to the fine crystalline and turbid nature o f  the dark dolomite at 

Crinkill it was not possible to obtain any homogenisation results using the fluid 

inclusion stage at Trinity College Dublin. However a single wafer o f  Black Matrix 

Breccia was analysed by Dr. S. Gleeson, University o f  Leeds with the following results 

(Table 3.4).

Sample No: Chip: Mineral: Fluid DF: Tfm°C: Tmi°C: i Th°: Salinity:
Inc. No:

SHR-15-5Im 2 Dolomite 1 0.9 - -13 171.5 16.9
“ 2 0.8 - -13 ' 173.7 16.9
“ 3 0.8 - -13 186.5 16.9

/I verage: -13 177.2 16.9
Table 3.4: Fluid Inclusion analyses o f Black Matrix Breccia from Crinkill courtesy o f 
Dr. S. Gleeson, University o f  Leeds. The thin section o f  the offcut is shown in Plate 
19A.
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As far as I am aware these are the only fluid inclusion analyses from Black Matrix 

Breccia for the Irish Orefield. The temperature o f  177.2°C and relatively high salinity 

o f 16.9 weight % NaCl equivalent would have been sufficient to transport significant 

amounts o f  base metals as chloride complexes, chlorine-ligands (Hanor, 1996). The 

ability o f a brine to transport metals is controlled by the temperature and pH o f  the brine 

as well as the oxidation state o f  the metal ion to be transported.

The stable isotope analysis o f  the dolomites has a range o f S '*0  values from 22.4 to 

24.7 per mil, that is significantly lower than unaltered Waulsortian Mudbank Complex 

(c. 28-30 per mil) and probably reflects formation at elevated temperatures (See Chapter

7).

3.S.2.2 W hite M atrix  Breccia (W M B, D3) (Fig. 3.9)

In core the host rock, may be brecciated and cross-cut by coarse, white crystalline 

dolomites (grain size c. lOOfim to several mm). These zones o f breccia are termed 

White Matrix Breccias because o f their similarities to White Matrix Breccia at Lisheen 

(Plate 23). The White Matrix Breccias are seen to be mostly crackle-style or stockwork 

type breccias. They occur as either bedding-parallel zones, or ‘flats’ often spatially 

related to steeply dipping, cross-cutting zones or ‘steeps’. In some cases ‘flats’ can be 

seen to be linked over several 10s cm to Im by these crackle-style steep breccia zones. 

Unfortunately no angled, oriented core exists at Crinkill, therefore it is not possible to 

test whether the steep zones may have formed as antithetic (or synthetic) structures in 

the hanging wall o f  the Knockshigowna Fault Zone.

Where well developed, the White Matrix Breccia is predominantly crystal supported 

and may represent a highly permeable zone or conduit. The degree o f  brecciation varies 

considerably. White Matrix Breccias form preferentially or are best developed in zones 

o f  what was originally cavity or stromatactoid rich Waulsortian Mudbank Complex. 

Their formation appears to have been a gradual process beginning with replacement o f 

the coarse calcite component o f the cavity. Eventually steep, minor cross-cutting 

(?feeder?), coarse white dolomite veinlets link individual cavities. This process 

continued until clasts o f host rock remained floating in a coarse white dolomite matrix 

(Plates 23A & B). There are obvious macroscopic similarities between the coarse
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regional dolomite and the White Matrix Breccias which has invariably led to confusion 

in the description and use o f  both the Regional Dolomite and White Matrix Breccias 

terminology. The only fail-safe way to distinguish the two is to examine the dolomites 

under cathodoluminescence. For the purposes o f  this study only convincing ‘crackle’ 

style breccias were logged in drill core as White Matrix Breccias.

White Matrix Breccias zones may have formed or been initiated preferentially in cavity 

zones due to the rheological differences between the calcite spar filled cavities and 

more competent biomicrites which may have resulted in local fracturing and shattering 

o f  the Waulsortian Mudbank Complex as a result o f  movement on the Knockshigowna 

Fault Zone.

Mapping o f  the distribution and thickness o f  the White Matrix Breccia demonstrates 

that it occupies a similar area to the regional dolomite (Fig. 3.7 and 3.9). White Matrix 

Breccia is concentrated on borehole SHR-83-19 where there is a maximum thickness o f  

16.7m. Very minor amounts o f  White Matrix Breccia are encountered in boreholes 14, 

20 and 26 (Fig. 3.9). There are several possible explanations for such a distribution:

1) Misclassification. However as mentioned wherever possible a conservative 

approach was adopted.

2) The earlier regionally dolomitised WMC would have been more competent 

during any subsequent deformation which may have enhanced fracturing in 

these areas. Later fluids would have utilised such permeability pathways.

3) If the dolomitising fluids/brines were undersaturated with respect to Mg, the 

earlier regional dolomite would have provided an ideal source o f  Mg which may 

have resulted in the preferential formation o f  White Matrix Breccia. It is worth 

noting that Eyre (1998) demonstrated that the Regional Dolomite at Lisheen is 

non-stochiometric, being slightly deficient in MgC03  (42.6 to 43.7 mole%) 

relative to CaCOs (54.6 to 57.4 mole%). Alternatively such results could be 

interpreted to reflect only partial replacement (microscopically) by the regional 

dolomite o f  the Waulsortian Mudbank Complex. In general the “lack’ o f  well 

developed Black Matrix Breccia and White Matrix Breccia may reflect the lack
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o f  a (local) source for Mgf^ and Fe‘ .̂ For example along the Rathdowney 

Trend, where the Waulsortian M udbank Complex is effectively a dolostone 

(100% dolomite), the ‘hydrothermal’ dolomites, which are demonstrably later, 

would have had an abundant source o f  Mg'^ and Fe^^ (assuming that the 

hydrothermal fluids were acidic). At Crinkill on the other hand only minor 

volumes o f precursor dolostone are present. Therefore there are only 

correspondingly small amounts o f  ‘hydrothermal’ dolomite present. This may 

explain the relationship between the various dolomite phases, with 

dolomitisation all dying out away from the Regional dolomite ‘plug’ (Figs. 3.7, 

3.8 & 3.9).

Petrography

Coarse white rhombic and saddle dolomite crystals are commonly observed in core to 

cross-cut or to follow the dark fme crystalline dolomites o f  the Black Matrix Breccia 

(Plate 18E & F). A similar relationship is seen in thin section where the coarse white 

dolomites (D3) are commonly observed growing on D2, dark crystalline dolomite clasts 

and crystals (Plate 24A). However cross-cutting veinlets and microveinlets o f  coarse 

dolomite (D3) cut the dark fine dolomite (D2). The coarse white dolomite (D3) 

typically forms medium to coarsely crystalline planar-euhedral, idiotopic, rhombic to 

saddle/baroque crystals on the order o f  90/100|j.m to 3 to 4mms in maximum 

dimensions. Under cathodoluminescence D3 may be sub-divided into 3 to 4 stages 

(Plates 24A & B, 25B):

•  Stage 1: Dull luminescent core which is normally extensively corroded and 

replaced by Stage 2. Typically only remnant ghost textures or dull mottled zones 

within Stage 2 remain.

•  Stage 2: Medium orange-red luminescent massive stage, unzoned.

•  Stage 3: Medium to bright yellow luminescent stage. Sub-stages and micro 

zonation can often be well developed with alternating yellow-dull luminescent 

zones.

•  Stage 4: Dull brown to non-luminescent stage commonly forms the final outer 

zone to the D3 crystals.
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Where the dark finely crystalline dolomite (D2) is sufficiently coarse grained it exhibits 

a cathodoluminescence signature similar to that o f  D3, suggesting that they originated 

from the same or a very similar fluid source (Plate 24A). Therefore it is probably more 

useful to consider the White Matrix Breccia and Black Matrix Breccia as a continuum 

under the general term ‘Dolomite Matrix Breccias’. The dolomites o f  the Dolomite 

Matrix Breccias seem to show a simple change from an earlier replacive-aggressive 

style o f  formation to a more passive, less aggressive space filling habit. This may be 

due to a number o f  factors including changing fluid chemistry.

An initially acidic fluid which was (super)saturated with respect to dolomite may have 

involved to a fluid that was undersaturated as the hydrothermal system waned. 

Combining the isopleths o f composited Black Matrix and White Matrix Breccia 

thicknesses results indicates that the dolomites sub-parallel the Knockshigowna Fault 

Zone and are thickest to the NE, possibly reflecting maximum downthrow, ie. increased 

deformation on the fault or a sub-paralleling structure (Fig. 3.10).

D3 Dolomite is both pre-, syn- and post-sulphide emplacement (Plates 23B, 25A & B).

The coarse white saddle dolomite tends to contain significant amounts o f  dark inter

crystalline material which appears to be organic suggesting the involvement o f  

hydrocarbons with the dolomitising fluids. The baroque or saddle crystal habit, is taken 

to indicate crystallisation at elevated temperature, equivalent to the oil window or 

higher. In one sample, SH R-I9-I35.4m , cross-cutting coarse white dolomite is 

intimately associated with (pyro)bitumen. On examination at high magnification under 

oil immersion, the bitumen, although poorly polished, exhibited typical mesophase 

textures. Unfortunately the image was o f  too poor quality to photograph. However 

pyrobitumens associated with saddle dolomites and base metal mineralisation are 

known elsewhere in the Waulsortian Mudbank Complex o f the Irish Midlands (Cruise, 

1991). Organic petrologists claim that such mesophase textures can only form at a 

minimum temperature o f  250°C (Gize. 1990). What is unclear is whether this 

temperature is the result o f  later thermal overprinting or if it reflects the dolomitising 

and mineralising event. Such organic compounds may also played a role in metal 

transportation.
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Geochemistry and Fluid inclusions

Since the dolomite matrix breccias are intimately related with the sulphide 

mineralisation at Crinkill and elsewhere, attempts were made to examine individual 

growth zones in well developed coarse white dolomite rhombs. The aim was to 

establish whether individual growth zones contain elevated Zn, Pb, Cu or Ba, or any 

other potential tracer elements. A planar, idiotopic, coarse white dolomite rhomb, from 

a well developed White Matrix Breccia zone was selected to study (SHR-83-19, 99.3m 

Plate 26A).

Nine distinctive growth zones were analysed using SEM-EDAX techniques; however, 

the results indicate only that the lighter appearing zones in backscatter mode, simply 

reflect elevated Fe and Mn (Table 3.5). Trace elements, if present, are below detection 

limits o f  the microprobe. The results are interesting in that they clearly show that the 

D3 dolomites are non-stochiometeric.

Two analyses (12 and 13 in Table 3.5) from a small, c. I0-15fj,m, dark finely crystalline 

dolomite, are geochemically identical to that o f the coarse white rhomb (Plate 26B).

Analysis
No:

Zone: 
Light (L) 
/Mrii(D)

Fe Mg

Norm.

Ca

W t % 

O VIn Al
1 L Core 0.4 21.5 42.5 33.2 0.01 2.2
2 D 0.06 22.1 44.5 32.7 0.1 0.3
3 L 7.9 18.5 40.8 31.4 0.6 0.5
4 D 0.1 21.7 45 32.6 0.03 0.3
5 0.6 21.3 45 32.5 0.02 0.3
6 D 0.1 21.8 44.8 32.6 0.09 0.3
7 L 5.3 19.2 42.6 31.7 0.8 0.3
8 D 0.45 21.8 44.5 32.6 0.1 0.3
9 0.7 20.9 45.1 32.5 0.1 0.1
10 L 8.4 18.2 40 31.2 0.9 0.2
11 D 0.2 20 46.8 32.3 - 0.3

12 C 0.6 21.6 44.6 32.6 0.01 0.4
13 R 0.1 22.1 44.9 32.6 0.06 0.1

Table 3.5: Microprobe analyses o f  hydrothermal do omites: Analyses 4 and 5, and 8
and 9 are pairs o f  analyses from two particularly thick zones.

Fluid inclusion studies proved difficult because o f  the very turbid nature o f  the cores o f 

D3 dolomites coupled with the fact that the clear outer rims are predominantly inclusion 

free. Nevertheless a limited study was undertaken to characterise the pre-syn to post-
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ore fluid regime, 17 homogenisation readings (Th) and 3 first melt readings (Tmi) were 

obtained from a wafer from a white matrix breccia zone (Table 3.6).

Sample No: Chip: IMineral: Fluid 
Inc. No:

DF: Tfm “C: Tmi “C: Th“C; Salinity:

SHR-14-26 1 cwdoi 1 0.9 -22 -10 140.5 13.9
2 0.9 - - 98.5 -

3 0.9 - -10.1 132.5 14
4 - - - 68.5 -

5 0.7 -21.1 -10 160.5 13.9
2 6 0.8 -21 -4.9 167.3 7.7

7 0.9 - - 101.2 -

8 0.8 - -4.9 169.2 7.7
9 0.8 - -4.8 170.3 7.6
10 0.8 -1.1 105.1 -

11 0.65 - -4.7 180.2 7.4
3 12 0.9 - - 161.5 -

13 0.8 - -4.9 180.5 7.7
14 0.7 - -4.9 182.3 7.7
15 - - -5 172.5 7.9

4 16 - - -5 163.3 7.9
17 - - -5 185.4 7.9

Table 3.6: Fluid Inclusion analyses o f White Matrix Breccia from Crinkill.
Note: Salinites calculated after Bodnar (1993).

The homogenisation temperatures (Th) o f  the fluid inclusions are shown in a histogram 

in Figure 3.11. The majority (11 o f 17) range between 160 and 186°C. All o f these, 

except one (fluid inclusion Number 5) where salinity was measured contain relatively 

low salinity liquids (7.4 -  7.9 weight% NaCl equivalent). Such salinity values, 7.4-7.9 

weight % NaCl equivalent, are almost twice as saline as ambient seawater (3.5 weight 

% NaCl equivalent; S. Gleeson, pers. comm.).

Three inclusions (numbers 1, 3 and 5) yield higher salinity values (13.9 -  14 weight % 

NaCl equivalent); two o f  them yield low homogenesation temperatures (132.5 and 

140.5°C respectively). Inclusions number 2, 4, 7 and 10 yielded substantially lower 

homogenesation temperatures (68.5 -  105.1°C). In none o f  these was it possible to 

estimate the salinity.

Because o f  the small number o f  inclusions measured from a single sample o f  White 

Matrix Breccia, interpretation o f the data must be considered tentative. However, the 

bimodal salinity distribution which is crudely mirrored by the homogenisation 

temperature values suggests that two fluids may have been involved in the formation o f
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the White M atrix Breccia. Neither o f  them is as saline as the fluid from which the 

Black M atrix Breccia formed (salinity 16.9 weight %  NaCI equivalent, see Table 3.4).

Both the White M atrix Breccia and Black M atrix Breccia fluid inclusion results show 

no evidence o f  phase separation or boiling (variable liquidivapor ratios) therefore the 

hydrothermal fluid m ust have been confined under sufficient pressure to suppress the 

boiling-point o f  the fluids.

Modelling o f  the White M atrix Breccia data for a H20-NaCl dom inated fluid o f  variable 

salinity (7.4-14 weight % NaCl equivalent) and a maximum homogenisation 

tem perature o f  185.4°C indicates that a pressure o f  approxim ately 9-12 bars is sufficient 

to inhibit boiling (Haas, 1971). This pressure (9-12 bars) corresponds to a hydrostatic 

burial depth o f  c .79 -l2 0 m , where sea-level pressure is taken as 1.013 bars (1 

atm osphere). Using the same criteria for the Black Matrix Breccia data (16.9 weight% 

NaCI equivalent and homogenisation tem perature o f  186.5°C) indicates that a pressure 

o f  11 bars or a hydrostatic burial depth o f  c. 92 -102m would have been sufficient to 

inhibit boiling. Such depth estim ates should be considered as minimum estimates only.

Considering the intimate paragenetic relationships between the D2 and D3 dolom ite, it 

is tempting to suggest that the fluid inclusion data resulted from the mixing o f  a 

m oderate to low tem perature, high salinity, metal bearing, brine (primary fluid 

inclusions observed in D2 and D3) with a m oderate tem perature low salinity fluid (D3) 

during the main phase o f  sulphide mineralisation. Similar fluid inclusion variabilites 

are reported in many other carbonate-hosted Zn-Pb deposits (Rowen and Leech, 1989; 

Arne e /a / . ,  1991; Kontak, 1998; Chi e /a / . ,  1998).

The fluid inclusion data from Crinkill are com pared with those from similar dolom ite 

associated with other Irish base metal deposits in Figure 3.12. While the 

homogenesation tem peratures are all broadly similar (160-200°C) with the exception o f  

Tynagh, there is a very large range o f  salinity values that exhibit no obvious pattern.
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Figure 3.11: Histogram o f homogenisation temperatures (Th °C) for 17 inclusions 
from a single plaquette o f White Matrix Breccia (SHR-14-26m).
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3.5.2 J  Ferroan Dolomite (D4)

Ferroan dolomite was only encountered in one borehole, SHR-83-18. Interestingly this 

borehole collars in Waulsortian Mudbank Complex before intersecting 20m of highly 

sheared and deformed Ballysteen Limestone Formation between 75 and 95m before 

grading into massive clean crinoidal limestones o f  the stratigraphically overlying 

Borrisokane Limestone Formation. The upper 4 to 5m o f  the Borrisokane Limestone 

Formation is composed o f a highly ferroan dolomite. The relationship between the 

ferroan dolomite, the Knockshigowna Fault Zone and the Borrisokane Limestone 

Formation suggests that the ferroan dolomite was introduced during or after inversion o f  

the Knockshigowna Fault Zone.

3.6 SULPHroES Fig. 3 13

Sub-economic sulphide mineralisation has been recognised at three distinctive 

stratigraphical levels at Crinkill (see Figs. 3.15 to 3.19).

• Waulsortian Mudbank Complex

Two-styles o f  sulphide mineralisation are recorded within the Waulsortian Mudbank 

Complex at Crinkill. The majority occurs as disseminations throughout the mudbank 

limestones. Pale, very finely crystalline sphalerite lines stromatactoid cavities and is 

intergrown with the early diagenetic calcite cements. This style o f mineralisation rarely 

grades above trace level (ppm). It is envisaged that mineralisation occurred within a 

connected open cavity system similar to that described from the Ballinalack deposit 

(Jones and Brand, 1986). Mineralisation is largely independent o f hydrothermal 

dolomitisation and brecciation.

The second type o f  sulphide mineralisation within the Waulsortian Mudbank Complex 

is intimately associated with hydrothermal dolomitisation. These sulphides exhibit 

massive, semi-massive, vein and stringer textures. Contacts may be either sharp or 

diflfiise. Where diffuse the sulphides typically grade from massive/semi-massive to 

disseminated sulphides in breccia zones to sporadically developed veinlets and stringers 

in the Waulsortian Mudbank Complex over 5 to 10s o f  centimetres. Sharp contacts 

appear to be controlled by apparently very minor shale or more argillaceous units which
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are possibly associated with stylolites. Sim ilar ‘sedim entary’ shaley drapes have a 

strong control on mineralisation at Galmoy and Lisheen (au thor’s observations). They 

also occur as disseminations, semi-massive and massive sulphides in flat-lying breccia 

bodies and in vertical/sub-vertical, cross-cutting stringer style mineralisation. 

Individual zones may carry relatively high grades over short vertical distances. For 

exam ple Im  @ 10.8% Zn & 4.1%  Pb was recorded in borehole SHR-83-15 (Fig. 3.13). 

This style o f  mineralisation is predominantly replacive in nature.

In core, colloform , tortoise-shell sphalerite mineralisation is relatively com m on, 

possibly indicating rapid crystallisation from a supersaturated (with respect to Zn) fluid. 

Galena com m only is seen to replace and cross-cut this type o f  mineralisation. 

Elsewhere sulphides are seen to crystallise preferentially in the matrix o f  Black M atrix 

Breccias probably due to the abundance o f  nucleation sites. M ineralisation in the Black 

M atrix Breccias begins as isolated disseminations within the highly porous matrix. At a 

m ore advanced stage sulphides corroded, partially replaced and rimmed the clasts. The 

continuation o f  this trend where sulphides com pletely replace both clast and matrix 

which has been described in similar mineralising systems, for example at Lisheen and 

Galmoy, does not occur at Crinkill. Due to the limited extent and poorly developed 

nature o f  the breccia bodies (as well as the widely spaced drilling) it is not possible to 

determ ine how laterally extensive this replacive style mineralisation is. Overall this 

style is sim ilar to high grade sulphide mineralisation encountered at Silvermines and 

along the Rathdowney Trend.

•  N odular M icrite Unit

The m ost laterally extensive sulphide mineralisation occurs within the N odular Micrite 

Unit, w here sulphide mineralisation may be traced laterally 240m  to the SE and 240m  

in a N E-SW  direction, mineralisation remains open. The sulphide mineralisation forms 

a halo around the iron-oxide mineralisation (see Figs. 3.16 to 3.19). The stratabound 

sulphides are predominantly bedding parallel with pale sphalerite partly replacing the 

m ore micritic nodules and beds. Sphalerite also seems to ‘pond’ under the more 

argillaceous, shaley beds. Overall the mineralisation is o f  low grade: best intersections 

include 2.8m  @ 1.8% Zn & 1.9% Pb in borehole SHR-83-17 at 145m and Im @ 4.8%  

Zn, 1.9% Pb & 2%  Cu in borehole SHR-83-19 at 129m (Figs. 3.17 and 3.19).
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The sulphide m ineralisation occurs at the same stratigraphic level as the ironstone 

mineralisation, that is, c. 7 -12m below  the base o f  the W aulsortian M udbank Complex. 

It clearly post-dates the iron-oxides, there are many examples in core and thin section o f  

pyrite, sphalerite and galena micro-veinlets and stringers cross-cutting the iron-oxide 

mineralisation. Lithogeochemical w ork by Hughes (1986) dem onstrated that significant 

base metal mineralisation occurs even where the ironstone mineralisation is absent (Fig. 

3.19, borehole SH R-83-21). In a few examples sulphides in thin section are observed to 

contain hematitic inclusions.

Late, primarily cross-cutting but in som e places stratabound copper mineralisation 

(chalcopyrite and bom ite) occurs within the N odular M icrite Unit (Fig. 3.13). The 

copper minerals are intimately intergrown with late galena.

•  Ballysteen Limestone Formation:

Limited sulphide mineralisation occurs within the Ballysteen Lim estone Formation 

predominantly as veinlet-stringer style sphalerite mineralisation. Locally where the 

N odular Micrite Unit is poorly developed, or quite thin, the mineralisation may extend 

into the underlying Ballysteen Limestone Formation for approxim ately 1 or 2m, the 

exception being boreholes SHR-83-17 and -2 !  where mineralisation extends for 

approxim ately 10ms into the underlying Ballysteen Limestone Form ation (Fig. 3.19).

When the com posite thicknesses o f  all sulphide mineralisation is plotted (Fig. 3.13), it 

can be seen that mineralisation thickens approaching the Knockshigowna Fault Zone (to 

m ore than 3 1 .5m com posite thickness). Furthermore, visible copper mineralisation (up 

to 2%  in SH R-83-19) is restricted to this zone strongly suggesting that the 

Knockshigowna Fault Zone, or one o f  its subsidiaries, acted as a conduit for the metal- 

bearing fluids (Fig. 3.13).

Mineralogy

The base metal sulphides have a relatively simple mineralogy and are dom inated by 

iron-sulphide (pyrite ± m arcasite)-sphalerite-galena and copper sulphides (chalcopyrite 

± bom ite and tennantite). Iron sulphides and pale sphalerite occur scattered throughout
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the section. Honeyblende, galena and copper minerals, where present, are always 

associated with higher grade mineralisation containing colloform  sphalerite.

Other associated minerals include barite, which although not recorded during logging 

was found to be relatively com m on in thin section, where it is seen to be 

pseudom orphed and partially replaced by sphalerite. Tennantite also occurs typically as 

inclusions within galena crystals.

SEM  in backscatter m ode together with EDAX was used routinely to aid in mineral 

identification. M any o f  the iron-sulphides are As-rich. Seen in backscatter images 

(Plate 27A ) they are zoned with thin (c. lOfim) concentric zones which when analysed 

were found to be arsenopyrite. Rare arsenic-nickel-cobalt sulphide also occurs as very 

small. 5-10)im , cubic crystals. The identity o f  these crystals is not certain. They could 

possibly be pentlandite. Similar minor Ni-rich zones grading up to 1-2% Ni are known 

from Lisheen (L. Fusciardi. pers. comm.). They appear to post-date the iron-oxide 

mineralisation (Plate 27B).

Textures

The sulphides exhibit a range o f  different textural types which will be described in more 

detail below:

• Cavity & Porosity Filling

The bulk o f  the weakly disseminated sphalerite mineralisation within the W aulsortian 

M udbank C om plex can be seen to be post-Stage 3 calcite cementation, possibly filling 

the pre-existing original primary porosity (Plate 28A & B). Higher grades within the 

W aulsortian M udbank Com plex are intimately associated with dark fine hydrothermal 

dolom itisation (D 2) where it is seen to initially fill the pre-existing secondary porosity 

(Plate 29A  & B). With sufficient sphalerite crystallisation they may form ‘buck-shot’ 

type textures (Plate 29C). Eventually as the secondary porosity becom es infilled, 

sphalerite mineralisation becom es increasingly replacive in style.
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• Replacive & Cross-Cutting

Sulphides clearly post-date, corrode and replace hydrothermal dolomitisation (D2 and 

D3, Plates 24 & 25 B). In many instances the dolomites are only partly replaced 

suggesting that the metal bearing fluids were not very acidic. Sphalerite is also seen to 

replace bioclasts. In Plate 30A & B, sphalerite appears to have replaced a peloidal unit 

and is now intergrown with D2 dolomite, the suggestion being that in this case at least a 

significant proportion o f the sphalerite mineralisation may have occurred prior to D2 

dolomitisation.

• Bedded

Graded textures have also been observed and may have formed either from mimetic 

replacement o f a graded protolith or by geopetal crystallisation within an open cavity 

system (Plate 30C & D).

• Massive Sulphides

Zones o f massive sulphide mineralisation are rare at Crinkill (Plate 31A & B). 

Sulphides more typically occur as disseminations and stringer veinlets.

• Colloform

Colloform sphalerite mineralisation (Plate 32) forms the most common massive 

sulphide texture and probably resulted from the rapid crystallisation o f Zn from a 

supersaturated fluid. Colloform textures are generally accepted to have formed within 

an open space system although as has been demonstrated with the colloform iron-oxide 

mineralisation a replacive origin cannot be ruled out (Roedder, 1968; Anderson, 1990; 

Anderson et al., 1998). As can be seen in the Plate 32 the colloform sphalerite is 

strongly luminescent under cathodoluminescence. Veits et al., (1992) and Zech et al.,

(1995) working on the deposits of the Viburnum Trend and on Alpine lead-zinc 

deposits respectively, demonstrated that the various colours relate to specific trace 

element enrichments in the sphalerite crystals as follows:

1.) Blue Luminescence Ag & Cd

2.) Yellow/Green Luminescence Ag, Fe, Tl ± As

3.) Dull brown Luminescence As, Fe, Ge, Tl

92



Chapter 3 CRJNKILL

In order to check whether the luminescence observed in sphalerite from Crinkill was 

controlled by the trace elements listed above, two o f  the more luminescent colloform 

sphalerites were analysed using SEM-Microprobe (Plate 33A & C). It is clear from the 

graphs that the colloform mineralisation consists entirely o f sphalerite apart from a zone 

o f  minor galena mineralisation (Analysis No. 7). Examination o f  the corresponding 

trace element analyses indicates that analysis numbers 7 and 10 through to 14 contain 

elevated Cd, Ag and Al, and Cd and Al, respectively. Unexpectedly, the galena 

contains the highest Cd concentrations (1.3% Cd). To confirm this analyses a further 

three galena crystals were probed. All three contain highly anomalous Cd values (Table 

3.7).

Analysis
No:

F e% P b % Z n % A g% C d % A l%

I 0.2 90.5 2.1 0.18 1.41 1.34
0.4 91.46 2.05 0 0.53 1.34

0.16 81.21 0.88 0.12 1.28 1.11

Table 3.7: Microprobe analyses o f  galena from a late stage fracture-fill (SHR-15- 
49.1m)

Cadmium is almost universally found associated with Zn mineralisation. Its high 

concentration in galena was therefore surprising. It is worth noting however that Cd is a 

chalcophilie element. Therefore it may be that if the mineralising fluids were copper 

deficient. Cd was forced to form part o f the galena lattice (as will be demonstrated 

below, galena and chalcopyrite co-precipitated).

• N odu lar M icrite Unit & Ballysteen Limestone Form ation hosted 

m ineralisation

Sulphides hosted within the more argillaceous facies are predominantly disseminated. 

As can be seen in the cross sections they overprint the ironstone mineralisation (Figs. 

3.16 to 3.19). Sulphides occur disseminated throughout the relatively unaltered inter

bedded limestones as well as infilling fractures in the massive ironstones. Many o f  the 

sulphides within this zone have been partly replaced by later stilpnomelane (Plate 34A 

& B).

Massive copper and disseminated copper mineralisation (Plate 35A) post dates most 

other sulphide phases in boreholes adjacent to the Knoclcshigowna Fault Zone. 

Chalcopyrite is intergrown with galena (Plate 35A & B). Copper and arsenic rich
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minerals are typically deposited proximal to hydrothermal feeders (Goodrill et al., 

1974). Coarse sphalerite honeyblende crystals in the Waulsortian Mudbank Complex 

stratigraphically higher in the section also contain many minute chalcopyrite crystals 

which are commonly oriented or aligned in crescent and beaded pearl-like textures 

(Plate 35C). Barton and Bethke (1987) described similar ‘water-melon’, ‘beaded’ and 

‘orchard’ textures they described as ‘chalcopyrite disease’ from the Creede epithermal 

Ag-Pb-Zn deposit in Colorado. They suggested that Cu-bearing, Fe-poor hydrothermal 

brines leached Fe from the FeS rich sphalerite zones, resulting in chalcopyrite 

crystallising within the Fe-depleted sphalerite. A potential chemical pathway was 

described by Halbach et al. (1993) as follows:

ZnFeS + Cu ^  H  —> CuFeS2 + H  + ZnS + Zn (remobflised)

As indicated by the above equation Zn is partially remobilised during the replacement 

process and migrates from the crystal where it may re-precipitate as a Fe-free sphalerite 

rim. The process ceases to operate once the Fe component o f  the initial Fe-rich 

sphalerite is consumed.

Microprobe analysis was conducted on one such sphalerite crystal and it indicated a 

depletion in Fe around the chalcopyrite crystal (Table 3.8).

Analysis No: i  Mineral: Fe%: Cu%: Zn% : 1
1 i  Chalcopyrite 7.62 33.77 1.5 1

2 1 Fe-Poor ZnS 0.56 0.04 44.59
3 ! 0.73 0.03 44.28
4 “ 0.82 0 44.08 i
5 Fe-Rich ZnS 4.8 0 64.2 !

Table 3.8: Microprobe ana yses o f  sphalerite with ‘chalcopyrite disease’
(analyses 1 -4) and dark iron-rich sphalerite not exhibiting ‘chalcopyrite 
disease’, (SHR-19-125.4m).

In summary the sulphides at Crinkill exhibit many similarities with the Rathdowney 

Trend deposits (Lisheen and Galmoy) as indicated by the presence o f  arsenian iron- 

sulphides, Ni-Co-As rich iron sulphides, Cu-sulphides adjacent to interpreted feeder 

zones and elevated Cd in colloform sphalerite and galena.
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3.7 PARAGENESIS Fig. 3.14

3.7.1. History o f the cementation o f the Waulsortian Mudbank Complex Fig. 3.14 

Cathodoluminescence microscopy o f  the cements preserved in the various primary 

cavities in the Waulsortian M udbank Complex demonstrates the following history o f 

cementation, which is similar to that described in other studies o f  Waulsortian 

diagenesis in Britain and Ireland (Lees & Miller, 1995; Douthit, 1990; deBrit, 1989; 

Gilles, 1987; Miller, 1986; and King, 1984).

The earliest cements (Stage 1) are non-ferroan and were originally non-luminescent and 

in many cavities cryptofibrous in texture (Plate 36). They have been interpreted as 

having formed in the marine phreatic zone under oxic conditions which led to 

precipitation o f calcite with a high Fe'^/Mn'" ratio, which inhibits luminescence (Lees 

and Miller, 1995). The succeeding Stage 2 cement (Plate 38) consists o f clear calcite 

scalenohedra which grew syntaxially on Stage 1 cryptofibrous calcite and are also non- 

luminescent (Fig. 3.14). They are also interpreted as having formed in an oxic 

environment. Stage 3 cement luminesces a bright orange yellow colour. It is 

commonly separated from the earlier cements by a corrosion surface and microveinlets 

filled with Stage 3 cement pervasively cut Stage 1 to such an extent that the latter 

appears to have blotchy luminescence (Plate 36A). The brightly luminescent nature o f 

this cement has been interpreted as reflecting precipitation in a sub-oxic environment 

where Mn"^ is incorporated into the calcite lattice.

In drill core, cavities containing the calcite cements described above are seen to be 

fractured or brecciated. However it is unclear whether this fracturing event is tectonic, 

related to the initial movement on the Knockshigowna Fault Zone, or is simply the 

result o f  the diagenesis (de-watering or initial cementation resulting in contraction and 

fracturing) o f the Waulsortian Mudbank Complex. The ‘crumbly' nature o f  many o f  

these fractures suggests that they formed before the rock was fully lithified (Plate 36B). 

Elsewhere more angular clasts may record a ‘tectonic* origin (Plate 22A & B).

Coarse, blocky, translucent, zoned ferroan -  non-ferroan calcites form the final fill 

(Stage 4) in many o f the cavities (Fig. 3.14). Under cathodoluminescence these show 

well developed yellow and dark brown zoning, they fill the remaining pore space (Plate
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37A). This Stage 4 calcite is interpreted to have occurred during intermediate 

diagenesis possibly after the disappearance o f  dissolved sulphate when Fe"^ becom es 

available once more.

Douthit (1990) conducted a geochemical analysis o f  the Stage 4 cements and 

dem onstrated on the basis o f  their stable isotopic signatures and trace element content 

(M n'* and Fe'^) that they are m ost likely the products o f  a warm  reducing burial 

environment. Furtherm ore Douthit postulated that the fine luminescent zonation o f  the 

Stage 4 cement was a function o f  fluctuating redox (Eh) and pH conditions.

Finally, brightly luminescent, fracture filling, Stage 5 calcite cement occurs during the 

latest stages o f  diagenesis (Fig. 3.14). It clearly post-dates iron-oxide and sulphide 

mineralisation.

The above diagenetic sequence (Stage 1 to 5) is recognisable in the W aulsortian 

M udbank Com plex throughout Ireland.

3 .7 .2 . Iro n -o x id e  m in era lisa tio n  Fig. 3.14.

The iron-oxide mineralisation at Crinkill has been described in Section 3.4. Here 

observations relevant to the timing o f  the mineralisation are listed. These relationships 

are shown diagramatically in Fig. 3.14 relative to cementation o f  the W aulsortian 

M udbank Com plex, dolom ite formation and sulphide emplacement.

•  Conglomerates, which appear to be syn-sedimentary, contain clasts o f  micrite which 

are pink due to disseminated hematite (Plate I4C). If  these are not the result o f  

selective replacem ent, the hematisation must be very early.

•  Geopetal m uds in strom atactis cavities may also be hematised (Plate 14E).

•  Hematised m ud fills the lumen o f  crinoid columnals. In som e cases, the hematite 

coats Stage 2 calcite cements (Plate 15A). In others it is restricted to stereom in the 

margins o f  echinoderm ossicles the remainder o f  which are filled with Stage 1 to 3 

cements.

•  In many places hematised W aulsortian micrites are cross-cut and brecciated by 

hydrothermal dolomite.
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The evidence suggests strongly that hematised replacement occurred early in the 

diagenetic history o f the Waulsortian Mudbank Complex, almost certainly before Stage 

4 cements and possibly as early as Stage 2. Lees and Miller (1995) have suggested that 

the redox change interpreted to have occurred between Stage 2 and Stage 3 cements 

probably took place at a burial depth o f  no more than a few tens o f  metres.

Within the Nodular Micrite Unit the ironstone mineralisation is predominantly replacive 

in origin (Plate 5B to D). Studies by Goldring and Greenwood (1990) indicate that 

during iron-oxide mineralisation, replacement o f  carbonate by hematite results in a 

volume change and the development o f  an associated microporosity, which can 

theoretically be up to 17%. The development o f  such a microporosity may help explain 

the presence and overprinting o f the later sulphides, due to the lack o f significant 

breccia bodies in the Waulsortian Mudbank Complex they were ‘forced' into the 

prepared argillaceous Nodular Micrite Unit.

3.7.3 Doiom itisation and Sulphide M ineralisation Fig. 3.14.

The various phases o f doiomitisation have been described in Section 3.5 and the 

sulphide mineralisation in Section 3.6. Here observations relevant to timing o f  

doiomitisation, sulphide mineralisation and the diagenetic history o f  the Waulsortian 

Mudbank Complex are discussed. The temporal relationships are shown 

diagramatically in Figure 3.14.

The Regional’ Dolomite (Dl )  replaces the Stage 2 and Stage 3 calcite and is seen to 

cross-cut and is to be cross-cut by Stage 4 calcite cement. Hydrothermal 

doiomitisation, both dark finely crystalline and coarse white (D2 & D3) replaces the 

earlier cements. This hydrothermal dolomite immediately pre-dates and is syn- to the 

main sulphide mineralisation.

The sulphides themselves record a protracted paragenesis. Where there is disseminated 

Zn mineralisation in the Waulsortian Mudbank Complex, grains o f sphalerite, which are 

strongly luminescent (blue) under cathodoluminescence occur between Stage 3 and 

Stage 4 calcite cements (Plate 28A and B). The colloform blue-green/yellow 

luminescing sphalerite (reflecting trace element enrichment in Cd, Ag, Cu and Tl) grew 

in open cavities together with rosettes o f barite (Plate 31A & 32).
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In som e instances a similar dark  brown sphalerite has faithfully replaced carbonate 

grains such as peloids (Plate 30A & B).

Several o f  the sulphide zones are brecciated and set in a m atrix o f  coarse white 

dolom ite, which has a similar CL signature to the hydrothermal dolom ite (Plate 23B). 

Given the nature o f  carbonate-hosted sulphide mineralising systems, it is highly likely 

that mineralisation and dolom itisation may have been occurring simultaneously in 

different parts o f  the system as the chemistry o f  the mineralising fluids altered.

Later coarse, honeyblende sphalerite replaced the remaining, unaltered protolith. 

Finally late, cross-cutting, stringer-veinlet galena and honeyblende occurs. 

Approaching the Knockshigowna Fault Zone this late mineralisation is copper-rich.

Rare, m acroscopic (pyrobitum ens) are seen lining fractures and porosity cemented by 

D2 and D3 and may have played an important role in the mineralising process.

SH R-17-71 .5m provides a microcosm o f  the sulphide paragenesis (Plate 37):

EARLY STAGE:

1.) Sphalerite (blue luminescent) is disseminated throughout the undolomitised 

W aulsortian M udbank Complex.

MAIN STAGE:

2.) Barite rosettes grew within what was probably an open cavity system (Plate 

31 A). Colloform  iron-sulphide also mineralised during this phase. Main stage 

sphalerite mineralisation also began crystallising in association with the barite 

and is pre- to syn-D2 dolomitisation, replacing carbonate grains (Plate 30A & 

B).

3.) Continued sphalerite mineralisation led to the replacem ent o f  the earlier barite 

rosettes, as well as well as corrosion and dissemination into the adjacent cavity 

walls, possibly utilising m inor fractures and stylolites. D2 dolom itisation also 

replaced the W aulsortian M udbank Complex protolith and is filled and replaced 

by sphalerite resulting in disseminated to massive to sem i-m assive sulphide 

textures depending on the degree o f  fill or replacement.
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LATE STAGE:

4.) Galena crystallised tow ards the intermediate to end stages o f  sphalerite 

mineralisation. It is commonly observed rimming both pyrite and sphalerite 

grains. Closer to the Knockshigowna Fault Zone galena and copper sulphides 

(chalcopyrite & bom ite) co-precipitated. Hydrothermal dolom itisation was 

ongoing throughout this period.

5.) The mineralising system was probably beginning to wane and we see a move 

from replacive, corrosive, hot, saline brines (D2) to less saline, space-filling 

crystallisation (D3). The subsequent decrease in salinity m ay have resulted in 

the precipitation o f  late honeyblendes after D3 from undersaturated, low 

supersaturated brines. A (hot) Fe-deficient Cu-rich pulse resulted in very minor 

Zn remobilisation.

Late, clear bright yellow to black zoned calcite (Stage 5) forms the final fill.

3.8 DISCUSSION & CONCLUSIONS

•  TIM ING OF THE IRON-OXIDE M INERALISATION

Paragenetic relationships suggest that the iron-oxide mineralisation o f  the W aulsortian 

M udbank Com plex occurred early in the paragenetic sequence, that is post-S2 and S3 

calcite cementation but pre-DI dolomitisation and S4 calcite cements. This marks the 

transition from an oxic environment to a sub-oxic one. This probably occurred at 

relatively shallow burial depths, in the order o f  I Os o f  metres. Further evidence o f  early 

hematisation is provided by the presence o f  apparently syn-sedimentary W aulsortian 

M udbank Com plex conglomerate clasts and hematised geopetal muds.

The relationship o f  the carbonate cements with the stratabound ironstone mineralisation 

in the N odular Micrite Unit is poorly defined due to the massive nature o f  the ironstone 

and the paucity o f  cavities within the m ore argillaceous facies. In spite o f  this the 

ironstone mineralisation can be shown to be replacive and pre-sulphide mineralisation; 

that is, it occurred during a period broadly the same as the pink mottling o f  the 

W aulsortian M udbank Complex.
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The parsim onious explanation o f  the data is that the iron-oxide mineralisation is very 

early and occurred at or around the transition from an oxic to a sub-oxic diagenetic 

environment. Isotopic evidence also indicates that the iron-oxides had access to a 

source o f  isotopically very heavy 5 '*0 . One such source may have been dissolved 

atm ospheric oxygen (see Chapter 7 Isotopes). Such a model is consistent with the 

paragenetic evidence from the W aulsortian M udbank Complex. Since the bulk o f  the 

ironstone mineralisation is hosted within the N odular Micrite Unit it may indicate that 

the mineralising system was active over a protracted period which spanned the 

deposition o f  the W aulsortian M udbank C om plex at Crinkill.

A less likely possibility is that the iron-oxide mineralisation was late and that the 

distribution o f  hematite reflect mimetic replacem ent o f  particular carbonate lithologies, 

notably micrite.

•  DOLOM ITISATION

Hydrothermal dolomitisation is volumetrically relatively minor at Crinkill compared 

with the most recently discovered deposits o f  the Rathdowney Trend. This is possibly 

lack o f  hydrothermal activity (brines) in general or to a Mg deficient brine source. 

Dolomitisation post-dates the iron-oxide mineralisation and is pre-, s >t i -, and post 

sulphide mineralisation. Black M atrix Breccia dolom ite crystallised from hot (c. 

I77°C ) saline (16.9 wt% NaCl equivalent) brines. Marginally later D3 dolom ites 

record a low tem perature (c. 130-160°C) medium saline fluid (c. 14 wt% NaCl 

equivalent) and a high tem perature (c. 160-185°C) low salinity fluid (7 wt% NaCl 

equivalent), the easiest way to explain such a distribution is to invoke a fluid mixing 

model. Such mixing probably resulted in sulphide deposition. With time the 

hydrothermal system may have developed from a two-fluid to a single fluid system. 

Such a hypothesis is consistent with the isotopic data which suggests that sulphide 

sulphur values resulted from the mixing o f  isotopically heavy (5S^'*c. - 4  to + 15 per 

mil) and light (5S '̂* -3 0 ) sulphur (see Chapter 7).
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•  SULPHIDE M INERALISATION

The sulphides record quite a com plicated paragenetic sequence but are present 

throughout the entire intersected stratigraphic sequence at Crinkill with the exception 

o f  the Borrisokane Limestone Form ation. They post-date both the iron-oxide 

m ineralisation and pink mottling and are intimately related to the hydrothermal 

dolom itisation. Three distinctive phases o f  sulphide mineralisation are present at 

Crinkill.

Early Stage sulphide mineralisation occurred during late-early diagenesis to early- 

interm ediate diagenesis m ost likely within the still open W aulsortian cavity network. 

The early sulphide mineralisation occurred between Stage 3 and Stage 4 calcite cement 

diagenesis and is dom inated by isotopically light sulphur (see C hapter 7). Main Stage 

sulphide mineralisation is intimately associated with hydrothermal dolom itisation (D2 

and D3). It is characterised by colloform  sphalerite, pyrite and galena mineralisation 

and has intermediate sulphur isotope values (see Chapter 7). Late Stage cross-cutting 

galena, chalcopyrite and honevblende mineralisation is occur late in the paragenesis. 

It is dom inated by isotopically heavy sulphur which m ost likely reflects a 

‘hydrotherm al’ sulphur source (see Chapter 7). C opper mineralisation occurs adjacent 

to the Knockshigowna Fault Zone suggesting that it was a feeder zone. Galena is 

com m only Cd rich and may reflect mineralisation distal to feeder. Where insufficient 

Cu was available, Cd may have been forced into the galena crystal lattice. At this late 

stage the mineralising system was Fe-deficient, therefore the Cu ‘leached’ and 

adsorbed Fe from the more Fe-rich sphalerites resulting in very characteristic 

chalcopyrite disease textures.
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4.1 INTRODUCTION

Tynagh is located c. 50km ESE o f  Galway city, Co. Galway (see Figures 1.1 and 4.1). 

Mineralisation in the Tynagh area was first referred to in the Annals o f  the Four Masters 

(O Cleirigh et al., 1632) who mention the ‘Old Tynagh Mine’. More recent 

investigations at Tynagh marked the onset o f  ‘m odem ’ base metal exploration in 

Ireland; - in 1960 Irish expatriates returning with the then latest exploration methods 

from Canada conducted a shallow soil geochemical survey over the Old Tynagh mine 

site (Clifford e t al., 1986). Anomalous results led to the extension o f  the survey to the 

west in the following year. Eventually a highly anomalous zone (+ l,000ppm  Pb and 

8,000ppm Zn, over an area o f  750 by 125m) was highlighted and follow-up prospecting 

led to the discovery o f  mineralised Waulsortian Mudbank Complex (WMC) float 

boulders (Clifford el al., 1986). The first borehole, collared on the 14'*’ o f  November 

1961, intersected 53m o f  unconsolidated black mud above 3m o f  mineralised 

Waulsortian Mudbank Complex (disseminated galena). Assaying o f  the black mud 

showed that it graded 2.5% Pb and 3.5% Zn. A further 46 follow-up holes (using RCD 

drilling techniques) all intersected sulphide rich mud. Tynagh had been discovered.

160 holes had been drilled between 1961 and March 1963. They showed that the 

Tynagh deposit consisted o f  an upper weathered-karstic (Tertiary) Residual orebody 

below which lay mineralised Waulsortian Mudbank Complex, the Primary Orebodies. 

The final reserves at Tynagh delineated 9.2M t grading 5% Zn, 6.2% Pb, 66 g/t Ag and 

8.3% BaS0 4  (Clifford et al., 1986).

During near mine site exploration significant iron-oxide mineralisation was intersected 

in 30m grid step-outs proximal to the sulphide orebodies (Open File data). Several 

additional boreholes were drilled to determine the northern extent o f  the ironstones (or 

Iron Formation as they became known) but exploration was suspended once it became 

clear that the Iron Formation contained no economic sulphides (Clifford et al., 1986). 

The Iron Formation remains open. Further occurrences o f  ‘Iron Formation’ were 

intersected to the east o f  Tynagh mine adjacent to the Tynagh Fault Zone during the 

course o f  regional exploration, the majority o f  which remain open (Open File data). 

Towards the end o f  the life o f  mine, minor amounts o f  hematised limestones and 

ironstones were intersected during mining operations. Tynagh closed in August 1980.
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The corestore was subsequently bulldozed (while still full) and much priceless material 

was lost. Fortunately the Geological Survey o f  Ireland, Dr. Mike Philcox (courtesy o f 

Chevron Mineral Corporation o f Ireland) and Ennex International plc. managed to save 

a suite o f boreholes showing representative stratigraphical sections and mineralisation.

For the purpose o f this study 18 diamond drillholes (for location see Figure 4.2) which 

intersect the Iron Formation were relogged at 1:100 scale (a total of 2,865m). 59 

doubly polished thin sections were made from the core material. Additional thin 

sections were provided by Dr. M. E. Philcox. The results of the above work were used 

to modify the geological cross section published by Schultz (1968) and Clifford et al. 

(1986) and to interpret the paragenetic sequence.

4.2 DEPOSIT GEOLOGY Fig. 4.1, Fig. 4.2 & Fig. 4.3.

The Tynagh deposit lies east o f the northern end of the Slieve Aughty inlier o f Lower 

Palaeozoic and Old Red Sandstone rocks (Fig. 4.2) on the northern, downthrown side of 

the east to east-north-east striking Tynagh Fault Zone. The Courceyan stratigraphical 

succession is generally comparable to that o f other sequences in the Limerick Province 

o f Philcox (1983), but the Waulsortian limestone is atypical, as described below. The 

Old Red Sandstone in the mine area (pebble conglomerates, sandstones and red and 

green mudrocks o f fluviatile origin) has a minimum thickness o f 189m (Philcox 1983) 

and is succeeded by the Basal Sandstone, 64m of pale coloured sandstone and mudrock. 

o f marine origin at its top (Philcox 1983). The Ringmoylan Shale Formation (15m 

thick), Ballyvergin Shale Formation (3.3m thick) and Ballymartin Limestone Formation 

(37.4m thick) (thicknesses derived from Philcox 1983) consist o f shales and limestones 

referred to in the mine as Lower Limestone Shale and Tynagh Sandy Band (Clifford et 

al.. 1986). The Ballysteen Limestone Formation (c. 300m thick) (Lower Bioclastic and 

Lower Muddy Limestone o f mine terminology) consists o f limestone and shale. The 

top 10-20 metres of the Ballysteen Formation were logged for this project as the 

formation forms the footwall to the mineralisation.
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In contrast to the normal situation in the Limerick Province, the overlying Waulsortian 

Mudbank Complex is laterally very heterogeneous (Clifford et al. 1986). In this study, 

the following facies have been distinguished (Fig. 4.3).

•  W aulsortian Mudbank Complex (WMC in Fig. 4.3)

This facies consists o f  typical Waulsortian Mudbank limestone with a micrite matrix 

containing bioclasts and stromatactis and other spar- and geopetal sediment-filled 

cavities. It is restricted to a region close to the North Tynagh Fault and occurs at two 

levels (Upper and Lower) separated by the Interbank Tongue (see below).

• Crinoidal Facies (Fig. 4.3)

This facies is distinguished by the prevalence o f coarse crinoidal calcarenites 

(encrinites) interbedded with cavity-bearing micrites. It developed on the flanks o f the 

Waulsortian buildup but shows little sign o f  disturbance. The Crinoidal facies is 

considered to have formed in-situ on the 'flanks’ o f the Waulsortian mudbanks.

•  Limestone Conglomerate Facies (Fig. 4.3)

This facies consists o f  pebble and granule conglomerates containing clasts o f 

Waulsortian limestone and abundant crinoid ossicles in a micrite matrix. Some beds 

show grading; in others the clasts are not sorted. It forms an envelope around the 

Waulsortian Mudbank facies and passes northward by gradational increase o f  the 

proportion o f  shale into the Waulsortian Equivalent facies.

•  Inter-Bank Tongue (Fig. 4.3)

This consists o f argillaceous skeletal packstones which divide the Waulsortian 

Mudbank facies into two discrete bodies (Upper and Lower ‘Banks’). It contains the 

bulk o f  the iron mineralisation. Near the North Tynagh Fault it contains beds o f 

conglomerate with rounded to angular clasts o f  Waulsortian limestone. It grades 

northward into the Waulsortian Equivalent facies.

• Reef (W aulsortian) Equivalent Facies (Fig. 4.3)

This facies consists o f  nodular micrite and chert set in an argillaceous matrix. 

Lamination in the shale is typically wavy as a result o f  compaction around carbonate
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nodules. This facies grades into Limestone Conglomerate facies towards the North 

Tynagh Fault and passes gradationally upward into 'Grey Calp'.

Overlying the Waulsortian Mudbank facies, and in part equivalent to it, is the Grey Calp 

(Fig. 4.3). This term was used by the mine geologists (Clifford et a i .  1986) for medium 

to dark grey shales, calcilutites and skeletal calcarenites.

The Grey Calp is overlain by Black Calp, another local term, which consists o f  skeletal 

limestones, which in some cases are graded, interbedded with black, commonly very 

pyritiferous shales.

All o f  the facies at the level o f the Waulsortian mounds interfinger with each other and 

contacts are typically gradational. The growth o f  the mounds at Tynagh was clearly 

influenced by active movement on the North Tynagh Fault. The mound limestones are 

at their thickest (c. 160m) abutting the fault and thin substantially over a short distance 

to the north before passing laterally into the cherty argillaceous Waulsortian or ‘Reef 

Equivalent facies (Fig. 4.3). Dips on the flanks o f  the mounds close to the fault are 

steep (40-50°) and decrease to the north. The Reef Equivalent facies is nearly flat lying.

The Waulsortian Mudbank Complex and Inter-bank Tongue also contain locally 

important tuffs which have been used in correlation (Figs 4.3, 4.4 and 4.5) and have 

been called the T Bed (Schultz 1968), although more than one such bed occurs in some 

boreholes (Fig. 4.4). The T-Bed and other tuffs are unusually coarse grained, graded, 

olive green, quartz and feldspar-rich beds averaging c.30cm thick. They are composed 

o f  angular, crudely aligned crystals o f  quartz and plagioclase. In section, the 

plagioclase crystals are seen to be corroded. Many o f  the twins have high angles o f 

extinction indicating a Na-rich source. Perthite is also developed. The associated 

quartz exhibits well developed magmatic textures such as bottle necks (C. Stillman, pers 

comm. 1994). Both the grain size and bed thickness is significantly greater than 

'normal' tuffs found in the Midlands.

Stratigraphically above the T-Bed a second, argillaceous, shaley, marker horizon was 

locally important, the Black Bed or B-Bed in short (Fig. 4.3).
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• Structure:

The location o f  the Tynagh deposit is controlled by a regional N-dipping ENE to E 

trending, predominantly normal fault zone, which has a maximum downthrow o f c. 

600m to the N. The fault zone is traceable for a minimum o f  20km (10km according to 

Clifford et a/. 1986) along strike. However, examination o f  regional gravity data 

indicates that the signature from the basement, coincident with the trace o f  the fault 

zone, is significantly longer (O'Reilly et a i ,  1999). Mineralisation itself is controlled by 

a section o f  the Tynagh Fault Zone which is characterised by a series o f  moderately to 

steeply dipping (60-65°), mineralised E-W trending faults. Individual fault segments 

splay to the E and W and the dip o f the fault plane decreases to 45°. Clifford et ai .  

(1986) interpreted the segments to be hard-linked by short, barren NE trending faults.

Clifford et a i .  (1986, Fig.7) drew structure contours on the base o f  the Waulsortian 

limestone and equivalent facies which define several synclinal depressions or sags 

trending north-south. The greatest thickness o f Waulsortian limestone occurs in the 

axial regions o f the sags which are centred on the points o f maximum downthrow on the 

individual fault segments. Schultz (1968) termed the largest o f  these the Tynagh Sag. 

He interpreted them to have formed as a result o f  increased downthrow o f  the central 

portions o f  the faults relative to the tips.

During the Dinantian the North Tynagh Fault had a profound control on the local 

sedimentary environment. Three main phases o f  syn-sedimentary movement are 

recognisable from evidence in the cores (or alternatively they may indicate continued 

tectonic activity throughout the period).

1. During deposition o f the lower part o f  the Waulsortian Mudbank Complex which 

thickens towards the North Tynagh Fault, suggesting normal movement on the fault 

(Fig. 4.3).

2. During formation o f  the Inter-Bank Tongue when growth o f  the Waulsortian 

Mudbank ceased, possibly due to increased activity on the North Tynagh Fault which 

may have led to the establishment o f the probably deeper water, argillaceous facies. 

The conglomerates in the proximal part o f  the Tongue were probably generated either
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by oversteepening or as a direct result o f periods o f  enhanced tectonic activity on the 

fault. It is not clear whether the clasts o f Waulsortian limestone were derived from 

lower Waulsortian build up north o f the fault or from its equivalent immediately south 

of the fault. Mudbank sedimentation subsequently reasserted itself and the upper build

up formed.

3. At the boundary between the Grey and Black Calp where there are well developed 

debris flow breccias.

4.3 PREVIOUS WORK

The Tynagh deposit has been the subject of extensive research. The various studies can 

be divided into those that invoke a sedimentary exhalative mode! and those which 

favour an epigenetic origin.

Sedimentary exhalative models

Studies by Derry et al (1965). Russell (1974, 75), Halls (1975), Reidel (1980) and 

Banks (1986) all favoured a sedimentary exhalitive model for the mineralisation at 

Tynagh.

Derry et al. (1965) proposed a volcanogenic origin for both the base metal 

mineralisation and the Iron Formation, citing as evidence the coincidence o f green 

argillites which were interpreted as volcanic tuffs, the Waulsortian Mudbank Complex, 

the Iron Formation and the sulphides. Mineralisation was syn-sedimentary and was due 

to the presence of'solfataric solutions' caused by local volcanic activity.

A whole-rock geochemical study by Russell (1974, 1975) delineated a laterally 

extensive Mn anomaly which forms a halo around the deposit. The anomaly is 

traceable at least 7km N o f the deposit. Russell concluded that the iron oxide and base 

metal mineralisation were genetically related and formed as a result o f mineralising 

fluids debouching onto the seafloor.
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Halls (1975) suggested that the forceful injection o f mineralising fluids from the North 

Tynagh Fault into lithified host rock caused the resultant brecciation and mineralisation. 

The Iron Formation was deposited due to the shattering o f the Waulsortian Mudbank 

limestone and the escape o f the iron-bearing fluids onto the seafloor.

According to Riedel (1980), ore forming fluids used a N-S pathway centred on the Iron 

Formation, with mineralisation occurring on the Lower Carboniferous seafloor. Riedel 

reconciled the occurrence o f both diagenetic and epigenetic features in the deposit by 

suggesting that epigenetic features were the result o f later remobilisation and that the 

original sedimentary textures had been obliterated by later fluids percolating through 

the rocks.

Banks (1986) described what he interpreted as a fossil hydrothermal worm assemblage 

similar to those described from Troodos, Bayada and to hot springs on the East Pacific 

Rise such as Juan de Fuca.

Epigenetic

Schultz (1966, 1968) disagreed with the syngenetic interpretation o f Derry et al. (1965) 

and suggested that the Iron Formation and the sulphides were not genetically related. 

Schultz described the crosscutting and replacive textures of the sulphides and suggested 

a hydrothermal source for the sulphide mineralisation with the fluids using the faults as 

conduits. He proposed that the ironstones were "formed by chemical precipitation of 

iron and silica in a small, restricted, marine basin" (Schultz 1966). The iron and silica 

were the products of intensive chemical weathering o f Old Red Sandstone and Lower 

Carboniferous rocks uplifted to above sea level by localised fault movements.

Boast et al. (1981) conducted the first detailed study o f the paragenesis and stable 

isotopes o f the Tynagh deposit. They recognised four main stages o f mineralisation 

which spanned the diagenetic and post-lithification burial history o f the Waulsortian 

Mudbank Complex. They concluded that mineralisation was a result o f seismic 

pumping o f ore forming fluids on the North Tynagh Fault, and interpreted the S isotope 

analyses as resulting from the mixing of isotopically heavy hydrothermal sulphur 

introduced via the North Tynagh Fault and light sulphur derived from bacteriogenic
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reduction o f Lower Carboniferous sea water sulphate.

Hitzman et al. (1995b) reviewed the stratabound ironstones at Tynagh and concluded 

that they formed by replacement o f the host limestones.

Other Studies

Coppens (1993) conducted a sedimentological study on the various facies o f the 

Waulsortian Mudbank Complex at Tynagh, both within the mine area and from distal 

boreholes and outcrops. He used Principal Components Analysis (see Lees & Miller, 

1995) to characterise differences in facies both vertically and laterally. Coppens 

concluded that the most important difference between facies was the amount of 

bioclasts encountered; the taxonomic composition and relative abundance o f the fauna 

remained relatively constant across the various facies except that plurilocular 

foraminifera were more abundant in the Reef Equivalent facies. Bryzoans were well 

represented in all facies. Coppens found no evidence for a specialised 'hydrothermal' 

fauna within the Iron Formation. He recorded crinoids and other echinoderms, 

brachiopods, gastropods and other molluscs, bryozoa, arthropods (trilobites and 

ostracods), corals, sponges, foraminifera, algae (dasyclads) and various problamatica, 

all o f which have been recorded from many other localities in the Waulsortian 

limestone in Ireland.

4.4 IRON-OXIDE MINERALISATION (Fig. 4.2)

The iron-oxide mineralisation (the Iron Formation in mine terminology) consists of 

interbedded massive ironstone, hematised limestone and minor tuffaceous beds. On a 

deposit scale it forms a lobate to 'saucer' shaped body sub-paralleling the North Tynagh 

Fault, and extends 2100m in an E-W direction and at least 900m N-S. It thickens to the 

N and its northern limit has not been determined by drilling (Fig. 4.4 & 4.5). To the S, 

it interfingers with mineralised Waulsortian Mudbank limestones. A recent high 

resolution, airborne magnetic survey, flown by Tesla on behalf o f Navan Resources- 

Tara Exploration, defined the iron-oxide mineralisation as a strong magnetic high. This
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signature is expected in the light o f the magnetic susceptibility o f  the ironstones (see 

Chapter 8). The survey indicated that the Iron Formation can be identified a 

considerable distance N o f  the most northerly borehole (T 153; Fig. 4.2) into the North 

Tynagh Basin - on the order o f 600-900m (C. Andrews, pers. comm. 1999). Due to 

increasing depth o f  the Iron Formation (as well as a cover o f  magnetically susceptible 

argillaceous Calp), the magnetic response is increasingly muted to the north being 

eventually lost; it is likely that the iron-oxide mineralisation extends beyond the most 

northerly occurrence o f  the magnetic signature. In addition eight smaller magnetic 

highs have been identified adjacent to the Tynagh Fault Zone and are interpreted as 

representing zones o f  iron-oxide mineralisation.

The bulk o f  the iron-oxide mineralisation is hosted within the Inter-Bank Tongue with 

additional ironstone occurrences in the Ballysteen Limestone Formation and the Grey 

Calp (Plates 38A & 39A). In some boreholes substantial thicknesses o f  Waulsortian 

Mudbank limestones are weakly hematised. The Iron Formation itself is composed 

massive ironstone units and associated hematised (crinoidal) limestones. It attains a 

maximum thickness o f 47m in borehole T. 153. Individual ironstone beds vary in 

thickness from thin beds (c. 2-3cm thick) to thick intervals (c. 6m, Table 4.1, Plates 38 

to 40). Hematised limestones also vary in thickness: a maximum of24 .1m  is present in 

borehole T. 98.

Borehole
No:

Aggregate 
thickness o f Iron 
Form ation: (m)

Ironstone units
No:

Ironstone thickness 
M ax-m in:

T96 17.5 6 l0-60cm
T 146 21.2 15 8cm-1.6m
T 149 44 19 2.3cm-2.2m
T151 15.4 5 8cm-2.7m
T 152 38.5m 13 I2cm-2.45m
T 153 47m 15 15cm-3.6m
T 154 17m 10 8cm-dJ/n
T 158 90cm 3 5-lOcm

Table 4.1: Aggregate thickness, number o f  ironstone units and maximum and minimum 
thicknesses o f  ironstone and hematised limestone in boreholes from Tynagh.
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4.4.1 Ironstone

The ironstones are concordant with bedding, horizontal to very shallowly dipping (0- 

5°). Contacts with the surrounding lithologies are predominantly sharp (Plates 38B to 

40), although rare diffuse contacts also occur (Plate 38A). In core the ironstones 

display a range o f  textural types, from massive to planar laminated o r wavy laminated, 

to nodular and colloform  (Plate 41A & B). As a broad generalisation, the ironstone 

textures become increasingly planar and wavy laminated northw ard into the North 

Tynagh Basin.

Hematite in many cases has partially or flilly replaced the bioclastic material, but in 

other instances it has selectively replaced the micritic matrix leaving bioclasts 

(particularly crinoid ossicles) unaltered (Plate 41C). The fauna, where identifiable, is 

identical to that o f  the unmineralised Inter-Bank Tongue.

The ironstone units may be sub-divided into hem atite dom inated and silica dominated; 

hematite units are by far the more abundant, forming c. 80-90%  o f  all ironstone units. 

Within individual units, hematite is estimated to constitute from c. 40 to 80%  o f  the 

rock, the remainder being com posed o f  silica (20 to 60% ) and magnetite (5-10%). In 

general the Tynagh ironstones are approxim ately an order o f  m agnitude m ore magnetite 

rich than at Crinkill. M agnetite content is very variable but magnetite rich (30-55%  o f  

the rock) units are common.

Petrography

In thin section silica, com m only am orphous or colloform , forms the first stage or phase 

o f  ironstone mineralisation. It contains variable am ounts o f  hem atite inclusions which 

are less than 1 |im  in size which produce its characteristic red internal reflections. It is 

followed by equant, granular quartz (> 20 |im ) and euhedral to bladed iron-oxide 

crystals (Plate 42A & B). The granular quartz typically grows on the earlier colloform 

silica. Inclusion trails which define a rhom bic outline occur in a few examples 

suggesting that the quartz may have formed by replacing an earlier carbonate phase 

(Plate 42C  & 42D).

M agnetite always appears to have been earlier in the paragenesis than hematite (Plate
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43). Hem atite has a very variable habit, from sub-m icron sized dustings or dispersions 

within jasper, to isolated small acicular crystals (3-4 jim), to m assive bladed growths 

(100s fi.m), to anhedral crystals, som e o f  which appear to have been fractured (Plate 44). 

Later quartz occurs as fracture fills within colloform  hematite and as m inor cross

cutting microveinlets.

The youngest phases are highly ferroan carbonates (dolom ite and calcite). The planar- 

E, rhom bic dolom ites are very turbid, and typically contain inclusions o f  silica and iron- 

oxide (hematite). They include ankerite and siderite.

The ironstones display a wide range o f  textures including colloform  growths (som e o f  

which are structures morphologically similar to strom atolites and oncolites), 

replacem ents, and cross-cutting mineralisation.

•  Colloform

Colloform  textures are particularly well developed at Tynagh with growths ranging 

from 50fj.m to 3 cm in diameter. The colloform  structure is picked out by 

com positionally distinct laminae, typically o f  silica and hematite (Plates 42A &B, and 

45), but also o f  hematite and magnetite (Plate 43C). A significant proportion o f  the 

early silica forms well developed characteristic internal spherical textures (Plate 4 2 B), 

similar to those com m only produced by the crystallisation o f  silica-supersaturated gels 

(Fournier, 1985; W eres a/., 1982).

Many o f  the examples o f  colloform texture are m orphologically similar to stromatolites 

and oncolites (com pare Plates 45 and 46). M ost o f  them are spherical to sub-spherical 

in shape but a few (Plate 45A & B) appear to be digitate. The laminae are mostly o f  

hematite and silica; in some a bioclast appears to from the nucleus o f  the structure 

(Plate 45D ). The laminations commonly coalesce and bifurcate apparently at random.

It is not easy to determ ine whether these structures are purely biogenic (oncolites and 

strom atolites), original oncolites and stromatolites which have been subsequently 

replaced, or are purely replacement textures developed in a rock which originally did 

not contain laminated fabrics.

The following points are consistent with a biogenic origin for the structures.
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1.) Their striidng morphological resemblance to oncolites (compare Plates 43C and 45C 

& D with Plates 46B & C, which illustrate oncolites o f Asbian age from County Kerry) 

and to stromatolites (compare Plates 45A & B with Plate 46A, which shows 

microstromatolites identical in scale and morphology from Frasnian-Fammenian 

carbonates o f the Montague Noire, France (Boulvain, 1998; Preat et al, 1998; Belgian 

Geological Survey Home Page, 1999).

2.) Records o f algae from the Iron Formation and Inter-Bank Tongue at Tynagh by 

Coppens (1993) and Dehantschutter (pers. comm. 1994).

3.) The oxygen isotope ratios o f the hematite (see Chapter 7) which implicates dissolved 

atmospheric oxygen and thus suggests a seafloor to shallow-burial origin.

However oncolites have not been recorded from off-bank facies anywhere else and are 

not found in non-hematised beds at Tynagh, so that there is a one-to-one 

correspondence between ironstone and "oncolites". Similar colloform structures from 

Crinkill (see Chapter 2, Plate 6B) are clearly o f replacive origin. Therefore they are 

interpreted as having a non-bio logic origin.

• Replacive

Replacement textures at a variety of scales are the second most common textural type 

recorded at Tynagh. The degree o f replacement varies from total replacement of fine 

grained limestone matrix by massive fine grained hematite leaving bioclasts untouched 

(Plate 47A) and almost completely hematised bioclasts in a siliceous matrix (Plate 

47B), to partial replacement as seen in the T-Bed within the Inter Bank Tongue (Plate 

47C).

• Cross-cutting

Minor cross-cutting veins and veinlets of hematite are present but tend to extend only 

over several centimetres within ironstone units or to link massive ironstone 

mineralisation across very minor unmineralised limestone units (Plate 47D).

Relationship with the Sulphides

Sulphides associated with iron oxide mineralisation are relatively rare in the material o f
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the Iron Formation which is currently accessible. However during mining operations 

economic sulphide mineralisation was associated with the southernmost fringes o f the 

Iron Formation. Discussions with former Tynagh mine geologists and miners indicates 

that the sulphides overprinted the iron oxides.

Loose float material from the Tynagh spoil heaps and specimens from drill core confirm 

this interpretation (Plate 48A to C). Plate 48B clearly shows clots o f framboidal pyrite, 

overgrowing iron-oxide mineralisation. Pyrite mineralisation o f  this type was assigned 

by Boast et al. (1981) to their Stage 1 sulphide mineralisation, which they demonstrated 

was early diagenetic in origin, and which they interpreted to have grown within partly 

lithified carbonate sediment.

In thin section, sulphides (galena, sphalerite and pyrite) associated with ironstone 

mineralisation, commonly contain iron-oxide inclusions (Plates 49A & B). Barite is 

also intergrown with the iron-oxides; however the relationship, in this case, is less clear: 

barite in some examples may have grown before the ironstone mineralisation (Plate 

49C); in other cases, there is clear evidence o f replacement o f barite by iron oxides 

(Plate 49D).

Geochemistry

Only a single chemical analysis from one borehole was assayed by Irish Base Metals 

(IBM) Ltd. The results from a 23.6m interval in borehole T. 149 showed that it 

contained 32.8% soluble Fe. Within this interval a single 3m analyses yielded the 

following results (Table 4.2):

Fe Fe SiOj AhO) c»o MgO MnO P ;0 , TlOj S 1 BaSO, Cu Pb Za
(«OI)
52

(M l)
50 5 14 3 2.1 3 8 0 8 0 3 0 08 0 08 Tr 1 0,08 Tr 0 01 0 005

Table 4.2: Analyses o f an ironstone interval in boreho e T.149 (after Irish Base Metals 
Ltd.).

A single analysis by CSA Ltd on behalf of Chevron as part o f the Crinkill study yielded 

the following results (Table 4.3):

Sample No: Fe^Oj SiOi AI2O3 MnO MgO Ba Zn Pb
(alteration) % % % % % ppm ppm ppm

TvnaRh Ironstone 9 05 7003 0.27 0.3 0 5 i 0 34 0 35 0 10

Table 4.3: Analyses of a single siliceous ironstone sample from Tynagh.
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Petrographic studies were supplemented by SEM analyses during the course o f  which 

several samples were analysed using EDAX for comparative purposes (Table 4.4):

Lithology/Pliase 
:Sam pk No:

No: Fe 
WL %

Mn
W t %

Mg 
WL %

Ca
W l  •/.

O 
W L %

Si
W L %

Al 
W l  %

Cu
W L %

Pb
W L %

Zn 
WL %

Iron-Oxide
T372

I 76.29 0.04 - 0.04 l l . f i l 0 11 0.70 - - 0.09

Silica
T372

2 0.67 - - 0.02 52.94 46 12 0.21 - - 004

Siliceous Matrix 
TI46-117 2m

3 0.06 - - 0.02 53.06 46.49 0.05 - 0.32 -

Iron-Oxide 
T146-117.2m

4 72.23 0.30 2.31 0.55 I ' iM 0 23 0 73 001 - 0.09

Ironstone 
T151-I33 9m

5 66 51 0.99 2.09 2.90 26.86 0.01 0.53 006 - 0.02

Ironstone
T151-I33.9m

6 66.28 0.56 1.82 2.90 26.58 0.09 0.72 0.01 0.97 ■

Ironstone 
TI51-I33 9m

7 79 69 - 0.02 0.02 19.07 0.35 0.69 0.07 - 0.09

Ironstone 
T15I-I33 9m

8 65 43 0.02 0.22 0.12 28 73 3.3 1.95 0.07 ■ 0.13

Ironstone 
TI51-I33 9m

9 68 10 0 68 1 56 2.84 25.94 009 0.72 0.01 - '

Hematised 
Ossicle 

T 154-137 6m

10 0.29 0.34 0.19 68 32 28.34 0 04 0.37 0 92 0.14

Calcite cement 
m cnnoid ossicle 

T 154-137 6m

11 023 0.28 049 67 85 28.32 0.11 0 30 0.07 1.27 0 08

Table 4.4: Analyses o f  samples o f  ironstone from Tynagh using EDAX. Peak values
are in bold type face.

The results indicate that the ironstones contain relatively low Mn values. The sample 

from borehole T151-133.9m (analyses 5) yielded a peak value o f  9,900ppm and 

corresponding elevated Mg and Ca values. It therefore may have resulted from 

entrained carbonate (see below). Base metal values are very variable from trace 

amounts (below detection) to a maximum o f 700ppm Cu, 9,700ppm Pb and 900ppm Zn. 

Al values are quite high and probably reflect the argillaceous nature o f  the host rocks. 

A single sample o f  intensely hematised limestone was also analysed (analyses number 

10 and 11). As is the case with the Crinkill samples, well-developed reddening is 

caused by low amounts o f  hematite (0.29 wt% Fe).

The M anganese Halo

Russell (1974; 1975) conducted a whole rock lithogeochemical sampling programme at 

Tynagh. His results delineated a significant Mn halo (with values up to 6,400 ppm) 

which could be traced over 7km, with its centre in the Iron Formation. Russell 

concluded that the Mn aureole was a direct result o f  hydrothermal exhalations onto the
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Lower Carboniferous seafloor. However it should be noted that the highest Mn value 

from massive ironstone recorded by Russell was only 2,000ppm Mn. This is within the 

range o f values (500 -  2,500ppm) recorded in the upper part o f the Ballysteen 

Limestone Formation (see references below).

During the mid 1980s the EEC fiinded an extensive lithogeochemical sampling 

programme o f the prospective Midlands Basin to aid in the search for blind base metal 

mineralisation (Clifford et a i, 1985; Clifford and Hughes, 1987; Clifford, 1988; and 

Van Oyen and Viaene, 1985). The results from Tynagh reveal that the highest Mn 

values (+10,000ppm) occur at the boundary between the Grey- and Black Calp and not 

within the Iron Formation. (Clifford et al., 1985).

As part o f the present study both quantitative and qualitative SEM analysis with EDAX 

was utilised to attempt to identify in what phase the Mn resides. Samples were analysed 

from all the main lithologies including the Waulsortian Mudbank Complex, the 

ironstone and hematised limestone, as well as from different carbonate cement stages 

(Fig. 4.6 & Table 4.5, Plate 50).

n

S  Early C alcite (S2-3)

□  Stylolite 

B W M C  protolith

□  Late D olom ite

□  Late ca lcite  (S 4 -S 5 )  

B  Silica

■  iron-Oxide

0.2 0.4 0 6  0.8 \2 14  1 6  18

w t%  M n

2.2 2.4 2.6 2.8

Figure 4.6: Histogram showing the distribution o f Mn values between different phases 
(see Table 4.5).
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Lithology -  
Mineral Phase

Number of 
analyses

Min -  Max 
ppm

Average value 
ppm

WMC Protolith 5 0 -3 0 0 100
Early Calcite 4 2 ,6 0 0 -3 ,4 0 0 2,900

Iron-oxide 17 0 -  9,900 2,300
Silica 4 0 -1 ,5 0 0 700

Late Calcite 
(S4 to 5 cement)

2 5 ,9 0 0 -  12,600 9,200

Late Dolomite 17 3,400 -  29,500 8,970
Fill o f  Stylolites 2 1 ,3 0 0 - 1,900 1,600

Table 4.5: Summary o f  analyses o f Mn content o f  rocks and mineral phases associated 
with the Iron Formation at Tynagh.

The results clearly indicate that the bulk o f  the Mn resides in parageneticaly late ferroan 

dolomites which yielded average values o f 8,970ppm with one single sample yielding a 

result o f  29,500ppm Mn.

The average value from the ironstones on the other hand are significantly lower, in the 

order o f  2,300ppm Mn. Clifford et als. (1985) data indicates that the unmineralised 

Waulsortian limestone contains on the order o f  2,446ppm Mn at Tynagh. EDAX 

analysis o f  early calcite cements (Stage 2 to 3) is consistent with this figure (average 

value o f  2,900ppm Mn, see also Plate 50).

These data cannot be reasonably explained by later remobilisation o f  Mn from the Iron 

Formation into late dolomite cements and into the Grey Calp, because no relict 

anomalous values have been found and stylolites, which would have been potential 

fluid pathways, contain a fill with Mn content (l,500ppm ) lower than the background 

level in the Waulsortian Mudbank Complex.

4.4.2 Hematised Limestone/Pink Mottling

At Tynagh both the Inter Bank Tongue and the Waulsortian Mudbank Complex are 

hematised to varying degrees, from intense reddening to a subtle pink mottling similar 

to that seen at Crinkill.
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The bulk o f  the Iron Formation is composed o f medium to intensely hematised 

crinoidal, micritic limestones (Plates 38 to 40). The percentage o f  hematised limestone 

decreases to the S, reflecting the decreasing proportion o f  cherty crinoidal argillaceous 

limestones. This facies change is interpreted as reflecting Increasing water depth 

towards the North Tynagh Basin and thus may potentially reflect a palaeoenvironmental 

influence/control. Typically the micritic portion is preferentially hematised; bioclasts 

are commonly unaltered. Contacts with adjacent limestones units vary from sharp to 

graditional. Sharp contacts are controlled by relatively thin (as small as 1cm or less) 

argillite beds. In other instances contacts are very diffiise, grading from intensely 

hematised to partially hematised, to weakly mottled limestones, to green argillite, to 

unaltered limestone over c. Im (Plate 5 lA  to C).

The association o f  hematite and green argillite is widespread and has been recognised 

throughout the central Midlands (Tynagh, Crinkill, Siivermines, Limerick region). 

Preliminary investigation by Hitzman et al. (1995d) indicated that the green argillites 

resulted from the destruction or oxidation o f organic carbon interpreted to have been 

caused by the passage o f  hydrothermal fluids. However in several examples studied at 

Tynagh. Lisheen and Limerick (see Chapter 5 & 6) the green argillite beds are seen to 

contain substantial amounts o f  chlorite (Plate 5 ID). The chlorite may have formed by 

the replacement o f pre-existing clay minerals where fD", Eh and pH conditions differed 

from where hematite was forming.

Within the Waulsortian Mudbank Complex and associated micritic conglomerates 

hematisation or pink mottling is increasingly subtle and more akin to the weak 

hematisation found at Crinkill. Unfortunately the full vertical extent o f  mottled 

Waulsortian Mudbank Complex is unknown; however conglomeratic units containing 

hematised and partially hematised clasts are common, interbedded with the southern 

most portion o f the Inter Bank Tongue indicating that the Waulsortian Mudbank 

Complex must have originally contained significant zones o f  weak hematite alteration 

(Plate 40).

Clasts are angular to subrounded and rotated to varying degrees (Plate 52). Both clast 

and/or matrix may be hematised indicating a very early origin (Plate 52B). In rare cases 

the hematised matrix is cross-cut by fibrous calcite veins (Plate 52B) which are
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interpreted as being o f early diagenetic origin. Rare examples o f erosive contacts 

between individual conglomerate units exist (Plate 52C). Clasts size is very variable 

from several milimetres to at least the diameter o f the BQ drillcore (3.75cm). A 

photograph taken by D. Gallery indicates that larger clasts undoubtedly exist (Plate 

53A). Loose float material o f Waulsortian Mudbank Complex also shows signs o f 

weak hematisation pre-dating early fibrous calcite cement filled cavity and vein systems 

(Plate 48A &  53 B).

The conglomerates are identical to those found at Crinkill and are interpreted to have a 

syn-sedimentary origin caused by tectonic activity on the North Tynagh Fault (see Plate 

14C for comparison with breccias from Crinkill).

Petrography

The intensely reddened crinoidal limestones within the Iron Formation are composed 

entirely o f hematite. No magnetite or silica was observed in any o f the polished thin 

sections. Both micritic matrix and bioclasts are hematised to varying degrees; however 

hematite preferentially replaces the micritic matrix, including that in the lumen and 

stereom o f crinoids prior to replacing the skeletal calcite of the bioclasts (Plate 54).

Analysis using EDAX indicates that only very minor concentrations o f iron (hematite) 

are required (c. 0.29 wt% Fe) to produce the intense red colouration. Similar values 

were obtained from the hematised limestone at Crinkill. Finally SEM using a 

backscatter detector mode demonstrates that hematite is later than the Stage 2 calcite 

cement (nail head spar) in the lumen o f crinoid ossicles (Plate 54D).

4.5 SU L PH ID E S (Fig. 4.2, 4.3).

Unfortunately the existing boreholes made it impossible to examine in detail the fiill 

sulphide suite at Tynagh. However, samples were collected from the spoil heaps and 

aided in the following summary which has drawn on the studies by Schultz (1968), 

Riedel (1980), Boast er a/. (1981) and Clifford et al. (1986).
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Economic sulphide mineralisation at Tynagh was subdivided into three zones. Zones I 

to III (Clifford er a/. 1986).

Zone I/Residual Orebody

The Residual Orebody was sub-parallel to the trace o f the North Tynagh Fault Zone 

extending 700m in an E-W direction and 150m N-S (Open File data). It was composed 

of over 75m thick o f unconsolidated mineralised Waulsortian Mudbank Complex (clasts 

up to 2m diameter), weathered Calp rubble and sulphide mud (both oxidised and 

unoxidised). The Residual orebody is interpreted to have formed due to intense Tertiary 

uplift and weathering which resulted in the exposure o f what was a sulphide orebody. 

The production o f  acidic groundwater resulted in the formation o f an elongate 

cavernous zone below the water table. Oversteepening o f the side walls promoting 

spalling and collapse into the weathered trough. Sedimentary structures were common 

within the fine muddy matrix suggesting deposition within a body o f still water.

Zones II & Ill/Prim ary Orebodies

Zone II extended 850m along the strike length of the North Tynagh Fault Zone and 

extended 120m to the N with mineralisation developed over a 200m vertical extent 

(Open File data). Zone III was the smaller of the two zones, extending 600m along the 

North Tynagh Fault Zone and traceable 60m N o f it (Open File data). The Zones were 

separated by a barren plug o f pink dolomitised Waulsortian Mudbank Complex which 

trended in a NW-NNW direction (Open File data). Relicts o f both sphalerite and galena 

were common within the plug.

Mineralogically the ore suite is dominated by galena-sphalerite (1:1, 1:1.2 ratio), 

chalcopyrite, pyrite, tennantite-tetrahedrite, bomite, arsenopyrite, ± barite (Boast et al. 

1981; Clifford et al. 1986). A crude metal zoning was discernible with late copper- 

barite mineralisation concentrated in eastern margin o f Zone II and within 15m of the 

North Tynagh Fault Zone in Zone III. Pb and Zn tended to be concentrated in the 

central and western portion o f the orebodies. It is worth noting that pyrite was 

relatively scarce at Tynagh in comparison to ‘pyrite hosted’ deposits such as

121



Chapter 4 TYNAGH

Silvermines, Lisheen and Galmoy. This probably resulted from a lack o f  available 

sulphur and may account for the relatively small size o f  the deposit.

Economic mineralisation is hosted primarily within the Waulsortian Mudbank Complex 

and as stratabound zones in the upper part o f  Ballysteen Limestone Formation (Clifford 

et al. 1986). Vein mineralisation also occurred within the Old Red Sandstone (copper 

rich) and in the overlying Grey and Black Calp facies.

The sulphides exhibited a wide range o f textures, including syn-sedimentary, slump 

textures (abundant evidence o f  soft sediment deformation see Riedel, 1980), cavity 

linings, replacive textures and brecciated zones (Boast et al. 1981).

The breccia bodies abut the North Tynagh Fault Zone and are composed o f  angular 

fragments o f  Waulsortian Mudbank Complex set in a fine crystalline matrix o f ferroan 

dolomite, sphalerite with minor galena and barite. Brecciation occurred prior to 

sulphide mineralisation. The breccias were open for sufficiently long period to allow 

internal sedimentation and associated sedimentary structures to develop (Boast et al, 

1981). The breccia bodies were increasingly mineralised approaching the North 

Tynagh Fault Zone, from N to S.

Unmineralised breccias and conglomerates in the north grade to unmineralised clasts in 

a fine grained sphalerite matrix, to mineralised breccias (clasts and matrix) (Riedel, 

1980). Similar relationships have been noted within the Black Matrix Breccias in the 

Rathdowney Trend (Redmond, 1997). The limited areal extent o f the breccias probably 

reflects the rather limited extent o f  ‘rigid’ Waulsortian Mudbank Complex available. 

Deformation is likely to have occurred preferentially along zones o f rheological contrast 

such as those occurring at the contacts o f the Waulsortian Mudbank Complex with the 

Ballysteen Limestone Formation and with the Inter Bank Tongue potentially resulting 

in the formation o f low angle accommodation structures.

An idealised mineralised cross section through the orebodies from the North Tynagh 

Fault Zone towards North Tynagh Basin would appear as follows:
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ORS (copper stringer mineralisation) -  North Tynagh Fault Zone -  Mineralised 

Breccias -  Slump & Banded Ore -  Mineralised Stylolites.

It is a common misconception that sulphide mineralisation at Tynagh is not associated 

with dolomitisation. Cursory examination o f  several polished sections demonstrates 

that sulphides and dolomites are intimately intergrown in banded fractures and fillings 

indicative o f  coeval precipitation. The dolomites are polymodal (10-150 fim), planar-E, 

rhombic and commonly contain sulphide inclusions (see Boast et al. 1981; Fig. 9). 

Under cathodoluminescence a minimum o f 3 dolomite stages are discernible; however, 

it was beyond the scope o f  this project (and the sample database) to elaborate any 

flirther (Plate 55).

4.6 PARAGENESIS (Fig. 4.7)

The paragenesis o f  the carbonates, iron oxides and silica, and sulphides can be 

summarised as follows (see Figure 4.7).

4.6.1. Early to Interm ediate Cem entation o f  the W aulsortian M udbank Complex

The Waulsortian Mudbank Complex at Tynagh records a history o f  calcite cementation 

similar to that at Crinkill (see Chapter 3.7 for a flill discussion) and elsewhere.

Typical Stage I to 4 calcite cements were identified under cathodoluminescence.

4.6.2. Iron O xide M ineralisation

Abundant evidence exists that the iron-oxide mineralisation occurred early in the 

paragenesis:

•  Hematite rims S2 calcite cements growing in the lumen o f  crinoid ossicles (Plate 

54D).

•  Conglomerate clasts and matrix o f  syn-sedimentary origin are hematised, early 

fibrous calcite veins cut the hematised matrix (Plate 52A & B, 53A).

•  Primary cavities within the Waulsortian Mudbank Complex are hematised and 

cross-cut by early fibrous calcite veins (Plate 53B).

•  Early diagenetic framboidal pyrite post-dates moderately developed ironstone (Plate 

488). Ore petrography demonstrates that both galena and sphalerite contain 

hematite inclusions (Plate 49A & B).
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• If some o f  the colloform silica-hematite structures are algal and the above 

observations support this possibility in gross terms then they must have developed at 

early in the paragenesis, sea floor to sub-sea floor, no more than several meters 

burial depth (Plate 45 & 46). The propensity o f  metal ions towards biofilms is well 

established and may explain their preferential mineralisation (Degens and Ittekkot, 

1982; Konhauser, 1998).

•  Finally oxygen isotope values from hematite in the Iron Formation require a very 

heavy oxygen source (the only way to explain this is that hematite had access to 

atmospheric oxygen, see Chapter 8).

4.6.3. D olom itisation & Sulphide M ineralisation: (adapted after Riedel, 1980; Boast 

et a /(1981).

Early Mineralisation (Boast et al: Stage 1)

Framboidal pyrite and very minor sphalerite representing in situ growth during early 

diagenesis.

Main Stage Mineralisation (Boast et a!; Stage 2)

Main stage mineralisation is considered to have occurred within a dilatant breccia 

system, within stromatactoid cavity networks and along stylolites. It is dominated by 

very pale fine grained sphalerite, galena and barite often displaying well developed 

colloform textures (Plate 48A & 56A & B). Replacive, corrosive textures are 

reportedly rare indicating that the mineralising fluids had intermediate to slightly acidic 

pHs. Ferroan rhombic dolomites were pre- to syn mineralisation (Plate 55A & B).

Late Stage Mineralisation (Boast et al'. Stage 3)

Adjacent to the North Tynagh Fault Zone there are pods o f  coarsely crystalline Pb, Cu, 

Ba mineralisation (Plate 56C & D) which cross cut bedding and appear to be fed by 

veins. They are surrounded by halos o f  fine to medium crystalline, xenotopic, non- 

planar S dolomite.

4.6.4. L ate C alcite & Dolomite

Late calcite veins and dolomite postdate the preceding paragenetic stages. The calcite 

extensional veins are scattered throughout the deposit. Elsewhere along the North
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Tynagh Fault Zone barren zones o f  coarsely crystalline, vuggy (vuggs up to 0.5m 

diameter) grey sugary zebra dolomite followed by pink dolomite followed by euhedral 

calcite occur (Boast et al, 1981). They form the dolomite plug between the Zone 11 and 

Zone III orebodies and commonly contain remnant sulphides most notably an 

occasional dusting o f  chalcopyrite.

4.7 CONCLUSIONS

1. Ironstones occur at three distinct stratigraphic levels at Tynagh implying prolonged 

hydrothermal activity from Upper Ballysteen times throughout the growth o f the 

Waulsortian Mudbank Complex to the deposition o f  the Grey Calp. The three 

horizons coincide with movement on the North Tynagh Fault Zone.

2. Ironstones and intensely hematised limestones display a strong facies control, being 

confined to argillaceous crinoidal limestone facies (upper Ballysteen Limestone 

Formation, Inter-Bank Tongue and Grey Calp).

3. Iron-oxide mineralisation at Tynagh occurred very early in the paragenesis, post- 

Stage 2 calcite cement and pre-dating framboidal pyrite growth. This is most likely 

to have occurred within the first 1 Os o f meters o f  the palaeo-seafioor.

4. Textural evidence indicates a predominantly replacive style o f mineralisation. 

Abundant colloform textures within early silica implies crystallisation from 

amorphous colloidal gels supersaturated with respect to silica. With time magnetite 

and hematite crystallised suggesting that the mineralising fluids/brines were initially 

oxidising.

5. SEM-EDAX analysis indicates that the highest Mn levels reside in paragenetically 

late (post-sulphide mineralisation) ferroan dolomites.

6. Hematite and silica replace and partially replace the T-Bed. In many boreholes the 

graded green tuffs o f  the T-Bed occur without any associated iron-oxide 

mineralisation suggesting that their occasional spatial relationship is not significant.
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C hapter 5 IRON-OXIDE & SULPHIDE MINERALISATION

5.1 INTRODUCTION

Several base metal deposits within the Central Midlands Basin, including all those 

which are being exploited at present or have been exploited in the recent past, are 

associated with iron-oxide mineralisation. They include Tynagh, Crinkill, Lisheen, 

Galmoy (and other localities within the Rathdowney Trend), Silvermines, Navan, 

Garrycam, Ballinalack and the Kildare breccia (MVT) deposits (Fig. 1.1 and Table 5.1). 

Crinkill and Tynagh have been discussed in previous chapters (see Chapters 3 and 4). 

None o f  the other deposits contain ironstone mineralisation on the scale o f  either 

Tynagh or Crinkill. However all contain stratabound hematised limestones and isolated 

ironstone/jasperoid nodules (Table 5.1).

Table 5.1: Iron-oxide mineralisation and associated base metal occurrences
Deposit: S trati graphic 

Horizon:
Mineralogy/

Extent:
Description: Paragenesis: References:

Lisheen -  
(Galmoy) 

Rathdowney 
Trend

BOR/NMU. 
Sitiflcation scattered 
through WMC 
Clasts in BMB/MS

Silica-Hematite 
Widespread, 
forms a halo to 
BMB alteration: 
rennants in all 3 
ore bodies.

Well developed 
hematised 
encnnites 
Jasperoid in BMB 
& Massive 
Sulphide (MS).

Post-S2/S3 
calcite, pre 
Regional 
Dolomite & 
Hydrothermal 
dolomite.

Hitzman et al.
1992;
Shearley ei al.
1995;
A Bowden pers 
comm. 1997; 
Redmond. 1997, 
This studv

Silvermines BORyNMU 
Clasts in dolomite
breccias ('’BMB).

Silica-Hematite-
bante
E.xtensive in 
lowermost bante 
unit in Baltynoe. 
“ Clasts” in 
dolomite breccias 
in G & B- 
ore bodies.

Nodular bands 
('’beds) up to 
20cm thick at 
Ballynoe 
Angular siliceous 
ironstone “clasts ' 
in breccia bodies. 
Hematite lines 
stromactoid 
cavities.

Pre-brecciaiion&  
hydrothermal 
dolomitisation 
Pre-S4 calcite 
cement in cavity 
systems.

Andrew. 1986. 
Mullane. 1994, 
1998
This study

Navan Chadian Boulder 
C ongJ omerate- C ongl 
omerate Group Ore 
Minor hematisation 
o f the WMC from 
the NW of the mine.

Silica-fiem atite- 
Goethite 
Nodules common 
within certain 
zones.

Sub-rounded 
“clasts" and 
nodules, often 
dismpted and. or 
brecciated; pods 
up to 15cm thick 
and 30cm across

Tabular ironstone 
syn- to post 

laminalcd pvnte 
framboids.

Ashton, 1992. 
This study

Keel-
Garrycam

Silictfication withm 
& adjacent to FZ. 
BOR at Garrycam.

Hematite, only 
known from one 
borehole

Cavity filling 
hematitic mids.

Inclusions within 
calcite.

Andrew.
1993 M E. Philcox 
pers. cofTiTi., 1996 
This study

Ballinalack WMC. halo to 
sulphides

Hematitic shales 
used as marker 
honzori

Hematised WMC UnknowTV 
material, not 
seea
Pre-sulphide
mins.

Andrew, 1993, 
E. Grennan pers. 
com m . 1994

Kildare
“M VT’-

Field

Unknowa Heiratite Minor hematite 
staining' of 

dolomite

Unknown rva Andrew, 1993

Note: In many cases the degree of ‘elasticity’ is difficult to ascertain. For example, genuine clasts of 
hematised limestone occur within the Tynagh conglomerates while the iron-oxide-silica fragments along 
the Rathdowney Trend and at Silvermines display evidence of both replacement (remnants/relicts) and 
variable degrees o f rotation. Where the origin of the fragments is in doubt, the term “clast” will be used.
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The geological setting o f each iron-oxide occurrence, its petrography, where relevant, 

and its relationship to the base metal sulphides is briefly described and discussed below.

5.2 LISHEEN and the RATHDOWNEY TREND (Figs. 5.1 to 5.3).

Lisheen and other mineral occurrences in the Rathdowney Trend provide numerous 

examples o f  iron-oxide mineralisation which no doubt is due to the many exploration 

boreholes drilled following the discovery o f  the Galmoy and Lisheen orebodies.

The Rathdowney Trend (Fig. 5.1) is a highly prospective NE-SW trending (c. 40km) 

belt extending from Abbeyleix, Co. Laois to Thurles, Co. Tipperary. It contains the 

Lisheen and Galmoy deposits as well as (in decreasing order o f  importance) the 

Derrykeam, Srah-Rathdowney, Tonduff and Holycross-Thurles prospects. 

Mineralisation is primarily structurally controlled in the hanging walls o f  normal faults 

within dolomitised to partially dolomitised Waulsortian Mudbank Complex where it 

forms stratabound tabular bodies. Minor mineralisation also occurs within the footwall 

Lisduff Oolite (Shearley et al., 1995).

5.2.1 H istory of Exploration

Chevron Mineral Corporation o f  Ireland commenced exploration in Ireland in 1984, 

carrying out a regional review and compilation o f  base metal mineralisation. In 1986, 

Conroy Exploration Ltd, a small indigenous junior discovered the Galmoy Deposit. Co. 

Kilkenny using gradient array Induced Polarisation (I.P.) (Doyle et al., 1992).

Chevron were ideally placed and applied for the surrounding prospecting licences 

(PL’s) which they were duly awarded in 1987. The company’s exploration philosophy 

was to conduct regional shallow soil geochemistry (15,000 samples were collected over 

the Trend) and dipole-dipole I.P. Coincident anomalies were deemed prospective and 

were followed up by diamond drilling. Exploration commenced on those prospecting 

licences to the NE o f Galmoy (the Rathdowney North Block) and resulted in the 

discovery o f the Tonduff prospect. Mineralisation at Tonduff is structurally controlled 

and hosted within dark fine dolomite matrix breccias or black matrix breccias (BM B's) 

which Hitzman, Chevron’s exploration manager in Ireland, interpreted as a guide for 

mineralisation on the evidence o f the Silvermines deposit.
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In 1989, Chevron decided to concentrate on their core business and a Joint Venture 

partner was sought for Chevron’s Irish interests. Ivemia West, a small Irish junior 

signed the joint venture agreement in 1990. Meanwhile due to perceived excessive 

target depths the exploration focus switched to the SE o f  Galmoy (Rathdowney South 

Block).

Shallow soil geochemistry in 1987 had highlighted a N-S trending Zn-Pb anomaly (c. 

1,500m long with metal concentrations o f  150-180ppm Zn and 150ppm Pb) at Lisheen 

crossroads which coincided with a weak I.P. chargeability anomaly (Fig. 5.2).

Borehole 2258-01 collared in dolomitised Waulsortian Mudbank Complex and 

intersected 4.5m o f  BMB at c.45m depth. The Ballysteen Limestone Formation (ABL) 

is close to surface and may account for the I.P. anomaly. Four 500m step-out boreholes 

were planned. Borehole 2258-02 collared N o f  the original borehole and intersected 

green argillites and minor ironstone mineralisation grossly similar to that described 

from Tynagh. Following this borehole 2448-02 was drilled to test a separate I.P.

anomaly to the SE but failed to intersect significant mineralisation. The third borehole,

2258-03, on the Lisheen crossroads anomaly was drilled to the ENE o f  2258-01 and was 

abandoned due to poor ground conditions (palaeo-karst). The final borehole in the step- 

out, 2448-01, collared 500m S o f  2258-01 and intersected 3m o f  BMB and semi- 

massive iron sulphide mineralisation (pyrite-marcasite) (Hitzman, 1992a & 1992b; see 

also Fig. 5.2.).

From this, an exploration vector was apparent, trending from the ironstone 

mineralisation to unmineralised BMB to semi-massive iron sulphides in BMB 

indicating that mineralisation should be increasing to the SE. The final borehole was 

planned to the SE o f  2448-01 (on a relatively strong, deep I.P. chargeability anomaly). 

On April 3"* 1990, borehole 90-3262-01 intersected two zones o f  massive sulphide 

mineralisation:

• 187.8-194.2m 6.4m @ 14.7% Zn, 2.7% Pb and 0.4 opt Ag.

•  197.7-202m 4.3m @ 28.8% Zn, 8.5% Pb and 4.6 opt Ag.

Subsequent infill drilling, step-out and ‘mine site' exploration (Transient Electro 

Magnetics) resulted in the discovery o f  the Derryville orebody in 1991 and the Bog
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Zone orebody in 1993. Chevron decided to sell their share o f  Lisheen and after a High 

Court case, Minorco International BV, a fully owned subsidiary o f  Anglo American o f  

South Africa (and now London) purchased Lisheen in late 1993.

To date 592 diamond drillholes have delineated a resource o f  22.5M t @ 13.02% Zn, 

2.19%  Pb and 26 g/t Ag (Minorco Lisheen, 1997). Mining commenced in September 

1999. Drilling indicates that the locus o f  mineralisation is structurally controlled. The 

current model invokes a linked ramp-relay, with the faults acting as conduits for the 

mineralising brines (Hitzman a/. 1992b;Shearley e /a /. 1995; Walsh, 1996).

5.2.2 Geological Setting (Figs. 5.2 & 5.3)

The Toumaisian (Courceyan) rocks o f  the Rathdowney Trend are consistent with its 

inclusion in the Limerick Province o f  Philcox (1984). The oldest rocks that outcrop are 

well bedded, dark grey to black, argillaceous, crinoidal calcarenites and calcsiltites o f 

the Ballysteen Limestone Formation, referred to at Lisheen Mine as ABL (Argillaceous 

Bioclastic Limestone). This unit contains within in it a 70m thick oolitic member 

known as the Lisduff Oolite. The uppermost 20-30m o f the Ballysteen Formation 

commonly consists o f  numerous micritic cherty nodules within calcareous bioclastic 

shales. The facies is referred to as the Nodular Micrite Unit (NMU) or the Ballynash 

Member.

The Waulsortian Mudbank Complex which succeeds the Ballysteen Formation is 

composed o f  pale medium grey massive biomicrites where its not dolomitised. The 

Waulsortian is comprised o f  a number o f  subtly different facies which in general are 

confined to particular stratigraphic levels within the formation. For example encrinites 

are common approaching both the lower and upper contacts o f  the Waulsortian. The 

Waulsortian Mudbank Complex is variably dolomitised along the Trend. However the 

degree o f  dolomitisation is highly variable both laterally and with depth (it generally 

decreases downwards). Contact between dolomitised and undolomitised Waulsortian 

limestones, the ‘dolomite front’, is very broad and difficult to define in the field.

The Crosspatrick Limestone Formation succeeds the Waulsortian Mudbank Complex 

and consists o f  well bedded, medium to dark grey, bioclastic calcarenites containing 

abundant cherty nodules towards its base. Contact with the Waulsortian is gradational
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and for mapping purposes the ‘Transition Unit’ is included within the Crosspatrick 

Formation. Succeeding the Crosspatrick Formation is the Aghmacart Limestone 

Formation, shallow water limestones dominated by oolites, birds-eye micrites and grey 

fine calcarenites. It subcrops to the S-SE o f Lisheen and over the southern margin o f 

the Rathdowney North Block (modified from Cruise and Guven, 1998a). The overlying 

Durrow and Ballyadams Limestone Formations are not differentiated in Fig. 5.2 or 

shown in Fig. 5.3.

Deep exploration boreholes collared to test the potential for mineralisation at deeper 

horizons have revealed that the Ballysteen Formation lies conformably on the 

Ballymartin Limestone Formation, which, in turn rests upon the Ringmoylan Shale and 

Mellon House Formations, the Lower Limestone Shale (LLS) series. The later rests 

conformably on c.l50-165m of Devonian and probably early Carboniferous Old Red 

Sandstone which is in faulted contact with the Silurian Lower Palaeozoic basement 

(Shear ley, 1993).

• Structural Setting

The structural setting o f the Rathdowney S Block can be described in general terms as 

the SE dipping limb of a NE plunging open syncline producing a general younging of 

the stratigraphy to the SE. The regional dip o f  this limb is approximately 5°. This 

simple pattern is complicated by large scale, open, parasitic folds with smaller scale 

rolls producing a number o f inliers and outliers o f  Ballysteen and Crosspatrick 

Limestone Formations respectively. The hinges o f these smaller scale folds appear to 

roll gently along their lengths, plunging from NE to the SW and thus defining a series o f 

•whale humps’ (Cruise and Guven, 1998).

Faulting fijrther complicates the simple structural picture. The Rathdowney Trend itself 

is a NE striking structural corridor of linked fractures which lies above NNE-SSW 

trending major gravity and magnetic linears interpreted to represent the deeply buried 

Caledonian basement structure (Johnston et al., 1996; O'Reilly et al., 1999). It is 

envisaged that Carboniferous extension along a N-S a.\is reactivated the NE striking 

Caledonian basement grain in a dextral transtensional sense of motion producing an 

overlying system o f E-W trending extensional faults (reidels) (Johnston, 1995; Johnston 

et al., 1996).
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At Lisheen the main faults (Killoran, Derryville and Bog Fault Zones) are E-W trending 

normal faults, which dip at 45-50° to N with downthrows in the order o f 150-200m to 

the N. The highest grade and thickest ore is located at the point of maximum 

downthrow, or, in rare cases, where the controlling fault changes dip. Recent 

exploration drilling and re-interpretation o f the structural cross sections has highlighted 

areas o f significant reverse movement in all three orebodies (Main, Derryville and Bog). 

This inversion, which clearly post-dates mineralisation, has been interpreted to have 

occurred during the Hercynian orogeny (Cruise, 1998b; Coller and Miller, 1998).

5.2 J  Previous W ork

Much o f the published work has concentrated on the discovery and general geology of 

the Lisheen orebodies (Hitzman, 1992; Hitzman et al., 1992; Shearley e/ al., 1995). 

Redmond (1997) described the petrography o f the various hydrothermal dolomite facies 

and mapped their distributions, demonstrating their intimate relationship with structure. 

Eyre (1998) completed a geochemical study (stable isotope and fluid inclusion analysis) 

o f the Rathdowney Trend. She postulated that mineralisation resulted from the mixing 

o f two distinct fluids characterised by different sources o f sulphur sources (6̂ '*S -44 to - 

30 and -5  to +10). The fluids were at elevated temperatures and e.xhibit a range of 

salinities (c. 160-210°C and 7-14 wt '̂b NaCI).

The most recent published papers deal with the Regional dolomite, the dolomitised 

Waulsortian limestone referred to above. Hitzman et al. (1998) invoked large-scale 

regional fluid flow as the origin o f the dolomite, while Sevastopulo and Redmond 

(1999) discussed the timing o f the Regional dolomite relative to sulphide mineralisation 

and suggested that mineralisation may be significantly later than currently envisaged.

5.2.4 Iron-Oxide Mineralisation (Fig. 5.2)

Iron-oxide mineralisation varies over a range o f scales from minor developments o f 

ironstone. 1-1.5cm thick, in borehole 2258-02 to well developed, moderate to intensely 

hematised limestones and associated cherts and jaspers in borehole LK-332 (see fig. 5.2 

for the location of boreholes). The bulk o f the iron-oxide mineralisation occurs at or
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around the base o f  reeCW aulsortian within argillaceous encrinites and crinoidai 

micrites. M inor zones o f  silicification and hematisation are known throughout the 

W aulsortian M udbank C om plex where they form an envelope to the ‘principal’ 

hydrothermal system.

Six m eters o f  intensely hematised limestones and argillites and associated green 

argillites were intersected in borehole LK-332 before the drillrods tightened and the 

borehole had to be abandoned at 74m in hematised limestone (Plate 57). The other 

‘m ajor’ iron-oxide occurrence is located within the area o f  ram ping between the Main 

Zone and Derryville (fig. 5.2) where c. 3m o f  weakly hem atised/m ottied conglomeratic 

m icrites were intersected in borehole L K -310; very subtle pink m ottling o f  the micrites 

is discernible over a ftirther c. 7.5m  o f  section (Plate 58).

Siliceous ironstone and jasperoid  “clasts” are relatively com m on within mineralised 

Black M atrix Breccias and massive sulphide intervals in all the orebodies, where they 

clearly pre-date hydrothermal dolomitisation and sulphide m ineralisation (Plate 59A & 

B). Borehole LK-460, drilled as part o f  the 1996 infill drilling program m e, intersected 

jasper “clasts” within high grade massive sulphide mineralisation in Eastern Main Zone 

(Cruise, 1996) (Plate 59C & D). Clearly the silica-iron-oxide w as present prior to 

brecciation and formation o f  Black Matrix Breccia.

It is considered likely that the highly siliceous nature (c. 85-95%  SiO;) may have 

‘shielded’ them o r rendered the “clasts” resistive to the acidic m etalliferous brines. 

Typically many o f  the clasts have hematite deficient, iron poor, ou ter rims and 

increasingly hematitic cores possibly caused by reduction by the hydrothermal fluids. 

In many cases the “clasts” are initially rimmed by pyrite. It is conceivable that some o f  

the pyrite’s iron was leached from the earlier iron-oxide (possibly in a similar manner to 

“chalcopyrite” disease).

In O ctober 1999, extensive zones o f  jasper (silica-hematite) were intersected during 

underground developm ent on the northern margins o f  Eastern Main Zone (Fig. 5.2). To 

date jaspers have been encountered fringing the econom ic sulphide orebody. 

Furtherm ore, borehole LK-460 contains jasper “clasts” hosted in massive sulphide
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approximately 120m south o f the current heading, indicating that the jaspers may extend 

at least 150-160m in a N-S direction (Plate 59C & D).

The jaspers vary from partially disrupted and fractured, laterally continuous, flat lying 

units (30cm to 1-2 meters) to highly angular “clasts’’ all set in a massive to disseminated 

sulphide matrix (Plate 60A). The majority o f the “clasts” appear to be in-situ. Both 

jaspers and the sulphide orebody above, are separated from the base o f reef by micritic 

to argillaceous encrinites and a lower Waulsortian limestone lens. It is estimated that 

jasper clasts make up 15-20% of the ore-interval, in places on the face.

Pyrite rims, cuts, and partly replaces the jaspers, and is in turn brecciated by dark fme 

dolomite and economic sulphide mineralisation (Plate 60A to C). As is the case in 

borehole LK-460, many o f the jaspers display dark grey to black cherty outer-rims and 

hematite rich inner-cores. Such textures are interpreted as reflecting corrosion and 

partial replacement by later reduced, hot acidic brines (Plate 60D).

The most laterally extensive zone of iron-oxide silica mineralisation in plan view occurs 

at the periphery o f the main economic orebodies. Substantial zones o f weak iron-oxide 

mineralisation and associated silica form a halo to the sub-economic sulphide 

Bamalisheen pod (fig 5.2) as well as fringing an extensive zone o f BMB alteration 

discovered during the 1998 exploration programme (Cruise, 1998c; Fig. 5. 2). The 

zones o f silicification are typically quite small. The composite thickness of chert in 

most boreholes is between 1 and 5 meters but some thicker developments are known.

Iron-oxide mineralisation is preserved only on the fringes o f the Lisheen hydrothermal 

system or as isolated remnants within the system itself. It is worth noting that borehole 

LK-310 is located in argillaceous encrinites within the Derryville Ramp. This is an area 

considered to have been subjected to relatively low levels o f fracturing compared to the 

main fault zones and hence is likely to have been traversed by less fluid flow. 

Therefore it is likely that significantly larger areas o f Waulsortian Mudbank Complex at 

Lisheen may originally have been hematised and were subsequently overprinted, 

reduced and replaced by the metalliferous brines.
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At the SW margin o f  the Rathdowney Trend, S o f Thuries, an extensive zone o f  Black 

Matrix Breccia and associated fringing silicification and within places minor 

hematisation occurs in the hanging wall o f what is interpreted to be a southerly dipping 

normal fault (Colthurst, 1998; GSI Open File; Fig. 5.2). Borehole 98-2069-22 which 

collared on Anglo’s southern most prospecting licence intersected disseminated iron- 

oxides, hematitic geopetal cavity fills and minor zones o f  silicification within partially 

dolomitised Waulsortian M udbank Complex in the hanging wall o f  a southerly dipping 

normal fault with c. 40-60m downthrow (Plate 61).

Brecciated jasper “clasts”, similar to those seen underground in Eastern Main Zone, 

Lisheen, were intersected by ARCON Exploration Ireland Ltd in the new southern 

extension o f  the CW orebody at Galmoy (Fig. 5.1). The angular to sub-rounded “clasts” 

are contained within a zone o f  high grade, pale sphaleritic mud (? sphalerite-bearing 

micrite, visually estimated at +25% Zn) adjacent to the base o f reef contact with the 

underlying Ballysteen Limestone Formation. Many o f the “clasts” display embayed to 

corroded edges and are rimmed, cross-cut and partly replaced by sphalerite (Plate 62A 

& B). Hematite distribution within the “clasts” is patchy and shows less organisation 

than at Lisheen. For example, there are no obvious sulphidation. alteration rims visible.

Five kilometres west o f the Galmoy mine lease. ARCON, as part o f  their 1999 

exploration programme, intersected approximately 3.5-4m o f  very well developed, 

earthy, hematised crinoidal limestones and calcareous mudstones at the base o f reef (c. 

365m) adjacent to economic to sub-economic sulphide mineralisation at the Srah- 

Rathdowney prospect (Fig. 5.1). The hematised limestone is cross-cut by pink dolomite 

veining suggesting that it is an original feature and not a product o f  later weathering. 

Furthermore the core is fresh and unweathered. It was not possible to sample the core 

and ARCON had not conducted any geochemical analysis; however, the density o f  the 

material in parts suggested that it contained several weight percent iron (c.10-15% Fe). 

Hematite was the only iron-oxide visible. Perhaps this represents the early development 

or partial development o f an Iron Formation.
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5.2.5 Petrography

The iron-oxides at Lisheen occur primarily as ‘clots’ and disseminations within 

bioclastic, hylosteliid rich, dense micrites and as hematite-rich argillaceous layers. 

Hematite is observed to replace and partially replace bioclasts (Plate 63). In many 

instances the hematite content is so low that it is not discernible in thin section. 

Hematite also rims and occurs as inclusions within early fracture filling (S2 to S3) 

calcite cements (Plate 63C).

In borehole LK-310, hematised dense pelleted biomicrites form irregular and embayed 

“clasts” which are contained within a medium to coarse dolomite matrix. The “clasts” 

com m only display diffuse and “tear-like’ boundaries suggestive o f  an early diagenetic 

form ation (Plate 63D and 64A).

The dolom ites are polymodal (150-200|u.m to 2 to 3mm) with turbid cores and clear, 

inclusion free outer rims. The intercrystalline boundaries vary from idiotopic/planar-S 

to xenotopic/non-planar, the majority being xenotopic. They are identical to the 

regional dolom ite seen throughout the W aulsortian M udbank Com plex at Lisheen. In 

CL they are dull to non-luminescent and are earlier than blocky, space filling Stage 4 

(S4) calcite cements. The regional dolom ite replaces and corrodes both bioclasts and 

the micritic matrix (Plate 64B).

Minor, trace, disseminated sulphides (pyrite ± sphalerite, chalcopyrite, ?arsenopyrite) 

are associated with stylolitisation; they post-date both the hematite and dolom ite

The siliceous ironstone-jasper “clasts” in the BMB and massive sulphide are com posed 

o f  am orphous silica with varying am ounts o f  sub-m icron disseminated hematite 

inclusions and dustings (Plate 64C). Many o f  the jasper and chert “clasts” display 

internal colloform  to spheroid textures indicative o f  crystallisation from an am orphous 

supersaturated colloidal silica gel (Plate 64D). The “clasts” display corroded edges and 

in a few cases are cross-cut by m inor hydrothermal dolom ite veinlets (Plate 65).
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5.2.6 Red & Green Argillites

Green argillites are intimately associated with the hematised limestones at Lisheen and 

throughout the orefield (Plate 66). In previously published and unpublished work the 

green argillites have been interpreted as pre-dating the hematised limestones (Kelly and 

Earls, 1992; Hitzman et a l, 1995b). Chevron obtained analyses o f Total Organic 

Carbon (TOC) on a number o f samples at Lisheen including both red and green 

argillites (Beaty and Anwyl, 1993; Table 5.2).

Unaltered Waulsortian Mudbank Complex has a very low TOC o f 0.03 wt.%. The TOC 

of unaltered, standard black to dark grey argillites ranged between 0.31-0.33 wt. % 

suggesting that the dark colour is caused by minor amounts o f organic carbon. The 

TOC of green argillites is an order o f magnitude lower, between 0.02-0.03 wt.%, a 

single red argillite sample yielded the lowest TOC value o f <0.01 wt. %. The results 

were interpreted to reflect the removal or destruction o f organic carbon probably as a 

result o f interaction with hydrothermal fluids (Hitzman et al., 1995b).

Table 5.2: Total Organic Carbon (TOC) contents of Lisheen argillites (from Beaty and 
Anwyl, 1993).

Hole No: D epth (m): Lithology: T O C  (wt. % )
LK-60 193.4 Waulsotian limestone 0.03

2258-23 56.5 Black massive argillite. 0.31
Upr. Ballysteen. 0.33*

LK-332 67.2 0.33
LK-332 69.9 Red argillite <0.01
LK-332 70.1 Green argillite 0.02
LK-338 205.5 “ 0.03

Note: * Duplicate analysis.
Normal precision for analysis is ±0.05 wt %.

Detailed logging and petrography undertaken in the present study demonstrates that the 

green argillites post-date the hematised limestones at Lisheen (Plate 67A & B). To date 

they have only been intersected adjacent to significant structures which have had 

associated hydrothermal activity (c. 700 boreholes in the Rathdowney South block). In 

section the green argillites are chlorite rich and can be seen to overprint the red argillites 

(Plate 67C & D).

Whole rock and multi-element geochemical analysis of the altered section of borehole 

LK-332 (groove sampling followed by Ion Coupled Plasma (ICP) Aqua Regia (AR) and
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Lithium Metaborate Fusion (LM F) conducted at OMAC Laboratories, Lough Rea, Co. 

Galway) shows that the paragenetically later green argillites are enriched in Fe, Al, Mg, 

K, As, Ba, Cr, Li, Ni, Ti, V  and in some cases Zn (Fig. 5.4 &  5.5. See Appendix 4 for 

details).
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Figure 5.4: Comparison o f the geochemistry o f red and green argillites in borehole LK-332. 

The remaining c. 45wt.% is comprised ofCaO and has been omitted for clarity.
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Figure 5.5: Comparison o f trace element geochemistry o f red and green argillites in borehole 
LK-332. Note that values for Ti are at a different scale to the other elements.
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Such enrichm ent is considered to reflect the passage o f  the paragenetically later 

m etalliferous brines.

5.2.7 P arag en esis  Fig. 5.6.

Following initial burial cementation (SI to  S3 calcite) the W aulsortian M udbank 

Com plex at Lisheen was regionally dolom itised to varying degrees. The Regional 

Dolom ite (D l)  may be divided into fine to medium  replacive turbid dolom ite followed 

by coarse white rhombic space-filling dolom ite. It is seen to pre-date S4 blocky calcite 

in borehole L K -3 10.

Iron-oxide mineralisation occurs as hematised peloidal conglom erate “clasts'’ cemented 

by D l (Plate 63C & D, 64A & B). Hematite is also observed to rim early (S2 to S3) 

calcite cem ents as well as forming geopetal linings in calcite-filled cavities (Plate 58; 61 

and 62C). In core, patches o f  resistive silica them atite  occur within dolom itised and 

partially dolom itised Waulsortian limestones. Iron-oxides and later regional dolom ite 

were deform ed and brecciated in the hanging wall o f  normal faults where they form 

angular to sub-rounded "‘clasts*’ (Plate 59A-D ). Jasperoid “clasts” are rimmed and 

partly replaced by pyrite.

New underground exposure from Eastern Main Zone clearly shows silica-iron-oxide 

alteration/m ineralisation being corroded, replaced and brecciated by later hydrothermal 

dolom ite and sulphides (Plate 60A to C). Similar relationships are seen at Galmoy 

(Plate 62A  & B).

Hydrothermal dolom ite, dark fine grained (D 2) followed by coarse white (D3) has 

com pletely or partially replaced regional dolom ite “clasts” . Siliceous ironstone “clasts” 

are partially corroded at the edges but otherw ise largely unaffected. Eyre (1998) 

dem onstrated that the White M atrix Breccia (D 3) at Lisheen formed at moderate to high 

tem peratures (c. 170-200°C) and low salinities (c.7-8 wt.%  N a C le q v ) .  Fluid inclusion 

analyses o f  Black M atrix Breccia (D2) at Crinkill indicate similar homogenesation 

tem peratures (c. I80°C) and m oderate to high salinities (16.9 wt.%  N a C le q v )  (this study, 

see C hapter 3).
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The bulk o f  the hydrothermal dolomitisation pre-dates sulphide mineralisation. 

Sulphides are observed to have crystallised within pores in the matrix o f  the Black 

M atrix Breccia but ultimately replaced both “clasts” and matrix to form massive 

sulphide. The sulphides may be sub-divided into three stages.

•  Early Stage: Pre-ore, dom inated by iron-sulphide (pyrite-m arcasite) mineralisation. 

This is replaced by the later sulphides and form s the barren ‘Pyrite C ap’ to 

econom ic mineralisation.

•  M ain Stage: Ore Stage, dominated by pale very fine-grained sphalerite, galena 

±pyrite. This forms high grade massive sulphide. Textures vary from chaotic, 

colloform  to replacive and laminated.

•  Late Stage: Post-Ore, minor coarse honeyblende, galena and copper sulphides.

Pink plug dolom ite and calcite (D4 and S5 respectively) post-date the sulphides.

Locally ferroan dolom ite occurs in the footwall o f  the main faults, notably within the 

Derryville orebody, and within the Lisduff Oolite. It may form an additional dolomite 

stage, or alternatively could be considered as hydrothermal dolom ite (?D2) whose 

geochem istry simply reflects the passage through the m ore iron-rich, argillaceous. 

Ballysteen Limestone facies (or a higher tem perature phase with Fe precipitated 

preferentially with dolom ite). M acroscopically similar ferroan dolom ites from the 

Crinkill prospect are interpreted as being related to a later, post-mineralisation inversion 

event.

5.2.8 Summary

Iron-oxide mineralisation and alteration is widespread throughout the Rathdowney 

Trend. The iron oxide alteration forms a halo to and occurs as remnants within base 

metal sulphide mineralisation. Iron oxide mineralisation occurred early to very early in 

the paragenesis, post S2-S3 calcite cementation and pre-dating regional dolomitisation 

(D l) , hydrothermal dolomitisation (D2 & 3) and base metal mineralisation at Lisheen.
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5.3 SILVERMBVES Fig. 5.5.

The Silverm ines D eposit is located in N. Co. Tipperary, c. 40  km N W  o f  the Lisheen 

deposit. The Toum aisian stratigraphy o f  the area form s part o f  Philcox’s Limerick 

province (1 9 8 4 ). Stratigraphically the area is c losely  similar to that o f  the Rathdowney 

Trend. Andrew (1 9 8 6 , 1995) provides a detailed account.

There has been sporadic mining activity in the Silverm ines area since the Danes began 

mining silver in the 9 “* Century. The ‘m odem ’ orebodies were discovered in 1962 by 

M ogul o f  Ireland Ltd using a combination o f  shallow soil geochem istry and 

prospecting. Silverm ines w as worked from 1968 until 1982. In this period it produced 

c. 10.7M t @  7.36% Zn and 2.7%  Pb out o f  a total resource o f  c. 17 .6M t @  6.43%  Zn. 

2.53%  Pb and 23 g/t A g (Andrew. 1995). The Ballynoe barite deposit which is 

genetically linked to the base metal deposit w as worked by D esser Industries Ltd 

(M agcobar) and closed in 1994 producing 5M t @  85%  BaS0 4 -

The base metal orebodies are located in the hanging wall o f  the major ENE-trending 

Silverm ines Fault Zone which has an overall displacem ent o f  c. 600m  to the N (Fig. 

5.7 ). The Silverm ines Fault Zone was active during the Courceyan resulting in the 

developm ent o f  extensive breccia and conglom eratic units. Andrew (1986; 1995) 

described all the breccias as syn-sedimentary slump or debris flow  in origin, and while 

there are undoubtedly w ell-developed conglom eratic units which m ay have this origin, 

many o f  the breccias display a more brittle, tectonic crack-seal style and are here 

considered analogous to the Black Matrix Breccias o f  the Rathdowney Trend.

In detail the orebodies are controlled by an en-echelon zone o f  W NW -trending 

extensional fault zones with the thickest sulphide intervals and highest grades occurring 

at the point o f  maximum downthrow (c. 120-150m ). Mineralisation is predominately 

stratabound, preferentially occurring at or around the base o f  the Waulsortian contact (B  

and G orebodies) and within the Lower D olom ite (dolom itised LisdufF Oolite, middle 

Ballysteen) in the Lower G orebody. Minor steeply dipping fault breccia hosted 

m ineralisation also occurs within the Devonian and Silurian basement at the K and C 

zon es and at Shallee White, (see Figure 5 .7  for locations).
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Mineralisation is predominately replacive (epigenetic) in origin. However a large barite 

orebody located at Ballynoe, immediately S o f the G and B-orebodies is interpreted to 

have had an exhalative origin with a well described associated ‘vent-field’, preserved as 

fossil pyritic hydrothermal chimneys, and a fauna o f ‘hydrothermal’ worms (Taylor and 

Andrew, 1978; Larter et al, 1981; Boyce et al., 1983; Samson and Russell, 1983; 

Taylor, 1984, Andrew, 1986; Mullane, 1994; Mullane and Kinnard, 1998; Boyce era/., 

1999).

On the basis o f the analysis of stable isotope and fluid inclusions the mineralisation has 

been interpreted as resulting from the mixing o f fluids tapping a deep seated sulphur 

source and locally derived Lower Carboniferous seawater at temperatures in the order of 

80-200°C and salinities o f 10-22 wt.% NaCleqv (Graham, 1970; Greig et al., 1971; 

Coomer and Robinson, 1976; Samson and Russell, 1983; Boyce et a i, 1984; Russell, 

1986; Everett et a i, 1999).

5.3.1 Iron-Oxide Mineralisation (Fig. 5.5).

Unfortunately the Ballynoe barite pit flooded rapidly following closure; as a result it has 

been only possible to sample loose float material. Additional samples were examined 

during the 1995 SEG Field Conference.

Barite mineralisation at Ballynoe occurs at or around the base o f reef/Waulsortian 

contact. Mullane (1994), sub-divided the barite into 8 mappable, stratified units which 

dip to the N. She regarded the barite as being sedimentary in origin and described 

bedding features, slumping/debris flows and rip-up clasts as all having a primary 

sedimentary origin (Mullane, 1994; Mullane and Kinnard, 1998).

The Nodular Micrite Unit at Ballynoe contains approximately Im of laminated siliceous 

ironstone (jasperoid) resting above a green tuffaceous unit, c. 10-15m below the base of 

reef contact, the Muddy Reef Green Shale Marker in mine terminology, (Andrew, 

1986); (Plate 68A).

The ironstones in turn pass upwards into a layered hematite and hematitic-barite 

succession, which is preferentially developed adjacent to the Silvermines Fault Zone 

(Plate 68B, Fig. 5.7). Barite horizon 6 o f Mullane’s (1994) classification is 5.4m thick
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and is com posed o f  daric grey, fine grained barite and silicified ironstone clasts and 

apparently isolated, scattered patches o f  red silicification, interpreted as indicating 

reworking o f  earlier ironstones (Tlrom the N odular M icrite Unit) as well the 

precipitation o f  silica-hematite at the same time as formation o f  the barite.

Fractures (?synaresis cracks) within the ironstones zones are com m only infilled by 

chalcedonic silica and barite. Later colloform  marcasite-pyrite stockwork veins and 

veinlets also cut the jaspers (Plate 68A &C). The hematitic barite decreases to the N 

and is succeeded by nodular pink to grey to white barite.

Overlying and laterally equivalent to the barite mineralisation are extensively developed 

breccia bodies (slump or Black M atrix Breccia?). To the N and W -NW , within the E 

Panel and B-Orebody, these breccias (which vary fi'om limestone dom inated to partially 

dolom itised to fiilly doiom itised) com m only contain thin zones o f  angular to sub- 

rounded siliceous ironstone “clasts” within a dolom itised matrix (Plate 68D; Fig. 5.7). 

The ‘‘clasts” are macroscopically identical to those found within Black M atrix Breccia 

zones at Lisheen and Galmoy. They display reduction/sulphidation outer rims, possibly 

caused by the later acidic, reduced mineralising brines. Finally, m inor ironstone bands, 

less than I to 5cm, are present in the N odular M icrite Unit in the SE G-Zone (Andrew, 

1986).

Hematite also occurs as geopetal linings, syn-early calcite cementation (S2/3, pre-S4), 

throughout the W aulsortian M udbank Complex in both orebodies (Plate 68E).

Elsewhere extensive zones o f  silicification with or without minor hematite are com m on. 

M ullane (1994) reported that within the Ballynoe Pit the intensity o f  silicification is 

directly associated with an increase in sulphide mineralisation.

5.3J Summary

Laminated to bedded or bedding parallel siliceous ironstones occur within the N odular 

M icrite Unit and W aulsortian M udbank Com plex at Silvermines. Iron-oxide 

m ineralisation also occurs as irregular patches within massive barite mineralisation 

suggestive o f  co-precipitation. It pre-dates breccia formation and hydrothermal
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dolomitisation and is cross-cut by iron-sulphide mineralisation. Hematite is also 

observed as geopetal linings throughout the Waulsortian Mudbank Complex consistent 

with a very early diagenetic origin.

5.4 NAVAN

A detailed description o f  the Navan orebody is beyond the scope o f  this study; therefore 

only a brief review is presented here. For a full description, see Andrew and Ashton 

(1985); Ashton et al. (1986); Philcox (1989); Anderson (1990); and Anderson et al. 

(1998).

The orebody was discovered by Tara Prospecting Ltd. A shallow soil geochemical 

survey and follow-up prospecting in 1970 highlighted an anomalous zone (5,000ppm Zn 

and 2,000 ppm Pb) with coinciding mineralised float and outcrops c. 2km NW o f Navan 

town. Subsequent geophysical surveys (Induced Polarisation) identified a strong 

chargeability anomaly. Diamond drilling intersected sub-cropping base metal 

mineralisation (O'Brien and Romer, 1971). Initial reserves delineated 69.9Mt @ 10.1% 

Zn and 2.6% Pb. Production commenced in 1977 and is ongoing (Ashton et al., 1986). 

Total reserves at the end o f 1993 were estimated as 41 .8Mt @ 8.04% Zn and 2.68% Pb 

(Ashton. 1995).

Sulphide mineralisation occurs as 6 complex stratiform to stratabound stacked tabular 

ore lenses (U lens, I to 5 lenses) cut by faulting. The orebodies are hosted within 

Courceyan shallow water carbonates (the Navan Group) which rest unconformably on 

the Lower Palaeozoic (Ordovician-Silurian) basement o f  the Longford-Down Inlier. 

The Navan Group may be sub-divided. In the mine area the following stratigraphical 

units are distinguished (from bottom to top): the Mixed Beds, the Pale Beds (the 

primary host) and the Shaley Pales. They are succeeded by the Argillaceous Bioclastic 

Limestone which is broadly equivalent to the Ballysteen Limestone Formation 

elsewhere in Ireland (Philcox, 1984, Hitzman, 1995a). The Argillaceous Bioclastic 

Limestone is in turn succeeded by the Waulsortian Mudbank Complex (unmineralised 

at Navan). The Calp or Upper Dark Limestone (UDL) rests conformably on the 

Waulsortian.
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The SE part o f the orebody is truncated by the Chadian-Arundian submarine slide 

surface termed the ‘Erosion Surface’ (Philcox, 1989; Ashton et ai, 1992). The Erosion 

Surface cuts the entire stratigraphic sequence (+600m) from the Waulsortian Mudbank 

Complex to the Lower Palaeozoic basement. Immediately succeeding the Erosion 

Surface rests an olistrome, massive debris flow termed the Boulder Conglomerate (Plate 

69A). Clasts are highly variable in size, from 1cm to more than 8m in maximum 

dimension and are composed primarily o f Pale Beds and Waulsortian Mudbank 

Complex lithologies set in a dark shaley matrix. In places the Boulder Conglomerate 

hosts economic sulphides termed the Conglomerate Group Ore (CGO). This is 

composed o f mineralised and partially mineralised Pale Bed clasts set in a laminated 

pyretic, massive sulphide matrix (Plate 69B).

The orebodies are intimately related to and cross-cut by at least 2 distinctive sets o f 

faults:

1. ENE trending, normal, listric faults, which downthrow to the S-, for e.xample, the B 

and T-faults with downthrows o f 70 and 200m respectively. These faults are 

truncated by the Erosion Surface (although the T-fault was an active fault scarp 

during the deposition o f the Boulder Conglomerate Formation.) and are considered 

to be Upper Courceyan to Chadian in age (Ashton et ai, 1986; 1992; 1995).

2. NE trending, dextral strike slip faults, interpreted as Hercynian in origin. They 

offset the Erosion Surface and many o f them display significant inversion. 

E.xamples include the A, C, D, Castle and Randalstown Faults (Ashton et ai, 1986; 

1992; 1995).

The orebodies are relatively simple mineralogically being dominated by pale laminated 

to colloform sphalerite and galena.

5.4.1 Conglomerate Group Ore

The Conglomerate Group Ore is estimated to comprise o f 1.75Mt @ 12.2% Zn, 2.5% 

Pb and 23% Fe. It consists of irregular to stratiform to stratabound massive pyrite
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lenses with developments o f sphalerite and galena. The iron-sulphides are laminated 

(individual laminae or beds range in thickness from several centimetres to less than a 

millimetre) and can be traced laterally over 50m (Ashton et ai, 1992, Plate 69B). The 

pyrite has a dominantly framboidal habit and is interpreted to be very early diagenetic in 

origin (possible even exhalative). However at least a portion o f it formed by 

replacement (Ashton et ai, 1992; 1995). The CGO contains many ‘rip-up’ clasts o f 

mineralised Pale Bed lithologies indicating that the bulk of the economic mineralisation 

occurred prior to Boulder Conglomerate/CGO deposition.

The mineralisation is interpreted to represent a late stage in the history o f the Navan 

hydrothermal system. The framboidal iron-sulphides are considered to have formed on 

or close to the palaeo-seafloor and are probably o f bacteriogenic origin (Ashton et al, 

1992).

Rare, irregular to tabular pods and nodules o f siliceous ironstone occur in the upper 

portion o f the Boulder Conglomerate and the Conglomerate Group Ore. They appear to 

occur close to the base o f the overlying Thin Bedded Unit (Chadian) which occurs at the 

base o f the Upper Dark Limestones. The nodules and pods commonly vary in size 

ranging up to 10-15cm thick and 30cm across; they are commonly surrounded by dark 

pyritic shale (Ashton et ai, 1992, Ashton, pers. comm., 1996).

Minor 'red staining', hematisation o f the Waulsortian Mudbank Complex in the NW of 

the mine is also noted however no samples were available for this study.

5.4 J  Petrography

Four polished thin sections o f siliceous ironstone clasts were provided by Dr. J. Ashton 

o f Tara Mines Ltd from the 1232 HW SW zone as well as an intact siliceous-jasper pod 

surrounded by framboidal pyritic matrix.

All the samples are siliceous ironstones to jasperoids. The ironstones are dominated by 

silica (65-85%) and hematite (15-35%). Hematite is very finely crystalline: in all 

samples it occurs as sub-micron dustings and inclusions within amorphous and
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colloform silica (Plate 70A). All four thin sections display some degree o f deformation 

and/or brecciation (Plate 70B and C).

Sample 7 (Tara Mines designation) comprises o f  a part o f  a siliceous pod capped by fine 

framboidal and subhedral pyrite crystals set in an argillaceous matrix. Rare pyrite 

framboids are observed surrounded by siliceous ironstone suggesting either that the 

iron-oxides may have formed below the relatively impervious argillaceous layer or that 

framboid growth and iron-oxide formation were grossly coeval.

Later ore stage sulphide mineralisation post-dates both framboidal pyrite and the cherty 

ironstones. Sphalerite can be seen to rim pyrite framboids and late euhedral pyrite 

crystals cut siliceous jasperoids and younger minor quartz microveinlets (Plate 70D).

One sample. No. 9 (Tara Mines designation) has a distinctive strong yellow ochreous 

colour suggestive o f iron-oxyhydroxides such as goethite or lepidocrocite-limonite. 

However a single XRD analysis failed to identify the iron phase which is locked within 

amorphous silica.

5.4J Summary

Ironstone nodules occur within the Boulder Conglomerate and Conglomerate Group Ore 

at Navan. Many o f  the nodules are deformed and/or brecciated suggesting 

crystallisation prior to or during the formation o f  the Boulder Conglomerate. The iron- 

oxides formed at the same time or later than framboidal pyrite mineralisation, the later 

is considered to have formed at very shallow burial depths, possibly even on the 

seafloor itself. Later economic sulphides post-date the iron oxides.

5.5 KEEL-GARRYCAM

The deposit at Keel, Co. Longford was discovered in 1962 by RioFinEx during a 

regional geochemical stream sampling programme. ‘Infill’ drilling intersected what 

was at the time interpreted to be stratabound mineralisation and a 200m trial shaft and 

1500m o f  development were commissioned. Subsequent pilot mining confirmed that
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the highest grade mineralisation was fault controlled (on 5 principal structures) with 

only a minor sub-economic stratabound component and all mining activities were 

halted. ASARCO undertook ftjrther diamond drilling in 1970-71 and added to the 

indicated and inferred reserves, currently calculated to be 4.97M t @ 6.85%, 1.24% Pb, 

0.12%  Cd and 0.9 g/t Ag (Slowey et a l ,  1995).

The steeply dipping mineralisation is hosted within Lower Carboniferous ORS 

(spectacular honeyblende occurs as fracture fills in a quartz pebble conglomerate) and 

the Navan Group lithologies. Slowey (1986; 1995) has provided a description o f  the 

deposit.

RioFinEx’s initial drilling and evaluation o f  Keel indicated the potential for barite 

mineralisation. The most favourable horizon was considered to be the Waulsortian 

Mudbank Complex. They subsequently they entered into a joint venture with Dresser 

Industries culminating in the discovery o f  the Garrycam Barite deposit c. 1km E o f  

Keel. Reserves at Garrycam are calculated as 1.35M t @ 36.14%  BaSO^, 2.67% Zn and 

0.18%  Pb within which resides a high grade zone o f  0 .63Mt @ 65.48%  BaS04  (Slowey  

et al., 1995). Slowey et al. (1995) stated that the sulphate mineralisation e.xtends 

throughout the entire Waulsortian Mudbank Complex at Garrycam where the barite 

“cuts and replaces" the micrites. Minor sulphides post-date the barite. Mineralisation is 

postulated to have occurred during the Chadian-Arundian.

5.5.1 Iron Oxide Mineralisation

Iron-oxide mineralisation is rare at Keel-Garrycam: it is only recorded within a single 

borehole, (borehole KA-176), from the Garrycam deposit from which Dr. Michael 

Philcox provided samples. The iron-oxide mineralisation occurs at 3 levels within the 

Waulsortian c. 12m and 30m above the contact o f  the Waulsortian Mudbank Complex 

within the Argillaceous Bioclastic Limestone (Appendix 2.3).

The hematite itself occurs within well laminated, bleached, porcelanous micrites. It is 

also seen as hematitic ‘clots’ within dark calcareous shales (Plate 71A to C). In the 

lowermost sample, KA-176-256m , hematite clearly cross-cuts stromatactid cavity fills. 

It was interpreted by Philcox as an ‘injected’ fissure fill (Appendix 2.3). Green shales 

and argillites were recorded by Philcox between the hematised bearing micrites.

148



Chapter 5 IRON-OXIDE & SULPHIDE MINERALISATION

Attem pts to  establish whether any further iron-oxide mineralisation has been 

encountered during m ore recent exploration drilling by O voca Resources were 

unsuccessful.

5.52 Petrography

Sample K A -176-235.4m  consists o f  finely laminated hematitic m icrite cavity fill (Plate 

71 A). In plain light the fine laminae are seen to be com posed o f  carbonate spar. The 

iron-oxides, prim arily hematite with some goethite occur as dissem inations within the 

micritic host and also as dense inclusions within the calcite spar itself, indicating that 

the iron-oxide mineralisation is m ost likely to have occurred before and during calcite 

cementation (Plate 71D).

This interpretation is supported by observation o f  the section using cathodolum inesce. 

The calcite cements rich in iron-oxide inclusions are early Stage 2 NHS cements. Their 

dull to non-lum inescent character, Plate 71E, is interpreted as indicating their 

crystallisation in an oxygenated environment early in the diagenesis o f  the W aulsortian 

M udbank Com plex (King, 1984; Miller, 1986; deBrit, 1989; Douhit, 1990 and Lees and 

Miller, 1995). They are followed by S3 and S4 calcites (Plate 71E). The vertical calcite 

vein seen under CL in plate 5.13A is composed o f  brightly luminescent S3, followed by 

S4. calcite cements.

The lack o f  adequate information and drill records precludes the determ ination o f  the 

relationship between the iron-oxide, sulphates and sulphides. However the colloform  

iron-sulphides illustrated in Plate 71A cuts the hematitic laminated carbonate.

5.5J Summary

Iron-oxide m ineralisation (hematite with some goethite) occurs close to the base o f  the 

W aulsortian M udbank Com plex at Garrycam where it occurs in fine laminated, micritic 

m uds which cross-cut the well developed cavity system. In thin section the iron-oxide 

is seen to pre-date S2 Nail Head Spar. Thus it occurs very early in the diagenesis o f  the 

W aulsortian M udbank Complex.
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5.6 BALLINALACK

Celtic Resources the previous operators at Ballinalack were contacted regarding the 

presence o f  hematised limestone but failed to reply. The following description is taken 

entirely from previously published material and from discussions with the geologists 

that previously worked there, and is included for completeness sake.

The Ballinalack deposit is located c. 14.5km NW  o f  Mullingar, Co. W estmeath and was 

discovered following regional stream sediment and shallow soil geochem istry 

exploration program m e during the period 1965-69 (Jones and Brand, 1986).

The deposit is located in the nose o f  a NW  plunging, open N E-SW  trending anticline. 

The stratigraphic sequence is broadly the same as at Navan. The following units (in 

ascending order) have been recognised; Mixed Beds (Navan G roup) which rest 

unconform ably on Lower Palaeozoic green mudstones and shales; Argillaceous 

Bioclastic Limestone, W aulsortian M udbank Com plex and Calp.

Economic mineralisation is hosted throughout the Waulsortian M udbank Com plex and 

within the Pale Beds equivalents. There has been much debate about the grade and 

tonnage at Ballinalack; the most recent figures quote a total resource o f  7.83M t with a 

com bined Zn-Pb grade o f  7.4%  (Ivem ia West, 1997). Jones and Brand (1986) reported 

that the zinc to lead ratio is on the order o f  5.5:1. The sulphides display a strong 

structural control occurring in the NW  hanging wall o f  the NE-SW  trending Ballinalack 

fault and its intersection with the NW -SE trending Cappagh fault (Jones and Brand, 

1986; G .S.L, 1991). The sulphide mineralisation is dom inated by pyrite-m arcasite- 

sphalerite-galena and barite. O re textures are primarily cavity lining (com m only 

geopetal) fine grained pale sphalerite. Mineralisation is hosted in 3 discontinuous 

m udbanks separated by shales and argillaceous limestones. In the higher part o f  the 

Courceyan section, the m udbanks coalesced.

Argillaceous calcareous shales are com m on within the W aulsortian M udbank Com plex 

where they have a pronounced control on the grade and style o f  mineralisation. These 

intra-bank shales are variable in thickness from 60cm to 5.3m. The thickest, best 

developed shale, the Grey-Green-Hematitic Shale is used as a m arker horizon within the 

deposit. Grennan (pers com m ., 1994) interpreted the marker as having formed due to
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‘thermal metamorphism’ o f the unit. Hitzman et al. (1995c) described hematisation of 

the Waulsortian Mudbank Complex outboard from the sulphide zone but did not avert 

to the scale o f the alternation and mineralisation.

Sulphide mineralisation is interpreted to have occurred early in the diagenesis of the 

Mudbank (post stage 1 Crypto-Fibrous Calcite precipitation).

It is difficult to comment on the timing of the iron-oxide mineralisation/alteration 

without first examining the core. However it is possible to make a few salient 

comments.

Firstly the Green-Hematitic shale marker was either hematised prior to sulphide 

mineralisation or alternatively it may have resulted from an early pulse o f oxygenated 

fluid flushed through the open-cavity system by the mineralisation brines.

Eitherway hematisation must have occurred prior to sulphide mineralisation, that is 

early in the diagenesis at Ballinalack.
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5.7 DISCUSSION and CONCLUSIONS

In all the deposit and prospects studied iron-oxide mineralisation occurred early in the 

diagenesis o f  the W aulsortian M udbank Complex; in som e cases this m ay have been no 

m ore than several m etres below the seafloor. The iron oxide m ineralisation is earlier 

than sulphide mineralisation at all locations:

1. At Lisheen and Galm oy iron oxide mineralisation rims and post-dates early calcite 

cem ents (S2 and S3) and is earlier than the regional dolom ite and hydrothermal 

dolom ite. It forms a remnant fringe to the mineralising system.

2. Iron oxide and ironstone mineralisation at Silvermines is intimately associated with 

barite deposition. It pre-dates the barite and later sulphide mineralisation.

3. At Navan siliceous jasperoid to ironstone nodules and clasts occur with the Boulder 

Conglom erate. The iron oxides are com m only deform ed and brecciated and are 

post-dated by later base metal sulphides.

4. Iron oxide mineralisation at Garrycam is known only from one borehole where it 

clearly pre-dates S2 calcite cementation.

5. Iron oxide mineralisation is know from the Ballinalack deposit where it pre-dates 

sulphide mineralisation.
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6.1 INTRODUCTION

Iron-oxide mineralisation without associated base metal mineralisation is widespread 

throughout the Courceyan-Chadian (Lower Carboniferous) o f  Southern Ireland. It 

occurs at several discrete stratigraphical levels ranging from early in the Courceyan 

{spicatus conodont biozone) to the Chadian (Fig. 1.1, 1.3 and Table 6.1).

All the active exploration companies, consultants and Carboniferous researchers were 

contacted regarding the location o f  hematised limestones known to them throughout the 

country. Unfortunately many o f  the older quarries and outcrops no longer exist because 

some quarries have been infilled and outcrops have been removed. It was not possible 

to visit all localities and outcrops; however a representative suite was sampled from 

within each stratigraphical level.

Stratigraphic
Position

Location Description -  Extent References

Sub-A BU LLS 
(Mellon House 

Formation 
Ballymartin Point 

Limestone 
Formation)

1. ‘ Whiting Bay, Waterford
2. *Hook Head. Wexford and 

Ballyvergin borehole
3 Ferbane & Lough Finn. Co. 

Offaly.

Widespread hematised 
coarse calcarentite-rudite. 
Shallow water chamositic 
ironstone.

1. & 2. Sevastopulo, pers 
comm, 1993.
2. Sleeman, 1974a & b; 
pers comm 1994
3. Colthurst, pers comm, 
1994

ABITNMI!
(Bally Steen 
Limestone 
Formation)

1. ‘ Minepaddock Bay. Co. Kerry
2. Ringaskiddy Island, Co. Kerry, 
(outcrop no longer exists due to port 
development)

Hematised argillites, 
strongly deformed. 
Hematised stylo-nodular 
limestones macroscopically 
similar to the younger Cork 
Red Marbles.

Price, 1986 

Heselden, 1991.

W M C
(Waulsortian

Mudbank
Complex)

1. ‘Summerhill, Co. Meath.
2. *Ballinasloe. Co. Galway
3. *Clare Area -  Ballycally 

Quarry.
4 Ballymahon, Co. Longford.
5. *N. Kerry -  Camp. Rahoneen.
6. *Clonony Castle, Co. Oflaly.
7. ‘ Limerick Area. PL 3660.
8. Loughmore & Corkbeg Island, 

Co. Cork.

Variably hematised
biomicrites and hematised ' 2. & 3. Kelly, pers comm, 
polymuds. | 1994.
Geographically widespread ! 3. Lewis, 1986. 
in Clare and Kerry 4 .MacCarty, 1990.

i  5. Thornton, 1966.
1 6. Sevaslopulo, pers comm, 

1993
j 7. Holdstock. pers comm, 

1995.
! 8. Heselden. 1991.

R ccr-Equivalcnt
(Waulsortian

equivalent
facies)

1. ‘North Cork -  Ballybeg, 
Buttevant, Churchtowa Mallow.
2. Meelin Borehole.

Hematised argillaceous 
bioclastic limestones, occur 
within the overall 
Waulsortian Mudbank 
Complex packa^K.

Philcox, pers comm, 1993. 
Penney, pers comm, 1993. 
Shcndan, 1978.

I 'p p e r  
W aulsortian- 
Supra R eef

(Latest 
Waulsortian and 

supra Waulsortian)

1. ‘ ‘Cork' Red Marble region. 
Fermoy, Mitchelstown, Little Island. 
Castleisland etc.
2. St. James Church. Co. Clare.
3. Duncormick Wexford area.

Cork Red Marbles are well I  Nevill, 1962. 
developed throughout Cork j Shearley, 1988. 
and parts o f  Kerry. j  Heselden, 1991.

! Sleeman, 1991. 
3. Permian reddening of j Lewis, 1986. 
limestones. ' Carter, 1986.

Table 6.1: Occurrences o f  iron oxide mineralisation not associated with major base 
metal sulphide mineralisation. * indicates sites that were sampled.

The occurrences are described in ascending stratigraphical order.
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6.2 Sub-ABL/LLS Mellon House, Ringmoylan Shale and Ballymartin Point 

Formations (Fig. 1.1, 1.3 and Table 6.1, 6.2)

These three formations (Mellon House, Ringmoylan Shale and Ballymartin Point) 

represent the initial marine transgression in Southern Ireland. The Mellon House 

Formation is of Polygnathus spicatus conodont biozone age and consists o f sandstone, 

mudstone and well washed calcarenites, locally oolitic, in the southern part of its 

distribution. At Whiting Bay, Co. Waterford, limestones near the top of the formation 

included beds which are moderately red in colour. They contain hematised bioclasts, 

particularly crinoids in which the stereom is infilled by hematite. The Introduction o f 

hematite was clearly before the earliest carbonate cements. Conodonts from the 

hematite-bearing beds are black (Conodont Alteration Index (CAl) 5), the same as the 

enclosing non-hematised limestones (G.D. Sevastopulo, pers comm.).

The Ringmoylan Shale Formation represents the second pulse of the marine 

transgression and is of Siphonodella conodont biozone age. Its base is a flooding 

surface and in many places the basal limestones contain hematised bioclasts (see for 

example Hudson and Sevastopulo, 1966). In the Ferbane area (Fig. 1.1) the lateral 

equivalent o f the Ringmoylan Shale contains a thin ironstone bed. Conodonts from the 

Ringmoylan Shale Formation and the Ferbane limestone are the same colour, dark 

brown (CAl 4) to black (CAl 5) as the surrounding limestone.

At Hook Head, Co.Wexford, a well developed ironstone bed occurs in the lower part o f 

the Ballymartin Point Limestone Formation, formerly the lowest part o f  the Hook Head 

Limestone Formation (see Sleeman et al. 1974, figure 2, for a sketch o f the limestone 

bed in Lyraun Cove. The stratigraphical level is in the conodont interzone between the 

Siphonodella biozone and the Pseudopolygnathus multistriatus biozone. This bed is 

petrographically typical o f the ironstone developments within the lower part o f the 

Courceyan and its petrography was investigated from thin sections and polished 

plaquettes. Similar red limestones occur in the Wexford outlier around the Duncormick 

base metal prospect. Unfortunately boreholes Wx 68-1, 68-4 and 70-5, described by 

Sleeman et al. (1974) were not available for study.

Sleeman as part of his Ph.D. thesis (1974a & b) mapped the south-eastern occurrences. 

The 10cm thick hematised unit/bed forms part o f the lower Hook Head Formation
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occurring c. 2.3m above the basal contact with the underlying Porters Gate Formation. 

The shallow marine sandstones/siltstones, shales and limestones represent the initial 

Lower Carboniferous transgression and rest conformably on the Devonian (Fammenian) 

ORS facies.

The mineralised bed is a moderate to intense red colour. The iron-oxide is hosted 

within an echinoidal grainstone-packstone, the bioclasts displaying varying degrees o f 

hematisation. Hematite is the only iron oxide recorded; its content is variable but is 

estimated to make up 30-70% of the rock mass.

Thin sections housed at Trinity College which form part o f the teaching collection were 

examined, as was a polished block prepared for reflected light and cathodoluminescence 

analysis. In thin section hematite is seen to impregnate the stereom of echinoderm 

ossicles; where well developed the bioclasts are partially to flilly replaced (Plate 72A). 

Hematite tends to form as discrete dispersions or as massive amorphous crystals.

Chamosite is commonly found associated with the hematite particularly adjacent to 

more argillaceous partings where it occurs as green amorphous masses and as stereom 

infills (Plate 72B). It commonly has altered and partially altered to yellow-brown iron- 

oxyhydroxides such as goethite. Chamosite, an iron bearing silicate, is believed to have 

formed from the diagenesis and alteration o f berthierine at temperatures in excess of 

120-160°C (Curtis, 1985; lijina and Matsumoto, 1982). Such temperatures were likely 

to have been exceeded at Hook Head judging by Conodont Alteration Index o f 3 

reported by Clayton et al. (1989). However, the process o f  initial berthierine 

crystallisation is still problematic (Young, 1989).

6.2.1 Depositional Setting

Deposition in a moderate to high energy shallow-marine environment led to the 

formation o f a coarse skeletal grainstone. Early burial resulted in the deposition o f 

hematite and chamosite within the stereom of the bioclasts (bryozoan zooecia, and 

crinoid ossicles). Increasing hematisation led ultimately to the partial replacement o f 

the bioclasts.
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Hematite is concentrated within the bioclasts and is predominately absent from the 

carbonate cements indicating that the bulk o f  the hematite mineralisation occurred prior 

to the initial cementation o f  the grainstones (Plate 72A&B). Adjacent to sutured 

mineralised ossicles (and pressure solution seams) hematite occurs as a cement and may 

represent the concentration o f  insoluble hematite due to pressure solution, alternatively 

minor hematite remobilisation may have resulted from increased burial (Plate 72B). It 

infills the remaining porosity and partly corrodes the ferroan calcite cements (Plate 

72A&B).

Following hematite mineralisation, early non-ferroan and ferroan calcite cements grew 

syntaxially on non-hematised and partially hematised crinoid ossicles (non-hematitic 

portion, Plate 72A). Under cathodoluminescence these initial early diagenetic cements 

are non-luminescent to dully luminescent indicating precipitation in oxic pore waters. 

Authigenic quartz is observed growing on the ferroan calcite cements. Late ferroan 

dolomite commonly replaces the calcite cements.

Multi-elemental whole rock analysis o f a single sample was undertaken at OMAC 

laboratories, Co. Galway (Table 6.2). Features o f  note in the analyses are the high iron 

content and relatively high values o f  phosphate. The latter is due to a concentration o f 

phosphatic skeletal grains (fish teeth, etc) and may explain the high Ce (61 ppm) and La 

(26ppm) values.

Element 
W t. %

Fê Oj SiOj MnO AI2O3 MgO NazO K2O

1
in0Q
m

1

TiO: C r:O j CaO LOI

20.86 5.2 0.22 1.61 0.85 0.11 0.32 0.84 0.04 0.00 ! 37.89 31.6
Table 6.2: Geochemical analysis o f  a sample o f  ironstone from Hook Head, Co. 
Waterford.

6.2.2 Summary

In summary the iron-oxide mineralisation (hematite ± chamosite) occurs in Lower 

Carboniferous transgressive-shallow water carbonates in southern and central Ireland. 

Broadly speaking the sedimentological setting, depositional environment, the 

geographically widespread nature and style o f  mineralisation is very similar to other 

shallow water sedimentary (‘chamositic-oolitic') ironstones (Young, 1989).
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Petrographic analysis indicates that mineralisation occurred prior to initial cementation 

o f  the sediment, that is very early in the diagenesis, and therefore they may be 

considered as ‘true’ sedimentary ironstones or ‘fossil ores’.

Young (1993) concluded that this style o f ‘fossil ore’ formed through the impregnation 

o f bioclasts by iron-rich minerals at, or very near, the sediment-water interface.

6.3 ABL/NMU Ballysteen Limestone Formation (Fig. 1.1, 1.3 and Table 6.1)

Two occurrences o f  ironstone mineralisation in the Ballysteen Limestone Formation not 

associated with sulphides mineralisation are known. The first is at Minepaddock Bay, 

Muckross National Park, Killamey, Co. Kerry (Price, 1986). The red limestones occur 

within the Victoria Point Chert Member (NMU) which forms the upper part o f  the 

Ballysteen Formation.

The uppermost 7m o f  the Victoria Point Chert Member below its contact the 

Waulsortian Mudbank Complex consists o f  a series o f beds o f pink calcilutites 

interbedded with purple-red shales fringed by green shaley argillite units (Plate 72C & 

D). The hematised (pink to red) limestones dip at c. 40-45° to the S. Much o f  the 

original fabrics have been destroyed by recrystallisation related to high strains and 

consequently it is not possible to discern where in the paragenesis the hematite occurs.

Price (1986) studied the changes in conodont colour (reported in terms o f  Conodont 

Alteration Index: CAI) through the red limestones o f the Victoria Point Member into the 

Waulsortian Limestone. He established that the regional conodont colour is black (CAI 

5) but that the red limestones included conodonts which are grey and white (CAI 6 and 

7). CAI values were correlated with the intensity o f  reddening with CAI 7 

corresponding with the most Intensely red limestone. CAI has usually been used as a 

guide to thermal maturity (Epstein et a i ,  1977) with CAI 7 corresponding to 

temperatures in excess o f  400°C. Price interpreted the CAI profile to indicate higher 

temperatures in the middle o f  the red limestone unit. However illite crystallinity 

described by the Kubler Index, which has also been used as a measure o f  thermal 

maturation, showed no variation from the regional value (Hbrei 75-90%) across the red

158



Chapter 6 IRON OXIDE and RED MARBLE OCCURRENCES

limestone unit. The interpretation o f  enhanced CAI values in red limestone is discussed 

below.

Hematised, highly deformed limestones are also recorded at Rocky Island and 

Ringaskiddy Island, Co. Cork (Shearley, 1988). They are intensely stylolitised and are 

similar to the Cork Red Marbles on Little Island to the north (Shearley, 1988). They 

occur in the Baliysteen Limestone Formation (ABL) and have been dated using 

conodonts as Ivorian (Courceyan) in age (Heseldine, 1991).

In thin section the main iron bearing phases can be seen to be hematite. Brown, 

pleochroic, fibrous iron silicates (Stilpnimelane and Minnesotaite) are also present.

Attempts were made to visit both localities, however the Rocky Island outcrop was 

inaccessible and the Ringaskiddy occurrence has been built over during recent port 

development.

6.4 WAULSORTIAN MUDBANK COMPLEX -  REEF 
EQUIVALENT (Fig. I . l ,  1.3 and Table 6.1).

Variably hematised, pale pink to red Waulsortian limestones and laterally equivalent 

facies occur in many localities throughout the midlands from Ballinasloe, Co. Galway 

in the NW, Summerhill, Co. Meath in the N, Tralee. Co. Kerry in the SW and Cahir, 

Co. Tipperary in the SE. Although a complete listing o f known localities has been 

attempted, it is most likely that some occurrences are not included and many more are 

likely to be discovered by future drilling. There is little to distinguish this category o f  

reddened Waulsortian limestone from that described in Section 6.5 below, except that 

the latter occur at the top and above the Waulsortian and have been extensively 

exploited as ‘Red Marbles’.

Because o f  the number o f occurrences o f  reddened Waulsortian limestone, a selection o f  

examples are described here. Occurrences have been divided on a geographical basis 

into the Northern Midlands Suite and Southern Midlands Suite.
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6.4.1 Northern Midlands Suite

Hematised WMC occurs throughout the North Midlands, several o f  the more interesting 

occurrences are at Ballinasloe; the Longford area and localities in Co. Meath.

• Ballinasloe, Co. Galway.

Irish Base Metals Ltd sited several boreholes on a zone o f  anomalous shallow soil 

geochemistry adjacent to Ballinasloe town (PL 1048) in 1969-70. One o f  the boreholes, 

G4, intersected several zones o f  moderate to intensely hematised pink mottled 

Waulsortian limestone stratigraphically above sub-economic base metal mineralisation 

in the lower part o f  the Waulsortian Mudbank Complex. A single large polished thin 

section o f  the hematised Waulsortian limestone in borehole 0 4  was provided by Dr. J. 

Kelly o f  CSA Ltd in 1995. More recently the Rio Algom-Ivemia West Joint Venture 

intersected hematised Waulsortian limestone immediately S o f  Ballinasloe (on 

Prospecting Licence 3459). A sample o f  which was submitted for petrographic and 

microprobe analysis (Cruise, 1997).

The sample from borehole G4 (541.3m) consists o f salmon pink biomicrite cut by a 

steep fibrous calcite vein. In thin section, hematite is weakly disseminated through the 

biomicrite and goethite may be present. Hematite also occurs in the geopetal mud 

within an ostracode carapace (Plate 73A). In hand sample the intensity o f  reddening 

differs on the two sides o f  the fibrous calcite vein however this is not mirrored in any 

measurable increase in the amount o f hematite or in iron content. Position Tagged 

Spectrometery (PTS) analysis o f the sample using the SEM and EDAX yielded an iron 

content o f  1.7% but no enhanced values o f other elements. The vein itself (Plate 73B, 

C) contains fibrous calcite followed by small syntaxial calcite scalenohedra and later 

blocky calcite, a diagenetic sequence exactly the same as that developed in cavities 

within the Waulsortian. Since the vein cuts both hematised bioclasts and the micritic 

matrix, this suggests that hematite emplacement is very early. Observations using 

cathodoluminescence supports this (Plate 73C). The fibrous calcite has a mottled dull 

luminescence, typical o f  the crypto-fibrous calcite (Stage 1 o f  Waulsortian cements). It 

is followed by non-luminescent nail head spar (Stage 2) and bright orange yellow 

luminescent Stage 3, blocky Stage 4 and 5 (Plate 73C). Hematite emplacement in the 

Waulsortian limestone o f  borehole G4 therefore apparently occurred prior to the
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cem entation by crypto-fibrous calcite, that is either at the sedim ent surface or at very 

shallow burial depths.

The sam ple from borehole 3459 was com posed o f  hematised, stylolitic biom icrites 

m acroscopically similar to the hematised crinoidal packetones and encrinites intersected 

at Tynagh, Lisheen and com m on at Crinkill.

In thin section 3459-05, hematite is seen to impregnate the stereom and mud within the 

lumen o f  crinoid ossicles. M any o f  the larger bioclasts have calcite pressure-fringes 

m ost probably indicating the presence o f  a large structure in the vicinity.

•  Counties Longford and Westmeath.

M acCarthy (1990) reported the presence o f  pink W aulsortian limestone from the 

Ballymahon area, Co. Longford. Exploration drilling by Chevron -  Ivemia West Joint 

Venture c. 2km E o f  Lough Ree, borehole 92-1043-05, intersected what was interpreted 

to be several long lived breccia zones with minor pyrite and sphalerite in massive 

W aulsortian and “extensive red/green altered argillite and reddened m icrite in the basal 

W aulsortian over a 70m interval from c. 280m to BOR at 352m ” (Reynolds, 1992). 

Unfortunately the borehole, 92-1043-05, was not available for sampling.

Rio Algom provided a sam ple o f  stylolitic pink mottled W aulosrtian limestone from 

Prospecting Licence 3405 located at Ballymore to the E o f  Lough Ree, Co. Westmeath. 

In thin section, sam ple 3405-24, contained no visible iron-oxides, the dense micrite did 

how ever contain weakly m ottled zones. Analysis using SEM and EDAX indicated that 

the total Fe content was on the order o f  2.3%, however this value probably reflects the 

abundant clay-rich stylolites.

•  Summerhill, Co. M eath

During the course o f  routine exploration work, the author recognised an extensive zone 

o f  hematised W aulsortian limestone in borehole-1500-04, drilled by BHP on the 

Sum m erhill licence. Hematite was observed in hand samples o f  the core to rim and also 

to occur fringing the cavities, as internal geopetal fills within the cavities and as 

dissem inated zones through the micrites in the upper to middle parts o f  the W aulsortian 

M udbank Com plex. Following hematisation, the W aulsortian M udbank Com plex was
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brecciated and mineralised by iron-sulphide mineralisation. Hematisation was clearly 

pre-brecciation because breccia zones contained brecciated hematised clasts. 

Unfortunately the borehole was not available for sampling.

6.4.2 Southern Midlands Suite

Hematised Waulsortian Mudbank Complex and Reef (Waulsortian) Equivalent facies 

occurs throughout the southern midlands o f Ireland. Areas of particular interest include 

the Clare-Limerick-Shannon area and North Co. Cork,

• Meelin No 1 Well:

The Meelin No 1 well was drilled by Ambassador Irish Oil Ltd as a wildcat at Meelin. 

Co. Cork. The well spudded in Visean rocks. The stratigraphy o f the borehole has been 

described by Sheridan (1978). From 397.5m to 689.4m the hole intersected significant 

zones o f medium to coarsely crystalline white rhombic dolomite and associated 

‘abundant’ pyrobitumens. The top o f the Waulsortian was intersected at 1190m. Four 

■Red Marble ‘ zones occurred at the following depths according to Sheridan:

• 1242.4-1278.8m (36.4m): Hematitic and orange reef micrites with minor green 

‘chert’ at the base.

• 1321.2-I351.5m (30.3m): Asabove.

• 1518.2-1548.5m(30.3m): Red calcareous shale, white, red and pink reef micrites 

associated with mixed white and red chert.

• 1578.8-1609m(30.2m): Asabove.

The base o f the Waulsortian Mudbank Complex was intersected at 1640m. The 

borehole record is largely based on cuttings. However part o f  the red limestone were 

cored. This core was not examined. It seems from Sheridan's brief descriptions that the 

entire 30m thicknesses o f the four developments are unlikely to have consisted entirely 

o f red limestone. Conodonts from the red limestone o f the Meelin borehole are white, 

CAI 7 (Clayton et al. 1989).
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• Counties Clare- and Limerick

Lewis (1986) mapped the geology o f the East Clare syncline and noted pink mottled 

Waulsortian limestone in the area surrounding Shannon airport, Ballycally and 

Rineanna. Historically Rineanna South was worked for dimension stone. Professor 

Alan Lees (pers comm., 1994) also supplied additional outcrop locations within the 

general Shannon region several o f  which were briefly visited in 1996. An additional 

sample was provided by Dr. J. Kelly o f  CSA Ltd in 1997.

In the field, the outcrops o f  Waulsortian limestone are mottled pink to red. The most 

intensely hematised limestones have 50-60% o f  the rock mass reddened to a deep pink 

or a full red colour. Hematite occurs in the micrite matrix and in geopetal fills (Plate 

74A).

Dr. Mark Holdstock o f  Tara Prospecting Ltd also provided access to an exploration 

borehole (3661-01) collared 20 miles south o f  Limerick city. Borehole 3661-0! was re

logged in 1995 and 6 samples collected for further work. Slightly pink mottled to 

bleached micrites and associated green argillites are common throughout the section but 

increase in intensity downhole and are especially abundant from 130m to the base o f  

Waulsortian at 164.4m. Hematite occurs within specific areas forming ‘clots’ with very 

diffijse edges; they are not associated with any cavity system and appear to have formed 

as part o f  the initial sedimentation or very early during the diagenesis o f  the 

Waulsortian Mudbank Complex (Plate 74B).

Petrographic analysis indicates that finely crystalline (sub-10|am) hematite is the only 

iron-oxide represented and that is occurs disseminated throughout the micrites. In 

section there is discernible difference between mottled and unmottled micrite. SEM- 

EDAX analysis was utilised to attempt to ‘m ap’ the hematite alteration. However this 

failed as the hematite is too finely disseminated and is beyond the resolution o f  the 

microprobe. The green argillite layers contain minor quartz and feldspar laths 

suggestive o f a tuffaceous origin/input. XRF analysis o f  two o f the green argillite layers 

indicate an igneous/per-alkaline affinity (Table 6.3).

163



Chapter 6 IRON OXIDE and RED MARBLE OCCURRENCES

Lithology Depth
m

Rb
ppm

Sr
ppm

Y
ppm

Zr
ppm

Nb
ppm

Pb
ppm

Tl
ppm

U
ppm

Black
Argillite

- 299 98 93 15 40

Green
Argillite

150.5 180 94 11 211 13 - - -

Tuff 161.5 252 118 35 1381 166 - 35 -
T ab le  6 .3. Ana y s is  o f  g reen  arg il ites in b o r e h o le  3661-01

The results indicate that sample 36 6 1 -1 6 1.5m is clearly a tu ff  with elevated Rb, Nb and 

Zr values. Sample 3661-150 .5m may also be a tu ff because o f  its relatively high Zr 

values. Analysis o f  sam ple 3 6 6 1 -1 6 1.5m using SEM with EDAX identified zircon, 

rutile and monazite. In core both green argillites appear to have had no effect on the 

iron-oxide alteration, which is neither m ore nor less intense close to them.

•  N orth County Cork

Philcox (1968) described m inor zones o f  hematised R eef (W aulsortian) Equivalent 

facies from Ballybeg quarry and outcrops o f  hematised W aulsortian limestone at 

Churchtown located approxim ately 18 kilometres to the N. Pasminco Exploration (Irl) 

Ltd carried out exploration drilling in the Buttevant area in 1994 and intersected several 

zones o f  iron-oxide alteration (hematite and goethite/limonite). M ore recently (1997) 

Ennex International Pic. intersected hematised argillaceous encrinitic units and 

associated green argillites at Lag to the SE o f  the M allow/Tullacondra copper prospect 

(Fig. 1.1).

At Buttevant two boreholes, 94-3338-10 & 11, drilled to test an I.P. chargeability 

anomaly, intersected extensive scattered zones o f  weak iron-oxide alteration (hematite 

and goethite/limonite) and associated green argillites in an argillaceous to cherty R eef 

Equivalent facies from the top o f  the holes to the base o f  the W aulsortian at 124m and 

48m  respectively. Both cores are highly weathered throughout making identification o f  

‘prim ary’ iron oxide alteration difficult. It is likely that much o f  the goethite and 

limonite resulted from the weathering (probably o f  Tertiary age) o f  hematitic 

limestones. The iron-oxide alteration occurs as disseminations within the micrites; it 

appears to increase in concentration adjacent to stylolitic zones. The iron-oxide bearing 

beds are typically flanked by green argillites (Plate 75A). In thin section hematite is 

seen to occur as scattered individual crystals and increases in ‘grade’ tow ards stylolitic 

zones (Plate 75B).
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Ballybeg quarry was visited with Dr. Michael Philcox during the 1995 field season. 

Unfortunately exposure o f hematised Reef equivalent facies had been covered. A single 

thin section was examined from the original Ballybeg quarry occurrence (Shearleys thin 

section P I5349). On examination, in daylight, the section exhibits very subtle pink 

mottling o f the biomicrites. No iron-oxide crystals are visible in thin section, all that 

can be discerned is a very subtle, weak ‘discolourationVstaining o f the micritic protolith 

suggesting an early origin. Conodonts from the Ballybeg red limestones are white, CAI 

7 (Clayton et al. 1989).

Ennex International pic. collared an exploration borehole, 97-3536-01, on a soil 

geochemistry anomaly (shallow and pionjar) at Lag to the SE o f the 

MallowA'ullacondra copper deposit. The borehole intersected hematised and green 

argillaceous encrinitic micrites from 47.6 to approximately 62.1m (Plate 75C).

The hematised interval contains siliceous zones. Hematite is concentrated within the 

argillaceous units and as disseminations within the micritic limestone (Plate 75D). The 

green argillites are interpreted as reflecting the reduction o f hematite units which may 

reflect the passage o f reduced brines (metal bearing).

6 .5  Upper-W aulsortian M udbank Com plex/Supra-W aulsortian (Fig. 

1.1, 1.3 and Table 6.4).

The widespread and well developed hematised pseudo-breccias o f Southern Ireland 

occur within the upper part of the Waulsortian Mudbank Complex and in the overlying 

limestone (Supra-Waulsortian/Reef facies). They have been recognised over a 610km“ 

area, within a polygon from Little Island, Co. Cork to the Fermoy/Mitchelstown 

synclines, Co. Cork to Cahir area, Co. Tipperary and west to Castleisland and Tralee 

Bay area in Co. Kerry (Fig. 1.1 and Table 6.4).

During the 19"’ Century the hematised limestones were worked as dimension stone in 

the Cork-Kerry area, being used as decorative columns and panels in churches and 

cathedrals. They are generally referred to as the Red Marbles of which the best known 

is the Cork Red Marble (Jukes, 1864; Turner, 1937 and Nevill. 1962). Individual
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quarries had grandiose names such as the Sunset Glory quarry at Castleisiand, Co. 

Kerry. Because o f  the widespread occurrence o f  similar hematised limestone 

approximately the same stratigraphic level in places outside the Cork area it is proposed 

here to refer to them as Red Marble Facies (RMF).

6.5,1 Previous Work

In the literature the Red Marble Facies was considered a deep water facies. Nevill 

(1962) interpreted it to represent re-sedimented lime conglomerates and turbidites. 

Whitbread (1963) considered the Red Marbles in the Cork area to have originated as the 

result o f  a single event, which he identified as Palevent 2 (Palevent 1 was a pre- 

Ballysteen Limestone development o f quartz pebble conglomerates). He interpreted the 

breccias to be debris flows or olistostromes tentatively linked to mid-Dinantian uplift, a 

concept which was in vogue at the time but has received little recent support. 

Biostratigraphical studies (Sleeman el al. 1991) have shown that the Red Marbles are 

developed at several different horizons. Thornton (1966) described the Kerry Red 

Breccias. More recently, MacCarthy and Gardiner (1987) considered the Red Marble 

Facies as representing a foreslope conglomerate facies.

Shearley (1988) mapped the occurrences o f  Red Marble Facies In the Fermoy and 

Mitchelstown synclines and demonstrated that they are also diachronous in origin. She 

also conducted an extensive geochemical sampling programme o f hematised limestones 

from southern Ireland the results o f which are summarised and re-interpreted below. 

Heselden (1991) revisited the type section o f  the Cork Red Marble Formation on Little 

Island and other localities described by Nevill (1962) and clearly demonstrated the 

shallow water depositional setting o f  the Red Marble facies.

Heselden developed a model for the genesis o f  the breccias which included the 

development o f stylo-mottled textures. As stylolites began to develop, insoluble 

material is concentrated on the stylolites as ‘stylocumulates’. Ongoing 

deformation/compression and dissolution results in an anastomosing stylolitic network 

with clays and other insoluble material surrounding and defining undissolved 

‘pseudoclasts’. Finally anastomosing nets dominate to such a degree that the rock takes
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on a brecciated appearance with undissolved ‘clasts’ floating in a clay rich matrix. 

Logan and Semeniuk (1976) working on similar pseudo-breccias from the Canning 

Basin, Australia, cite a combination o f  compression and shear as forming this texture. 

Therefore the consensus is that the pseudo breccias o f  the RMF are likely to strongly 

reflect their tectonic setting with ‘brecciation’ decreasing to the N  this is confirmed by 

the field observations. ‘Breccia’ formation is likely to have been intermittent; it was 

probably initiated during deep burial and continued during Variscan tectonism.

Location Stratigraphic Position Description -  Extent i  References
*Fennoy 
Syncline 

Co. Cork.

Immediately above the 
Waulsortian Mudbank 

Complex. Chadian.

Widespread, well [ Shearley, 1988. 
developed ‘pseudo- i 
breccia’ textures.
Worked as dimension  
stone -  Johnstown Red 
Marble. ^

M itchelstown  
Syncline  

Co. Cork.

Immediately above the 
Waulsortian Mudbank 

Complex.

Occasional outcrops ! Shearley; 1988. 
and quarries. |

Cahir 
Co. Tipperary.

Immediately above the 
Waulsortian Mudbank 

Complex.

Hematised crinoidal Shearley, 1988. 
packstones |

‘ Little Island 
(Inchera; G o lf  
Course, etc) 

Co. Cork.

Immediately above the 
Waulsortian Mudbank 
Complex. Chadian.

Type section for the : N evill, 1968; Shearley, 
Cork Red Marble 1  1988; Sleeman. 1991; 
Formation. Heselden, 1991.

Ballintem ple  
Quarry, 

Cork City.

Above the Waulsortian 
Mudbank Com plex. 

Arundian.

W ell developed ; Heselden, 1991.
pseudo-brecciated
hematised limestone.

*Castleisland 
Co. Kerry.

Above the Waulsortian 
Mudbank Complex.

Subcrops, worked as ' Shearley, 1988. 
dim ension stone.
Sunset Glory quarry.

•Tralee Bay 
(M aharees) 
Co. Kerry.

Within and above the 
Waulsortian Mudbank 

Com plex.

Minor outcrops on Thornton, 1966. 
coastal sections. |

Fenit Island 
Co. Kerry.

Upper part o f  the Waulsortian 
Mudbank Com plex.

Hematised crinoidal Shearley, 1988. 
packstones

T able 6.4: Location and stratigraphic position o f  Red Marble Facies. * identifies sites 
that were sampled.

6.5.2 Red M arble Facies

Representative outcrops and quarries were visited throughout the region in which the 

Red Marble Facies is developed. Much o f  the following description draws heavily on 

the e.xcellent observations o f  both Shearley (1988) and Heselden (1991).  Heselden 

(1991),  as part o f  his Ph.D. thesis, and Sleeman et al { \ 991)  in the text accompanying
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the 1:25,000 sheets o f  Cork Harbour described the type section o f  the Red Marble 

located on the western shore o f  Little Island at Inchera.

The section was visited during the 1994 field season. The base o f  the Red Marble 

Facies is taken at the first appearance o f bedded cherty nodular limestones overlying the 

Waulsortian Mudbank Complex; the top is considered as the last appearance o f  well 

bedded limestones with or without chert nodules below the overlying massive cavity 

rich Little Island (‘R eef) Formation.

The section itself is composed o f  a lower and an upper ‘red marble’ unit approximately 

4m and 8.5m thick respectively. The marbles are separated by cherty nodular 

limestones bringing the package to a thickness o f  50m. Above the upper red marble lies 

a further 64m o f similar cherty limestones. Various authors have either considered the 

red marble units in isolation thereby suggesting substantially thinner formation or have 

failed to recognise both red marble units. Heselden considered that the Cork Red 

Marble Formation to encompasses the intermediate and the overlying bedded, cherty 

limestones giving the formation a total thickness o f approximately 115m. Field checks 

o f  the type section were in agreement with Heseldens observations. Heselden dated the 

Inchera section as Chadian and horizons above the Red Marble in the nearby 

Ballintemple Quarry yielded an Arundian age.

In detail the Red Marble Facies is characterised by creamy pink to red ‘porcelaneous’ 

micrites and skeletal packstones in a red argillaceous matrix. The beds are commonly 

but not always cut by stylolites to form the characteristic ‘pseudo-brecciated' texture 

(Plate 76A). Many o f  the micritic portions form ‘clasts’, several millimetres to tens o f  

millimetres in length set in a deep red argillaceous matrix. Occasionally large clasts 

occur, for example at the former Sunset Glory quarry, Castleisland several o f  the larger 

clasts have long axis approaching 30cm (Plate 76B).

Stylolites are predominately bedding parallel and wrap around the ‘clasts’; they are 

commonly highlighted by centimetre thick red argillite bands. Beds o f  jasper up to c. 

20cm thick are typically interbedded with the hematised limestones. Heselden recorded 

21 such bands at the Golf Course Quarry; unfortunately the golf club refused access to
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this locality. Many o f  the chert bands contain ‘ghost’ breccia textures and bioclasts 

indicating a replacive origin.

Shearley (1988) described the hematised limestones associated with the Waulsortian 

Mudbank Complex using the catch-all term Red Marbles. She also mapped the 

Johnstown Red Marble Formation (Red Marble Facies) exposed within the Fermoy and 

western margins o f  the Mitchelstown synclines. Furthermore Shearley reported that 

peloidal micrites in the upper part o f  the Waulsortian M udbank Complex are commonly 

mottled pink (as a result o f  weak hematisation) throughout the Fermoy syncline.

For this study many o f Shearley’s exposures were revisited. The lithologies within the 

Johnstown Red Marble Formation are macroscopically identical to the type section at 

Little Island. Individual beds grade laterally from red to pink to mottled green-grey 

over several metres scale in a similar manner as seen in drillcore from Tynagh. Crinkill 

and Lisheen. In fact hematised limestones from the base metal occurrences are virtually 

indistinguishable from ‘unbrecciated’ Red Marble Facies (Plate 76C & D). Where 

‘brecciated’ the variably pink to red mottled ‘clasts' are typically quite angular and are 

separated by red argillaceous stylolitic zones along which pressure solution (at times 

intense) has occurred.

Thornton (1966) mapped the Lower Carboniferous limestones o f Tralee Bay described 

several areas o f  hematised limestones (Maharee Islands, Camp, Rahoneen, Kilshiannig, 

Ballymacelligot and Shanning Point). On the Maharees he described reddened 

packstone breccias set in a red argillaceous matrLx which he termed the Kerry Red 

Marbles.

He described the breccias as being composed o f  unsorted ‘clasts’ up to 4cm in diameter 

bounded by sheared green chloritic argillites. Internally the clasts had a deep red colour 

which faded towards the margin where they commonly had a pink to white border. 

While minor hematised zones occur throughout the Waulsortian Mudbank Complex the 

majority o f  Thornton’s occurrences o f Red Marbles occur within the Garrywilliam beds, 

a cherty nodular limestone facies which succeeds the Waulsortian Mudbank Complex in 

the Tralee Bay area.
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For this study the Tralee Bay area was examined during the 1994 field season; it was 

not possible to get a boat visit the islands o f  the Maharees therefore only the Rahoneen, 

Camp and Shanning localities were visited.

Rahoneen Strand (Carrchone Strand, Ardfert) is located on the NE side o f  Tralee Bay. 

The entire section o f  Waulsortian Mudbank Complex, exposed on the strand consists o f  

massive, thickly bedded micrites with well developed stromatactid cavity fills. The 

stratigraphically lower portion o f  the succession contains very subtle to weakly 

hematised micritic matrix (too pale to show in a photograph). Higher in the section (to 

the S) the Waulsortian Mudbank Complex becomes increasingly muddy with a 

corresponding decrease in crinoids and cavity systems. Approaching the top o f  the 

succession cherts are increasingly common. Many o f  the cherty layers are thinly 

bedded with pink micritic clasts contained in a grey matrix. The clasts are poorly 

defined and have ditTuse edges. Dips within the cherts change rapidly possibly 

reflecting the original depositional dip o f  the mudmound or reflecting the presence o f  a 

nearby structure. Inland several craggy outcrops o f  macroscopically identical white 

cherty breccias occur.

Shanning Point and Camp Strand are located on the south side o f  Tralee Bay. Thornton 

(1966; map) showed red limestone on the beach to the E o f  Camp Post Office. The 

entire section was walked several times in 1994; however both outcrops appear to have 

been buried by beach sands. Interestingly in several locations geopetal muds in 

stromatactid cavities in Waulsortian limestone are hematised indicating a syndiagenetic 

origin.

6.53 Petrography

Hematite and goethite (rare occurrences only) are the only the iron oxides recognised in 

thin section across the region. Hematisation increases in intensity approaching stylolitic 

red argillites where small hematite crystals are visible. They may result from secondary 

remobilisation or from the concentration o f hematite due to pressure solution. Samples 

showing hematite crystals particularly well are from Fermoy, Little Island and 

Killamey.
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In unbrecciated samples from Fermoy and Castleisland, hematite occurs within the 

stereom o f  the crinoid ossicles. These vary from unaltered ossicles to partially 

hematised to fully impregnated ossicles. This style o f hematised limestone is very 

similar to the shallow water crinoidal grainstones from Hook Head and Whiting Bay 

and has a similar diagenetic history. Unaltered and partially hematised crinoid ossicles 

are overgrown by syntaxial calcite cements. Fully hematised ossicles do not have these 

cement overgrowths indicating that hematisation may have occurred prior to 

cementation. Alternatively the distribution o f  hematite may also be explained by 

mimetic replacement o f the fine carbonate mud. During burial pressure-solution caused 

minor remobilisation o f  hematite into the styloiites themselves and as a cement adjacent 

to intensely hematised ossicles. Late ferroan cements and very minor silicification 

occurs as minor cross-cutting microveinlets and as the final cement fill.

O f particular interest is BH507/5 from the Cahir area described by Shearley (1988) as 

containing at 52.1m hematised dolomitised limestone. Unfortunately the borehole was 

not available for examination. However a thin section made by Shearley was available 

for study. It shows medium crystalline (90-120|nm), unimodal, rhombic, planar-E 

dolomites replacing red limestone. The dolomite crystals are coated by thin (<10)am) 

hematite rims. In reflected light, micron to sub-micron sized hematite inclusions occur 

within the dolomites. It is probable that the iron oxide rims formed in a manner 

analagous to the concentration o f insoluble material in styloiites. As the dolomite 

rhombs grew they ‘pushed’ insoluble hematite ahead o f the growing faces.

6.6 Geochemistry (Table 6.5, Fig.6.1, 6.2 & 6.3)

Shearley (1988) conducted geochemical and clay mineralogical analysis o f  hematised 

limestones from all stratigraphic levels (Ballysteen Limestone Formation, Waulsortian 

Mudbank Complex and Equivalents and Supra-Waulsortian Limestones). Samples 

were compared to adjacent non-hematised limestones. The following summary draws 

heavily on Shearleys work (Table 6.5). Additional multi-element ICP-AR analyses 

were conducted by OMAC laboratories, Loughrea, Co. Galway as part o f the current 

project to provide additional analyses (Table 6.6).
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6.6.1 Clay M ineralogy

Shearley (1988) identified the presence o f  significant quantities o f smectite within the

Red Marble Facies at several localities using standard clay mineralogical techniques.

The following clay minerals were identified:

• Smectites -  montmorillonite/vermiculite. Smectites are commonly developed 

within the Red Marble Facies but are not present in all localities. Shearley 

dismissed the possibility that they are later weathering products because they are 

present within fresh unweathered material. She argued that the smectite must have 

formed after the regional event which produced the high levels o f  maturation 

(vitrinite reflectance o f  > 0.0% indicating temperatures o f  250°C to 300°C) and 

well crystallised illite, because if it had formed before it would have converted to 

illite. She postulated that the smectites may have formed as a result o f  an influx o f  

oxygenated fluids during a or after Variscan deformation. However smectites are 

absent in the underlying Waulsortian Mudbank Complex and appear to occur only 

in the Red marble Facies.

•  Illite.

• Chlorite occurred within the Red Marble Facies but was absent in adjacent 

unaltered limestones. It is thought to represent secondary chlorite due to regional 

metamorphism.

•  Kaolinite.

6.6.2 XRF Analysis (Table 6.5, Figs. 6. I and 6.2).

Shearley analysed 2 1 samples o f  Red Marble Facies using XRF to measure their Fe 

content. The results indicate that there is no direct correlation between red colouration 

and iron content. Significantly greater quantities o f  iron are not present in 

hematised/reddened limestones than in non-hematised stratigraphically equivalent 

limestones (Fig. 6.2). In most hematised limestone samples the iron content is less than 

0.5 wt.% Fe, with the majority o f  samples containing on the order o f  0.25 to 0.35wt.% 

Fe. The hematised limestones typically have low Fe contents, from 0.13wt.% Fe at 

Ballybeg to 0.97wt.% Fe in borehole 507-05 with an average Fe content ranging
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between 02.5 to 0.35wt.% Fe. Ringaskiddy is an exception witii elevated Fe contents o f  

4.24wt.%  Fe (Fig. 6.1). Silica values are highly variable reflecting the nodular nature o f 

cherts in the Red Marble Facies in many locations. However, when compared to 

normal Waulsortian Mudbank Complex, most hematised limestones have anomalous 

silica values (Fig. 6.2).

Similar results were obtained by analysis using the SEM and EDAX from almost all the 

other hematised/pink mottled limestone localities (Tynagh, Crinkill and Lisheen; see 

Chapters 3 to 5).

The implication therefore is that the red colouration is caused by the oxidisation state o f 

Fe and not the concentration.

The highest iron concentrations were measured from the Ringaskiddy (NMU) and Little 

Island (SR) localities, (4.24% and 0.99wt.% Fe respectively). Both locations display 

well developed nodular ‘pseudo’ breccias. Therefore the elevated iron contents may 

simply reflect the concentration o f Fe due to intense pressure-solution.

Uttle Island 
Fermoy 
Mitch elstown

- Bailybeg
- Ringaskiddy 

BH507-05
- Cahir 

Fenit 
KHIarney 
S hannon

 ̂ /  \
/

F e 2 0 3 S i0 2 MnO A I203 MgO N a 2 0

Fig. 6.1: Geochemistry o f  hematised limestones, southern Ireland. Data from XRF 
analyses by Shearley (1988).
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Normalised Hematised Limestone

3.5 Supra Reef

WMC

■X- NMU

2.5

1.5

0.5

K20 P 205AI203 Ti02 MgO Na20Fe203 Si02 MnO

Elem ents

Fig. 6.2: Geochemistry o f  hematised limestones, southern Ireland.

Location 
Stratigraphic 

Position & 
number of 
samples

ELEMENTS
F e jQ ,

(Total)
SiOa
wt.%

MnO
(Tot)
wt.%

AI2Q,
wt.%

TiOz
w t%

MgO
w t%

CaO
w t%

NazO
wt.%

K2O
wt.%

P2O5
wt.%

CORK
Little Island 
(n=1; RMF)

0.99 15.3 0.19 2.1 0.11 0.73 42.2 0.12 0.68 0.03

Fermoy 
(n=3; RMF)

0.37 1.77 0.05 0.65 0.03 0.41 54.6 0.06 0.27 0.02

MItchelstown 
(n=1; RMF)

0.05 0.75 0.02 0.38 0.02 0.59 57.4 Tr 0.11 0.02

Middleton 
(n=2; RMF)

0.19 6.4 0.07 0.48 0.02 0.38 50.9 0.11 0.22 0.05

Ballybeg 
(n=1; RE)

0.13 1.6 0.03 0.51 0.03 0.33 55.8 0.09 0.68 0.12

Ringaskiddy 
(n=1; NMU)

4.24 1.6 0.3 0.28 0.01 0.63 52.5 Tr 0.03 0.11

TIPPERARY
BH 507-05 

(n=1; WMC)
0.97 0.80 0.13 0.40 0.01 7.3 45.6 Tr 0.11 Tr

Cahir
(n=2)

0.28 0.58 0.01 0.38 0.02 0.26 56.5 0.07 0.16 0.02

KERRY
Fenit Island 

(n=1; WMC)
0.28 2.5 0.09 0.61 0.02 0.52 53.9 Tr 0.2 0.05

Killamey 
(n=1; NMU)

0.37 3.6 0.52 1.01 0.02 0.10 52.8 0.02 0.41 0.06

CLARE
Shannon 

(n=1; WMC)
0.76 3.6 0.02 1.4 0.06 0.69 52.05 Tr 0.53 0.02

UNALTERED LIMESTONES
SR

(n=3)
0.13 0.48 0.03 0.34 0.01 0.96 55.78 0.02 0.13 0.04

WMC 0.02 0.06 Tr 0.17 0.02 0.42 57.2 0.10 0.09 0.07
NMU
(n=2)

0.5 2.7 Tr 1.0 0.05 0.62 53.8 0.08 0.39 0.05

T able 6.5: Geochemistry 
Shearley(1988).

o f  hematised limestones; southern Ireland. Data from
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Figure 6.2 and Table 6.5 shows a comparison o f  the composition o f  ‘average’ supra- 

Waulsortian Limestone (mean o f  3 analyses), Waulsortian limestone (mean o f  2 

analyses), nodular limestone at the top o f the Ballysteen Formation (mean o f  2 analyses) 

and red limestone (mean o f 14 analyses). Apart from slightly higher silica content the 

composition o f  the red limestone does not differ significantly from the other unaltered 

limestones, suggesting that only very minor enrichment, if any, has taken place.

6.6.3 M ulti-E lem ent IC P-A R  Analysis: (Fig. 6.3).

Additional analyses o f  Whole Rock samples o f  hematite bearing limestones was carried 

out for this project using multi-element ICP-AR by OMAC laboratories, Loughrea, Co. 

Galway. Hematised limestones adjacent to significant sulphide mineralisation contain 

(Tynagh, Lisheen) elevated levels o f  silica and aluminium (Fig. 6.3).

14

Tynagh Hematised Limestone12

Lisheen Hematised Limestone10

Shannon Hematised Limestone8

Ballybeg Hematised Limestone6

Average Hematised Limestone 
(after Shearley)

4

2

K20
0

Fe203 Si02 AI203 MgOMnO P205 Ti02 Cr203

Element

Figure  6.3: Whole-rock lithogeochemical analyses o f selected hematised limestones 
sampled in this project compared to ‘average’ hematised limestone reported by Shearley 
(1988).
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6.6.4 Conodont Colour Alteration

Conodonts change colour as a result o f heating (Epstein et al. 1977). The colours are 

expressed in terms of the Conodont Colour Alteration index (CAl) with CAI 1 

representing unaltered conodonts (pale yellow), CAI 5 assigned to conodonts which 

have become black, and CAI 6 (grey) and CAI 7 (white) representing very high 

temperatures.

Shearley (1988) conducted a widespread conodont sampling programme o f Red Marble 

facies and nearby unaltered limestones throughout Southern Ireland to compare the CAI 

values associated with reddening with those which were the result o f regional heating 

(mostly CAI 5). She established that CAl values increased from 5-6.5 in 

unaltered/unhematised limestone to 6.5-7 in hematised zones. Price (1986) had 

recorded a similar pattern of CAI values, rising to 6-7 in the core o f the Red Marble 

development across the Victoria Point Chert Member, Kiliamey.

Such anomalously high CAI values in the Red Marbles equate to temperatures in excess 

o f 500°C (Kovacs and Arkai, 1987) which clearly contradicts other maturation indices. 

For example, illite crystallinity values record a normal regional metamorphic grade, 

250-300°C, through the unhematised limestones and across the hematised units. 

Furthermore the presence of chlorite and iron silicates indicates temperatures in the 

region o f 300°C.

Studies o f the white conodont elements using the SEM by Shearley (1988) showed that 

the surfaces o f the elements were corroded and etched and exhibited secondary growth 

o f apatite. Shearley concluded that the leaching textures coupled with the white 

conodont elements reflects the passage o f hot, oxidising fluids which corroded the 

elements and oxidised the organic components.
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6.7 CONCLUSIONS

Hematised Low er Carboniferous limestones occur throughout Ireland from Hook Head 

in the SE to Ballinasloe in the NW. The hematised limestones may be sub-divided 

depending on their stratigraphical position. Those at the o lder stratigraphical levels 

(pre-Ballysteen Limestone Formation) are typical sedim entary iron ores. Those 

associated with the W aulsortian M udbank C om plex consist o f  hem atite impregnation or 

replacem ents o f  carbonate or argillaceous m udstone. There appears to be some 

geographical control o f  facies with the Red M arble Facies being prevalent in the South 

o f  the country (Counties Cork and Kerry). This m ay in part reflect the importance o f  

Variscan-aged pressure solution in generating the typical brecciated textures o f  the Red 

M arble facies. Variscan strain in a general way decreases northward. In many areas 

there are clear stratigraphic and geographical demarcations, for example the Supra 

W aulsortian-Red M arble Facies has only been recognised/encountered in southern 

Ireland (Co. Cork and part o f  Kerry) to date.

At all locations hematisation can be shown to have occurred early to very early in the 

diagenesis o f  the host lithologies, in most cases pre- to syn-initial calcite cementation. 

There appears to be a definite facies/depositional/environm ental control with 

hem atisation preferentially occurring in the m ore argillaceous lithologies.

G eochem ical analysis indicates that the hem atised zones have a similar geochemical 

signature to unaltered limestones and that their red colouration results primarily from 

the oxidation state o f  the Fe whose concentration is generally quite low.
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7.1 AIMS

Detailed petrography provides excellent paragenetic inform ation for the various 

m ineralising phases. However these direct observations becom e m ore powerflil when 

coupled with well-constrained isotopic data. For the purposes o f  this study it was 

decided to concentrate primarily on the iron oxides (particularly as no previous isotopic 

studies have been carried out on this important alteration facies) as well as obtaining 

supplem entary isotopic analysis o f  the paragenetically related sulphides and carbonates.

•  Iron oxides:

All previous isotopic studies in the Irish Orefield have concentrated on the carbonates 

and sulphides. It was hoped that oxygen isotope analysis o f  the intergrown quartz and 

iron-oxides w ould provide an indication o f  the depositional/mineralising environment. 

Due to the finely crystalline nature o f  the silica (much o f  which is crypto-crystalline) it 

is not possible to acquire fluid inclusion homogenisation tem peratures; however, it was 

it was hypothesised that the tem perature o f  formation o f  the quartz-hem atite-m agnetite 

assem blage could be measured by analysing co-existing quartz-iron-oxide mineral pairs.

•  Sulphides:

The Crinkill prospect displays favourable indications o f  econom ic base metal 

m ineralisation, such as its location on a large regional structure (the Knockshigowna 

fault) iron-oxide mineralisation, dolomite matrix breccias, and replacive base metal 

mineralisation. To date no economic mineralisation as been discovered. One reason for 

this may be that fluid mixing, which may be indicated by sulphides demonstrating 

bim odal light and heavy 5^‘*S values, did not occur.

•  Carbonates:

Crinkill, in com m on with the majority o f  other Irish base metal occurrences, displays 

pre-, syn- and post-mineralisation dolomites. Petrographic analysis (see Chapter 3) 

indicates that two o f  the dolomites, the dark finely crystalline dolom ite and the coarse 

white dolom ite appear to be part o f  the same phase o f  dolom itisation. It was hoped that 

isotopic analysis might confirm this suggestion as well as indicating the source o f  the 

dolom itising/hydrotherm al fluids.
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7.2 INTRODUCTION

The following is intended only as a b rie f introduction to stable isotope geochemistry. 

For a fiill description see O ’Neil (1986) and Cam bell and Larson (1998).

Stable isotope geochemistry is predominantly concerned with the isotopic ratios o f  light 

elem ents such as H, C, N, O, and S. These light elements are useful because their 

isotopic com positions in geological m aterials vary as a result o f  fractionation which 

may be controlled by param eters such as tem perature. Their principal advantages are as 

follows:

•  the relative mass difference between the rare (heavy) isotope and abundant (light) 

isotope, which in part controls the m agnitude o f  the fractionation, is large: for 

exam ple 12.5% in 100% in D-H; com pared with 1.2% for *^Sr-**Sr 

(O ’Neil, 1986).

•  they are found in many com pounds, particularly in naturally occurring minerals, 

rocks and fluids.

•  they exist in more than one oxidation state and form chemical bonds that are 

covalent in nature.

•  the abundance o f  the rare isotope is sufficiently high to allow precise determination 

o f  the isotopic ratio by mass spectrometry.

Stable isotopes are particularly important in ore deposit geology as they provide 

inform ation on the tem perature o f  mineral deposition, sources o f  the hydrothermal 

fluids, sources o f  the sulphur and carbon (and by inference the metals) and finally 

inform ation concerning the water:rock interactions.

The partitioning o f  stable isotopes o f  an element amongst different coexisting phases (in 

isotopic equilibrium ) is called fi'actionation and may occur during various physical 

(kinetic) and chemical (equilibrium ) processes. The isotopic fractionation that occurs as 

a result o f  such processes is governed by the frac tio n a tio n  fa c to r (a ).

Essential to the interpretation o f  the stable isotope ratios is the knowledge o f  the 

m agnitude and tem perature dependence o f  isotopic fractionation factors between the
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common minerals and fluids. For example the distribution o f  isotopes between two 

substances A and B (a  A-B) is defined as:

Equation 1.)

A n  -  —a A-B = —
Rii

where R a  and R b  are the ratios o f the heavy isotope to the light isotope in the substances 

A-B (RA = ('*0/''0)A,etc.).

If the isotopes are distributed randomly throughout the substance, a  is related to the 

equilibrium constant, K, for the isotopic exchange reaction by the relationship 

a  = K where n equals the number o f atoms exchanged.

In practice the differences in the absolute ratios between two substances (the sample 

and a standard) are measured, rather than the absolute ratios in every phase. For 

operational reasons stable isotope ratios are reported in the delta per mil (5 % o )  notation 

as defined by:

Equation 2.)

5 a  =  ( R a - R s t d ) R s t d  ' X 1 0 ^

Thus 5 a  equals the isotopic ratio o f a sample (A) relative to a standard. The relationship 

between a  and 5  is described by:

Equation 3.)

ttA -B  =  1 + 5  OOP =  1 0 0 0  + 5 a 

l + 5 b / 1 0 0 0  =  1 0 0 0  +  5 b

As fractionation factors are equilibrium constants, a  is related to the energy o f  an 

exchange reaction by Ina. Since the values o f a  are close to unity the difference in 5 

values o f  two coexisting phases is approximately the per mil fractionation. The 

diflference between the 5-values o f two minerals A and B ( 5 a - S b ) defined as (and using 

equation 3) and defining Aa-b as 5a-b:
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Equation 4.)

lOOO InciA -B “  5 a -b =  A a-b 

Fractionation factors are obtained or calculated in three ways:

1. Sem i-em pirical calculations utilising spectroscopic data.

2. L aboratory calibration studies.

3. M easurem ents o f  natural samples with either very well known or highly constrained 

form ation conditions.

Fractionation factors may be influenced by tem perature and by the chemical 

com position and crystal structure o f  the substances under investigation.

T em perature:

Experim ental studies dem onstrate that isotopic fractionation decreases with increasing 

tem perature; that there is substantial regularity in the order o f  heavy isotope 

enrichm ents am ong coexisting phases; and that the isotopic fractionation among high 

tem perature phases are still large relative to analytical error.

Finally isotopic fractionation is pressure independent. From this it can be demonstrated 

that the function lOOOlna has an almost linear relationship with in '"  for mineral- 

mineral and mineral-fluid pairs as described by the equation:

Equation 5.)

1000lnaA-B = A (1 0 ‘yr^) + B

w here T  is in degrees Kelvin, and A and B are experim entally derived constants for the 

particular isotopic system. This relationship, w here the fractionation factor between 

tw o m inerals is tem perature dependent allows the use o f  stable isotopes as 

geotherm om eters.
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To be o f  use as geotherm om eters mineral pairs m ust have been co-precipitated in 

isotopic equilibrium  with each other and have retained their isotopic com position (not 

undergone later re-equilibration or alteration). Once the equation describing the 

fractionation between mineral phases and the fluid phases from which they are 

precipitated is known, the fractionation between a pair o f  co-precipitated minerals from 

a parent fluid can be derived. Consider the sulphur isotope distribution in a co- 

precipitated galena-chalcopyrite pair in equilibrium  with a S'^ bearing fluid;

Galena-HjS: 10^1nogai-H2s = -0.63 (1 Ô AT*) «  5gai-5H2s

Chalcopyrite-H 2S: 10^1nocpy-H2s = -0.05 (10^/T ') a  5cp-5h2s

Com bining the two equations:

10̂ Inagai.cpy = -0.58 (10*/T') = 5gai-6cpy = Agai-cpy

The best geotherm om eters are those which have the largest tem perature dependence o f  

fractionation. For exam ple isotopic fractionation in the quartz-iron-oxide

(m agnetite/hem atite) pair is strongly dependant on tem perature and therefore provides 

the most sensitive geotherm ometer.

C hemical Composition:

The isotopic properties o f  a substance/mineral depend most importantly on the nature o f

its chemical bonds. The oxidation state, ionic charge, atomic mass and electron

configuration o f  the elem ents and the elements to which they are bonded are also 

im portant considerations (for a detailed discussion, see O 'N eil, 1986).

Typically bonds to ions with high ionic potential and low atom ic mass will 

preferentially incorporate the heavy isotope, as will substituting elem ents o f  higher 

m asses in the same oxidation. For example, ‘*0  will preferentially bond to the small 

but highly charged Si"*̂  ion as opposed to the relatively large Fe""  ̂ ion; therefore in 

natural assemblages, quartz is always the most '*0-rich mineral and magnetite the most 

’*0-deficient.
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Crystal S tructure:

The crystal structure o f  a mineral may influence the isotopic proportions to an extent 

depending on how different the atomic interactions are between the various structural 

forms. However, crystal structural effects are minor in im portance when com pared with 

those due to  chemical bonding and therefore they will not be discussed further here. 

The carbon system exhibits one o f  the largest isotopic effects due to structure, with the 

heavy isotope being preferentially incorporated into the m ore dense phase.

Pressure:

The change in m olar volum es o f  solids on isotopic substitution is small (in the order o f  

hundredths to tenths o f  a percent) and therefore it is normally assum ed that pressure has 

a negligible effect on isotope fractionation.

7.2.1 Stable Isotopes in Hydrothermal Systems 

Hydrogen and Oxygen:

The origin o f  ore forming fluids and the nature o f  hydrothermal systems are typically 

investigated by com paring the O and H isotopes o f  the hydrothermal fluid and 

surrounding minerals, rocks and alteration assemblages with those o f  ‘natural’ waters 

and unaltered lithologies.

The isotopic com position o f  an aqueous fluid from which a particular mineral phase 

precipitated may be estim ated either directly from the 5D and 5 '* 0  com position o f  fluid 

inclusions it contains o r indirectly from the measurement o f  isotopic ratios o f  elements 

in the mineral itself. The later method was used in this study. It requires knowledge o f  

the tem perature at which the mineral precipitated which m ay be obtained from fluid 

inclusion geotherm om etry. This can be used in conjunction with the equation 

describing the fractionation between the mineral and the liquid from which it 

precipitated to describe the 5D /5 '*0  values o f  the hydrothermal fluid. Using the 5 o f  

the mineral (for example 5 '* 0  dolomite) and an estimated tem perature o f  mineralisation 

(attainable from fluid inclusions) coupled with an equation governing the reaction o f  the 

fractionation factor o f  the mineral with water enables the calculation o f  the 5 value o f  

the hydrothermal fluid.

184



Chapter 7 STABLE ISOTOPES

It is worth noting that if the equations governing quartz-water or calcite-water 

fractionation are used, an uncertainty, o f ±15% or higher in the temperature estimate 

results in a corresponding uncertainty o f the calculated 5'*O h2o o f about ±3%o at T  =  

100°C.

Recent work indicates that elevated fluid salinity may also have an affect on the 5'*0 

fractionation factor. However the isotopic shifts are typically very small, in the order o f 

±l-2% o (Horita et al, 1993). Finally in most cases the amounts o f H and O removed 

from hydrothermal fluids to precipitate minerals is negligible when compared to the H 

and O content o f the fluids themselves and thus the reactions may be treated as open 

systems.

Reference Waters:

The following is a summary o f the potential parental fluids involved in hydrothermal 

systems. For a fiill discussion see Sheppard and Ohmoto (1986). Caution is needed 

when trying to ‘fit' a fluid into one of these water fields as many exceptions are known. 

Values o f S'*0 are cited with respect to SMOW.

Seawater:

Normal present-day seawater has a relatively constant isotopic composition o f 5D 

0±10% o and S '* 0  of 0±l% o. It is estimated that the S '* 0  of the oceans may have 

fluctuated by ±596o over the last 3 billion years (Sheppard, 198 6 ). Pa laeo geo graphic 

reconstruction o f the British Isles and Ireland suggest that Ireland was equatorial during 

the Carboniferous; S'*0 o f Carboniferous seawater is estimated to have been O±196o 

(Fig. 7 .1 ) . Analysis o f the dissolved oxygen gas content o f present-day seawater 

indicates that it is not in equilibrium with seawater ‘*0, typically having values in the 

order o f 22 to 3896o (Kroonpik, 1 97 1 ).

Meteoric Water:

Meteoric water values are typical negative and are dependant on geographic location 

generally becoming increasingly lighter from the equator to the poles (Fig. 7.1).
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Magmatic Water:

Typical magmatic waters have S‘*0 values in the order o f  5-15%o (Fig. 7.1).

Sedimentary Pore Fluids:

In general sedimentary pore fluids exhibit continuous decrease in 5 '*0  with depth; this 

trend is thought to be largely due to the removal o f  the heavy S '*0  isotope during clay 

formation. Pore fluids will reflect the initial fluid composition (seawater or meteoric) as 

well as the lithologies through which they have passed. For example pore fluids o f  

seawater origin in carbonate rich sediments will have 5 '*0 values o f  circa 5-10%o.

Basin Brines:

Brines display a great degree o f  variation (5 '*0  -2 0  to 10%o); however high temperature 

saline brines from different sedimentary basins all have isotopic compositions within 

5 ‘* O o f-7  to±3% o (Fig. 7.1).

Metamorphic Fluids:

These are defined as fluids generated by the dehydration o f  minerals during 

metamorphism. Their S '*0 values may be very variable and can be very variable (5 '*0  

from 3 to 20%o) depending on the nature o f the metamorphism (Fig. 7.1).

Organic Waters:

Organic waters are defined as waters whose 8D and S '*0 values originated from the 

transformation o f organic mater, bitumen, petroleum and gases etc by dehydration, 

dehydrogenation, oxidation and/or exchange. The 5D values (-90 to -25096o) reflect the 

organic matter while the S‘*0 values (-8 to +20%o) are controlled by the reservoir rocks 

(Fig. 7.1).
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SeawatJ
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Figure 7.1: 5D versus S '*0  diagram showing typical ranges for potential isotopic 

sources/reservoirs in the Earth’s crust (modified after Sheppard, 1986 and Kroonpik, 

1971).

Carbon and Sulphur:

While analysis o f the 5D and S '*0  o f a mineral/inclusion allows us to model the origin 

o f a hydrothermal fluid, study o f the C and S isotopic signatures will provide an 

indication o f the source o f sulphur and the precipitation mechanism o f the ore and 

gangue minerals.

In natural systems the major causes o f isotopic variation o f C and S are redox reactions 

as both elements occur in many different valency states; for example sulphur occurs as 

S"' in sulphide, S*’ in native sulphur. S'** in SO" and S** in sulphate. These redox 

reactions are controlled by many biologic and non-biogenic mechanisms. Variations in 

isotopic composition may also occur due to changes in temperature, pressure, pH and 

ftigacity.

Hydrothermal fluids typically contain small concentrations o f C and S (less than 1 

mole/kg o f water); therefore precipitation o f any mineral containing these elements may 

remove a significant proportion o f available C and S leading to a non-open system.
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This results in variation o f  C and S isotopic composition o f  C and S bearing phases 

precipitated as the isotopic composition o f  the parental fluid changes.

Carbon:

Carbon is typically fixed in carbonate minerals and therefore the hydrothermal fluid 

must contain some o f  the oxidised carbon species (CO2, H2CO3, HCO^' or C0 3 ‘̂). The 

ratio o f  these species at equilibrium in a hydrothermal fluid is controlled by pH and 

temperature. It is estimated that at temperatures below 250°C isotopic and chemical 

equilibrium between CO2 and CH4 is not achieved; the 5'^Ctco2 values in this cases 

may be used directly to establish the source o f  carbonate carbon.

Sulphur:

Accurate determination o f  the source o f  S in ore deposits depends ultimately on the 

recognition o f  the diverse processes that can affect the fractionation o f  the S isotopes 

during mineralisation. Sulphide may be derived fi-om sulphate by two principal 

processes.

Firstly sulphur reducing bacteria reduce sulphate to liberate HiS, a process which can be 

summarised in the following equation:

2CH2O + SO-*' + 2H" 2H2O + 2CO2 + H2S

The anaerobic bacteria acquire the energy required for growth by coupling the oxidation 

o f  simple molecules to the reduction o f  sulphate (Konhauser, 1998). This process is 

known as Biogenic Sulphate Reduction (BSR). The most common sulphur-reducing 

bacteria are o f  the genus Desulfovibrio', they are obligate anaerobes most active in 

environments where anoxic conditions are created by the decomposition o f  organic 

matter. The two main environments are below the sediment:water interface and in 

euxinic water bodies. The sulphide generated subsequently reacts with solid-phase 

iron-oxides or hydroxides within the sediment. These partially oxidised sulphur phases 

(or H2S) eventually convert FeS to pyrite. Recent evidence suggests that the upper limit 

for microbial activity may extend higher than 100°C (Jorganson et al., 1992).
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Thermochemical Sulphate Reduction (TSR) has been proposed as a mechanism o f  

sulphate reduction by many authors (Orr, 1974; Krouse, 1988) with essentially light 

hydrocarbon gases acting as reducing agents. TSR is very difficult to prove. However, 

a gas expulsion model (presumably with associated TSR) has been proposed as a 

mineralisation mechanism for the Lennard Shelf base metal deposits (Eisenlohr et al. 

1994).

The Ŝ '̂ S values o f  diagenetic sulphide are a function o f  the value o f  seawater sulphate, 

the kinetic effects due to BSR/FSR and whether the system was open or closed with 

respect to sulphide/sulphate. Simple metal sulphide precipitation in hydrothermal 

systems may be represented as:

MeCIn''" +  H2S ^  M eS + 2H" + nCl'

Where Me represents a divalent metal (such as Zn. Pb and Fe), suggesting that chemical 

and isotopic equilibrium is readily achieved. In reality this is very difficult to prove. 

Commonly observed fractionation factors are smaller than those expected for 

equilibrium, implying that isotopic disequilibrium developed at the site o f  ore 

deposition.

7.3 SAMPLE PREPARATION

Mineral separates were obtained by one o f  two methods. Where the mineral was 

sufficiently coarse it was sampled using a binocular microscope and a micro-drill. All 

the carbonate and sulphide minerals were liberated in this manner.

The intimately intergrown and finely crystalline iron-oxide (hematite, silica +/- 

magnetite) samples were first crushed using a Tema Disc Mill. Following this the 

samples were washed in water until the returns were clear o f  any fine particulate matter. 

Magnetite, where present, was separated with a hand held magnet. The hematite was 

removed using a Cook and Sons Magnetic Separator utilising a variable tilt angle o f  15 

to 25° and a current o f  0.2 to 0.4 Amps respectively. The remaining non-magnetic 

portion was washed in a 50:50 ratio o f  6M HCI and distilled water for 8 to 10 hours and
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then dried in a low temperature oven. Mineral separates were randomly chosen for 

X R D  analysis to assess their purity.

A ll o f  the isotopic analysis w ere performed at the Isotope G eology Unit, Scottish  

Universities Research Reactor Centre (SURRC).

The follow ing standards w ere used:

Standard: Mineral: Element: Expressed relative to:

Internal Laboratory 

Standard: SMCAL

Carbonate Oxygen & Carbon Standard Mean Ocean Water -  

SMOW (5'*0) & Pee Dee 

Belemnite -  PDB (5'^C).

Internal Laboratory | Silicate & Iron Oxide 

Standard: SES j

Oxygen Standard Mean Ocean Water -  

SMOW (5'*0)

Internal Laboratory j Sulphides 

Standard: Z-4I !

Sulphur Caflon Diablo Meteorite -  CDT 

(5” S)

The analytical techniques utilised were;

Carbonates:

CO: gas for analysis was extracted from calcite and dolom ite by reaction with 

phosphoric acid in a vacuum at 25° for 24 hours as described by McCrea (1 9 5 0 ). The 

resultant CO 2 was analysed on a mass spectrometer and results were expressed relative 

to the PDB standard for carbon and SM OW  for oxygen.

Iron-Oxides and Silicates:

0 :  gas for analysis was extracted from silica/quartz and the iron-oxides by reaction in 

BrFi and activation with a laser (Rum ble and Sharp, 1998). The O2 w as reacted with a 

hot carbon rod to produce CO 2 which w as then analysed on a m ass spectrometer. 

Results are expressed relative to the SM OW  standard for oxygen.

Sulphides:

SO 2 gas for analysis w as extracted from sulphides by high temperature reaction with 

cuprous oxide in a vacuum, based on the standard techniques o f  Robinson and 

Kusakabe (1 9 7 5 ). Results are expressed relative to the CDT standard for sulphur.
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7.4 RESULTS and DISCUSSION 

7.4.1 CARBONATES

Standard: Internal Laboratory Standard -  SM CAL

Results have an analytical error o f  ±0.05%o, based on reproducibility o f  standards (five 

replicate analysis o f  SM CAL range from 5'*0(cai)21.4 to 21.8%o).

In total 36 carbonate separates (11 calcite, 25 dolom ite) were analysed from 27  sam ples 

from the Crinkill Prospect (Table 1). Four dolom ite replicate sam ples were analysed; 

the precision ranged from 0.1 to O.396o.

Calcite:

In total 11 calcite separates were analysed from 9 specimens. O f these 4 analyses were 

m ade o f  early diagenetic calcite, 3 o f  post-hem atite calcite, 2 o f  post-sulphide 

m ineralisation-late calcite, and a single Ballysteen Limestone Form ation (ABL) bioclast 

calcite (see Figure 7.2,7.4, Table 1).

Four early diagenetic calcite cements; pre-hematisation. Stages 1 to 3 (see Chapter 3), 

yielded a variable range o fS '* 0  values from 28.6 to 39.3%o (mean=35.3%o). In contrast 

S ’^C values exhibited little variation with values between 3.8 and 4. l%o. Such large 

5 '* 0  isotopic shifts, ±IO%o, are not unusual in carbonate rocks as a result o f  

sedim entary and diagenetic process (F reihauf and Pareja, 1998).

Three, blocky, space-filling. Stage 4, calcite cements exhibit a range o f  S ‘*0 values 

from 20.5 to 22.9%o (m ean=21.896o) and S'^C from 3.4 to 5.3%o.

Tw o late (post sulphide. Stage 5) cross-cutting calcite veins/stringers yielded 5**0 

values o f  18.8 and 19.7%o (mean=19.3%o) and S‘^C values o f  3.0 and 3.5%o. A single 

calcite analysis from the Ballysteen Limestone Form ation yielded a value o f  5 '* 0  o f  

30.6%o and 8 '^ C o f-1 .3 .
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□  Waulsortian Biomicrite (et al) 

BABL Calcite

■  Calcite Post Sulphide 

Q Calcite Post Hematite

■  Hematitic Calcite

□  Early Calcite

;jLQ
1 « i a  20 22 24 2 S 2 B 3 0 3 3

f i lS O S M O W

Figure 7.2: Histogram o f  calcite 5**0 results. Data from 

Waulsortian biomicrite are from Hitzman et al. (1998).

The 5 '* 0  values are shown in Fig. 7.2 with data from Waulsortian biomicrite (Hitzman 

et al. 1998). The results indicate a clear differentiation between the various calcite 

stages. 6 '* 0  o f most o f  the early calcite and the Waulsortian biomicrites range from 

+26 to 30%o; the remaining outliers may be due to analytical error or diagenetic effects 

(Freihauf and Pareja, 1998). The Stage 4 calcite (‘post-hematite’ see Chapter 3- 

Crinkill), representative o f  intermediate diagenesis, ranges between 22 and 24%o. Late 

Stage 5 calcite (post iron-oxide and sulphide mineralisation) has values around 18%o. It 

is worth noting that calcite intimately associated with hematite falls within the early 

diagenetic/Waulsortian micrite population.

The S'*0(H20) for a fluid co-existing with calcite was calculated using the equation o f  

Friedman and O ’Neil (1977):

10̂  In a  calcile-waler ( 0 - 5 0 0 =  2.78 X lO^T  ̂-  2.89

Modelling o f  the data, using the average § '* 0  value for each calcite stage and assuming 

that the early calcite (Stage 1 to 3) was in equilibrium with Lower Carboniferous
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seawater (5 '*0  -1 to +l%o), indicates that early calcite precipitated at temperatures 

ranging between 10 and 25°C (Fig. 7.3). Unfortunately no fluid inclusion 

homogenisation temperatures are available for the later stages o f  calcite; however if it is 

assumed that they were in equilibrium with Lower Carboniferous seawater (which is 

unlikely), their minimum precipitation temperature would have ranged between 55 to 

70°C (for Stage 4) and 70 to 90°C (for Stage 5). It is more likely that these calcites 

were in equilibrium with isotopically heavier formational/pore waters. If the Formation 

water had a S‘*0 o f  5%o temperatures o f  precipitation o f  late calcites would have been 

100 and 130°C (Fig. 7.3).

30.00

25.00 

20 00

15.00

10.00 

5.00 

0.00

-5 .00 •'

- 10.00 '

-15 .00  ■.

- 20.00

Figure 7.3: Modelled temperatures o f  precipitation o f calcite cements from Crinkill 

based on their 5 '* 0  values.

In contrast 5'^C results show no clear differentiation between the various calcite stages 

(Fig. 7.4).
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F igure 7.4: Histogram o f  calcite 5 ‘^C results. Data from 

Waulsortian biomicrite are from Hitzman et al. (1998).

Dolomite:

In total 23 dolomite separates were analysed from 19 samples representing the three 

principal dolomite phases at Crinkill; the regional dolomite (D l, n=9); hydrothermal 

dolomite (D2, n=6); and coarse white dolomite (D3, n=8) (see Figure 7.5 and 7.6, Table 

1). The 5'*0(H20) for a fluid in equilibrium with dolomite was calculated using the 

equation o f  Land (1980):

l O ^ l n  ̂  dolomite-water (100-650 X!) 3.23 X lO^r^ -  3.29

The regional dolomite samples exhibit a mean S '*0  o f  22.9%o, ranging between 19.8 

and 26.3%o (Fig. 7.5). Carbon 5 ’^C varies from 2.2 to 4.7%o (Fig. 7.6).

Fluid inclusions analysis were not obtained; however, macro- and microscopically 

similar dolomite from Lisheen yielded homogenisation temperatures between 70° and 

218°C (Hitzman et al., 1998; Eyre, 1998; Strashimirov, 1999). These temperatures 

were used in the modelling o f  the composition o f  the parental fluids at Crinkill.
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Modelling indicates that the regional dolomite at Crinkill precipitated from a parental 

fluid with a 5 ‘*0(H20) ranging from 7 .8  to 13%o (Fig. 7 .7 ).

S’*0 o f  six dark, finely crystalline, hydrothermal dolomites ranged from 2 2 .4  to 24.7% o 

(mean 23.6% o) (Fig. 7 .5 ) . Corresponding 5'^C values range from 3 .4  to 4.2%o (Fig 7.6). 

Primary fluid inclusion results from the dark, fine, dolomite yielded a homogenisation 

temperature o f 177°C (salinity 16.9 wt% NaCl) (see Chapter 3 ) giving a modelled 

s'*Oh2o parental o f 10.9%o (Fig. 7.7).

8 separates o f  the coarse white dolomite analysed yielded a mean 5**0 o f  22.1% o (range 

from 20.0 to 23.3% o) (Fig. 7.6). The corresponding 5'^C values are from 1.9 to 4.4%o 

(Fig 7.7). Primary fluid inclusion results from the coarse white dolomite yielded 

bimodal homogenisation temperatures o f  100 to 160°C and 160 to 185°C (salinities o f  7 

and 14wt% NaCl) giving a modelled 5 ‘*Oh2o parental fluid between 2.2 to 10%o (Fig 

7.7).

□  C o a rse  W hite  Dolomite 

■  D ark Dolomite

n  R egional Dolomite

□  W aulso rtian  Biomicrite

18 20 22 24 26 28 30 32
618 0  SMOW

Figure 7.5: Histogram showing frequency o f  5'*0  

values o f  Crinkill dolomites with data on Waulsortian 

micrites for comparison (Hitzman et al. 1998).

The 5'*0 o f  the dolomites are significantly lighter than that o f the Waulsortian protolith, 

(2 0  to 26%o). However all the dolomites are isotopically very similar perhaps 

suggesting a low waterirock ratio. The 5'^C results again are indistinguishable.
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indicating that the dolomitising fluid was probably buffered by the Waulsortian with 

respect to bicarbonate (Fig. 7.6).
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□  W aulsoftan  (etal) I
I

1 2 3 4 5 6

513C PDB

Figure 7.6: Histogram showing frequency o f  S'^C 

value from Crinkill dolomites with data on Waulsortian 

biomicrites for comparison (Hitzman et al. 1998).
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Figure7.7: Isotopic composition o f  Crinkill dolomite parental fluid.
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In general all the carbonate stages analysed have normal distributions and low standard 

deviations. A 5 ’^C versus 5 '*0  plot o f  dolomites, early diagenetic calcites and 

unaltered Waulsortian biomicrites (data after Hitzman et al. 1998) shows an 

increasingly light hydrothermal 5 '* 0  signature and a depleted 5'^C signature (Fig. 7.8, 

arrowed).

3.5

CD
O
Q.

o
•  R e g io n a l  D o lo m ite  

■  M y d ro th e rm a l D o lo m ite  

▲ C o a r s e  W h ite  D o lo m ite  

X  B io m ic r ite s

- 1.5
6 O SMOW

Figure 7.8: S'^C PDB versus 6 '*0  SMOW for Crinkill Dolomites. Note that no 

‘feeder-type’ dolomites were analysed. Silvermines and Lisheen data from Hitzman et 

al. 1996; Keel/Garrycam data from S low eye/a /. 1995).
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Cement: 5180 (%o SMOW) 
n Range Mean

513C (%o PDB) 
n Range Mean

Th:

°c

Salinity:
wt%NaCI

Diagenetic Calcite (S1-S3) 4 28.6 - 39.3 35.3 4 3 .8-4 .1 4

Diagenetic Calcite (S4) 3 20.5 - 22.9 21.8 3 3.4 - 5.3 4.2

Late Calcite (S5) 2 18 .8 -1 9 .7 19.3 3 3 .0 -3 .6 3.4

ABL -  Bioclast Calcite 1 30.6 - 1 -1.6

Regional Dolomite (D1) 9 19.8 - 26.3 22.9 9 2 .2 -4 .7 3.5 70-218 5.4

Hydrothennal Dolomite 6 22.4 - 24.7 23.6 6 3.4 - 4.2 3.9 177 16.9

(D2)

Coarse White Dolomite 8 20 - 23.3 22.1 8 1 .9 -4 .4 3.5 100 - 160 7

(D3) 160-185 14

Table 7.1: Isotopic composition o f  carbonates from Crinkill.

Homogenisation temperature (Th) and salinity derived from analysis o f

fluid inclusions (D1 from Hitzman et al., 1998; Eyre, 1998; D2 and D3 this study).

Discussion:

Unaltered Waulsortian limestone and early diagenetic calcite cements have isotopic 

values between S‘*0 c. 28 to 39%o and 5 ‘̂ C c. 3 to 4%o, similar to those recorded by 

previous workers (Boast, 1981; King, 1984; and Hitzman et al., 1998). In contrast the 

dolomites are lighter, ranging from S'*0 +19 to 26%o; the ore stage dolomites vary 

between 20 to 24%o.

All three dolomite stages have very similar isotopic ranges suggesting that 

dolomitisation may have been a relatively rapid event with low water:rock ratio; the 

dolomites only partially equilibrated with the host limestone. The extent o f  interaction 

o f  the dolomitising fluids with the Waulsortian Mudbank Complex host rocks is 

indicated by the C -0  isotope values o f  the hydrothermal dolomites which illustrate only 

minor exchange towards equilibrium with the Waulsortian host rock (Fig. 7.8). 5 ‘^C 

values are intermediate to high possibly suggesting that limited fluid mixing occurred. 

The depletion frend in the 5'^C values may be ascribed to the initial mixing o f  

Waulsortian-derived and bacterially oxidised carbon followed by increasing input by 

lighter hydrothermal 5'^C.
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Hydrothermal carbonate carbon from other deposits and prospects exhibits distinctive 

5 ‘̂ C populations which are interpreted by Hitzman et al. (1996) as defining distinctive 

mixing trends:

•  Low 513C  (-6 to -396o) derived from non-carbonate rocks through which the fluids 

migrated.

•  Intermediate S'^C (-3  to 396o) possibly indicative o f  fluid mixing.

•  High 5'^C (3 .5  to 4.596o) representative o f unaltered Waulsortian micrites.

When plotted, each trend is different possibly as a result o f  different waterirock ratios in 

each mineralising system (see Fig. 7.8). Unfortunately no deep boreholes exist at 

Crinkill, so it is not possible to sample deeper ‘unmixed’ hydrothermal carbonates. 

However a plot o f the available data suggests that Crinkill exhibits an intermediate 

mixing line, similar to the Silvermines deposit (Fig. 7.8).

Modelling o f  the regional dolomite results (assuming a similar temperature o f 

crystallisation to Lisheen, i.e. 70 to 218°C) indicates that the dolomite precipitated from 

a parental fluid with a 5'*Oh2o o f  between 0.5 to l396o, typical o f  a hydrothermal basinal 

brine/seawater source (see Fig. 7.1). Limited fluid inclusion data obtained from the 

dark, fine, dolomite (177°C); suggests a parental fluid 5'*Oh2o o f 10.9%o, also 

characteristic o f  a hydrothermal basinal brine/seawater source (see Fig. 7.7 and Fig 7.1). 

Fluid inclusion results from the coarse white dolomite (I00-I85°C , bimodal distribution 

indicative o f  fluid mi.xing, see Chapter 3-Crinkill); suggests a parental fluid 5'*Oh2o o f  

between 2.2 and 10%o, again consistent with a hydrothermal basinal brine/seawater 

source (see Fig. 7.7 and Fig. 7.1).
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7.4.2: SILICA

Standard: Internal laboratory standard -  SES

The results have an analytical error o f  ±0.396o, based on reproducibility o f  nine 

standards.

A total o f  26 quartz/silica separates were analysed from 21 samples from 4 sites, 

Crinkill (n=8), Tynagh (n=10), M agcobar-Ballynoe (n=3) and Lisheen (n=5) (see Table 

7.2 and Fig. 7.9). One o f  the Tynagh separates (coarse, space filling, quartz) yielded a 

S '* 0  value o f  15.3%o; when repeated it was 15.8%o; however, it was not used in the 

subsequent modelling. For com parison purposes a single sam ple o f  diagenetic chert 

from the N odular M icrite Unit (NM U) at Crinkill was analysed. Four replicate analysis 

were made, the yielded a precision o f  ±0 .596o.

T ab le  7.2: 5 ’*0  o f  silica from various Irish base metal deposits.

Site: iNo. of 

Analysis:

Range 

5'*Osmow ( % o )

Mean 

5'*0 S M O W ( % 0 )

Standard Error 

( lo ):

Crinkill 7 25.2 -  28.2 26.9 0.4

Tynagh 9 2 1 .8 -2 6 .2 24.3 0.5

\lagcobar 3 24.3 -  26.57 25.2 0.6

Lisheen 5 24.9 -  27.5 26 0.4

Lisheen* 2 25.71 -2 8 .3 7 27 1.3

Navan 1 25.5 - -

Ballynoe 10 23.3 -2 6 .6 25 0.3

Silvermines B-zone 6 24.1 -  26.9 25.7 0.5

Note: Data from Lisheen* and Navan is from Hitzman 1995b; from Ballynoe is from Hitzman 1995b and 

Fisk 1986 and from Silvermines B-Zone from Fisk 1986.

Overall the quartz/silica results are very hom ogeneous with the data displaying a normal 

distribution (Fig. 7.9). Two samples o f  diagenetic chert, from a horizon 

stratigraphically equivalent, from Crinkill (this study) and Lisheen (Hitzman, 1995b) 

yielded S‘*0  values o f  28 and 29.7%o respectively.
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Figure 7.9: Histogram o f  quartz/silica S '*0 results.

Due to the fine crystal size (much o f  the silica is crypto-crystalline) no fluid inclusions 

were analysed. Parental fluid 8 '*Oh2o was modelled using both temperatures for ore 

stage dolomite/sulphides from each sample site as well as calculated temperatures from 

the silica S‘*0 results (Table 7.3).

The 6 '*0 (H20) for a fluid co-existing with quartz was calculated using the equation o f  

Matsuhisa e /a /. (1979):

lÔ lnCC quartz-water (250-500 ’C) 3.34 X  10 T  3.31

Discussion:

Typical diagenetic silica/chert from the same stratigraphic horizon as the silica/iron- 

oxide has an 5 '*0  value o f  29%o, i.e. similar to the unaltered Waulsortian limestones 

and probably represents deposition at c. 50°C. Silica associated with iron-oxides from 6 

sites and three different studies has oxygen isotopic compositions ranging from c. 23 to 

26%o, with the majority o f  sites averaging 25%o indicating deposition at higher
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tem peratures o f  c. 70°C (assuming parental fluid w as ‘pu re’ seawater, which is 

unlikely).

Site: Homogenisation 

Tem perature °C:

Calculated 

Tem perature °C:

Modelled 5 '*Oh2o (%.) 

F.I. Calculated

Reference:

Crinkill Dolomite 100-185° 53 to 63° 6.2 to 14.3 -0.8 to 1 This study

Tynagh Qtz-Albite 200° 66 to 148° 12.6 -1.6 to 8.9 Boast 1981

Magcobar Barite 70-190° 

Barite 50-120°

62 to 75° 0.1 to 12.9 

-.3.4 to 6.9

-1.1 toO.9 Mullane 1994 

Andrew 1986

Ballynoe 61 to81° -1 to 1 Fisk 1986 & 

Hitzman 

1995b

Siivermines

(B-Zone)

58 to 76° Fisk 1986

Lisheen - 56 to 76° -1.7 to 0.9 Hitzman

1995b

Navan - 68° 0 This Study

Diagenetic 

Chert 

(Crinkill & 

Lisheen)

45 to 53° This Study & 

Hitzman 

1995b

T ab le  7 .3 : M odelled silica parental fluid 5 '*Oh2o

M odelling o f  the results using site specific fluid inclusion homogenisation tem peratures 

(from  paragenetically later phases) indicates that the silica parental fluid had a 5'*On2o 

com position ranging from - 3 .4  to 14.3%o, characteristic o f  hydrothermal basin 

brines/seawater. However, if  the parental fluid is m odelled using the calculated 

tem peratures, the silica parental fluid had a 5'*Oh2o com position o f - 1 .7  to l%o, 

suggestive o f  a fluid predominantly sourced from Lower Carboniferous seawater. Such 

a fluid source is consistent with the paragenetic relationships dem onstrated in chapters 3 

to 6.
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7.4.3. IRON OXIDES

Standard: Internal laboratory standard -  SES

The results have an analytical error o f  ±0.3%o, based on reproducibility o f nine 

standards.

A total o f  49 iron-oxides separates were analysed from 31 samples from 8 sites. Four 

replicate analyse were conducted which gave a precision o f ±0.6%o.

The 10 Tynagh magnetite samples gave a range o f  5 '*0  values from 1 to 12.8%o and a 

single magnetite separate from Crinkill gave a S '*0  value o f  2%o (see Table 4).

The hematite results exhibit a high degree o f  variability at both Tynagh and Crinkill. At 

Tynagh S '* 0  varies from 2.9  to 19.696o while at Crinkill 5 '* 0  ranges from 11.2 to 23%o. 

See Table 7.4 and Figures 7 .10 and 7 .11 for individual site results.

Site: N a  of 

A nalysis';

Range 

8 " O smow (%o): 

Hem M ag

Mean 

5 '* 0  sMow(%o): 

Hem M ag

S tan d ard  E rro r 

( l a ) :

Hem M ag

Crinkill H(16) 11.2-23 - 16.5 - 0.8 -

M (l) 2 - - - -

Tynagh H(12) 2.9-19.6 - 10.4 - 1.6 -

M(10) 1-12.8 6.1 1.2

Magcobar H(2) 22.9-23.2 - 23 - 0.1 -

Navan H(3) 23.3-23.7 - 23.5 - 0.1 -

Keel H(2) 12.4-15.6 - 14 - 1.5 -

Hook H(2) 13.9-15.2 - 14.5 - - -

Head

W hiting H (l) 9.9 - - - - -

Bay

ORS H (l) 14 - - - - -

Table 7.4: 5 '*0  values from iron oxides from iron oxide-silica mineralisation 

associated with Irish base metal deposits, from sedimentary iron ore (Hook Head, 

Whiting Bay), and from Old Red Sandstone.'H=Hematite, M=Magnetite.
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Figure 7.10: Histogram of S '*0 hematite results (see Table 7.4 for raw data).
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Figure 7.11: Histogram of 5**0 magnetite results 

(see Table 7.4 for raw data).
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In comparison to both the carbonate and silica results S '*0 o f  the iron-oxides, especially 

the hematite, is very variable and inhomogeneous with a large range o f  values, 

suggesting that isotopic equilibrium was not achieved.

In several o f  the samples where it was possible to analyse co-existing hematite-quartz (6 

from Tynagh, 5 from Crinkill) and magnetite-quartz mineral pairs (5 from Tynagh) 

there is statistically significant correlation between S’^Oironoxide and 5'*0sj|jca (between 

95%  and 99% using scatter plots) indicating that the large range o f 5 '*0  hematite values 

are unlikely to be analytical artefacts.

Temperatures for iron-oxide precipitation were assumed to be those o f  the co

precipitated silica. The iron-oxide-quartz pairs yielded the following calculated 

temperatures (assuming that silica 5 ‘*0 was in equilibrium with seawater 5 '*0  (0% o) 

and solving the fractionation equation) (Table 7 .5 ) .  If silica 5 ’*0 = +596o calculated 

temperatures increase bye. 30°C.

Location: Sample No: Iroii-Oxide §180 

(96o):

Quartz 5180

(96o):

Calculated 

Temperature °C:

T ynagh T 146-361.6 Hem 13.6 22.1 89°

1154-485 Hem 19.6 24,65 73°

1154-530.1 Hem 11.3 21.8 92“

T 154-184 Hem 16.6 23.6 79°

I I 53-889 Hem 5.65 15.55 148°

I I 25-362 Hem 16.0 25.6 66°

1154-485 Mag 4.7 24.65 73°

1154-530.1 Mag 7.9 21.8 92°

1158-184 Mag 12.8 23.6 79°

T 125-405 Mag 4.3 26.2 63°

1125-362 Mag 5.9 25.6 67°

Crinkill SHR23-08 Hem 19.19 28.19 53°

SHR14-37 Hem 16.35 27.15 58°

SHR23-11 Hem 14.68 27.02 59°

SHR23-10 Hem 15.02 28.27 52° i

SH R 17-08 Hem 12.99 26.3 63° i

T a b le  7.5: Ca culated temperatures for samples with intergrown silica and iron-oxides

(Hematite and Magnetite) based on measured S '*0  silica had 5 1 8 0  = O96o.
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The 5 ‘*0(H20) for a fluid co-existing with hematite and magnetite was calculated using 

the equations o f  Zheng (1991 and 1995):

lO^lnaHematite-water = 2 .69 X  lO^T^ + (-12.82X  10^/T) + 3.78

lO^ln magnetite-water 3.02 X  l(fT ^  + (-12 X  10^/T) + 3.31

Temperatures used in the modelling were based on those derived from ore stage 

dolomite/sulphides from each sample site, as well as those calculated from co-existing 

silica (Table 7.6 and 7.7, Fig. 7.12).

Table 7.6: Isotopic composition o f  fluids from which hematite precipitated in iron 

oxide-silica mineralisation associated with Irish base metal deposits, sedimentary 

ironstones (Hook Head, Whiting Bay), and Old Red Sandstone.

Site: Homogenisatioa 

Tem perature °C:

Calculated 

Tem perature °C:

Modelled S '’©,CO (’i*)

F.I. Calculated

Reference:

Crinkill Dol 100-185° 53 to 63° 34.1-34.3 26.8 to This study

27.1

Tynagh Qtz-Albite 200° 66 to 148° 21.7 21 to21.9 Boast 1981

Magcobar Bar 70-190° 62 to 75° 33.6-34.2 33.5 to Mullane 1994

Bar 50-120° 33-34.3 33.7 Andrew 1986

Navan 68° 33.5 This study

Keel - - - -

Hook Head' - - 24.6 -

Whiting Bay' - - 20 - “

ORS' - - 24.1 -

'Hook Head, Whiting Bay and the ORS were modelled using an assumed temperature o f 25°C.

Calculated temperatures are from 5'*0 silica. Two sets o f values of 5 '*0 are shown; the first based on 

temperatures derived from fluid inclusions; the second based on the calculated temperatures.
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Table 7.7: Isotopic composition o f  fluids from wiiich magnetite precipitated in iron 

oxide-silica mineralisation associated with base metal mineralisation at Crinkill and 

Tynagh

Site: Homogenisation 

Temperature °C:

Calculated 

Temperature °C:

Modelled 5'*Oh2o (X«) 

F.I. Calculated

Reference:

Crinkill

Tynagh

Dol 100-185° 

Qtz-Albite 200°

53 to 63° 

66-148°

8.4 to 9.6 

14

7 to 7.6 

11.9-14.3

This study 

Boast 1981

Note: No magnetite recovered from the other sites. Two sets o f values o f 5180 are shown; the first based 

on temperatures derived from fluid inclusions; the second based on the calculated temperatures.

Discussion:

5 '* 0  values o f  magnetite from Tynagh display a normal distribution (mean 6 .17%o). 

Modelling (assuming a temperature derived from a quartz/albite mineral pair o f  200°C) 

suggest a parental fluid with an isotopic composition o f  14%o. Modelling using the 

temperature based on quartz/magnetite pairs indicates a fluid source with a composition 

in the range o f 11.9-14.396o. Modelling on the single Crinkill magnetite separate 

indicated a parental fluid with 5 '* 0  varying from 8.45 to 9.6796o. Regardless o f  which 

temperature is used, the magnetite parental fluid was isotopically heavier than that o f  

the dolomites and significantly heavier than that o f  the co-existing silica.

In contrast, the hematite results display a wide range o f isotopic values indicating that 

the hematite was not in isotopic equilibrium with the fluid from which it was 

precipitated. Modelling o f  the hematite data from all sites indicates that they could not 

have been precipitated in equilibrium with any geologically realistic water (and at any 

geologically realistic temperature), since the calculated 5 '*0  o f  the parental fluid would 

have ranged from +17  to +30%o with the majority o f  values clustering around +21 to 

2796o(Fig. 7.12).
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Figure 7.12: Modelled values o fS '*0  o f water from which hematite precipitated.

Clearly it is necessary to invoke an oxygen source with a significantly heavier source o f 

S'*0 than seawater (as indicated by the co-precipitated silica).

There are several main ways in which hematite may form. A t low to moderate 

temperatures, such as those under discussion here, iron-oxyhydroxides are the first to 

crystallise and w ill subsequently dehydrate to either goethite or hematite via one o f a 

variety o f routes. Alternatively FeS in the upper Ballysteen Limestone Formation and 

lower Waulsortian Mudbank Complex could oxidise rapidly to form hematite. Finally 

hematite could precipitate directly.

The pathway o f oxidation to hematite is complex, but a key observation is that in a near 

surface sedimentary environment it involves the incorporation o f dissolved 

(atmospheric) oxygen, as well as water oxygen (Garrels and Christ, 1965).

A geologically plausible route would be:

Fe(II) + 02(aq) + ^  Fe(III) + OH'

Fe(III) + (3)0H' ^  Fe(OH)^ ^  FeOOH.HjO
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FeOOH.HaO -)■ (2)FeO O H  ->  Fc203  +  H2O

This is not the case for magnetite which acquires m ost (but not all) o f  its oxygen from 

water. This explains why the 5 ‘*0magnetite indicate near equilibrium with the silica.

Kroonpik (19 7 1 ) conducted a series o f  depth profiles in the North and South Atlantic, 

North Pacific and Antarctic-South Pacific where he measured the dissolved oxygen gas 

content o f  seawater. Kroonpik demonstrated that the distribution o f  atmospheric 

oxygen ‘* 0  in m odem  day oceans is not in equilibrium with seawater ‘* 0  but is 

controlled by various factors including the partial pressure o f  atmospheric oxygen, the 

production o f  oxygen in the surface water layer, the rate o f  consum ption/production o f  

oxygen by respiration, chem ical oxidation and photosynethesis, temperature and 

pressure; and its distribution both vertically and horizontally (Kroonpnik and Craig, 

1972).

The light '‘’O -isotope is preferentially consum ed by organisms during respiration 

resulting in an enrichment in the ‘* 0  o f  atmospheric oxygen by c. 21-25%o. 

Photosynthesis results in a further enrichment in '* 0  by approximately 596o (Kroonpik. 

1971). In the euphotic zone o f  the ocean the atmospheric oxygen content increases 

above that at the surface as photosynethic production o f  ‘* 0  exceeds respiratory 

consum ption. It is estimated that c. 85% o f  all photosynethesis and respiration occurs in 

the oceans.

Since seawater S ’* 0  has remained relatively constant through time, it is probable that 

the 5'®0 atmospheric oxygen w as probably similar (±5%o) during the Carboniferous to 

present day values, i.e. S '* 0  25±596o.

In order to compare hematite from iron oxide-silica mineralisation with that in 

sedimentary ores and red beds, sam ples were collected from sedimentary ironstones at 

H ook Head and Whiting Bay (see Chapter 6 for details) and from Old Red Sandstone. 

In all cases it is m ost probable that oxygen in the hematite contains a large com ponent 

derived from dissolved atmospheric oxygen. The high (m odelled) S '* 0  o f  water from 

which hematite precipitated in each case is consistent with this interpretation.
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Therefore, the modelled hematite S'^O values o f  water from which hematite in the iron 

oxide-silica mineralisation precipitated can be readily explained by incorporating 

dissolved atmospheric 5 '*0  present at shallow water depths (c. 0 - 1km or less). It is 

not known how deep such isotopically heavy water penetrates into recent sedimentary 

sequences before equilibration with sedimentary minerals takes place, but at least 

shallow penetration seems probable. The preceding chapters demonstrate that the 

iron-oxide mineralisation occurred at or around the junction o f  Stage2 to Stage 3 calcite 

precipitation, that is in an oxic sub-seafloor environment.

This indicates that the onset o f  hydrothermal activity, iron-oxide mineralisation, in the 

Central Midlands Basin occurred very early in the deposition history o f  the Waulsortian 

Mudbank Complex.

7.4.4. SULPHIDES

Standard: Internal laboratory standard -  Z -4 1

The results have an analytical error o f ±0.996o, based on reproducibility o f three 

standards.

A total o f  21 sulphide separates were analysed from 14 samples from Crinkill.

The results are as follows (Table 7.8 and Fig. 7.13).

Cement:
n

634S (%. CDT)
Range Mean

Comment:

Pyrite Main stage 7 -34.9 to -20.2 -29.5

Pyrlte Late pyrife 1 -2.9 - Mid vein

Pyrite cutting Fe-oxide 3 +9.910+16. 14.3 Pyrite veins/lets crosscutting massive iron-

oxide

Sphalerite Main Stage 5 -27.5 to -7.7 -18.4

Galena 4 -18.510-4.1 -13.8

Chateopyrite 1 -4.2

Table 7.8: Sulphur isotopic composition o 'sulphide minerals at Crinkill

(n -  number o f  analyses).
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□  Chalcopyrite

□  Galena

□  Sphalerite

■  Pyrite cutting FeSl

■  Late Pyrite

□  Main Pyrite
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534S  CDT

Figure 7.13: Histogram of Crinkill sulphide isotope results (see Table 7.8 for raw data).

Early, main stage pyrite mineralisation is isotopically light exhibiting a range o f values 

of from -3 6  to -20%o. Sphalerite and galena can be divided into two sub-groups, 

with the majority of the values falling between - 2 6  and -14%o which represents the bulk 

o f the finely crystalline banded sphalerite and galena. An isotopically heavier group 

(late chalcopyrite, galena, pyrite and sphalerite) has a narrow range o f values from - 4  to 

-8%o. Three samples o f cross-cutting pyrite mineralisation in the iron-oxides have 

heavy values o f +8 to +16%o.

Attempts to derive temperatures o f mineralisation from co-existing sulphide pairs 

yielded geologically improbable results (T < 0°C) indicating that isotopic equilibrium 

was not achieved.

Discussion:

The first sulphur isotope studies on the Irish Orefield were conducted at Silvermines in 

the early 1970s and led to conflicting conclusions; Graham (1970) proposed a seawater 

sulphate source; while Greig et al. (1971) proposed a deep sulphur source.
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In order to resolve this dilemma, Coomer and Robinson (1976) re-analysed sulphide 

and sulphate from Silvermines, demonstrating that the Waulsortian-hosted stratiform 

orebodies obtained the bulk o f  their sulphur from seawater sulphate while sulphide in 

the cross-cutting feeder zones (in the LisduflF Oolite) are probably o f  a deep origin. 

Boyce et al. (1983) went a stage further suggesting that the massive pyrite bodies at 

Ballynoe (interpreted as hydrothermal chimneys) were derived from Biogenic Sulphate 

Reduction (BSR) o f  Lower Carboniferous seawater sulphate. All other studies in the 

orefield (Boast et al., 1981; Caulfield et al., 1986; and Anderson et al., 1998) agree in 

general with Coomer and Robinson’s initial observations:

•  Sulphur 5̂ *̂S values ranged from c. -3 0  to - 1 5%o and are interpreted as being due to 

BSR reduction o f Lower Carboniferous seawater (typically involving fractionation 

o f  approximately -35 to -40%o away from seawater sulphate (+20%o)).

• Heavier sulphide 5^‘*S values (c. -1 0  to +15%o) have been interpreted as 

hydrothermal sulphide which was transported with the metal bearing fluids.

• Interestingly, sulphur isotope results from the 'Kildare MVT field' exhibit 

consistently heavy sulphide 5 '̂*S values (c. 5-15%o, Dixon, 1990; Gallagher et al., 

1992) which are interpreted as hydrothermal in origin. The absence o f  “economic” 

orebodies (to date) may be due to lack o f  sulphur as a result o f  limited circulation o f  

Lower Carboniferous seawater (its also interesting to note that sulphide 

mineralisation post-dates coarse, pink dolomite while at all economic deposits 

sulphides pre-date the ‘late pink plug dolomite').

At Crinkill there are 4 distinct paragenetic 5̂ '*S subgroups (Fig. 7.14):

1. Early pyrite mineralisation: Isotopically light (5 '̂*S values o f -3 6  to -24%o).

2. ‘Main Stage’ sphalerite and galena mineralisation with intermediate sulphur values 

(5 '̂*S values o f -2 4  to -l4%o).

3. Late Copper tsphalerite, galena and pyrite mineralisation, isotopically heavy (5^‘‘S 

values o f - 8  to -4%o).

4. Late Pyrite; Isotopically very heavy (5^‘*S values o f +8 to +1696o).
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Figure 7.14: Histogram o f  Crinkiil sulphide isotope results divided by paragenesis.

It is clear from the above synopsis o f  previous sulphur isotope studies that the light 

Crinkiil data values -36 to -20%o probably reflect bacteriogenic reduction o f  

sulphate with a lower Carboniferous seawater composition. This sulphate could either 

be due to reduction o f  Lower Carboniferous seawater itself or from evaporites deposited 

from Lower Carboniferous seawater. However, given that there are no known 

significant evaporites in the stratigraphic section at Crinkiil, a direct bacteriogenic 

reduction o f  seawater is favoured here.

The heavier sulphur results, - 8  to + 1 6 % o ,  from the paragenetically later sulphides 

are interpreted to be from a separate source o f  sulphur from the light bacteriogenic 

supply. Two possible sources are:

• Thermochemical Sulphate Reduction (TSR) o f  Lower Carboniferous seawater 

sulphate or sulphate transported with the metals by organic matter or 

hydrocarbon.

• Hydrothermal sulphide transported with the metals.

While the possible contribution o f  TSR is unknown, evidence o f  hydrocarbon activity is 

rare to absent at Crinkiil therefore a primary hydrothermal sulphur source is favoured 

here.

The mixing o f  these two sulphur end members and the resultant geochemical fluid 

changes (temperature and pH) probably resulted in the sulphide deposition.
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7.5: DISCUSSION & CONCLUSIONS

A total o f  111 carbon and oxygen and 21 sulphur stable isotope analyses were 

conducted from 6 deposits and prospects from the Irish Orefield. A summary o f  the 

results as well as the potential isotopic sources is presented in figure 7.15.

All samples were collected and analysed from within a well established paragenetic 

framework (see Chapters 3 to 6 for details).

1. Early diagenetic calcite cements. Stage I to 3 , interpreted to have formed in an oxic 

to a sub-oxic environment have a heavy oxygen isotope signature similar to 

‘background’ Waulsortian protolith. Modelling o f  this data indicates that the 

cements precipitated at low temperatures (10-25°C) and that the oxygen was derived 

primarily from Lower Carboniferous seawater. Diagenetic cherts from both Crinkill 

and Lisheen yield similar heavy isotope results and were deposited at slightly 

elevated temperatures (c. 50°C).

2. Paragenetically later iron-oxide/silica mineralisation is isotopically more complex. 

The silica has a wide range o f  values. However modelling and calculated 

temperatures suggests that it crystallised at elevated temperatures o f  50-I50°C, most 

probably from a parental fluid with a 5 '* 0  composition o f - 1  to l%o, suggesting to 

have been Carboniferous seawater. Given the early/shallow paragenetic relationship 

o f  the silica-iron oxide mineralisation these temperatures are interpreted here to 

reflect the onset o f  hydrothermal activity in the orefield. The iron-oxide results on 

the other hand are very variable with some overlap between the data. The magnetite 

has an average 5 '*0  value o f  c. 696o while the hematite varies between c. 12 and 

14.5%o. Calculated temperatures from iron-oxide/silica mineral pairs suggests that 

the iron oxides crystallised at temperatures o f  50 to 150°C. Modelling o f  the 

magnetite data demonstrates that the magnetite formed from a parental fluid o fS '* 0  

c. 3-896o; such a signature is typical o f pore waters. The hematite on the other hand 

must have had access to a source o f  extremely very heavy oxygen. It is worth 

noting that the formation o f hematite at low to moderate temperatures in a near 

surface sedimentary environment most likely involves the incorporation o f
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atmospheric oxygen. The involvement o f  atmospheric oxygen dissolved in seawater 

agrees both with the geochemical constraints for the formation o f  hematite as well 

as the paragenetic setting o f the hematite. The change from the Stage 2 to Stage 3 

cements marks the transition from an oxic depositional environment to a sub-oxic 

one.

3 . The dolomites have a very narrow oxygen isotope range possibly indicating that the 

dolomites were precipitated from a single parental fluid with a 8**0 o f +0.5 to 

+ ll%o. The dolomites did not have time to (fiilly) equilibrate with the Waulsortian 

host rock. The S '*0 results indicate that the dolomitising fluids had a low 

water:rock ratio and as such probably reflect the limited amounts o f  hydrothermal 

fluid in immediate Crinkill hydrothermal system. Plotting o f  the 5 ‘^C results also 

indicates low waterrrock ratio similar to the situation at Silvermines.

4. Intermediate, Stage 4, calcite cements most probably formed at elevated 

temperatures o f c. 100°C; given the widespread distribution o f  the S4 cements it is 

reasonable to assume that they formed primarily as burial cements at considerable 

depths, perhaps in the order 1.5 to 2km.

5. Sulphur isotope results are similar to those reported in other studies in the orefield 

and suggest the involvement o f at least 2 or possible 3 fluids; a very light sulphur 

bacteriogenic source; and a heavy, hydrothermal source. The very isotopically 

heavy pyrite values from late veins may reflect further evolution o f  the 

hydrothermal sulphur source or may represent a later hydrothermal event possibly 

due to inversion on the Knockshigowna Fault Zone?

6 . Finally during late diagenesis. Stage 5 calcite cements crystallised at elevated, 

temperatures o f  c. 130°C (miminum) during deep burial.
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Figure 7.15: Summary o f the oxygen isotope results, mo(Jelled parental fluid sources, 

and likely diagenetic environments.
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CHAPTER 8

MAGNETIC ANALYSIS 

OF

IRISH CARBONIFEROUS IRON OXIDES

Walking around this little island (of Chaul) ... a wonderful 

thing happened to m e... placing the needle on top o f a big 

boulder... the rose turned... it occurred to me that such a 

strange fact was due to the quality and nature o f the rock^\

Extract from log book o f Joao de Castro 1538.
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8.1 INTRODUCTION

The abundance o f  magnetic minerals associated with base metal mineralisation in the 

various deposits and present in red limestones was an incentive to undertake a pilot 

study o f  the palaeomagnetism o f  the iron-bearing rocks with the aim o f  establishing the 

age o f  formation o f  the iron-bearing minerals..

Contact was established with Dr. Mark Hounslow (Department o f  Environmental 

Sciences at the University o f  East Anglia, Norwich) who ran 4 pilot samples to asses the 

validity o f  embarking on a more comprehensive sampling program. The pilot study was 

favourable and I had access to the Natural Remenance Magnetism lab in Norwich for 2 

weeks in December 1995.

A representative suite o f  samples was collected from the locations shown in Table 8.1 

and figure 8.1.

Location: Easting: N orthing: Lithology: Com m ent:

Castleisland
(n=5)

094000 113700 Cork Red Marble Outcrop

Lisheen
(n=7)

219000 166500 Reddened
Waulsortian
Limestone

Borehole. Also occurs as 
clasts o f  ironstones in 

BMB

Crinkill
(n=9)

206500 203200 Ironstone Borehole

Tynagh
(n=8)

175000 212700 Ironstone Borehole

Whiting Bay 
(n=l)

215000 075000 Reddened
limestone.

Outcrop 
Stratigraphic control

Buttevant
(n=3)

Reddened
limestone

Borehole

T able  8.1: Location and lithology o f  samples selected for palaeomagnetic analysis.

2 1 8



i
SCALE 1:1.0 X>.000

ABBErmVVN

O  kliCANVEY
?TROKEm)WN

TYNAGH

IXJUntlRUM

BUTTEVANT

CASTLEISLAND

V i  i

A
Cim RAGHINALT

r
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8.2 PREVIOUS WORK

Relatively little palaeomagnetic work has been published on Carboniferous rocks o f  

Ireland. The most comprehensive study was carried out by Morris (1970) who 

conducted a regional sampling programme o f  the Lower Carboniferous rocks o f  Ireland 

to assess their palaeomagnetic properties.

Morris concentrated primarily on limestones and to a lesser extent on the associated 

igneous rocks. Samples analysed were found to carry two stable magnetic components 

o f distinctive favoured magnetic directions:

• A weak primary magnetisation o f early Carboniferous age.

• A late magnetisation in the Permian field direction.

The results demonstrated ‘tha t reliable measurement o f Carboniferous field directions 

require the use o f  high temperature thermal rather than AC cleaning” (Fig 8.2).

Morris concluded that the magnetic mineral carrying the Carboniferous magnetisation 

had a high blocking temperature with a low coercivity and that Permian magnetisation 

had a low blocking temperature with a high coercivity. Furthermore he suggested that 

magnetite was the primary magnetic mineral and was the result o f  chemical remenant 

magnetism (CRM) that is the magnetisation was the result o f  chemical/diagenetic 

processes.

Mulder (1972) worked on Carboniferous dolerite samples from the Limerick basin. He 

used alternating frequency demagnetisation techniques and isolated two distinctive 

magnetic components. The first was a ‘soft’ magnetism that was easily removed which 

Mulder interpreted to represent the present-day field direction. The second more stable, 

‘hard’ component exhibited a southwesterly declination and a shallow inclination (197/- 

6°) which he attributed to a Lower Carboniferous palaeopole.

However, more recent work would suggest that this pole direction represents the Upper 

Carboniferous/Lower Permian reversed palaeopole direction (Kiamanian Reversed 

Superchron) and thus is probably due to Variscan overprinting.
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The most recent work relevant to Carboniferous palaeomagnetism in Ireland has been 

carried out by Piper and co-workers on the Carboniferous and Devonian o f  Britian.

Piper et al. (1991) conducted a large study o f the Derbyshire igneous suite, both lavas 

and intrusives, and associated interbedded carbonates. They concluded that the Lower 

Carboniferous (Asbian-Brigantian) palaeopole had a declination and inclination o f 

211/37°, commonly o f dual polarity (the Carboniferous period is characterised by 

appreciable Apparent Polar Wander (APW) movement). The majority o f the associated 

carbonates were overprinted by the late Carboniferous/early Permian shallow negative 

magnetisation; however, silicified limestones consistently proved to have a magnetic 

remanence closer to the primary Lower Carboniferous field.

Piper and Setiabudidaya (1994) completed a detailed paiaeomagnetic survey o f the Old 

Red Sandstone o f S. Wales. Sample locations were chosen relative to the Variscan 

front, (remote from, bordering and within). Results from 151 orientated samples 

recorded a Variscan overprint with a SSW declination and a shallow negative 

inclination (191.1/-8°) which the authors interpreted as a pervasive magnetic overprint 

caused by the northward fluid migration due to loading of the orogen to the south during 

the Kiaman Reversed Superchron. Remote from the orogenic front a higher blocking 

temperature dual polarity remanenance (246/38°) o f probable Devonian age survived.
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8.3 THEORY

The basic theory behind rock magnetism, which will be o f  use in the subsequent 

discussions, is outlined below. Good introductory texts are Thompson (1987), 

Collinson (1983) and Butler (1992).

All materials show some reaction to a magnetic field. Rock magnetism is the term 

applied to the study o f the magnetic properties o f  rocks and minerals. Magnetism in 

minerals is ultimately governed by the atomic ordering within a mineral which is 

controlled by the Pauli Principle.

The Pauli Principle states that only one electron per atom can have a particular set o f  4 

quantum numbers n. I, Iz and sz. For a collection o f  atoms in a crystal lattice the 

situation is complex as electron orbitals can partially overlap due to the tightly packed 

nature o f  the electrons. These overlapping electrons will attempt to satisfy the Pauli 

Principle simultaneously resulting in a strong coupling o f the electrons and magnetic 

moments o f  the atoms. The strength o f  this interaction determines whether the mineral 

will be weakly or strongly magnetic. With increasing temperature the inter-atomic 

distances between the atoms increases resulting in a decrease in the exchange coupling 

between the atoms and saturation magnetism.

Minerals may be classified into 3 groups depending on their basic magnetic properties. 

These properties are as follows:

•  D iam agnetism : In diamagnetic minerals an applied magnetic field causes the 

orbital motion o f  the electrons to precess. This is equivalent to the generation o f  an 

orbital moment opposing the applied field and hence results in a very weak negative 

magnetism. Common diamagnetic minerals include quartz, calcite and dolomite.

•  Param agnetism : The partial alignment o f  atomic magnetic moments along the 

applied field direction causes a weak positive magnetisation. Common 

paramagnetic minerals include ilmenite, biotite, siderite and the clay minerals.
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• Ferromagnetism: This results from the characteristic way in which adjacent atomic 

moments strongly interact. The magnetic properties o f a mineral may change at a 

particular temperature, the Curie Temperature, (typically producing a very strong 

positive magnetism). Above the Curie Temperature the atomic ordering is broken 

down and the mineral will behave as a paramagnet. Depending on the crystal 

structure o f the mineral involved the adjacent magnetic moments may have parallel 

coupling; however, if the coupling in the crystal is parallel within layers but anti

parallel between layers, the crystal is antiferromagnetic and the saturation 

magnetism is zero (the magnetism effectively cancels itself out). In some cases the 

layers may have unequal magnetic moment which are antiparallel; in these cases, 

the saturation magnetism will point in the direction o f the dominant layer and the 

minerals are known as Ferrimagnetic. Ferrimagnetic minerals may be 

antiferimagnetic or even imperfect or canted antiferrimagnetic. Common 

ferromagnetic minerals include the iron-oxides.

8.3.1 Magnetic Hysteresis

Measurements of the magnetic properties of a sample in applied fields provide 

information on the nature and quantity of the magnetic minerals and the presence o f dia- 

, para-, and ferromagnetic minerals, their coercivity spectra and domain structure. The 

measurements can also be used to monitor chemical and physical changes that occur in 

rocks during, for example, heating.

Commencing with an unmagnetised sample it is found that its magnetisation increases 

slowly as a small field is applied; if this field is removed, the magnetisation returns to 

zero. Beyond a certain critical field a change in the magnetic behaviour takes place: the 

magnetisation is no longer reversible as before, instead, a phenomen called hysteresis 

develops.

During hysteresis (Fig. 8.3) the magnetisation lags behind the field. On removal o f the 

field a remanent magnetisation remains. At high field strengths, saturation o f the 

magnetisation begins and the magnetic curve flattens. A complete hysteresis loop is

224



Chapter 8 MAGNETIC ANALYSIS OF IRISH CARBONIFEROUS IRON-OXIDES

obtained by cycling the magnetic field from one direction to an extreme in the opposite 

direction and back again.

Vibrating magnetometers are best suited for the measurement o f  hysteresis properties o f  

samples. An alternating voltage is generated by vibrating the sample at a fixed 

frequency in a coil system between the poles o f  an electromagnet. This voltage is then 

amplified and recorded. Hysteresis loops are obtained by cycling the magnetic field 

from its peak (saturation) value through zero to the opposite polarity and back again.
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The hysteresis properties o f  the ferromagnetic family (iron-oxides) is related to the 

arrangement o f  magnetic domains. Magnetic domains were proposed to explain how a 

material with spontaneous magnetisation can exist in a demagnetised state. The mineral 

can be sub-divided Into magnetic regions or domains. Each domain can be voluntarily 

magnetised in one direction. In theory, each individual domain may be magnetised in a 

different direction so that the overall or sum o f  the domain magnetisation could be zero. 

Furthermore these regions or domains can be separated by areas o f  finite thickness 

known simply as walls or domain walls. In the walls the direction o f  the magnetic spin 

changes continuously from the favoured direction o f  one domain to that o f  its neighbour 

(Fig 8.4).

In rocks the magnetism is carried by individual grains o f specific minerals. Grain size 

and shape are important parameters affecting the magnetic behavior o f  the sample.

• Multi-Domain Grains (MD): The hysteresis properties o f  large MD grains is due 

to the movements o f  the domain walls. When an external field is applied to a MD 

grain wall translations take place by promoting the growth o f  domains with their 

favoured magnetisation direction in the direction o f  the applied field. For small 

applied fields the wall movement is reversible. On increasing the applied field the 

walls move through/over irreversible barriers (Barkhausen Jumps) (Fig 8.5). Where 

specimens contain many domains the wall movements merge and the discontinuous 

nature o f  the magnetisation changes will be blurred to produce the smooth hysteresis 

loop. Eventually when wall movement is almost finished the domains will rotate 

into the applied field direction; that is, saturation magnetisation is achieved.

•  Single-Domain Grains (SD): SD grains behave differently in an applied field as 

domain walls are not involved. The magnetic remance o f SD grains is both higher 

and more stable than MD grain assemblages. The hysteresis loops are typically ‘fat’ 

with the magnetisation flipping through 180° when the critical field or coercive 

force is applied in the direction opposite to the magnetisation. Hematite is a good 

example o f a SD grain (Fig. 8.6).

Grains smaller than SD size:
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• Superparamagnetism (SP): If ferromagnetic minerals (iron-oxides) are

sufficiently fine grained (approximately 0.001 to 0.01 (im in diameter) they will 

have thermal vibrations at room temperature which have energies o f the same order 

o f magnitude as their magnetic energy. Accordingly they do not have a subtle 

remanent magnetism and will not exhibit hysteresis due to their magnetisation 

continually undergoing thermal reorientation. In an applied field they will have an 

overall magnetic alignment; that is they will exhibit paramagnetic behavior only 

much stronger. The susceptibility of SP grains is greater than an equivalent amount 

o f either single-domain or multi-domain grains o f the same mineral.
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Fig. 8.4 a.) Schematic diagram of possible domain arrangement in a polycrystalline sample, 
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Fig. 8.5 Multidomain Grain Characteristics, a.) On application of a small field the induced magnetisation 
will change resulting in the boundary walls moving from their minimum eneigy positions (I). With lime the 
bourxiaries will reach positions where their equilibrium is unstable (II). Eventually the boundaries move 
spontaneously with irreversible changes in magnetisation (Barkhausen Jumps) to new equilibniun positions (IV). 
Further reversible and irreversible changes will continue with any further field increases,
b.) Cartoon of possible spin arrangements for four positions of the wall.
Modified from Thompsoa 1987.
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8.3.2 Magnetic Minerals

The following is a list o f  the principal magnetic minerals which might be anticipated in 

this study (Table 8.2).

Fam ily: {Mineral: G roup: M agnetic State: N ote:

Iron Oxides
M agnetite (Fe 3 0 4 ) 

Ulvospinel 
(Fe2 Ti0 4 ) 

H em atite (aFe^O j) 
Ilmenite (FeTiOs) 

M aghem atite 
(TfFe203)

Spinel

Corundum

Ferrom agnetic Strongly m agnetic 

W eakly m agnetic

Iron Sulphides
Pyrrhotite (FeS) 
G regite (Fe^Sj) 

Pyxite (FeS 2) Param agnetic O xidises to  iron 
oxide a t 400 - 

500°C

Iron Hydroxide & 
Oxyhdroxides

G oethite (aF eO O H )

Lcpidocrocite
(yFeO O H )

Limonite

Orthortiom bic 

H ydra Fe oxides

A ntiferrom agnetic D ehydrates to Fe ; 0 3  

at 300 - 400°C 
D ehydrates to 

y F e P j a t  250 - 
350°C  

C om m only a 
m ixture o f  FeOOH 

m inerals

Other Minerals
Ferrom anganese Som e oxides and 

hydroxides o f  Mn 
may carry  a 

rem anent 
m agnetism  |

Table 8.2: List o f  potential iron-oxide minerals present in Irish iron oxide samples

Other paramagnetic minerals, typically bearing iron and manganese are incapable o f 

carrying magnetic remanence. Their susceptibility is dependent on the number o f  Fe' 

or Mn'"’ ions per gram o f  material.

8.3.3 M agnetic Rem anence

The Natural Remanant Magnetisation (NRM; sum o f  all magnetisation, primary and 

secondary, in the rock) found in rocks is usually one o f  3 main types:
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• Thermo Remanent Magnetisation (TRM): TRM is due to the cooling o f  a

magnetic mineral from above its Curie temperature in the ambient magnetic field. It

is typically very stable. Partial Thermo Remanent Magnetisation (PTRM), forms 

when rocks have been buried or otherwise metamorphically heated beyond the Curie 

point o f  any o f  the magnetic grains present, resulting in a newly acquired remanent 

magnetism.

•  Chemical Remanent Magnetism (CRM): CRM occurs when a magnetic mineral

crystallises at temperatures below its Curie temperature. The CRM can be locked

into ferromagnetic grains once these are bigger than its ‘blocking' volume/size.

• Detrital Remanent Magnetism (DRM): DRM is simply the result o f  detrital 

magnetic particles aligning themselves with the ambient magnetic field as they are 

deposited.

8.3.4 Magnetic Susceptibility (MS)

The Magnetic Susceptibility o f  a sample is a measure o f  the ease with which it can be 

magnetized. Magnetic Susceptibility relates to the initial reversible magnetisation 

acquired when a sample is exposed to a low magnetic field (< ImT). The magnetisation 

is due to reversible displacements o f  the domain walls in MD grains and moment 

rotation in SD grains. It is more difficult to achieve this in the low fields; thus the 

magnetic susceptibility o f  MD grains is higher than that o f  SD or pseudo-SD grains. SP 

grains are easily magnetised and have a magnetic susceptibility o f 10 - 1000 times 

greater than that o f a SD grain.

When analysing the magnetisation o f  rocks two principal parameters are measured:

1. The susceptibility o f  the sample. Importantly the measurement o f  magnetic 

susceptibility does not affect the NRM o f the sample.
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2. The remanent magnetisation o f  the sample that is the ‘permanent’ magnetisation 

which remains unchanged for considerable periods o f  time. For example if a sample 

o f  magnetic material is placed in a weak magnetic field (such as the Earth’s field), 

the total magnetisation o f the sample (T) is a sum o f  the remanence (J) plus the 

magnetisation induced by the ambient field. On demagnetising the sample we are 

attempting to ‘strip’ away the ambient field effects and isolate the original remanent 

magnetism.

8.4 MATERIALS AND METHODS

8.4.1. Sample Collection

Samples were collected for the most part during standard logging o f drill core o f  the 

iron-oxide mineralisation/alteration from the various localities around Ireland (Fig. 8.1). 

Unfortunately it was not possible to obtain fully orientated samples from drill core; 

however, both the way-up and the dip (for bedding corrections) was established.

A fully orientated sample o f 're d  marble’ was collected by P. Morris from Castleisland, 

Co. Kerry. To provide a standard with which the palaeomagnetism of the iron-silica 

mineralisation could be compared, it was decided to analyse an example o f  sedimentary 

iron ore. Professor G.D. Sevastopulo and P. Morris collected a ftjlly orientated sample 

o f  such an ore from Whiting Bay, County Waterford.

8.4.2 Sample Preparation

Samples from drill core were cut into 2.5cm by 2.5cm (1” sq) cubes with care taken to 

ensure that the way-up was clearly marked.

Orientated samples were placed in sand trays and re-orientated back to their ‘in- 

field’/true orientations and clamped in place. Several cores were drilled from each 

sample using a small diamond drill with a non-magnetic alumel barrel and a phosphor
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bronze diamond impregnated bit. Cored samples were approximately 2.54cm in 

diameter and were trimmed to a length o f  2.2cm using a bronze bladed diamond saw. 

Great care was to taken to maintain the orientation o f the sample during drilling.

Only small chips o f  samples were required by Dr. C. Peters for hysteresis loop analysis. 

8.4.3 Methods

Initially the magnetic susceptibility was measured in a Bartington Instrument M52-B 

Low and High Field Magnetic Susceptibility Meter. Magnetic Susceptibility results 

were standardised by weighing the samples and dividing the magnetic susceptibility by 

the mass in kilograms to obtain units o f  m'^/kg'‘ (Table 8.3).

Following this 11 samples were thermally demagnetised in a Shielded Thermal 

Demagnetiser (Magnetic Measurements Ltd type).

These samples were thermally cleaned progressively in either 50° or 100°C steps up to 

700°C and held at the desired temperature for 30 minutes. After each step in the heating 

programme, samples were allowed to cool to room temperature (25°C) in the 

demagnetiser and their magnetic intensities and susceptibilities were measured.

Due to time constraints as well as the possibility o f  iron sulphide decomposition at 400 

°C, the remaining 25 samples were thermally cleaned to either 150° or 250°C followed 

by cleaning in a Molspin Ltd., Shielded Alternating Field (AF) Demagnetiser in 

progressive 5-10 nT steps up to 100 nT. The magnetic intensity was measured between 

each demagnetisation step.

Magnetometers

The magnetic intensity was measured on either a Cryogenic Consultants Ltd., GM 400 

Cryogen or a Molspin Ltd. Minispin Magnetometer. The GM400 instrument is highly
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sensitive and many o f  the samples proved to be too magnetic for its use. They were 

analysed suing the more robust Minispin instrument.

Minispin Magnetometer

Spinner magnetometers generate an alternating voltage by continuously rotating the 

magnetised sample within a coil or fluxgate system. The amplitude o f  the voltage is 

proportional to the component o f  the magnetisation (magnetic moment) perpendicular 

to the rotation axis. The phase o f  the voltage is utilized to relate the direction o f the 

measured magnetic component to a reference direction which is marked on the sample. 

The total vector is established by spinning the sample about three axis to obtain average 

values o f  the NRM components and also to reduce the effects o f  inhomogeneity.

Prior to use the Minispin was calibrated using a sample o f known magnetic intensity. It 

was recalibrated approximately every 15 minutes or so until it ‘warmed-up’, after which 

it was recalibrated on a hourly basis. Data was processed on a BBC Microcomputer.

GM 400 Cryogenic Magnetometer

In the early 1970s cryogenic superconducting magnetometers were developed that were 

more sensitive and that had quicker response times than their spinner rivals. Cryogenic 

magnetometers use a magnetic sensor known as a SQUID (Superconducting QUantum 

Interference Device), which is housed in a tank containing liquid helium. The GM 400 

has 3 SQUIDs which continuously measure the magnetic field along 3 (mutually) 

perpendicular directions.

Samples were placed in a non-magnetic sample holder and lowered via a non- magnetic 

rod, using a standard 386 PC as the interface, into the sample chamber which holds the 

SQUIDs. Output from the SQUIDs is converted into DC voltage by a multimeter.

The GM 400 software determines what the voltages are by averaging a number o f  

measurements made by the multimeter to take a number o f  readings which are then 

averaged.
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Measurements consist o f  two parts:

1. Measurement o f the background voltage both during sample 

insertion and removal.

2. Measurement o f the voltages with the sample present.

The difference between the two measurements is the signal which is due to the magnetic 

properties o f  the sample.

8.4.4 Data Presentation and Analysis

All data from the Minispin and GM 400 were transcribed from the relevant computer so 

that a hard copy was maintained and converted into an ASCII file using the standard 

‘Notepad’ program available on all PCs. The ASCII files were then imported into 

DEMAG and LINEFIND (Dept, o f  Env. Sci., U.E.A., Norwich in-house programs) for 

plotting as Zijderveld diagrams and equal area stereographic projections and to help 

establish the best fit o f  the magnetic components.

Zijderveld diagrams are vector component diagrams where the base o f  the NRM vector 

is placed at the origin o f  a Cartesian co-ordinate system and the tip is projected into two 

orthogonal planes. The distance o f  each point from the origin is proportional to the 

intensity o f  the NRM vector projected on to that plane. The DEMAG program 

automatically plots the data points. An excellent explanation o f  Zijderveld diagrams is 

to be found in Barton (1992).

The most important feature o f  Zijderveld diagrams is a linear trend o f  end points 

towards the origin indicating successful removal o f the low stability NRM component, 

allowing the isolation o f the high Characteristic or Primary RM (ChRM) (Fig. 8.7).

The LINEFIND program constructs the Zijderveld diagram and attempts to find 

distinctive magnetisation components in the demagnetisation data by looking for linear 

relationships within the data. LINEFIND assesses how linear these segments are and
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where they meet by using the scatter parameter (y95 parameter as determined by the 

GM 400 software which relates to the amount o f  scatter that the magnetometer found 

when measuring each demagnetisation step) and a relaxation parameter, RHO, which 

modifies the amount o f  overall expected scatter in the data.

LINEFIND then fits a model to the errors; therefore, a spurious error value will not bias 

the data. If two or more components o f  the Zijderveld plot have overlapping 

coercivity/temperature spectra the plot will be curved. On a stereographic projection 

the demagnetisation data will follow a great circle connecting the two components. 

LINEFIND will locate and determine the Great Circle. What LINEFIND does is to 

analyse the component o f  magnetisation removed between each demagnetisation step, 

which is not normally viewed on conventional stereonets.

Each magnetic component A, B etc. is isolated, and expressed as a declination and 

inclination value, obtained by averaging the trend between the points that comprise the 

component. For example, sample CIA2 (Fig. 8.7) can be divided into two components. 

A and B. Magnetic component A/I (336/63), that is a single point verging towards the 

NW and dipping at 63° (Fig. 8.7). The second component, B/10, is comprised o f  10 

demagnetisation points verging towards the origin o f the Zijerveld diagram, (southerly 

in this case (190/-2)) indicating that the ChRM has been isolated. Therefore 

component B/10 is the one used in subsequent calculations and modelling (Fig 8.7).
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Fig. 8.7: Zijderveld diagram o f  sample CIA 2 which exhibits a well developed ChRM.
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As the majority o f the samples are unoriented core it is only possible to work with the 

inclination results. Fortunately the change in the magnetic field direction for Irish rocks 

between the Devonian and the Upper Carboniferous is essentially only a change in the 

inclination; therefore this does not represent a major problem (P. Morris pers. comm.).

Samples were plotted on an Inclination versus Time graph to give an estimation of the 

age o f magnetisation.

The inclination/palaeopole positions for the Lower Permian to Recent were taken from 

Van der Voo (1993); Devonian and Carboniferous palaeopoles are from Piper et al. 

(1991, 1994) who worked on the Lower Carboniferous Derbyshire Volcanics and Old 

Red Sandstone in England and Wales. Inclination values were converted to negative, 

upper hemisphere values for plotting purposes.

The time-axis was based on Menning el al. (1997) which utilised well constrained U/Pb 

zircon radiogeochronometric anchor points (1997).

In order that the stratigraphic age of magnetisation can be estimated with some degree 

of accuracy from the Inclination versus Time graph, several confidently dated 

palaeopole positions and a well constrained radiometric time scale are required 

There are insuflTicient well constrained palaeopole inclination data for the Carboniferous 

to allow for accurate correlation o f inclination with stratigraphic age. The control points 

in the inclination versus time graphs are for the Asbian-Brigantian (Piper et al. 199!) 

and the Famennain (Piper et al. 1994).
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8.5 RESULTS

Prior to dem agnetisation the magnetitic susceptibilty o f  all sam ples was measured 

(Table 8.3).

Location: Sample No: Lithdogy: Magnetic
Susceptibility/NRM:

m'^/kg
Whiting Bay

WB - 3.4
Buttevant

But 10-17A Hemaiised Lst 0.32
But 10-17B •* 0.2
But I0-17C 0.4

But 1 lA 'N o n ra l' Lst 0.04
But MB Hematised Lst 0.2

CastleisUnd
CIAI Hematised Lst 0,09
CIA2 0,05
CIA4 0,05
CIB 0,08
CIC 0,13

Crinkill
SHR-25-7A( 176.95m) Mottled WMC 0.32
SHR-25-7B (176,95m) 0 3

SH R -I7-12A (148 65m) Ironstone 25 6
S H R -l7 - l2 B (l4 8  65m) 10 1

SH R -23-8 (l56  75m) 166 8
SHR-23-10 ( 158.25m) 113
SH R -23-IIA  (158.4m) - 456 5
S H R -2 3 -IIB (l5 8  4m) 302 1
SHR-23-12 (158,5m) 265 8

lishccn
LK-332-68A Hemaitised l.^t 0 1
l.K -332-688 ** 0,25

LK-332-71 3A 0 49
LK-332-71 3B 0 3
LK-332-71 8A “ 0 7
LK.-332-7I 8B N oim ar Lst 0 0 4
LK-332-71 8C Hematised Lst 0,55

T>itagh
T153A Mottled WMC 1,9
T153B 2.6
I6120A 3 1
16120B “ 3 2
T113A1 Ironstone 375 2
T1I3A 2 i

286 9
T113B1 1 178 7
T113B2 ** 262.6
T113C1 - 335 7
T II3 C 2 •* 428 9
T154A ! 78 8
T154B 1 12 6

T able 8_3: Magnetic Susceptibility o f  the samples:

Norm al background limestone sample have magnetic susceptibility o f  0.04 m'^/kg. 

Hematised limestones, reddened limestones and pink m ottled limestones have 

susceptibilities an order o f  magnitude greater than ‘norm al’ limestone (c. 3 to 0.1 m'
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^/kg). M assive ironstones iiave susceptibilities 2 to 3 orders o f  m agnetitue greater than 

hematised limestone (c. 78 to 450 m'^/kg).

Crinkill contains the m ost susceptible sam ple (SHR-23-1 lA  -  456.5 m'^/kg). However 

the ironstone sam ples from both Tynagh and Crinkill exhibit very similar results. The 

Castleisland sam ples have low magnetic susceptibility indicating a low concentration o f  

the magnetic carrier, hematite.

8.5.1 Castleisland Quarry, Co. Kerry

The Golden Sunset or Castleisland quarry is located in east Co. Kerry (Fig. 8.1). Three 

oriented hand sam ples were collected from the quarry from which five cored samples 

were drilled. The iron-oxide mineralisation is concentrated in the lower to middle part 

o f  the W aulsortian limestone succession.

Results

Hysteresis Loop analysis was carried out on a single sample from the Castleisland site. 

It shows that the magnetic carrier is a SD to a SP mineral most likely to be very finely 

crystalline hematite, which is consistent with the petrographic evidence.

All the sam ples were subjected to step AF demagnetisation and plotted as Zijderveld 

(orthogonal) diagram s (Figs. 8.8 to 8.12, Table 8.4).

Discussion and Conclusions

The Castleisland sam ples (Table 8.4) all exhibit stable magnetisation curves that flatten 

out at high field values suggesting that the samples have been successfully 

demagnetised. All the Zijderveld plots show strong linear trends tow ard the origin 

suggesting that the ChRM  is being approached if not isolated.

The magnetic profiles o f  samples CIA l and CIA2 are alm ost identical and when 

analysed in LINEFIND and plotted on the stereonet (Figs. 8.8 & 8.9) they both have a S 

- SW shallow negative ChRMs.
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Sample CIA4 is more complicated (Fig. 8.10) with the Zijderveld diagram displaying 

possibly three (?distinct) magnetic components. These are easier to examine on the 

stereonet. They are a SW shallow negative component which most likely represents the 

Kiaman overprint, an intermediate WSW negative component and a W (15-20°) positive 

component.

CIB is interesting in that it exhibits a steeper magnetic inclination than the other 

samples. It may be that this is approaching a Carboniferous magnetic direction. CIB 

and CIC (Figs. 8.11 & 8.12) have very similar demagnetisation characteristics to 

samples CIAl and CIA2; however they appear to show two opposite polarities but when 

plotted on the lower hemisphere they are consistent concur with CIA 1 and 2.

Table : Palaeomagnetic resu ts from Castleisland Quarry
Samp/e Lithology Method Linefind Dec° lnc°: ChRIW Comment

No; Yes/No

CIAl Red 1st AF C 9 197 -2.7 Y Kiaman Oveqjrint

C1A2 Red 1st AF A/1 336 63 Y
B 10 190 -2 Kiaman Overprint

CIA4 Red 1st AF B/2 140 2 Y
D/I 186 -2.5 Kiaman Overprint
E 8 273 -15 Lwr. Carb. age?

CIB Red 1st AF C I! 009 -26.4 Y Lwr. Carb. age?

CIC Red Lst AF A/I 271 20 Y
E2 002 -6 Kiaman Overrprint
F 7 020 -13

Site - II .8
Average

Sole: Bold /taJics =  ChRM.
Lineftnd results represent number o f  magnetic components in data.

The following conclusions may be drawn from the suite o f  samples from Castleisland.

AF step demagnetisation has successfully isolated a ChRM which has a mean site 

inclination o f - 1 1.82°

When plotted on an inclination versus time graph the samples appear to lie in part o f  the 

Kiaman reversed period. The ChRM probably formed after the Brigantian-Namurian 

(c. 3 l4M a) that is substantially after the deposition o f  the host limestones (late 

Toumaisian) (Fig. 8.13). Eitherway the palaeomagnetic ‘date’ is significantly older

242



Chapter 8 MAGNETIC ANALYSIS OF IRISH CARBONIFEROUS IRON-OXIDES

than the host lithology indicating that it formed as a result o f  a chemical 

remagnetisation.

It is worth noting that such a late compressional mode o f  formation broadly concurs 

with Heseltons theory o f  a stylo-nodular formation (1991).
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8.5.2 Lisheen Base Metal Mine, Co. Tipperary

The Lisheen Zn-Pb deposit (mine) is described in Chapter 5. The iron-oxide alteration 

occurs as stratiform replacements at the base o f the Waulsortian as well as isolated 

nodules and angular clasts within dolomitised, mineralised matrix breccias and high 

grade massive sulphide mineralisation.

All the samples (Table 8.5) were from stratabound replacements within encrinitic units 

from unoriented cores. Both progressive AF and thermal demagnetisation was carried 

out on the Lisheen samples.

Results

Two samples LK-332 71.3m A and LK-332 71.3m B were thermally demagnetised, 

(Table 8.5 and Figs. 8.14-8.15). However because o f thermal decomposition o f  iron 

sulphides in these samples, the remaining five samples (LK-332 68A and B, 71.3A to 

C) were AF demagnetised (Fig. 8.16 to 8.20).

Discussion and Conclusions

The results o f  thermal demagnetism o f samples LK-332 71.3 A and LK-332 71.3B are 

shown in Figs. 8.14 & 8.15. The increase in magnetism at 400°C results from the 

oxidation o f  pyrite to form iron-oxide. The increase at 650°C (the Curie point o f 

magnettie) reflects the formation o f magnetite. Results beyond the pyrite 

decomposition point (c. +400°C) should be disregarded; however from the Zijderveld 

plots it is clear that the points are trending towards the origin and the results are 

therefore o f  limited use. In the case o f LK-332-71.3B the magnetisation curve indicates 

that the sample was effectively demagnetised.

All the AF demagnetised samples show a remarkable uniformity, with an early plateau 

on the magnetisation curve which rapidly falls with the removal o f  the ‘soft’ component 

(steep on the Zijderveld plot). It is likely that goethite is carrying this soft component 

which is removed at approximately 15-16 mT; this is well illustrated in LK-332 71.8B 

(Fig. 8.19).
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Sample LK-332 68A (Fig. 8.16) was progressively demagnetised in 5 nT steps thus 

producing a more rounded curve. However, from the magnetisation profiles it is clear 

that samples LK332 68A & B were not fully demagnetised; therefore the inclinations 

measured should be treated with caution.

While the Zijderveld plots indicate linear trends towards the origin suggesting that the 

ChRM has been isolated, samples LK332 71.8A and 71.8C appear to be more 

consistent, producing a WNW shallow to moderate negative component.

Hystersis Loop analysis indicates that hematite is the principal magnetic carrier.

When the magnetic inclinations are plotted against time they exhibit a very tight 

grouping which is highly encouraging suggesting a lower Asbian age o f magnetisation 

(Fig. 8.21).

Table 8.5: PalaeomaCTetic resu ts from Lisheen
Sample

No:
Lithology: Method: Linefind: Dec°: lnc“: ChRM

Yes/No
Comment:

332 713A Red 1st TDemag A/IO 354 -17 N Py decomposition

332 713B Red 1st TDemag B/5 349 -24 ?Y Trending towards 
origin.

332 68A Red 1st AF B/1
E/13
J/I

345
308
321

52
-19
-14

?Y Goethite 
Approaching 
origin. Not 

demagnetised

332 68B Red 1st AF B/1
1/4

203
317

63
-7

?Y Not demagnetised. 
Kiaman Overprint

332 718A Red Lst AF A/2 
C l  I

246
297

60
-25

Y ChRM

332 718B Red Lst AF CIO 301 -22 Y ChRM

332 718C

Site
Average

Red Lst AF A/4
B ,II

131
297

89
-25
-23

Y ChRM

Note: Bold italics -  ChRM
Linefind results represent number of magnetic components in data.

Information from Table 8.5 and figures 8.14 and 8.16 can be summarised as follows: 

The samples commonly show a steeply inclined component, (for e.xample LK 332
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71.8C) recording the present day magnetic field which is easily removed. The present 

day ‘soft’ overprint probably resides in goethite. The remaining components may be 

split into two groups: those that record a shallow inclination o f probable Kiamanian age; 

and those that record a steeper inclination which may be Carboniferous (see Fig. 8.21). 

The Lisheen site average ChRM inclination is -23 .

The palaeomagnetic age is significantly later than the biostratigraphic age and may 

indicate an Asbian age for the onset o f hydrothermal activity/mineralisation. Invoking 

such an Asbian age o f  mineralisation broadly falls within the geological constraints 

established at Lisheen.
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8.5.3 Crinkill Deposit, Co. Offaly

The Crinkill deposit is described in Chapter 3 (Fig. 8.1). The bulk iron-oxide 

mineralisation occurs within the Nodular Micrite Unit, circa 6 -10m below the base o 

reef contact with the Waulsortian Mudbank Complex. Both progressive thermal and AP 

demagnetisation was carried out on the samples which were all collected from drill core.

Results

Five samples, SHR 17-12A, 25-7A and B, 23-10 and 2 3 -lIA , were thermally 

demagnetised (Fig. 8.22 to 8.26). They showed effects due to thermal decomposition o f  

iron sulphide and consequently the remaining four samples, SHR 17-12B, 23-8, 23-11B 

and 23-12 were AF demagnetised (Fig. 8.27 to 8.30).

Discussion and Conclusions

Because thermal decomposition o f both pyrite and magnetite occurred in the majority o f 

the thermally demagnetised samples the latter are o f  limited use. Data above the first 

point o f decomposition was not used. However the data should still yield a minimum 

age o f  magnetisation.

Samples SHR 17-I2A and SHR 23-10 yielded a N to NW shallow to moderately 

inclined pole (Fig. 8.22 & 8.25), while SHR 25-7A and B gave a SW direction which is 

steeper. However both samples show evidence o f  goethite decomposing at 260 C (Fig. 

8.23 & 8.24). The magnetisation curve for SHR 23-11A indicates the formation o f  a 

magnetitic mineral (hematite) at c. 120°C probably due to the oxidation o f  goethite (Fig. 

8.26).

The remaining samples which were demagnetised using AF yielded a more complicated 

record. The samples underwent rapid demagnetisation which is probably due to the 

magnetic component residing in multi-domain and pseudo single domain magnetite, 

which commonly unblocks rapidly
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The resu lts  vary greatly  in d irection  bu t all ap p ear to  indicate a  shallow ly  inclined 

m agnetic com ponen t w hich is p robab ly  o f  K iam anian age.

H ysteresis L oop  analysis suggests that the Crinkill m agnetic co m p o n en t is carried  by 

both p seu d o  sing le-dom ain  m agnetite (SH R  2 3 -8 ), hem atite and a  param agnetic  m ineral 

(SH R  17-12 and SH R  25-7 ).

The C rinkill sam ples ap p ear to  be m agnetically  rather unstab le  b u t they give a site 

average inclination o f  - 7 ° . This can be best explained as a  K iam anian reversed 

m agnetisation.

One sam ple (S H R  23-1 IB ) exhibits steeper inclinations o f -14° w hich m ay reflect the 

original C arbon ife rous m agnetisation  (Fig. 8 .29  & T able  8 .6). In detail the m agnetic 

com ponen ts can be seen to  record changes in polarity, possib ly  suggesting that the 

sam ple m ay have acqu ired  its m agnetisation over a prolonged period . T his is m ore 

likely to  have been during the low er to m id C arbon iferous because  the K iam an 

superchron  is one o f  prolonged reversed m agnetisation. T he fluctuation  in d irection  

may be a consequence  o f  the com plicated  structu ral setting and history  o f  the Crinkill 

deposit.

Paiaeom agnetic da ta  from  Crinkill (T ab le  8.6 and Figs. 8.22 to 8 .30 ) can be sum m arised  

as follow s:

A tim e versus paiaeom agnetic inclination graph indicates that the  m agnetisation  at 

Crinkill is dom inated  by the shallow ly inclined poles interpreted  as being acquired  

during  the K iam anian R eversed Superchron  (Fig. 8. 31). P lotting the  site average o f  -7° 

indicates that this overprin ting  m ay have o ccu rred  during the M id-N am urian , c. 312M a 

(Fig. 8 .31 ). A s has been dem onstrated  in C hap ter 3 the iron-ox ide m ineralisation  

clearly  form ed early  in the d iagenesis o f  the W aulsortian  M udbank  C o m p lex  at Crinkill. 

T herefo re  the paiaeom agnetic “ag e ' is not consistent w ith the geological constrain ts. 

H ow ever the K nockshigow na Fault Z one (K F Z ) underw ent significant large scale 

inversion (c. 2 0 0 -2 5 0 m  at Crinkill, up to  + 1000m  elsew here, w ith the N avan Beds 

resting on Visean S h e lf  carbonates) w hich m ay have resu lted  in the m agnetic 

overprin ting.
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Table 8.6: Palaeomagnetic resu
Sample

No:

1712A

257A

257B

2310 

231 lA

1712B

238

2311B

2312

Site
Average

Lithoiogy:

Ironstone

Method:

TDemag

TDemag

TDemag

TDemag

TDemag

AF

AF

AF

AF

ts from Crinkill.
Lineflnd: Dec°: Inc°

A/8

B/9

C/5

A/8

B/1
C/8
D/1

G/4

C/4

A/8
G/1
H.5

A/2
B.7

302

203

233
355

016

203
051
265

002

150

220
270
032

332
199

2.6

10

20
5

1

11
-10
-3

-3

74

15
69
-14

-4
-7

ChRM
Y/N

N

N

N

N

N

Y 

N

Y

Conunent:

Pre decomposition

Pre decomposition, 
discard.

Pre decomposition, 
discard.

Pre decomposition

Magnetic mineral 
fhin.

ChRM

Recent, discard

ChRM

ChRM

Sole: Bold Italics -  ChRM.
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Chapter 8 MAGNETIC ANALYSIS OF IRISH CARBONIFEROUS IRON-OXIDES

8.5.4 Tynagh Deposit, Co. Galway

The Tynagh deposit is described in Chapter 4 (Fig. 8.1). The m ajority o f  the iron-oxide 

alteration occurs laterally equivalent to the W aulsortian M udbank Com plex at the base 

o f  reef, and post-dates the Waulsortian M udbank Com plex. The samples for 

palaeom agnetic analysis were all collected from drill core from the Inter-Bank 

T ongue/reef equivalent facies (see Chapter 4 for detailed descriptions).

Results

A total o f  eight sam ples were demagnetised using both therm al and AF demagnetisation 

techniques (Table 8.7).

Four sam ples underwent progressive thermal demagnetisation (Fig. 8.32 to 8.35). Two 

o f  the sam ples, 16120A, and 113A1 (Fig. 8.33 & 8.35) exhibit similar properties, both 

showing the effects o f  decomposition o f  either pyrite at approxim ately 400 C and/or 

m agnetite at 680°C. Any magnetic com ponents above 400°C  cannot be used in analysis 

o f  the original Carboniferous pole position.

O f  all the thermally demagnetised samples, T 154A  is the m ost instructive in that it 

clearly shows two opposite polarities on the stereonet, one at 140/30° and the second at 

258/-44° (see Fig. 8.34 & Table 8.7). The negative inclination is mostly carried by 

hematite, which also caries part o f  the positively inclined magnetisation.

Hysteresis Loop analysis was undertaken on several samples. All show that the 

magnetic com ponent is carried by either hem atite and/or magnetite (in some cases 

pseudo single-dom ain) with a small contribution from a param agnetic mineral (probably 

very finely crystalline hematite).

The AF dem agnetised samples (Fig. 8.36 to 8.39) are o f  limited use. T153B, T154B 

and T I6 1 2 0 B  (Fig. 8.36 to 8 .38 )  clearly have not dem agnetised. Hysteresis Loop 

analysis show s that the magnetic fraction o f  these sam ples is com posed almost 

exclusively o f  hematite with some param agnetic mineral, probably very finely 

crystalline hematite.
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Chapter 8 MAGNETIC ANALYSIS OF IRISH CARBONIFEROUS IRON-OXIDES

T113B2 was successful demagnetised with the final magnetic component terminating in 

the origin o f  the Zijderveld plot (Fig. 8.39). It has demagnetised rapidly due to pseudo 

single-domain magnetite being the principal magnetic component (determined by 

Hysteresis Loop analysis).

Discussion and Conclusions

The results from T 154A suggests the following:

•  Firstly, that magnetisation was acquired over a sufficiently long period to sample a 

reverse/normal magnetozone (perhaps > 0.1 Ma).

•  Secondly since the samples carry both normaly and reversely polarised 

magnetisations the magnetisation is pre-Kiamanian overprint and therefore o f  

Lower/Middle Carboniferous age.

• Finally the site mean inclination (-40°) suggests that the ChRM magnetic component 

for the Tynagh site (Fig. 8.40). is consistent with a Toumaisian to Asbian c. 350 to 

335Ma. Clearly such a postulated age is consistent with the geological and 

paragenetic evidence at Tynagh and provides fijrther support for the hypothesis that 

mineralisation and deposition are very closely related.
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Chapter 8 MAGNETIC ANALYSIS OF IRISH CARBONIFEROUS IRON-OXIDES

Table 8.7; Palaeomametic resu
Sample

No:

153A

16120A

154A

113A1

153B

16I20B

154B

1382

Site
Average

Lithology: Method:

TDemag

TDemag

TDemag

TDemag

AF

AF

AF

AF

ts from Tynagh.
Lineflnd: Dec°: Inc°

A/IO

A/9
FH

A/1
B/4
D/1

5/77
D/4
C/1

E/3 
A/1 
B I

Ky'4
J/2

A/5
B/4

019

330

103
258

168
068
336

346
272
089

038
080
218

017
273

057
027

-30

18

30
-44

14
58
55

-17

19
42
-36

16
6

27
■A

-40

ChRM
Y/N

N

N

N

N

N

Comment:

Not fiilly 
demagnetised, 
provides a mim 
age constraint.

Decomposition,
discard

L- Carboniferous

Decomposition,
discarded.

Failed to 
demagnetise, 

however verging 
towards a L-M 
Carb direction.

Rapid 
demagnetisation 

due to PSD 
Magnetite.

Discard.

Not fully 
demagnetised. 

Kiaman Overprint?

Sole: Bold  Ita lics  =  ChR M.
Linefind results represent number o f magnetic components in data.
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Chapter 8 MAGNETIC ANALYSIS OF IRISH CARBONIFEROUS IRON-OXIDES

8.5.5. Whiting Bay, Co. Waterford

An oriented sample was collected from outcrop at Whiting Bay Co. Waterford (Fig. 8.1) 

o f  hematitic limestones which occur within the middle Toumaisian Mellon House 

Formation. The limestones contain abundant hametite which infills primary 

intraparticle porosity (stereom o f crinoid ossicles, interior o f  bryozoan zooecia) and can 

be shown to predate the earliest calcite cements. Hematisation o f  Whiting Bay is 

therefore very early (G.D. Sevastopulo pers. comm.). The time available at the 

University o f  East Anglia laboratory allowed for only one cored sample to be 

progressively AF demagnetised.

Results

The magnetic curve levels out at approximately 1200 nT suggesting that the bulk o f the 

magnetic component has been removed. The magnetic components are trending toward 

the origin o f  the Zijerveld plot indicating that the ChRM is being approached; however 

a significant hard magnetic component, locked in hematite remains (Fig. 8.41).

Discussion and Conclusions

The Whiting Bay sample exhibits a (S)SW directed moderately dipping pole position. It 

is clear that this is not a Kiaman (or younger) reversed position. Since this is an 

oriented sample the most plausible explanation is that magnetisation is o f Lower 

Carboniferous age. The discrepancy o f inclination o f  c. 10° between the Whiting Bay 

sample and the younger and older sets o f samples described by Piper et al. (1991, 1994) 

highlights our very limited knowledge o f Lower Carboniferous polar wandering curves 

from Europe.

In summary the Whiting Bay sample data shows the following:

Table 8.8 : Palaeoma,^ e tic  resu ts from W liting Bay
Sample

No:
Lithoiogy: Method: Linefind: Dec°: Inc°: ChRM

Y/N
Commeiit:

WB Red 1st AF B 3 
C 8

211
208

020
030 ?Y L Carboniferous.

.Vo/e; haitcs -  ChRM.
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Chapter 8 MAGNETIC ANALYSIS OF IRISH CARBONIFEROUS IRON-OXIDES

8.5.6: Buttevant, Co. Cork

Three samples were collected from an unoriented borehole from Buttevant, N. Co. Cork 

(Fig. 8.1). All were AP demagnetised. The iron-oxide alteration occurs throughout the 

Waulsortian succession.

Results

Samples But 10-17A, 10-I7B, 10-17C (Fig. 8.43 to 8.45) demagnetised at high field 

strengths. The early peak records the removal o f  a soft magnetic component at low field 

strength, possibly carried by goethite. In all three samples the final magnetic 

components trend towards the origin o f  the Zijderveid plots. However in sample But 

10-17B there appears to be an extra hard component present and the sample failed to 

demagnetise any more beyond 1000 nT.

Discussion and Conclusions

Sample But 10-l7A and But 10-17C yielded a declination/inclination o f  300/-37.3°. and 

I S I M T  respectively. The inclination versus time graph shows that the magnetisation 

could have been acquired from between the Toumaisian and the Asbian (Fig. 8. 46).

Table 8.9: Palaeoma ^ e tic  resu ts from Buttevant.
Sample Lithotogy: Method: Linefind: Dec: Inc: ChRM Comment:

No: Y/N

But 10 Red 1st AF A/1 087 18,5
I7A C / 2 300 -37.3 Y L-Carboniferous

But 10 Red 1st AF A/1 002 10 N Discard. ? Extra
17B B/1 214 40 hard component

E/4 168 -52 carried by
F/4 172 -80 hematite?

But 10 Red 1st AF A/1 043 33
17C E 'W 151 -41 Y L-Carboniferous
Site -39

Average
Note: Bold llaJics =  ChRM.
Linefmd results represent number o f  magnetic components in data.
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C hapter 8 m a g n e t i c  a n a l y s i s  o f  i r i s h  c a r b o n i f e r o u s  i r o n - o x id e s

8.6 DISCUSSION & CONCLUSIONS

Firstly it is worth noting that this was envisaged as a pilot study. A full scale 

palaeomagnetic study would normally be based on demagnetisation o f  lOO’s o f oriented 

samples. In spite o f  this several worthwhile points can be made:

1.) The work supports Morris (1970, 1971) in that the thermal demagnetisation method 

is the more reliable when dealing with samples containing a strong magnetic 

component, especially where samples contain large concentrations o f a hard 

magnetic carriers such as hematite and magnetite. However, the problem with this 

method o f  washing is that any associated iron sulphides will decompose to iron- 

oxides giving spurious readings. This obviously is a drawback when trying to date 

iron-oxide mineralisation associated with base metal sulphides. Washing using the 

AF technique with a more powerftil source would be advantageous.

2.) The ChRM has been isolated in some samples (Table 8.10). Several o f  the sites 

prove that it is possible to 'see ' through the Variscan (Permian-Kiaman) overprint to 

an earlier magnetisation.

3.) Excepting the inherited "slop' in the palaeomagnetic method the palaeomagnetic 

‘ages’ all fall within acceptable geological controls as established from field and 

petrographic/paragenetic relationships (Table 8.10 and Fig. 8.47).

Site: Palaeonugnetic Age: Geological Age/Control:
Castleisland c. 314Ma

Brigantian-Namurian
?L.ate. Compressional-onset of Variscan 
orogeny? After Heselden, 1991.

Lisheen c. 325Ma 
Mid Asbian
(not fully demagnetised)

Post-lower Aghmacart (Arundian), ? later. 
SevastopuloA Redmond, 1998.

Crinkill c. 312Ma 
Namurian

Compressional overprint related to major 
inversion on the Knockshigowna Fault Zone. 
This Study.

Tynagh c. 350-340 
Chadian-Anindian

Upper Courceyan-Chadian. 
TChadian-Arundian?

Whiting Bay c. 328Ma 
Asbian
(not fully demagnetised)

Toumaisian
(Sevastopulo pers comm)

Buttevant c. 342Ma
Toumaisian-Chadian

Toumaisian-Chadian

Table 8.10: Palaeomagnetic ‘ages' o f  the sample sites.
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The site averages can be subdivided into three categories.

•  Firstly there are those sites which reflect the acquisition o f  the ChRM  during/soon 

after deposition o f  the host limestone. For example the Tynagh and Buttevant 

results date as lower Carboniferous (Toum aisian-Chadian and Chadian-Arundian 

respectively).

•  Secondly there are those which only partially demagnetised. For example Lisheen 

and Whiting Bay, and therefore give a maximum age o f  mineralisation (Asbian), 

that is, mineralisation m ust be pre-Asbian.

•  Finally Castleisland and Crinkill have been overprinted by the Variscan orogeny 

during the Brigantian-Namurian.

Obviously m ore work needs to be com pleted before any palaeom agnetic age o f  Irish 

deposits can be released but what this work clearly dem onstrates is that using m odem  

dem agnetisation equipm ent and having access to oriented hand samples it should be 

possible to achieve this.

Prior to this m ore reliable Carboniferous palaeopole control points/ages are required. 

From an Irish context it should be possible to "date’ the Limerick volcanics using both 

palaeomagnetic and radiom etric methods, this would certainly allow ‘fine-tuning" o f  the 

above data.
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Chapter 9  DISCUSSION

9.1 INTRODUCTION

The results o f  the investigations described in the preceding chapters provide some 

constraints on the timing and paragenesis, depositional setting and geochemistry o f  the 

iron oxide-silica mineralisation and its relationship to base metal mineralisation in the 

Central M idlands Basin. In this chapter implications o f  the data in the context o f  the 

processes involved in the mineralisation are considered.

Com parisons are m ade between iron oxide-silica mineralisation associated with base 

metal mineralisation and hematised limestones without associated sulphides. The 

Crinkill base metal prospect is discussed in detail and the evolution o f  the hydrothermal 

system there through tim e is discussed. Finally the most widely excepted genetic 

models o f  mineralisation in the Irish orefield are discussed in the context o f  the new 

data.

9.2 TIMING OF IRON OXIDE MINERALISATION

Within the overall paragenetic framework o f  iron oxide-silica mineralisation and 

associated base metal sulphides, the iron and silica mineralisation can be shown to pre

date both the initial hydrothermal dolom itisation (where present) and sulphide 

mineralisation (Table 9.1).

Several observations suggest that the introduction o f  hematite occurred before the host 

sediments had been buried to any great depth. For example, at Tynagh cavities within 

the W aulsortian limestone that contain hematite are cut by veins containing crypto- 

fibrous calcite, generally accepted to be a marine cement formed in the very shallow 

subsurface. The shallow depth at which hematite m ust have formed at Tynagh is also 

shown by the clasts o f  hematised W aulsortian limestone within debris flows in the 

Inter-Bank Tongue. Even though there was movement on the North Tynagh Fault it 

seems unlikely that the W aulsortian source o f  the clasts could have been exhumed from 

m ore than a few tens o f  metres.
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Some textures preserved within massive ironstones at Tynagh m ay have an algal origin 

in which case the ironstones m ust have formed on or very close to the Lower 

C arboniferous seafloor. However, definite replacive textures preserved in massive iron 

oxide-silica are clear evidence o f  a sub-seafloor origin. In relation to sulphide 

mineralisation both hematised limestone and ironstone mineralisation pre-dates galena 

and fram boidal pyrite mineralisation. M ost o f  the silica in the ironstone is chalcedonic 

and contains spherular textures suggestive o f  crystallisation from an am orphous 

colloidal gel.

A t Crinkill, cavities in the W aulsortian M udbank containing hematised geopetal m uds 

are com m on. As is the case at Tynagh, clasts o f  hematised W aulsortian biom icrites 

occur within sedimentary breccias. Hematised Waulsortian M udbank Com plex pre

dates both ‘regional’ and hydrothermal dolomitisation. Finally ironstones, in the upper- 

part o f  the Ballysteen Formation, are overprinted by later sub-econom ic sulphide 

mineralisation.

Silica-iron oxide alteration at Ballynoe, Silvermines forms the footwall to barite- 

sulphide mineralisation. Jasper clasts occur in pre-sulphide breccias in the Eastern 

Panel. B-Zone and G-Zone. Hematised geopetal cavity filling m uds are also known, 

suggestive o f  hematisation with an open cavity network, that is, early in the diagenesis 

o f  the host W aulsortian M udbank Complex.

At Lisheen and Galm oy jasper occurs as clasts within weakly mineralised hydrothermal 

breccias and as partially replaced clasts within massive sulphide m ineralisation at both 

mines. Recent underground information from Lisheen indicates that these partly to 

com pletely brecciated jasper clasts may form a locally important ore facies (com prising 

up to 15-20%  o f  the face in places). The sulphides partly replace, surround and cross

cut the jasper; many o f  the clasts have ‘bleached’ sulphidation rims. Hematised 

encrinitic units at Lisheen pre-date the regional dolomitisation event.

Elsewhere the relationship between iron oxide-silica mineralisation and base metal 

mineralisation is less well defined. At Garrycam, Co. Longford hematised m icrites are 

cross-cut by sub-vertical calcite veins which are composed o f  stage 2 and 3 calcite 

cements. At Navan jasper clasts occur within the Boulder Conglom erate Unit and the
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Conglom erate Group Ore. At Ballinalack, hematite In argillaceous shaley units, 

according to personal com m unications with form er geologists at the prospect, predates 

sulphide mineralisation.

Location Paragenesis Evidence
T ynagh Early. 

Pre-Stages 1 -3 
calcite cements. 
Pre-Stage 1 
sulphide.

Hematised limestones cut by fibrous calcite cements. Hematised 
limestone and ironstone cut by framboidal pyrite (Stage 1, syn- 
diagenetic according to Boast et al, 1981).
COURCEYAN

Crinkill Exirly 
Pre to Syn Stage 3 
calcite cement. 
Pre-dolomitisatioa 
Pre-sulphide.

Hematised stromatactoid cavity geopetaJ muds. Hematised 
Waulsortian Mudbank Complex is pre-regionaJ dolomitisation. 
Ironstones overprinted by disseminated sulphide mineralisation. 
COURCEYAN

Silvermines Early 
Pre-Syn Stages 1 -3 
calcite cement 
Pre-brecciation

Hematised stromatartoid geopetal muds. Footwall to barite 
mineralisation. Clasts in hydrothermal breccias.
COURCEYAN

Lisheen Early
Pre-brecciation.
Pre-dolomitisation.
Pre-sulphide

Hematised limestones pre-date regional dolomite. Jasper clasts in 
BMB and massive sulphide. Sulphides seen to rim and replace 
extensively developed jasper underground. 
COURCEYAN-CHADIAN

Galmoy Early
Pre-sulphide

Partly replaced clasts in high grade massive sulphide mineralisation. 
COURCEYAN-CHADIAN

G arrycam Early
Pre-Stages 2-3 
calcite cement

Hematised micrites cut by Stage 2 and 3 calcite veins. 
CHADIAN

Navan Unknown
Pre-Boulder
Conglomerate

Jasper clasts within Boulder Conglomerate and Conglomerate 
Group Ore.
CHADIAN

Ballinalack Early
Pre-sulphide

Hematised shaley unit forms an aquitard to sulphide mineralisation.

T able 9.1 Summary o f  information bearing on the timing o f  iron oxide-silica 
mineralisation in the Central M idlands Basin.

Evidence from the hematised limestones not associated with base metal mineralisation 

indicates that hematisation in these also occurred very early during diagenesis.

These red limestones can be divided into two categories: those stratigraphically older 

than the base o f  the Ballysteen Limestone Form ation, in which C onodont Alteration 

Indices are the same as the surrounding non-hematised limestones; and those associated 

with the Waulsortian M udbank Complex, either in the envelope (upper part o f  the 

Ballysteen limestone Formation, W aulsortian equivalents or Supra-W aulsortian) or the 

com plex itself in which conodonts are com m only bleached (CAI 6-7).

Hematisation o f  the first category (Hook Head, Whiting Bay, Duncormick, Co. 

W aterford) occurred either before or during the initial marine cementation o f  the 

limestone.
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Hematised Waulsortian Mudbank Complex at Ballinasloe (Borehole G4) is cut by 

vertical fibrous calcite veins which contain stage 1 to 5 calcite cements. Evidence from 

other occurrences o f  hematised Waulsortian Mudbank Complex is ambiguous. 

Hematite preferentially occurs within the micritic part o f  the limestone perhaps 

indicating an early depositional origin.

Similarly evidence from the Red Marble Facies at Castleisland, Fermoy and Littleisland 

indicates that hematisation occurred during early diagenesis.

In summary, iron oxide-silica alteration/mineralisation in the Central Midlands Basin 

occurred during the initial cementation o f the host limestones, that is, during early 

diagenesis. Mineralisation is considered to have occurred most likely at or near the 

seafloor, at burial depths no more than 10s o f centimetres to 10s o f metres.

9.3 HYDROTHERMAL versus DIAGENETIC

Given the early paragenetic origin o f  the iron oxide-silica the question arises as to 

whether the alteration is related to a normal evolution o f  pore fluids (diagenetic) or 

whether exotic fluids were introduced into the sediment/rock pile (hydrothermal).

To date iron oxide-silica alteration associated with base metal mineralisation has been 

recorded only in the hanging walls o f  major normal faults suggesting that the faults 

acted as conduits for exotic fluids.

At Tynagh massive ironstone developments in the upper Ballysteen Limestone 

Formation, Inter-Bank Tongue and Grey Calp all coincide with significant periods o f  

activity on the North Tynagh Fault. At Crinkill the ironstone thickens towards the 

Knockshigowna fault zone while at Silvermines, Lisheen and Galmoy silica-iron-oxide 

alteration, increases in intensity approaching the fault zones (Silvermines fault zone, 

Killoran fault zone and Main Fissure respectively).

Oxygen-isotope analysis o f  silica intergrown and associated with the iron-oxides from 6 

locations in three different studies (Fisk, 1986; Hitzman et al. 1995; this thesis) yields 

isotopic compositions ranging from 24.3-26 per mil. Diagenetic chert from the same
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stratigraphical horizon has S '*0 values o f  28-30 per mil. These data are interpreted to 

indicate that the silica crystallised between 60-150°C. If such temperatures simply 

reflect normal burial they would require burial depths o f  over a kilometre, which the 

paragenetic and geological evidence suggests is unlikely. Therefore the influx o f  hot 

fluids from an exotic source are required.

The origin o f  the iron oxide alteration/hematised limestones not associated with base 

metal mineralisation is more problematic. Upper Palaeozoic hematised limestones or 

griottes/recifs rouge are known throughout Europe (see Chapter 1 and references 

therein). Currently two models o f  reddening are favoured, the oxidised seawater influx 

model (Bourque and Boulvain, 1993) and the algal/bacteriogenic bio mineralisation 

model (Preat et al, 1999b). Aspects o f both models are attractive; however, there are 

ftjndamental problems in applying them to the Irish hematised occurrences.

• Oxidised Seawater Influx Model

This model envisages an initial stromatactid cavity network connected to the seafloor 

which allowed the influx o f  oxygenated seawater. A later secondary vertical to sub- 

vertical ‘neptunian" cavity network may have enabled further penetration o f 

oxygenated seawater.

The problem in applying this model to Ireland is that in large quarry exposes o f 

Waulsortian limestone (such as Feltrim and Maulawomia quarries), which had, well 

developed, open, primary and secondary cavity systems with presumably a resultant 

influx o f  oxygenated seawater, the Waulsortian Mudbank Complex is not hematised. 

Furthermore if such a model is correct, hematised Waulsortian Mudbank Complex 

would be expected to be the norm because much o f  the Waulsortian Mudbank 

Complex had well developed cavity systems. In fact hematisation is as common, if not 

more common, in facies in which cavities are not well developed. Therefore it is 

considered unlikely that such a model satisfactorily accounts for the presence and style 

o f  hematised limestone found in the Central Midlands Basin.

• Bacteriogenic biomineralisation

The Belgian proponents o f this model ascribe a purely bacteriogenic and algal origin 

to the hematised limestones o f  Europe. The limestones are interpreted to have been
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deposited in relatively deep water settings, below storm wave base, in many instances 

as condensed sequences with iron being concentrated in stromatolitic/algal rich hard 

grounds.

Hematised limestones in the Central Midlands Basin are part o f  a limestone facies 

deposited over a wide range o f  depths from deep water in part o f  the Waulsortian 

Mudbank Complex (c. 300m) to the shallow water RMF oolitic horizons in the Cork 

Red Marble facies. Thus a simple depositional environmental model is not applicable 

in Ireland. To date unequivocal macro and microscopic algal textures such as those 

described by the Belgian workers have not been recorded within the hematised zones.

9.3.1 Therm al M atu ra tion  Table 9.2.

The ambient temperature in the zones where hematised limestones are developed is 

difficult to establish. Because most o f the hematised limestones are predominantly 

silica poor, it was not possible to obtain samples o f silica for oxygen isotope analysis. 

The type-section o f  the Red Marble Facies at Inchera, Little Island, Co. Cork contains 

associated siliceous zones, which would be worth analysing in the fiiture.

Maturation indices (Conodont Alteration Index (CAI), Illite crystallinity and vitrinite 

reflectance) throughout the region in which the hematised limestones are formed are 

generally high (CAI 5; vitrinite reflectance > 00%; Clayton et al. 1989) and reflect 

Variscan (late Carboniferous) heating which it might be anticipated to have 

overprinted any signature related to hot fluids responsible for hematisation. However, 

CAI values o f  conodonts from red limestones associated with the Waulsortian 

Mudbank Complex normally have CAI values o f  6-7 (Price, 1986; Shearley, 1988; 

Clayton et al. 1989) (Table 9.2). In contrast, in the red limestone from below the 

Ballysteen Limestone Formation the CAI values are the same as the surrounding 

limestone. If the CAI values o f 6-7 are converted to palaeotemperatures using the data 

o f  Epstein et al. (1977), they imply that fluids involved in the hematisation were at 

temperatures in excess o f  500°C (Table 9.2). This is not consistent with information 

from illite crystallinity which shows no change across hematised zones (Table 9.2).
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CAI values from immediately adjacent, unhematised limestones are an order or two 

lower, 5 to 6, recording temperatures o f  250-300°. Clearly the hematised limestones 

have not been subjected to such elevated temperatures, neither have they undergone 

increased strain in comparison to the adjacent limestones.

CAI values from the European hematised limestones are low and concur with the other 

maturation indices (Table 9.2).

This strongly suggests that the hematised limestones o f  the southern central Midlands 

Basin owe their origin to processes primarily not related to their diagenetic and 

depositional settings.

Location 
(S tra tig raph ica l Position)

CAI "Illite Cyx 
HIVrf (T °C )

1  Reference
1

Hook Head 
(Ballvirartin Point Formation)

3 5 Sevastopulo pers com m , 
1999

Whiting Bay 
{Ringmoylan Shale Formation)

5 ; Clayton a/. 1989

Killamey
(Upper Ballysteen Limestone Formation) 7

6.5
17 6 (300°C) 

187(250-300°C)
Pnce, 1986 
Shearley. 1988

Ringaskiddy 
(Upper Ballvsteen Limestone Formation)

7 187 (250-300°C) Shearley, 1988

Ballybeg 
(W aulsortian Equivalent)

6.5 187 (250-300°C) Shearley. 1988

Baiiinasloe -  G4 
(W aulsortian Mudbank Complex)

5.5 ; Shearley, 1988

Cahir
(Upper W aulsortian Mudbank Complex)

6 5-7 187(250-300% ') Shearley, 1988

Fermoy 
(Red Marble Facies)

6 5-7 187(250-330‘>C) Shearley. 1988

Li sheen
(Lower WauJsortian Mudbank Complex)

6-7 - Sevastopulo, pers com m . 
1999

Remouchanps 
NE Dinant Baan, 

Belgium 
(Devonian)

4-4 5 0 44 Preat, pers comm 1999

Philipeville Massif, Belgium 
(Devonian)

4 0.5 Preat. pers com m  1999

Coum ac, France 
(Devonian)

2.5 0 79 Preat,pers com m  1999

Table 9.2. Maturation indices (CAI) and Illite crystallinity (Kubler Inde.x) from Irish. 
Belgian and French red limestones showing that the Irish Waulsortian e.xamples have 
very high CAI values.

Shearley (1988) noted that conodont elements with CAI values greater than 6.5 were 

strongly leached and corroded. One possible way to ‘bleach’ or whiten an element 

without heating/maturing it is to oxidise it. The progressive change in conodont colour 

with heating results from the thermal maturation o f  long chain biomolecules to carbon
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(CAI 5) and subsequently the oxidation o f  the carbon to leave grey and ultimately white 

conodonts (CAI 6 and 7). If  the carbon was removed by oxidation not involving high 

tem peratures, the resulting conodont colours would be still grey or white. However, 

simple oxidation is probably not sufficient to corrode the apatitic element thereby 

allowing oxidation o f  the organic matter.

It is considered necessary to invoke a hot oxidising fluid which corroded the elements 

and thus oxidised the organic m atter leading to CAI values which cannot simply be 

translated to palaeotem peratures.

At Lisheen. where the iron-oxide-silica is clearly hydrothermal in origin, the conodont 

elem ents are bleached indicating elevated CAI values o f  6 to 7 (Sevastopulo pers 

com m ., 1999; Table 9.2). At Hook Head and Whiting Bay, two coastal sections with 

excellent geological control, CAI values m easured from both the hematised beds and 

adjacent unmineralised limestones are low, simply reflecting the depositional and 

diagenetic setting o f  these ‘oolitic’ ironstones (Hook Head (CAI 3.5); Whiting Bay 

(CAI 5); Clayton t?/a/. 1989; Sevastopulo pers com m ., 1999.) (Table 9.2).

Finally all the hematised limestones with elevated CAI values occur on or adjacent to 

m ajor gravity linears. Such gravity linears are interpreted to represent deep basement 

structures, which were reactivated during the Lower Carboniferous, similar linears 

control parageneticaly later base metal mineralisation in the M idlands (O 'R eilly  et al. 

1999).

Thus it is highly likely that the hematised limestones represent early hydrothermal 

activity along active fault zones.
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9.4 IRONSTONES (Iron oxide-sUica) & HEMATISED LIMESTONES

The iron oxide-silica mineralisation associated with base metal mineralisation shares

many sim ilarities with the occurrences o f  hematised limestone not associated with base

metal m ineralisation as outlined below:

•  Both are hosted by Courceyan to Chadian aged limestone units.

•  Both occu r within similar facies, the upper Ballysteen Limestone Formation 

(Crinkill, Tynagh, Lisheen. Silvermines: Ringaskiddy, Killamey), the W aulsortian 

M udbank C om plex (Tynagh, Crinkill, Silvermines: Ballinasloe, Limerick, 

Shannon), R eef Equivalent facies (Tynagh: N orth Cork) and the upper Waulsortian 

M udbank C om plex to overlying Supra-Reef facies (Tynagh: Red M arble Facies).

•  Iron oxide mineralisation, hematisation occurred early in the diagenetic history o f  

the limestones (see section 9.2 above).

•  Hematisation is thought to have resulted from hydrothermal activity as evidenced by 

oxygen isotopes for the ironstones and tentatively by C A l’s from the non-associated 

hem atised limestones.

•  Hematised limestones associated with massive ironstones at Tynagh (the bulk o f  the 

Iron Form ation) and hematised limestones at Lisheen are macroscopically and 

m icroscopically identical to hematised limestones which are not associated with 

base metal mineralisation at Buttevant, East Lag and Castleisland.

•  The hem atised limestones associated with sulphide mineralisation are 

geochem ically indistinguishable from hematised limestones not associated with base 

metal mineralisation.

•  Ironstone m ineralisation is structurally controlled occurring in the hanging walls o f  

m ajor (100m  downthrow  or more) normal faults. The hematised limestones may be 

structurally controlled: they occur on or adjacent to m ajor gravity linears.
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Therefore it is possible that the hematised lim estones not associated with base metal 

mineralisation may represent an end member o f  the spectrum o f  the iron oxide-silica  

alteration with the m assive ironstone mineralisation representing the other.

9.5 HYDROTHERMAL FLUID CHEMISTRY

The evolution  o f  the hydrothermal systems responsible for iron-silica mineralisation 

using data from Crinkill and Tynagh as evidence is discussed below .

9.5,1 Theory

Transport o f  metals as com plexes in hydrothermal fluids is controlled by the 

temperature, redox state, chemistry including total sulphur concentration and pH o f  the 

brine. M etalliferous basinal brines most likely form via the diagenetic destruction or 

alteration o f  metal-bearing solid phases in the presence o f  aqueous fluids o f  high 

salinity and low  sulphur content. Potential m echanisms for making the metals available 

include the breakdown o f  organic matter, the reduction o f  metal oxides and 

oxyhydroxide grain coatings and the dissolution o f  silicate and carbonate mineral 

phases.

Hanor (1 9 9 4 , 1996, 1997 & 1999) analysed 500 brines from m odem  sedimentary basins 

and concluded that m odem  Zn-bearing brines, that is brines containing >10ppm  Zn. are 

sulphate dominant in nature (S0 4 “' > H:S). Furthermore, Hanor found a strong positive 

correlation between salinity and metal bearing potential: typically brines containing 

greater that I7wt%  NaCleqv are very effective metal transporters. Finally Hanor 

indicated that brine temperature has a minimal effect on the amount o f  dissolved Zn in 

the temperature range 60-160°C .

Different fluid chemistries o f  brines reflect the parental sedimentary basin from which 

the brine w as derived and its subsequent migration routes to the site o f  deposition. 

Generally tw o different brines end members are considered to be viable metal 

transporters: oxidising (S 0 4 *' > H iS), weakly acidic to neutral or alkaline; and reduced 

(H :S > SO 4’ ) acidic brines.
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•  Oxidising Brines (S 0 4 ‘̂ ±  H2 SO4 ' rich)

These are considered to originate in basins dom inated by carbonates, evaporites, 

hematitic sandstones and shales. Where there are a preponderance o f  evaporites the 

brines m ay have high salinities and are capable o f  transporting metal complexes at 

lower tem peratures than reduced brines.

Metal precipitation is prim arily prom oted by the conversion o f  sulphate to sulphide, that 

is by changes in the redox potential o f  the brine (Fig. 9.1).

ZnC l,‘̂ -’̂  +  S0 4 ^aq) + 4H:,g) ^  ZnS(s) + 4 H2 O + xCl^aq)

Other im portant controls include fluid mixing (salinity decrease) or interaction with 

earlier formed sulphur/bacteriogenic pyrite (addition o f  H2 S). M etal transport is pH 

independent (Fig. 9.1).

•  Reduced Brines (H^S or HS‘ rich)

These typically originate in reduced siliciclastic and shale basins. Metal precipitation is 

prom oted by pH increases and tem perature decreases (Fig. 9.1). It is estimated that a 

pH change (increase/decrease) o f  one log unit results in a change o f  metal/zinc 

solubility by a factor o f  10^ (Hanor, 1996).

ZnClx*"'^ + H2 S(aq, ZnS(s) + 2H',aq) + xCl (aq)

Metal transport is redox independent (Fig. 9.1). Reduced brines are capable o f  carrying 

significant concentrations o f  Ba in solution as chloride complexes:

B aC lx* '^ + H2S(aq)+ 2H20(|) —> BaS0 4 <s) + 2H ( a q > +  xCl (aq) + 4H2(g)

Redox value is the prim ary control on Ba solubility, increases in oxygen fugacity or pH 

both prom ote deposition o f  barite. Reduced brines may also carry Au and Sn.
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9.5.2 Evolution of the Hydrothermal System

•  D iagenetic Carbonates/Calcites

Oxygen isotopic analyses o f  micrites from the Wauisortian Mudbanl< Com plex yield 

5**0 values o f  2 6  to 30%o representing the contem poraneous sea water value. Early 

diagenetic calcite cem ents (Stage 1-3) and calcite associated with hematitic cavity fills 

have values between 2 6  to 40%o. M odelling o f  the isotopic data indicate that the 

diagenetic calcite cem ents that precipitated before or during hematite emplacement 

precipitated at temperatures ranging between 10 and 2 5 °C  (seafloor to shallow sub- 

seafloor environment).

•  Iron oxide-silica

Paragenetic evidence indicates that hydrothermal activity was initiated during the 

Courceyan at Crinkill, Tynagh, Silvermines, Garrycam and along the Rathdowney 

Trend. Evidence from Crinkill, Tynagh and Silvermines suggests that hydrothermal 

activity m ay have been triggered in response to syn-sedimentary tectonism  on the 

respective fault system s (Knockshigowna, Tynagh, Silvermines, and the Rathdowney 

Trend).

In broad terms the hydrothermal fluids precipitated silica follow ed by magnetite 

fo llow ed by hematite. Temperatures calculated from oxygen isotopes derived from 

silica suggest that precipitation occurred at low to moderate temperatures 

(approxim ately 55 to I50°C ).

E.xamination o f  the iron-oxide stability diagram (Fig. 9 .1 ), calculated for I50°C , clearly 

show s that magnetite can be precipitated only at weakly acidic/neutral to alkaline pH (c. 

7.5 to 12). Furthermore, the presence o f  hematite indicates that the hydrothermal fluids 

w ere oxidising; magnetite-hematite crystallisation must have occurred at very specific, 

w ell defined oxygen fugacities at Crinkill and Tynagh (log  fo2 o f  approxim ately -4 6  to 

4 8 ) .

At Tynagh colloform , co-precipitated, magnetite-hematite indicates that conditions 

fluctuated around this redox boundary. Co-precipitated magnetite-hematite may 

therefore reflect precipitation at or close to the redox boundary within the sedimentary
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pile (1 0 s  o f  cen tim etres to  several m etres burial depths). T ex tu ral ev idence clearly 

show s tha t a  significant p o rtion  o f  the iron ox ides form ed via rep lacem ent o f  the host 

lim estones. Such a  shallow  burial/depositional setting is consisten t w ith the 

paragenesis: iron o x ide  prec ip ita tion  at Tynagh pre-dates fram boidal d iagenetic pyrite 

p rod u ctio n .

M agnetite  has not been recognised  from  the o th e r base m etal deposits  and therefore 

bo th  the pH  and red o x  cond itions are poorly  defined  (Fig. 9 .1). H ow ever, hem atisation 

is no t accom pan ied  by significant carbonate  d isso lu tion  and so the pH  o f  the fluids is 

likely to  have been only  w eakly  acidic (c. 5 -6 ). O n this basis it cou ld  argued  that the 

ox id ising  fluids at the o ther d eposits  p recip ita ted  under very sim ilar geochem ical 

co n d itions to those at C rinkill and Tynagh. tha t is at a pH  o f  5 o r m ore  and redox 

co n d itions o f  —44 to - A 6  log fco (F ig. 9 .1).

E xam ination  o f  the z inc-lead so lubility  con tou rs (Fig. 9 .1 .) indicates that the oxidising 

fluids a t Crinkill and Tynagh w ould  not have been capable o f  transporting  significant 

concen tra tions o f  zinc o r  lead in solu tion. Petrographic and lim ited geochem ical 

ev idence  su p p o rts  this hypothesis: ironstones and hem atised lim estones from  Crinkill, 

Tynagh and  Lisheen do  not contain significant base  metals.

•  D olom itisation

M edium  to  coarsely  crystalline regional do lo m ite  ( D l )  post-dates the iron oxide-silica 

m ineralisation  at Crinkill and along  the R athdow ney T rend. A nalyses from  the 

R athdow ney  T rend vary  greatly  bu t are  generally  considered to reflect a hydrotherm al 

orig in  (from  60° to 21 8 °C ) (H itzm an, 1995; Eyre, 1998). N o w orkable  fluid inclusiosn 

w ere  found at C rinkill. T he  replacive nature o f  the regional d o lom ite  suggests that the 

paren tal hydrotherm al fluids w ere at least m ildly acidic.

T h e  regional d o lom ite  is brecciated  and rep laced  by dark  fine and coarse  w hite 

d o lom ites, the B lack M atrix  B reccia (D 2) and W hite M atrix B reccia (D 3) respectively. 

P etrograph ic  evidence suggests that both  d o lom ites form ed from  the sam e fluid w hich 

m ust have been acidic.
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Fluid inclusion analysis o f  the D2 dolom ites at Crinkill yields homogenisation 

tem peratures o f  I77°C  and salinities o f  16.9wt% N aC U q v . M etal solubility modelling 

by Hanor (1996) shows that such a hot saline fluid w ould make an ideal metal 

transporter.

Results from the D3 dolom ites display a bim odal distribution (100-160°C , 14wt% 

NaCleqv and 160-185°C, 8wt%  NaCleqv) possibly reflecting fluid mixing between a low 

to m oderate tem perature, medium to high salinity (locally derived?) fluid and a high(er) 

tem perature, lower salinity fluid (‘hydrothermal’?).

All three dolom ites have similar isotopic ranges suggesting either limited evolution o f  

the hydrotherm al system, as a result o f  a relative rapid dolom itisation event o r a rock 

dom inated, highly buffered system.

•  Sulphide M ineralisation:

At Crinkill, zinc mineralisation occurs disseminated throughout the W aulsortian 

M udbank C om plex within the stromatactid cavity network suggesting an early age for 

the onset o f  the base metal mineralisation. Later Main stage sulphides display 

colloform , replacive and cross-cutting textures and occur syn- to post-D2 (Black Matrix 

Breccia) and as such may be considered epigenetic in origin.

Sulphur isotopic results from Crinkill fall into four groups coinciding with the 

paragenetic groupings o f  the sulphides;

1. Early Iron Sulphides: Isotopically light (5'’‘’S -30%o) interpreted to reflect 

Bacteriogenic Sulphate Reduction (BSR).

2. Main Stage: Intermediate isotopic values (8^'‘S - 7  to -25%o) interpreted to 

reflect mixing o f  a light Lower Carboniferous sulphur source (BSR) and heavy 

hydrotherm al sulphur.

3. Late Stage: Cross-cutting galena, chalcopyrite and honeyblende mineralisation 

which is isotopically heavy, (5 '̂*S -10 to -4%o) and is interpreted to reflect a 

hydrothermal source.

4. Heavy Pyrite: Latest cross-cutting sulphide stage, isotopically very heavy, (5^‘*S

+ 12-15%o).
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Sulphide stages 1 to 3, record a fairly typical sulphur isotopic mixing signature as seen 

throughout the Central Midlands Basin (Hitzman and Beaty, 1996). Stage 4, however, 

is anomalously heavy. Similar values have been reported only from the Kildare MVT- 

field (Harberton Bridge) (Gallagher et al. 1992). Both Crinkill and Harberton Bridge 

lie on or adjacent to major reverse faults, interpreted to have inverted during the 

Variscan. A possibility worth further investigation is that the late heavy sulphur 

signature reflects a later, post-mineral, fluid pulse ‘driven’ by the Variscan front?

Textural and geochemical evidence suggests that the sulphides were transported by 

acidic, reduced (H2S dominated) brines. Evidence includes abundant examples o f  

carbonate and sulphide replacement, corrosion and dissolution, as well as significant 

barite accumulations associated with many o f  the deposits and prospects 

(Silvermines/Ballynoe, Tynagh, Garrycam). Metal solubility in reduced brines is a 

fijnction o f  both the pH and temperature o f  the fluids. The metalliferous brines must 

have had a pH on the order o f  4-4.5 in order to transport significant volumes o f  metal 

(Fig. 9.1). While lower pHs are permissible, it is considered that a pH o f  less than 3-3.5 

would have resulted in the dissolution and precipitation o f  sulphides within the sub- 

Waulsortian argillaceous limestone sequence.

Nevertheless, the precipitation o f  sulphides record a fundamental change in brine fluid 

chemistry in the Central Midlands Basin, from an oxidising dominated to a reduced 

hydrothermal fluid.

•  Post-Ore Carbonates

Coarse pink saddle dolomites and associated sparry calcites are ubiquitous throughout 

the Central Midlands Basin where they always post-date Main stage, economic, 

sulphide mineralisation. They were not examined in any detail as part o f  this study but 

the most recent research by Eyre (1998) ascribes them to a regionally migrating basin 

formation water origin.
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9.6 GENETIC MODELS

Iron oxide-silica and sulphide mineralisation in the Central Midlands Basin are 

intimately related sharing a one to one correlation. Petrographic, paragenetic and 

geochemical evidence indicates that the iron-oxide-silica deposition occurred in a 

seafloor to sub-seafloor, shallow burial environment.

Evidence from Tynagh and Silvermines demonstrates that at least some o f  the sulphides 

precipitated in a similar depositional setting (Banks, 1985; Boyce et al. 1999). The 

earliest sulphide mineralisation at Crinkill, Ballinalack and Garrycam is consistent with 

an early origin.

At Lisheen and Galmoy sulphide mineralisation post-dates the Regional Dolomite 

which extends into the Lower Aghmacart Limestone Formation (upper Chadian in age). 

However debate is still ongoing concerning the origin and depositional setting o f the 

regional dolomite.

The only unequivocal evidence for the timing o f  sulphide mineralisation occurs at 

Navan where the late Chadian-Arundian Erosional Surface cuts across the bulk o f the 

Navan orebody (Anderson et al., 1998) and eroded clasts o f  mineralised limestones 

occur in the overlying Boulder Conglomerate.

Finally normal faults were inverted during the Variscan (no earlier than Namurian and 

more probably late Carboniferous) and are seen to deform and offset the sulphide 

mineralisation at Crinkill and Lisheen (this study; Cruise. 1998b).

Thus the hydrothermal system within the Central Midlands Basin appear to have been 

long lived. Hydrothermal activity was initiated during the Courceyan and continued 

throughout the Chadian, that is the system was active for an estimated 5Ma. It is 

unknown whether hydrothermal activity was constant or episodic throughout this 

period. Hydrothermal pulses may have occurred in response to increased fault activity 

itself as mirrored in the sedimentary facies.
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The evidence for early hydrothermal activity in the Central Midlands Basin is 

inconsistent with a topographic driven fluid flow model (Hitzman and Beaty, 1996), as 

the required hydrological head would not have been present during the Courceyan. 

Furthermore, basinal brine modelling by Hanor (1996, 1999) and Cooke et a.l (1999a & 

b) suggests that a topographic driven fluid flow model, utilising the ORS as an aquifer, 

should produce oxidising hydrothermal brines. Clearly this is in direct conflict with the 

geochemical evidence from the sulphides themselves which require acidic reduced 

brines.

Evidence provided by the Pb-isotopic data and the most recent fluid inclusion and 

geochemical data favours the Lower Palaeozoic basement as the source o f the 

metalliferous brines (Caulfield et al., 1986; O ’Keeffe, 1986; Everett, 1999a & b). 

Finally, Eyre (1998) concluded “deeply circulated fluids are fundamental to the ore 

forming process in the Rathdowney Trend”.

The widespread occurrence o f iron oxide-silica mineralisation may mark the initiation 

o f  downward convection o f sea water triggered by extension and driven by relatively 

high geothermal gradients (evidenced by the initiation o f volcanic activity). Initially the 

convecting system may have tapped shallow reservoirs containing oxidised formation 

waters and oxidised Carboniferous sea water would have reacted with the underlying 

lithologies. Theory suggests that such interaction also would have generated oxidising 

brines. Through time, ongoing convection would have resulted in increased interaction 

with deeper, increasingly reduced formation waters and acidic, metalliferous reduced 

lithologies, ultimately causing the transportation and deposition o f  the sulphide which 

forms the orebodies.
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10.1 REGIONAL CONCLUSIONS

•  Iron oxide mineralisation with or without silica occurs throughout the Central 

M idlands Basin.

•  Iron-oxide-silica mineralisation is intimately associated with base metal 

mineralisation.

•  Iron-oxide-silica mineralisation occurs in various styles and over a range o f  scales: 

from large extensive stratabound to stratiform  ironstone bodies at Crinkill and 

Tynagh, where the Iron Formation forms a lobate body at least 1,800m (E-W ) by 

900m  (N-S), to isolated jasper clasts at Galm oy and Navan.

•  Products o f  Iron-oxide-silica mineralisation are overgrown, cross-cut and replaced 

by sulphide mineralisation at Crinkill. Tynagh, Silvermines, Lisheen, Galmoy and 

Navan. The iron-oxide-silica mineralisation was probably originally developed over 

geographically larger areas than seen at present and was subsequently replaced by 

the sulphides. Thus in many deposits iron-oxide-silica mineralisation is preserved 

only at the fringes; or outboard o f  the sulphide mineralisation. Many o f  the 

hematised limestones associated with the sulphide deposits have outer rims o f  

chlorite-rich green argillites reflecting the passage o f  the reduced metal-bearing 

hydrothermal fluids.

•  The iron-oxide-silica mineralisation forms the paragenetically earliest hydrothermal 

p roduct within the Central M idlands Basin, pre-dating both hydrothermal 

dolom itisation (Regional Dolomite, Black and White M atrix Breccias) and sulphide 

mineralisation.

•  Paragenetic evidence indicates that the iron-oxide-silica mineralisation occurred 

during diagenesis o f  the host lithologies at shallow burial depths (lO ’s o f  

centim etres to lO’s o f  metres burial), by inference during the Courceyan and 

Chadian.
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•  The oxygen isotope values o f  hematite from 5 deposits can only be reasonably 

explained if  the fluids from which the hematite formed contained isotopically very 

heavy oxygen (5 '* 0  o f  approximately + 20  to 30 per m il). The only w idely available 

oxygen as isotopically heavy as this w ould have been atmospheric oxygen dissolved  

in seawater. Therefore hematite mineralisation involved ingress o f  seawater 

containing dissolved atmospheric oxygen; this is m ost likely to have occurred 

within the upper few  metres o f  the sedimentary column.

•  In thin section, the silica and jasper can be seen to be chalcedonic and to display  

internal spherulitic textures suggestive o f  crystallisation from an am orphous 

collo idal gel. Oxygen isotope analysis o f  the silica associated with iron oxide  

mineralisation at Crinkill and Tynagh indicates that precipitation o f  the silica 

occurred at temperatures o f  5 5 -1 50°C.

•  G eochem ical m odelling using iron-oxide-sulphide stability diagrams indicates that 

the iron-oxide-silica mineralisation was deposited from oxygenated, that is S0 4 "', 

dominated fluids. Magnetite (at Tynagh and Crinkill) is typically follow ed by 

hematite indicating that the initial hydrothermal fluids in those deposits had low  

oxygen fugacities on the order o f  ^ 5  to - 4 7  log fo2- The presence o f  magnetite 

requires that parental fluids had an initial pH in the range 5.5 to 9. The weakly 

alkaline to neutral values are considered to be more likely. Elsewhere the 

geochem istry o f  the oxidised fluids is less well constrained. H owever the lack o f  

significant dissolution suggests precipitation from near neutral brines. Due to the 

lack o f  co-precipitated sulphides oxygen fugacities were approximately - 4 4  to - 4 6  

log fo2.

•  Facies analysis and mapping o f  the Tynagh deposit indicates that m assive ironstone 

developm ent coincides with significant periods o f  activity on the North Tynagh 

Fault. Tectonic activity resulted in seism ic pumping on the faults leading to the 

expulsion o f  oxidised hydrothermal fluids. Syn-sedimentary faults activity is also  

recorded at Silvermines, Lisheen and Crinkill.

•  M assive ironstones and iron oxides occur throughout the entire Courceyan to 

Chadian carbonate sucession at Tynagh, from the upper Ballysteen Lim estone
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F orm ation , th ro u g h o u t the W auisortian M udbank  C om plex  and  w ith in  the  overlying 

G rey  C alp  (S upra-W aulsortian ). T herefo re  the hydro therm al system s appear to 

have been  active over significant periods o f  tim e (app rox im ate ly  5M a).

•  T he su lph ide bearing brines w ere reducing in nature, that is H2S dom inated . M etals 

w ere  transpo rted  as ch lo ride com plexes a t a  pH  o f  4 o r  less, relatively high 

tem p era tu res  and salinities (based on lim ited fluid inclusion d a ta  [tem perature  

177°C ; salinities o f  17w t%  NaCUqv] from  Black M atrix  B reccias a t Crinkill). 

S u lph ide  prec ip ita tion  w as p rom oted  by one o r  all o f  the fo llow ing  factors: an 

increase in pH  caused  by neutralisation o f  the acidic brines by  the carbonate  host 

lithology; a tem p era tu re  decrease resulting from  fluid m ixing; and a  reduction  in 

salinity as a resu lt o f  fluid m ixing. D ata from  the analyses o f  fluid inclusions from 

the W hite M atrix  B reccia at Crinkill are interpreted as reco rd in g  the m ixing betw een 

a  low  tem pera tu re  (1 0 0 -1 6 0 °C ), high salinity (14w t%  NaCUqv), brine and a 

m odera te  to  high tem pera tu re  (1 6 0 -1 85°C ), low  salinity (7w t%  NaCleqv) fluid.

•  R ecognition o f  early  hydrotherm al activity in the C entral M id lands Basin precludes 

a topograph ic  driven fluid flow  m odel as a viable m ineralising m odel for the Irish 

O refield  as the required  hydraulic head is unlikely to have been availab le during this 

period .

•  C o n o d o n t A lteration  Indices m easured on conodon ts from  the hem atised  lim estones 

o f  the southern  part o f  the C entral M idlands Basin record  elevated values o f  6.5  to 

7. S uch  values suggest tem peratu res o f  m ore  than 400°C  if  they are  related only to 

heating. S ince such tem pera tu res are geologically  unlikely, the elevated  CA I values 

a re  tentatively  ascribed  to the passage o f  o.xidising hydro therm al fluids, w hich 

b leached  the co nodon t elem ents. S im ilar elevated CA I resu lts w ere obtained from  

the Lisheen deposit.

•  P alaeom agnetic  stud ies saw  through the strong m agnetic overp rin t o f  the 

K iam an/V ariscan R everse Superchron a t several sam ple sites so that the rem nant 

m agnetism  -  characteristic  o f  the L ow er C arbon iferous w as iso lated . W hile the 

palaeom agnetic  m ethod does not seem to provide a very sensitive gu ide  to age in the 

L ow er C arbon ife rous the results are consisten t w ith the paragenetic  and isotopic
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evidence that iron-oxide-silica minerah'sation at Tynagh occurred during the 

Courceyan.

10.2 DEPOSIT SPECIFIC CONCLUSIONS

•  Black M atrix Breccias identified at Crinkill are macro- and microscopically 

identical to the same lithology described from the Rathdowney Trend. At Crinkill 

the dark colour o f  the matrix is a result o f  the fine crystal size (20-45|j,m, planar to 

non-planar turbid crystals), their remnant porosity, the presence o f  organic material 

(bitum ens) and sulphides in the inter-crystalline porosity.

•  The form ation o f  Black Matrix Breccia (D 2) at Crinkill is considered to have been 

through the replacement o f  a pre-existing carbonate breccia, by micro-veining and 

stoping. Fluid movement was commonly through stylolites and open space within 

larger cavities.

•  Both Black M atrix Breccia and White M atrix Breccia (D3) at Crinkill evolved from 

the same parental fluid. White M atrix Breccias (70 |im  to + l m m ,  planar-E. rhombic 

to baroque crystals) are observed growing on D2. Dolomite in Black M atrix 

Breccia (D2) and White Matrix Breccia (D3) are geochemically similar with the 

sam e oxygen and carbon isotope and cathodolum inescence signatures. M odelling 

o f  the oxygen isotope results from the dolom ites (D l to D3) at Crinkill suggests that 

the dolom ite was precipitated from a hydrothermal fluid derived from seawater o r 

formation water.

•  Sulphide mineralisation at Crinkill occurs disseminated through the carbonate 

package, but the best grades are associated with D2 dolom itisation (Black M atrix 

Breccia). Petrographically the sulphides exhibit textures that are typical o f  other 

deposits in the Central M idlands Basin (open cavity fill, replacive, colloform , cross

cutting).

• Sulphur isotopes from the sulphides at Crinkill fall into four populations: a light 

population (5 '̂*S -30%o) interpreted to have been generated by bacterial reduction o f
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seaw ater sulphate; a heavy population - 1 0  to -5%o) interpreted to have been 

derived from a ‘hydrothermal’ source; an interm ediate population (5^‘‘S -2 0  to - 

10%o) interpreted to represent the mixing o f  a hydrothermal sulphur rich fluid and a 

local bacteriogenicaily reduced sulphur source. A  later very heavy (5^‘‘S +1596o) 

iron sulphide stage is interpreted as representing a later (post M ain-stage), unrelated 

hydrotherm al event (see below).

•  Inversion on the Knockshigowna fault post-dates M ain-stage sulphide 

mineralisation. Ferroan dolom ite (D4) is associated with this hydrothermal event; it 

is considered that the late iron sulphide stage may also be related.

•  SEM -m icroprobe results from Tynagh indicate that the M n-halo described by 

Russell (1975) is not related to the Iron Formation. Mn is seen to reside in the 

paragenetically latest ferroan carbonate stages. W hole-rock and multi-element 

ICPAR geochemistry indicates that the massive ironstone contains low, below 

background Mn levels.

• Hematised Lower Carboniferous limestones without associated sulphide 

mineralisation occurs throughout Ireland from Hook Head in the SE to Ballinasloe 

in the NW.

•  Hematisation at all locations is primary in origin, occurring at very shallow burial 

depths in the diagenesis o f  the host lithologies at Hook Head (Ballymartin Point 

Form ation), the Red M arble Facies (Supra-W aulsortian), Buttevant. Limerick and 

Ballinasloe (W aulsortian M udbank Complex).

•  The hematised limestones are geochemically similar to adjacent unaltered 

limestones; total Fe concentrations are low, typically less than 0.5wt% , indicating 

that the distinctive red colouration is a fianction o f  the oxidation state o f  the Fe.
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10.3 FURTHER WORK

W orthwhile further work on hermatite and silica mineralisation and its relationship to

base metal mineralisation should include:

•  Investigation o f  iron mineralisation now revealed by underground working at 

Lisheen to provide hitherto unavailable information on the geometry and facies 

relationship o f  the various facies o f  iron mineralisation and their relationship to base 

metal mineralisation at Lisheen.

•  M ore extensive iithogeochemistry o f  the hematised limestones. In general only very 

limited Iithogeochemistry has been conducted as part o f  exploration program mes in 

Ireland. For example whole rock sam ples were typically analysed for Cu, Pb, Zn, 

Fe ±Ba and a few other elements. It w ould be worthwhile conducting whole rock, 

m ulti-elem ent and major element analysis using an ICP to provides a wealth o f  

information (data for 47 or more elements). Data should be interrogated using the 

latest m ultivariate statistics.

•  Further investigation o f  the hematised limestones o f  southern Ireland to resolve the 

apparent contradiction between the petrographic evidence which suggests formation 

at shallow depths o f  burial and the evidence from conodont colours which suggests 

the involvement o f  hydrothermal fluids. One approach might be to determine 

tem peratures o f  formation o f  silica associated with hematite in the Red M arble 

Facies using oxygen isotopes.

•  Further investigation o f  distinguishing hematite o f  microbial origin from other 

form s o f  iron-oxide-silica mineralisation. Collaborative research with Belgian 

colleagues who have experience o f  red limestones in Europe would be beneficial.

•  Im provement o f  the polar wandering curve for the Dinantian o f  Britain and Ireland 

so that better palaeomagnetic dating o f  Irish iron mineralisation may be attempted.
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FIGURE 1.1;
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Figure 3.1. Location of boreholes in the Crinkill prospect and position of sections 
shown in Figs. 3.13-3.17. All borehole numbers carry the prefix SHR.
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Figure 3.3. Geology of the Crinkill Prospect showing depth to base of the 
Waulsortian Mudbank Complex and spatial distribution of iron-oxide mineralisation 
projected to surface. Boreholes with numbers shown in bold face (2, 14-26) were 
logged for this study. Boreholes 1 and 3-13 were short reconnaissance holes (c. 12 
-40m).
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i-igure 3.14. Relative timing and characteristics of diagenetic cements, silica and iron-oxide, dolomite and sulphide mineralisation at the Crinkill Prospect.

Stage: Cement/
Mineral

Cathodolum inescence
C haracteristics:

Early i Intermediate i . 
DIagenesis , Diagenesis

(Shallow Burial) 1 (Intermediate Burial) 1 (Deep Bunal) 
1 1

Comment:

Crypto - Fibrous 
Calcite (CFC) Dull non - luminescent

1 1

Rarely preserved, normally corroded 
and replaced by S3

Nail Head Spar 
(NHS, calcite)

Non-lumlnescent 
calcite scalenohedra

.......................................... 1....................................................... 1.................................................

Crystallisation from oxygenated 
marine phreatic waters, Fe^ rich

Calcite Bright orange-yellow Replaclve & Vein. Marks the transition from 
oxlc to reduced waters. No more than 10s of 

metres burial depth.

Calcite Medium yellow-black 
well zoned 1 - -  —  -  1

'Background’ burial calcite cement. 
Syn-dolomltisation & Main Stage 
mineralisation

Calcite Bright yellow
............................I..................................... ..................................

Late calcite, deep burial?

Silica 1 = non-luminescent 
Silica 2 = pale blue, mauve 
Silica 3 = navy, dark blue

^  ^  1

..........................................1....................................................... 1..................................................

Silica 1 exhibits amorphous spherical 
textures indicative of crystallisation from a 
colloidal gel.

Magnetite & 
Hematite

r 1 

1 1

Magnetite followed by hematite

D1
D

Regional Dolomite
Medium to dull red 

well developed 
sub stages .......................................... 1 . . . ^ .......................................1.................................................

Later than hematitic alteration of the 
Waulsortian Mudbank Complex

o

| D 2 Black Matrix 
Breccia

Dull cores, main stage medium 
/bright straw^berry pink 

outer rims 1 1
Cross-cuts hematised Waulsortian Mudbank 
Complex

W D 3 White Matrix 
Breccia

Dull cores, main stage medium 
/bright strawberry pink 

outer rims 1 1
Grows on dark fine dolomite, associated 
with small amount of bitumen.

Sphalerite Electric blue
1

..........................................1....................................................... i .................................................

Lines cavities occurring at calcite cement 
S3-S4 boundary.

Colloform Pyrite 
Sphalerite & Galena

Sphalerite luminesces 
Yellow, green & blue

I 1

..........................................1....................................................... 1...................................................

Main stage mineralisation replaces Dolomite 
D2

Coarse honeyblende, 
galena & copper sulphides

Sphalerite non 
lunlmescent 1 1

Later than Dolomite D3
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Figure 4.7: Relative timing and characteristics of diagenetic cements, silica and iron-oxide, dolomite and sulphide mineralisation at the Tynagh Deposit.

Stage; Cement/
Mineral

Cathodoluminescence
Characteristics:

Early
DIagenesis

(Shallow Burial)

Intermediate
Diagenesis

(Intermediate Burial)

T
Late

Diagenesis
(Deep Burial)

Comment:

Crypto - Fibrous 
Calclte (CFC)

Dull,non - luminescent 
fibrous calcite

I Rarely preserved, normally corroded 
and replaced by S3

o S 2

o
(d S3

Nail Head Spar 
(NHS, calcite)

Non-luminescent 
calclte scalenohedra

Crystallisation from oxygenated 
marine phreatic waters, Fe“* rich

Calcite Bright orange-yellow  
luminescence

R & V. Marks the transition from oxic to 
reduced waters. No more than 10's of 
meters burial depth.

Calcite Spar Medium yellow-black 
well zoned

'Background' burial calcite cement. 
Syn-to Post Main Stage mineralisation

Amorphous silica & 
Quartz

Silica 1 exhibits classic amorphous spherical 
textures indicative of crystallisation from a 
.•i 9?];. .Q .........................

Iron-
Oxide

Magnetite & 
Hematite

Magnetite followed by hematite

-Cc,\
f̂'on

Angular to 
sub-rounded 
WMC clasts

Extensive breccia development adjacent to W M C. 
Possibly responsible for brittle textures 
in hematite?

Rhombic Ferroan 
(10-150 î m)

Zoned Red-Black 
3  Stages

Post hematised WMC, pre- to syn 
Main Stage Sulphide

Xenotopic Alteration halo to Late Stage Sulphide

Late Carbonate Late Zebra Dolomite-Calcite- 
Pink Plug Dolomite

Framboldal Pyrite 
& Sphalerite

Early diagenetic, post Iron-Oxide. 
Stage 1 (after Boast et al, 1981).

Colloform Pale 
Sphalerlte& Galena

Main stage mineralisation in dllltant breccia 
& cavity system. Stage 2 (after Boast et al, 1981).

Fracture filling Galena 
Copper Barite

Late, epigenetic vein stringer. 
Stage 3 (after Boast et al, 1981).

_L
Barite 1 =assoclated with Iron-Oxides.
Barite 2=assoclated with Main Stage Sulphides 
Barite 3=assoclated with Late Stage Sulphides
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Figure 5.6: Paragenesis and Cement Stratigraphy of the Lisheen Base Metal Deposit (after Redmond, 1997; Eyre, 1998; this study).

Stage: Cement/
Mineral

CL
Characteristics:

------------------- -̂-----------T IM E -------------- -̂-----------------►

Early Intermediate *-ate 
Diagenesis ' Diagenesis ' Diagenesis:

Comment:

S1 Crypto - Fibrous 
Calcite (CFG)

Dull, non - luminescent 
fibrous calcite

1 1
Rarely preserved, nomially corroded 
andpartly replaced by S3

S2 Nail Head Spar 
(NHS, calcite)

Non-luminescent 
calcite scalenohedra 1 1

Crystallisation from oxygenated 
marine phreatic waters, Fe^‘ rich

S3 Calcite Bright orange-yellow 
luminescence

.................................... 1................................................. 1..................................... R & V. Marks the transition from oxic to 
reduced waters. No more than 10's of 
metres burial depth.

S4 Calcite Spar Medium yellow-black 
well zoned

1 1
'Background' burial calcite cement. 
Pre-mineralisation

Amorphous silica & 
Quartz

................ ..............T................................................T................................ Silica exhibits classic amorphous spherical 
textures indicative of crystallisation from a 
colloidal gel Quartz follows

Hematite

11

1
1I Hematite only, often without associated silica in 

hematised limestones.

D1 Regional Dolomite
Z o n e d ,  4 s t a g e s .  
Mottled bright - dull to bright - 
dull to non - bright red .....................? .......1....? Stage 3, dull to non luminescent clearly post 

dates hematised limestones.

D2
BMB

Dark fine 
c.20-60nm

Medium to bright 
red-orange.

1 1 Brittle crack-seal brecciation of D1.
D2 cements and replaces prior stages.

D3 WMB
Zoned, 3 stages.

Med orange/red •
•med to bright yellow/non/red 

•mottled orange/red

Coarse white dolomite, seeds on D2.
Fonns a laterally & vertically extensive crackle 
breccia.

Massive colloform 
iron-sulphides

....................................1..................................1................................
Early, pre-ore stage pyrite-marcasite mineralisation 

Forms Pyrrte-cap'.

Repladve & vein 
sphalerite, galena & 

very minor 
chalcopyrite & barite

............................... 1................................1................................ Ore or Main Stage mineralisation.
Dominated by pale sphalerite and associated 
galena.

............................... t............................... t ................................
Late-stage, post ore. Volumetrically very minor 
honeyblende and coarse galena.

Late Carbonate, 
Pink Plug Dolomite

1 1

Post-mineralisation coarse pink dolomite 
followed by calcite.
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PLATE 1 KNOCKSfflGOWNA FAULT ZONE

Scale: BQ Core, 1.5m per run, 6m per box.

Orientation: Top in each core box is the top right and bottom is bottom left. 

View: Looking towards End Of Hole (EOH)

IA. Drill core (borehole SHR-18 (69 to 105m) through the Knockshigowna Fault 

Zone. Pale grey runs o f core in the foreground are Waulsortian Mudbank Complex 

whose base (BOR) is indicated. The fault zone (c. 36m thick) is characterised by 

highly fractured and broken rock, well developed calcite veining and clay gouges. 

Structurally below the fault zone is Visean aged Borrisokane Limestone Formation.

IB. Detail o f SHR-83-18 (81 to 105m). Note well developed fracture zones, rubble 

and fault gouges, as well as a faulted contact with the Borrisokane Limestone 

Formation indicating that a minimum of 250m of inversion has occurred. The 

upper-most 1.5m of the Borrisokane Fmn. contains abundant ferroan dolomite.
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PLATE 2 IRONSTONE CONTACTS

SHR-83-17

Scale: BQ Core, 1.5m per run, 6m per box.

Orientation: Top in each core box is the top right and bottom is bottom left. 

View: Looking towards End Of Hole (EOH)

2A. Core through the near horizontal base o f Waulsortian Mudbank Complex 

(BOR) and into the shallowly dipping Nodular Micrite Unit in borehole SHR-83-17 

(121 to 151m) showing six massive ironstone units, their extent indicated by white 

lines.

2B. Detail o f Ironstone unit No. 2 (139.7m) illustrating the sharp contacts with the 

adjacent coarse crinoidal packestone. Point of the pencil indicates way-up.

2C. Example o f a very thin development of massive ironstone (arrowed) (142.5m). 

Point o f pencil indicates way-up.
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PLATE 3 IRONSTONE CONTACTS

SHR-83-14

Scale: BQ Core, 1.5m per run, 6m per box.

Orientation: Top in each core box is the top right and bottom is bottom left. 

View: Looking towards End Of Hole (EOH)

3A. Core SHR-83-14 (116 to 146m) through the near horizontal base o f the 

Waulsortian Mudbank Complex (BOR arrowed) into shallowly dipping Nodular 

Micrite Unit which contaons massive ironstone units (their extent shown by green 

lines). Lower core box disrupted and core lost during transport from Ennex 

International pic’s Silvermines core store to Noranda’s yard in August 1999.

3B. Detail o f massive ironstone illustrating the sharp contacts with the adjacent 

argillaceous beds. Again note the relatively flat bedding.
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P L A T E  4 IR O N ST O N E  T E X T U R E S

Polished, cut BQ Core, core diam eter is 3.75 cm.

Stratigraphical top is upward.

4A. W avy laminated ironstone showing nodular texture. SHR-83-18, 144m.

4B. Ironstone, which is partly massive, in the N odular M icrite Unit from borehole 

S H R -83-I4  (144 m). Relict wispy argillaceous fabric inherited from the Nodular 

M icrite Unit is preserved as are unaltered calcite bioclasts (arrowed).

4C . Highly siliceous ironstone with replaced and partly replaced bioclasts (arrowed). 

SH R-83-20, 241.3m .

4D. Massive ironstone mineralisation replacing N odular M icrite Unit. A rrow points 

to unaltered rugose coral. SHR-83-14. 145.5m.

4E . Brecciated, silicified W aulsortian M udbank Com plex set in a jaspeoid  hematitic 

matrix. N ote the fracture filling nature o f  the hematite. SH R-83-23, 156.2m
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PLA TE 5 IRONSTONE PETROG RA PHY

All photomicrographs are o f  polished sections o f  ironstone.

5A. Photomicrograph o f  Silica (Si), which is dark is replaced by cubic magnetite 

(M), pale brown and bladed Hematite (H), brightly reflective. Hematite appears to 

grow from the surfaces o f  magnetite grains. SHR-23-156.75m. Scale bar is lOO^m.

5B. Hematite, brightly reflective, replacing bioclasts in a siliceous (dark brown) 

matrix. SHR-14-144.4m. Scale bar is 1000 fj,m.

5C. Alternative, (Transmitted light, hematite dark) infilling the axial canals o f 

sponge spicules.

5D. Transmitted light photomicrograph of silica (transparent. Si) replacing bioclasts 

(crinoid ossicles) whose relicts are picked put by opaque inclusions o f hematite (H) 

in the lumens. The matrix is mostly replaced by silica (Si) with a small amount o f 

opaque hematite (dark) around some bioclasts. SHR 17-140m. Scale bar is 

1000|am.
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PLATE 6 IRONSTONE TEXTURES

6A. Photomicrograph o f polished thin section o f partially hematised limestone 

viewed in transmitted light. Concentrically layered hematite (dark) is replacing an 

echinoderm ossicle (arrowed) which displays characteristic stereom structure. SHR- 

25-33.9m. Scale bar is 1000)iim Apparent colloform textures in partially hematised 

limestone, note the echinoderm ossicle displaying the characteristic stereom. SFfR- 

25-343.9m, FOV: 3.5mm.

6B. Paired photomicrographs of polished thin section viewed in transmitted light 

(left) and under cathodoluminescence (right). The concentrically zoned hematite 

(dark in transmitted light) can be seen to be a replacement o f an echinoderm ossicle 

(brightly luminescing in cathodoluminescence and exhibiting characteristic stereom 

structure). SHR-25-343.9m. Scale bar is 1 OOOjim
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PLATE 7 raONSTONE TEXTURES

7A. Photomicrograph o f  polished thin section o f  massive ironstone in transmitted 

light showing stromatolite or oncolite-like structures defined by laminae o f  hematite 

(dark) and silica (white). SHR-14-145.6m. Scale bar Is 1000 jam.

7B. Detail o f  central portion o f  7A. Scale bar is 1000 nm.
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P L A T E  8 IR O N ST O N E  T E X T U R E S

8A. Paired photom icrographs o f  polished thin section o f  siliceous ironstone viewed 

in transm itted light (left) and reflected light (right). Silica (white in transmitted 

light) exhibits spheroidal texture interpreted as resulting from formation from a 

supersaturated colloidal gel. Iron minerals (bright in reflected light) are magnetite 

(arrow ed) followed by hematite (arrowed). SH R -23-156.75m . Scale bar is 

1000 |im.

8B. Photom icrograph o f  polished thin section viewed in reflective light showing a 

rare exam ple o f  a veinlet o f  magnetite cutting silica and massive hematite. SHR- 

14-149m . Scale bar is 1000 nm.

8C . Photom icrograph o f  polished thin section viewed in reflective light showing a 

veinlet containing magnetite and hematite cutting siliceous matrix and apparently 

feeding bed-parallel massive iron-o.xide at the right hand side o f  the image. 

Stratigraphical top is to the right. SH R -14-144.5m. Scale bar is 1000 |im.
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PLA TE 9 IRONSTONE TEXTURES

9A. Photomicrograph o f  a stained polished thin section in transmitted light 

showing angular ironstone clasts set in a ferroan carbonate matrix. SHR-20- 

243.3m. Scale bar is 1000 lam.

9B. Photomicrograph o f  a stained polished thin section viewed in transmitted light 

showing a siliceous ironstone clast set in a ferroan carbonate cement. 

Stilpnomelane (brown translucent mineral, arrowed) in cavities within the clast 

suggest that this brecciation is post the sulphide mineralisation (see also Plate 34). 

SHR-17-144m. Scale bar is 1000 nm.

9C. Photomicrograph o f  a stained polished thin section viewed in transmitted light 

showing an ironstone clast with a vein carrying stilpnomelane which itself is cut by 

ferroan carbonate. SHR-17-144m. Scale bar is 1000 nm.
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PLATE 10 IRONSTONE TEXTURES

lOA. Photomicrograph o f  polished thin section viewed in transmitted light showing 

vermicular silica veinlets in a hematite matrix. SHR-23-157.3m. Scale bar is 

1000 |im.

lOB. Photomicrograph o f polished thin section in reflected light showing hematite 

lenses (more brightly reflective) enclosed within cryptically laminated silica and 

hematite (brown reflectance). The fabric is similar to that exhibited by micrite 

lenses enclosing shale in the Nodular Micrite Unit. SHR-17-140.65m. Scale bar is

1000 urn.
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PLATE 11: Image of distribution of Mn, Fe, Cu, Zn, Pb, Si, Al, Mg, Ca, S anc Cd oerivea 
from  Position Tagged Spectroscopy (PTS) on the Scanning Electron M icroscope of a sample 
of ironstone from SHR-23-157 35m High values - yellow; interm ediate values - red; low 
values - blue. The image at bottom left shows the distribution of the tv/o phncipal phases, 
each of which is fairly homogeneous The 'blue' phase corresponds to high silica values ana 
the rea' phase to high iron values
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PLATE 12: Image of distribution of Mn, Fe, Cu, Zn. Pb, Si, Al, Mg, Ca, S and Cc oerivea 
from  Position Tagged Spectroscopy (PTS) on the Scanning Electron M icroscope of a sample 
of ironstone from SHR-23-157 35m High values - yellow: interm ediate values - rec: low 
values - blue. The image at bottom left shows the cistribution of the two principal phases, 
each of which is fairly homogeneous The 'blue phase corresponds to high silica values and 
the 'red' phase to high iron values



PLATE 13: Image of aistribution of Mn, Fe, Cu, Zn, Pb, Si, Al, Mg, Ca, S ana Cc cerivec 
from Position Tagged Spectroscopy (PTS) on the Scanning Electron Microscope of a sample 
of ironstone from SHR-23-157 35m High values - yellow; low values - brown. The image at 
bottom left shows the aistribution of the tv/o principal phases, each of which is fairly 
homogeneous The 'blue' phase corresponds to high iron values ana the Tea phase to high 
silica values



PLA TE 14 PINK M O TTLED  W AULSORTIAN M UDBANK CO M PLEX

Halved and polished, BQ core (core diameter is 3.75cm). 

Stratigraphical top o f  samples is towards top o f  the plate.

14A. Intensely hematised Waulsortian Mudbank Complex^ hematite concentrated 

along stylolites. SHR-83-15, 85.3m.

14B. Intensely hematised Waulsortian Mudbanic Complex which is grading to pink 

mottled micrites in stylolitic contact with unaltered Waulsortian Limestone. 

Hematite is concentrated on bedding parallel stylolites. Crinoid ossicles are not 

hematised but their lumens are filled by hematised carbonate mud. SHR-15-85.45m.

14C. Pink Mottled Waulsortian limestones (extent indicated by red line) near the 

base o f  the Waulsortian Mudbank Complex overlain by crinoidal conglomerate 

containing partially hematised, rounded clasts (arrowed). SHR-15, 104m.

14D. Steeply dipping, hematised stromactoid cavity containing hematised geopetal 

mud. The Waulsortian limestone here is rich in fenestellid bryozoans which appear 

as a series o f  small dots in the top right comer o f the image (arrow). SHR-83-16. 

64.3m.

14E. Waulsortian limestone with small primary spar-filled cavities (arrowed) cut by 

secondary cavities (arrowed) with a complex internal fill. Secondary cavity has a 

thick white spar layer on the roof and side wall followed by laminated geopetal mud 

on th efioor which is partly hemtised. Hematised cement extends around the roof 

and is followed by white spar cements. Geopetal mud younger than this spar is the 

last flooring sediment. The remaining space is filled by blocky calcite spar (Stage 4). 

SHR-14, 46.2m.

14F. Vein filled hematite feeding an area o f massive hematitic replacement o f 

limestone. Hematisation pre-dates the final sparry calcite fill (Stage 4). SHR-83-23, 

150.5m.
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PLATE 15 WEAKLY HEMATISED/PINK MOTTLED WAULDORTIAN

MUDBANK COMPLEX

15A. Photomicrograph o f  polished thin section viewed in transmitted light showing 

hematite occurring after calcite scalenohedra in a cavity. Under 

cathodoluminescence the cement crystals are non-luminescent typical o f Stage 2 

calcite. SHR-15-113.3m. Scale bar is 100 (im.

15B. Photomicrograph o f polished thin section viewed in transmitted light showing a 

crinoid ossicle with the lumen filled with carbonate mud, which has been 

preferentially hematised. SHR-15-112.4m. Scale bar is 100 ^m.

15C. Photomicrograph o f polished thin section viewed in transmitted light o f an 

echinoderm ossicle in which mud infilling stereom around the periphery has been 

replaced by hematite. SHR-23-150.5m. Scale bar is 1000|o.m.
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PLA TE 16 R EG IO N A L DO LOM ITE

16A. Typical regional dolomite from the Lisheen Deposit. Grey dolomite is 

medium-grained; white dolomite is coarse -  grained; dark dolomite is fine grained. 

Dolomite appears to preserve stromatactis cavity at the bottom o f  the sample. LK- 

562-84m. (NQ core diameter is 4.75cm).

I6B. Regional dolomite from the Crinkill prospect. Buff coloured dolomite 

corresponds to Grey dolomite at Lisheen; white dolomite to coarse dolomite at 

Lisheen and thin dark dolomite at the base o f  the white dolomite developments to 

the dark grained dolomite at Lisheen. SHR-20-50m. BQ core diameter 3.75cm.

16C. Vermicular dolomite from the Crinkill prospect showing dolomite veins 

(arrowed) in process o f  being dismembered. SHR-i 9-1 14.65m. BQ core diameter 

3.75cm.

357



\
Way-Up —

•  ^j5<  <,

A;‘ »ef

- '% V .

Itegipnai Dolomite 
^  .Fine to  Med. Crystalline 

Replacive.

Med.tp ̂ i i r s e  C l^^alltiii
Re^lac1vtf^pac» Fillirig.*̂ ^

Way-Up

Way-Up



PLATE 17 REGIONAL DOLOMITE (D l)

17A, Paired photomicrographs o f  polished, stained thin section viewed in 

transmitted light (left) and under cathodoluminescence (right). Planar-E Regional 

dolomite rhombs with three distinctive stages (labelled). Stage 1 is turbid in 

transmitteed light and luminesces pink-brown under CL; Stage 2 is inclusion free in 

transmitted light and is non-luminescent under CL and Stage 3 is inclusion free in 

transmitted light and luminesces yellow-brown under CL. Scale bar is 100|j,m.

17B. Paired photomicrographs o f  polished, stained thin section viewed in 

transmitted light (left) and under cathodoluminescence (right). Vermicular 

Dolomite. Microveinlet o f coarse dolomite cutting finer grained subplanar 

dolomite. Both show dull to weak luminescence typical o f  Regional Dolomite. 

Scale bar is lOOOjum.
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P L A T E  18 B L A C K  M A TR IX  B R E C C L \ (D2)

Hand polished BQ core (diam eter 3.75cm )

18A. Well developed Black M atrix Breccia. A ngular to sub-rounded Regional 

Dolom ite are set in a dark  fine crystalline dolom ite matrix. SHR-25-279.6m

18B. M oderately developed Black Matrix Breccia. Clasts o f  corroded and 

embayed, undolom itised, W aulsortian M udbank Com plex are com posed o f  

undolom itised WMC. Stratigraphical top to the left. SHR-16-34m

18C. M oderately developed Black Matrix breccia. Undolomitised W aulsortian 

limestone with primary cavities filled with calcite cements cut by ramifying veins 

o f  dak fine grained dolom ite. M any o f  the clasts appear to 'refittab le’ suggesting 

this is a dilational breccia, but some clasts have been rotated (arrow). 

Stratigraphical top to the left. SH R -24-113m.

18D. Incipient Black Matrix Breccia. Undolomitised W aulsortian M udbank 

Com plex is cut by steep microveins (arrowed) containing fine grained dolom ite 

producing angular clasts (arrowed). Dark fine grained dolom ite also occurs as a fill 

in shallowly dipping cavities (arrow ed). Stratigraphical top indicated by point o f  

the pencil. SH R-25-308.2m .

18E. Dolom itised, stylolitised Regional Dolom ite cut by steep vein o f  dark, fine 

grained, dolom ite which feeds a cavity containing dark fme grained dolom ite and 

dissem inated sphalerite (arrowed). Stratigraphical top to the top o f  plate. SHR-15- 

70.4m.

18F. M onochrom e photograph o f  dolomitised W aulsortian M udbank Com plex 

(Regional Dolmite) cut by a high angle vein containing dark, fine grained dolom ite 

and colloform  pyrite and sphalerite (arrowed). Coarse, white dolom ite followed by 

late calcite cuts the vein. Stratigraphical top to the top o f  the plate. SH R -15-75.2m.
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PLATE 19 BLACK MATRIX BRECCIA

Pairs o f  photomicrographs o f polished, stained thin sections in transmitted light (left) 

and under cathodoluminescence (right).

19A. Clast o f  rhombic to xenotopic ‘Regional Dolomite’ (outlined in white, left 

hand figure)(appears in hand specimen as typical Regional Dolomite) set in a matrix 

o f  dark, fine grained dolomite. Under cathodoluminescence (right hand figure), both 

clast and matrix show the same signature -  dull cores and moderately luminescent 

pinkrim s. SHR-15-51m. Scale bar is 1000|j,m.

19B. Angular dolomite clasts set in a dark dolomitic matrix (right hand figure). 

Under cathodoluminescence dolomite o f clast and matrix has dull to non- 

luminescent cores and medium strawberry red outer zones which corrode and partly 

replace the cores. SHR-19-124.85m. Scale bar is lOOOjam.
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PLATE 20 BLACK MATRIX BRECCIA - POROSITY

20A. Photomicrograph o f polished, stained thin section viewed in transmitted light 

o f dark, fine grained dolomite matrix o f Black Matrix Breccia showing planar and 

non-planar contacts and well developed porosity on grain boundaries. SHR-17- 

71.6m Scale bar is 100(im.

20B. Photomicrograph o f polished, stained thin section viewed in reflected light 

showing planar dolomite rhombs o f matrix o f Black Matrix Breccia with well 

developed intercrystalline porosity (arrowed) and scattered grains of pyrite and 

sphalerite (arrowed). SHR-1 9 -124.85m. Scale bar is 1000|Lim.

20C. Photomicrograph o f polished, stained thin section viewed in reflected light of 

matrix o f Black Matrix Breccia showing sphalerite mineralisation (arrowed) within 

intercrystalline porosity. SHR-23-114.5m. Scale bar is 1000|im.
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PLATE 21 BLACK M ATRIX B R E C C U

21A. Scanning electron micrograph using a bacic scatter detector o f  the fine grained 

dark dolomite o f  the matix showing the presence o f  pyrite and a carbon-rich phase 

(see below) interpreted as pyrobitumen. Scale bar is 3(j.m.

21B. Analysis using EDAX of the dark phase in 21A above showing the high C 

peak consistent with interpretation that the material is pyrobitumen.
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PLA TE 22 CARBONATE BRECCIAS

22A. Photomicrograph o f  polished, stained thin section viewed in transmitted light 

o f  an undolomitised breccia consisting o f  angular clasts o f  micrite in a calcite 

cement which is non-luminescent under cathodoluminescence and is interpreted as 

Stage 2 (S2) calcite cement. SHR-16-32.9m. Scale bar is 1000|im.

22B. Paired photomicrographs o f  stained, polished thin section viewed in 

transmitted light (left) and under cathodo luminescence (right). Angular to 

subangular limestone clasts composed o f  calcite (non-luminescent) are set in a fine 

grained calcite cement which luminesces brightly and is interpreted as Stage 4 

calcite cement. The matrix is partly replaced by red luminescing hydrothermal 

dolomite (arrowed). SH R-16-34.3m. Scale bar is 1 OOOfim.
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PLA TE 23 W H ITE M ATRIX BRECCIA (D3)

BQ core (diameter 3.75cm). Stratigrapliical top to the right.

23A. Moderate to well developed White Matrix Breccia showing angular clasts o f 

Regional Dolomite (D l)  set in coarse white dolomite matrix. Black Matrix Breccia 

(arrowed) occurs in the lower right hand comer o f  the figure. SH R-19-105m.

23B. Halved and polished piece o f  core showing mineralised clasts (pyrite ± minor 

pale sphalerite) set in a coarse white dolomite matrix. SHR-26-90.4m.
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PLA TE 24 W H IT E  M ATRIX BRECCIA

Paired photomicrographs o f  polished, stained thin sections in transmitted light (left) 

and under cathodoluminescence (right).

24A. Coarse rhombic dolomite (D3) in contact with dark finer grained dolomite 

(D2), both showing the same signature under cathodoluminescence -  dark cores and 

luminescent rims (arrowed). SHR-19-124.84m. Scale bar is 1000|j.m.

24B. Coarse dolomite rhombs showing charactistic luminescence o f  Stage 2 and 

corroded contact with pyrite. Late calcite (Stage 4 calcite) post-dates dolomite. 

SH R-14-111.8m. Scale bar is lOOO^m.
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PLA TE 25 W H ITE M ATRIX BRECCIA

25A. Photomicrograph o f  polished, stained thin section viewed in transmitted light 

showing coarse white saddle dolomite followed by honeyblende sphalerite. SHR- 

17-71.5m. Scale bar is lOOfim.

25B. Paired photomicrographs o f  polished, stained thin section in transmitted light 

(left) and under cathodoluminescence (right) showing the relationship o f  dolomites 

and sulphides. Colloform sphalerite (dull yellow to blue luminescence) replaces D2 

dolomite (arrowed) which is overgrown by rhombic and well zoned D 3m  dolomite 

(arrowed). D3 is succeeded by later calcite (S5). SHR-15-21m. Scale bar is 

lOOOfim.
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PLATE 26 DARK FINE GRAINED (D2) AND COARSE WHITE GRAINED

DOLOMITE (D3)

Scanning electron Micrographs using a back scatter detector of polished thin

sections.

26A. Zoned rhomb o f coarse whiter dolomite (D3). The light and dark zones 

reflect varying Fe:Mn ratios. Numbered spots indicate locations o f EDAX analyses 

(see Table 3.5). Scale bar is 10|j,m. SHR-19-99.3m.

26B. Dark, fine grained, Planar-E dolomite (D2). Note the pore spaces developed 

on grain boundaries. Numbered spots indicate locations o f EDAX analyses (see 

Table 3.5). Scale bar is 5 ^m. SHR-19-99.3m.
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PLA TE 27 SU LPH roES

27A. Scanning electron micrograph using a backscatter detector o f  polished thin 

section o f  pyrite crystals showing thin As-rich zones (pale in the image). Scale bar 

is 10p,m.

27B. Analysis by EDAX o f  sulphide containing high values o f  As, Ni and Co.
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PLA TE 28 DISSEM INATED SU LPHID E IN W AULSORTIAN MUDBANK

CO M PLEX

Paired photomicrographs o f  polished, stained thin sections in transmitted light (left) 

and under cathodoluminescence (right).

28A. Cavity in Waulsortian limestone filled by calcite cement stages SI to S4 

(arrowed). Sphalerite, luminescing electric blue, occurs between S3 and S4. Centre 

o f  the cavity is occupied by coarse dolomite (D3) which luminesces dark red. SHR- 

15-15.3m. Scale bar is 1000)i.m.

28B. Sphalerite (green-brown translucent in transmitted light, but dark in the image 

(arrowed); luminescent (blue) under cathodoluminescence) occurs between S2 and 

S4 calcite cements. Dolomite (D3) follows calcite (S4). SHR-14-67.5m. Scale bar 

is 100)j.m.
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PLA TE 29 DISSEM INATED SULPHIDE IN BLACK M ATRIX B R E C C U

29A. Photomicrograph o f  polished thin section in transmitted light showing 

abundant granular sphalerite (arrowed) filling intercrystalline porosity and partly 

replacing fine grained dark dolomite (D2). SHR-17-71.5m. Scale bar is lOOjim.

29B. Photomicrograph o f  polished thin section in reflected light showing sphalerite 

(highly reflective) filling porosity in dolomite (D2). SHR-23-114.5m. Scale bar is 

1000)o,m.

29C. ‘Buckshot’ sphalerite (arrowed) in dolomite (D2). SHR-23-114.5m. Scale 

bar is 1000|im.
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PLATE 30 SULPHIDE TEXTURES -  LAMINATED

Paired photomicrographs o f polished, stained thin sections viewed in transmitted 

light (left).

30A. Sphalerite (brown) replacing peloids. SHR-15-21m. Scale bar is 1000)am.

30B. Detail o f  Plate 30A showing the relationship between sphalerite (brown) and 

hydrothermal dolomite (D2) (clear). Sphalerite appears to replace dolomite. Scale 

bar is 100)u,m.

30C. Graded xenotopic dolomite (D2) and small amounts o f  associated sphalerite 

(dark). SHR-15-21m. Scale bar is 1 OOOfim.

30D. Layer sphalerite mineralisation (dark) in a dolomitised (D2) cavity in 

Waulsortian Mudbank Complex. SHR-17-71.5m. Scale bar is 1000|j.m.
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PLATE 31 SULPHIDE TEXTURES -  MASSIVE

31A. Photomicrograph o f polished thin section viewed in transmitted light showing 

pseudomorphs after barite preserved in sphalerite (arrowed), sphalerite and galena. 

Galena post-dates sphalerite. SHR-17-71.5m. Scale bar is 1 OOOjim.

31B. Photomicrograph o f polished thin section viewed in reflected light showing 

pyrite, rimmed by sphalerite, rimmed by galena. SHR-17-145.45m. Scale bar is 

1000|o,m.
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PLATE 32 SULPHIDE TEXTRUES -  COLLOFORM

Paired photomicrograph o f  a polished thin section viewed in transmitted light 

(above) and under cathodoluminescence (below). Colloform sphalerite, which has 

replaced barite (arrowed in lower image) and is partly replaced by galena (upper 

image). The sphalerite luminescence (lower image) includes red (arrowed) 

reflecting partial replacement o f  dolomite (D2); yellow orange reflecting intergrown 

carbonate (calcite); blue, probably due to Cd ± Ag (see Plate 33); and green-yellow 

(arrowed) probably due to Ag ± TI, As enrichement. Centre o f  cavity is filled with 

late calcite (Stage 5). SHR-15-21m. Scale bar is lOOOjum.
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PLATE 33 SULPHTOE TEXTURES -  COLLOFORM

33A. Scanning electron micrograph o f polished thin section using a back scatter 

detector o f colloform sphalerite (same sample as Plate 32) showing traverse across 

(red line) a blue luminescent sphalerite band with 20 EDAX analyses for Cd, Ag and 

Al. SHR-15-21.

33B. Analyses ofZn, Pb, Fe, traverse line shown above. SHR-15-2lm.
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PLATE 34 SULPHffiES 

NODULAR MICRITE UNIT & BALLYSTEEN LIMESTONE FORMATION

HOSTED

Photomicrographs o f polished thin sections viewed in reflected light.

34A. Galena and sphalerite in Nodular Micrite Unit cut by stilpnomelane. SHR- 

14-146.3m. Scale bar is 100|im.

34B. Chalcopyrite and sphalerite cut by stilpnomelane. SHR-19-134.5m. Scale bar 

is 100)j.m.
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PLA TE 35 SULPHIDES -  CO PPER M INERALISATION

35A. Photomicrograph o f  polished thin section viewed under reflected light showing 

almost massive chalcopyrite with inclusions o f  pyrite and dolomite (D2). SHR-19- 

135.4m. Scale bar is lOOOjim.

35B. Photomicrograph o f  polished thin section viewed under reflected light showing 

intergrown galena (Gal) and chalcopyrite (Cpy). SHR-19-135.4m. Scale bar is 

1000fj.m.

35C. Photomicrograph o f polished thin section viewed in transmitted light o f 

chalcopyrite inclusions in coarse honeyblende -  chalcopyrite disease; "orchard- 

beaded’ texture. SHR-19-125.4m. Scale bar is 1000|j,m.
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PLA TE 36 C A LCITE CEM ENTS IN W AULSORTIAN MUDBANK

CO M PLEX

Paired photomicrographs o f  stained polished thin sections viewed in transmitted light 

(left) and under cathodoluminescence (right).

36A. Cements within primary cavity; cryptofibrous calcite (CFC -  S I) showing 

replacement o f  normal non-luminescent cements by brightly luminescent S3; 

scalenohedral (Nail-head spar) -  S2, which is non-luminescent; brightly luminescent 

S3; and zoned yellow-brown luminescent S4. SHR-14-11,3m. Scale bar is 1000|j.m.

36B. Cavity cut by a vertical vein. Non-luminescent S2 calcite grows from the wall 

o f  the vein and is followed by S3 and S4. SHR-15-18.3m. Scale bar is lOOOjum.
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PLATE 37 SULPHIDE -  PARAGENESIS

Negative photom icrograph o f  semi-massive sulphide mineralisation in SHR-17-

71.5m .

Sam ple illustrates the three phases o f  sulphide mineralisation.

1. Early M ineralisation: Disseminated Sphalerite in W aulsortian M udbank

Com plex, low er left hand com er o f  the plate.

2. Main Stage: Disseminated sphalerite in D2, followed by massive, colloform 

sphalerite and galena. Sulphides related to cavity system, here cemented by late 

calcite spar (S5). D3 dolomitisation is syn- to post- this sulphide mineralising 

pulse. D3 (with saddle habit) grows on D2 (which contains disseminated 

sulphide, seen as white blebs).

3. Late M ineralisation: Honeyblende and galena post D3.

Scale bar is 1cm.
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PLATE 38 IRONSTONE

BQ Core (3.75cm diameter), 1.5m per run, 6m per box.

A. Upper Ironstone. Ironstone within the Grey Calp from 25.45 -  26.36m in 
borehole T-97.

B. Iron Formation. Two zones o f  ironstone (extent shown by white lines) within 
hematised crinoidal limestone and shale in the Interbank Tongue. Note also 
theT -B ed (olive green tuff). Borehole T-97, 75.15 -  102.1m.
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PLATE 39 IRONSTONE

BQ Core (3.75cm diameter), 1.5m per run, 6m per box.

A. Iron Formation (extent indicated by white arrows) contained within the Inter 
Bank Tongue. The contact o f the Inter Bank Tongue and the lower 
development o f Waulsortian Mudbank Complex (arrowed) is present in the 
lowermost boxes. Borehole T-125, 116.8 to 135.7m.

B. Lower Ironstone (extent shown by white line) contained within crinoid-rich 
upper part o f the Ballysteen Limestone Formation. The contact with the 

Waulsortian Mudbank Complex is arrowed. Borehole T-124, 125.45 to 179m.
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PLATE 40 IRONSTONE

BQ Core (3.75cm diameter), 1.5m per run, 6m per box.

A. Iron Formation. Hematised conglomeratic limestones (arrowed) interbedded 
with Iron Formation in the shaley Inter Bank Tongue. Borehole T-98, 82.5 to 
124.6m

B. Association o f  ironstone and T-bed tuff (arrowed). Note the sharp contacts 
(arrowed) between the ironstone and shale. Black arrow indicates 
stratigraphical top. Borehole T-98-95.45m.

C. T-bed, showing grading. Black arrow indicates stratigraphical top. Borehole T- 
97-83.8m.
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PLA TE 41 IRONSTONE TEXTURES

A. Colloform, granular and laminated textures in massive ironstone. Tynagh Float 
Sample.

B. Well developed colloform textures in massive ironstone. Tynagh Float Sample.

C. Limestone and bioclasts partially to fully replaced (arrow) by massive ironstone 
mineralisation. Borehole T-124-190m. BQ core (diameter 3.75cm).
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PLA TE 42 PETRO G RA PH Y  O F SILICEO US IRON STO NE

Photomicrographs o f polished thin sections view in transmitted light

A. Colloform laminae o f  hematite and silica in siliceous ironstone enclosing a final 
quartz fill. T 125-122.Im. Scale bar is 1000/im.

B. Detail o f  Plate A illustrating the very fine nature o f  the amorphous colloform 
silica. Note also the fine (sub-micron) hematite inclusions and corrosion o f the 
silica by later hematite (arrow). T 125-122.Im. Scale bar is lOOfim.

C. Chalecodonic silica viewed under cross-polars crystallisation post-dated by 
drusy euhedral overgrowths. Note also the corrosion and partial replacement o f 
the chalcedony by hematite (opaque phase; arrowed). T 153-223.3m. Scale bar 
is lOOOjim.

D. Inclusion rich quartz viewed under cross-polars. The boundary between the 
inclusion rich and inclusion-free quartz (marked by the dashed line) may outline 
part o f  a rhomb, suggesting that silica has overgrown carbonate. T 153-223.3m. 
Scale bar is 100)im.
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PLATE 43 PETROGRAPHY OF IRON OXIDE

Photomicrographs o f  polished thin sections viewed under reflected light.

A. Finely crystalline hematite and silica, characteristised by low reflectance and 
abundant red internal reflections, cut by an euhedral magnetite (grain) rimmed 
by hematite. Note euhedral crystal truncates earlier iron-oxide. T 98 -104.5m. 
Scale bar is 100|o.m.

B. Massive iron-oxide mineralisation. Brightly reflective magnetite grains (c. 45- 
50% o f  image) are rimmed by hematite. Later tarnished euhedral pyrite post
dates both iron oxides. T 152-132.4m. Scale bar is 1000fo.m.

C. Well developed colloform brightly reflective magnetite and hematite (arrowed) 
mineralisation. Tynagh Float Sample. Scale bar is 1000|j,m.
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PLATE 44 PETROGRAPHY OF IRON OXIDE

Photomicrographs o f  polished core viewed in reflected light.

A. Finely-grained, crystalline bladed hematite (<10|im) displaying characteristic 
red internal reflections. Borehole T-153-245m. Scale bar is lOOjim.

B. Silicified carbonate cut by veins o f bladed hematite apparently growing from 
vein walls (highly reflective) and quartz. Borehole T-I46-132.4m . Scale bar is 
1000p.m.

C. Textures indicative o f  brittle deformation in massive hematite. Borehole T-152- 
132.4m. Scale bar is lOOOjum.
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PLATE 45 PETROGRAPHY OF IRONSTONE

Photomicrographs o f  polished thin sections viewed in transmitted light.

A. Colloform silica and hematite in a matrix o f  silica. Turbid ferroan dolomite 
(arrowed) appears to replace silica. Compare the morphology o f  the colloform 
silica and hematite with that o f  microstromatolites from the Montagne Noire, 
France, shown in Plate 46A. Tynagh float sample. Scale bar is 1000|j.m.

B. Colloform silica and hematite forming microstromatolite -  like growths. 
Compare with Plate 46A. Secondary fibrous minnesotaite (arrowed) is also 
present. Borehole T-154-146.9m. Scale bar is 100|im.

C. Coalescing colloform silica and hematite with oncolite-like morphology. 
Compare with Plate 46B and C. Tynagh Float Sample. Scale bar is 1mm.

D. Silica (arrowed) and hematite growing around an exotic core, (bioclast, sponge 
spicule or possible a crinoid ossicle?). Compare with Plate 46B and C. 
Borehole T 153-245m. Scale bar is 1mm.
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PLATE 46 STROMATOLITES and ONCOLITES

Photomicrographs o f  thin sections viewed in transmitted light.

A. Colonization o f  a hardground by several columnar ferruginized 
microstromatolites. Note the striking similarity to Plate 45A & B. Frasnian 
limestone, Coumiac, Montagne Noire, France. (Belgian Geological Survey 
Home Page, 1999). Scale Bar is 100 jam.

B. Oncolitic growth surrounding an echinoderm ossicle. Compare laminated 
texture with Plate 45C & D. Asbian-Brigantian, Lixnaw Quarry, Co. Kerry 
(courtesy o f  J. Murray). Scale bar is 1mm.

C. Large oncolite surrounding brachiopod shell fragment. FOV: 7mm. Asbian- 
Brigantian, Lixnaw Quarry, Co. Kerry (courtesy o f J. Murray). Scale bar is 
1mm
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PLATE 47 PETROGRAPHY OF IRONSTONE

Photomicrograph o f  polished thin sections viewed in transmitted light.

A. Fine grained skeletal (crinoid ossicles and hyalostellid sponge spicules) 
packestone in which the matrix has been totally replaced by finely crystalline 
hematite. Borehole T  153-245m. Scale bar is 1000fj,m.

B. Bioclasts (mostly crinoid ossicles) partially to totally replaced by hematite. 
Matrix is silica Tynagh Float Sample. Scale bar is lOOO^m.

C. T uff (T-Bed) partially replaced by massive hematite. Note biotite (arrowed) 
and inclusion-free quartz o f  volcanic origin. Hematite has also partially 
replaced echinoderm ossicles (arrowed) in which the stereom has been infilled 
with ferroan carbonate. Borehole T -125-107.5m. Scale bar is 1000|im.

D. View o f  hematite cutting clay-rich horizon (arrowed). Note secondary chlorite 
(arrowed). Borehole T-152-111.8m. Scale bar is 1mm.
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PLATE 48 IRON OXIDE - SULPHIDE RELATIONSHIPS

A. Polished surface o f  variably hematised limestone (Waulsortian Mudbank 
Complex). Intense hematite replacement at base grades to pink mottling above. 
Pale fine-grained sphalerite cuts weakly hematised limestone (arrowed). 
Galena (arrowed) cuts intensely hematised micrite. Tynagh Float Sample. 
Arrow shows stratigraphical top. Scale bar is 5cm.

B. Cut surface o f  core showing ironstone hosted in the Grey Calp (see Plate 38A). 
Hematite layers are overgrown by framboidal pyrite (arrowed). Borehole T-97- 
25.45m. Arrow shows stratigraphical top. BQ core (diameter 3.75cm).

C. Banded ironstone, consisting o f  magnetite and hematite replaced locally by 
framboidal pyrite (arrowed). Borehole T-153-255.9m. Black arrow indicates 
stratigraphical top. BQ core (diameter 3.75cm).
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PLATE 49 IRON OXIDE - SULPHIDE RELATIONSHIPS

Photomicrographs o f  polished thin sections viewed in reflected and transmitted
light.

A. Large sphalerite crystal (?Late Stage) which has overgrown quartz (qtz), 
hematite (hem) and chalcopyrite (cpy). Borehole T-146-132.4m. Scale bar is 
1000|im.

B. Hematite (Hem) and Magnetite inclusions (Mag), brightly reflective, in galena 
crystal (Gal). Tynagh Float Sample. Scale bar is 100)j,m.

C. Barite rosettes/laths (white) in massive ironstone viewed in transmitted light 
Borehole T-146-132.4m. Scale bar is 1 mm.

D. Barite laths (white) in siliceous chloritic massive ironstone viewed in 
transmitted light. Note barite is corroded and partially replaced by hematite 
(opaque). Borehole T -152-111.8m. Scale bar is lOOO^m.
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PLATE 50 DISTRIBUTION OF MANGANESE IN CARBONATES

Scanning electron micrographs o f  polished thin sections using a backscatter 
detector and EDAX analysis.

A. Stromatactis cavity in the upper development o f  Waulsortian Mudbank 
Complex showing the distribution o f sphalerite and spot analyses o f manganese 
concentrations. Distribution o f  sphalerite marks the interface between calcite 
cement stages 3 and 4 (Stage 3 and 4). Ferroan dolomite which partly replaces 
calcite cement stage 4 carries very high Mn concentrations (12,900 to 14,200 
ppm Mn). Borehole T-372-82m. Scale bar is lOOfim.

B. Quartz and carbonate fill o f  a cavity in massive ironstone. Highest 
concentrations o f Mn are in ankerite (labelled) (>28 wt% Fe, 7000-15000 ppm 
Mn). Light coloured rhombic phase (arrowed) is highly siliceous (2 wt% Si), 
ferroan dolomite. Borehole T-146-117m. Scale bar is 10|am.
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PLATE 51 HEMATISED INTER BANK TONGUE

Arrow shows stratigraphical top.

A. Typical hematised limestone o f the Iron Formation as seen in core. Note the 
gradation from intensely reddened limestone to partially hematised limestone to 
limestone with green argillite bands. Borehole T 97- 91.2 to 92.2m. BQ core 
(diameter 3.75cm).

B. Detail o f  intensely hematised limestone. Hematite is concentrated in the 
micritic matrix and crinoid ossicles are largely unaltered. Borehole T-97-92m. 
BQ core (diameter 3.75cm).

C. Detail o f  green argillites and unaltered crinoidal conglomerate. Borehole T 97- 
91.3m. BQ core (diameter 3.75cm).

D. Photomicrograph o f  polished thin section viewed in transmitted light o f  green 
argillite layer. Note the abundant chlorite (arrowed). Borehole T-153-230.9m. 
Scale bar is lOOOp-m.
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PLATE 52 HEMATISED INTER-BANK TONGUE

Stratigraphical top is towards top o f  page.

A. Conglomerate, consisting o f  subrounded to angular clasts clasts o f  Waulsortian 
limestone which are weakly hematised, interbedded with argillaceous crinoidal 
limestone. Borehole T-98-89m. BQ core (diameter 3.75cm).

B. Hematised conglomerate unit within the Iron Formation. Both clasts 
(highlighted) and matrix (M) are hematised. Hematised matrix is cut by a 
fibrous calcite vein (arrowed), interpreted as being early. Borehole T-125 267.8 
to 272.4m. BQ core (diameter 3.75cm).

C. Conglomerate with hematised clasts displaying erosive contact (arrowed). 
Borehole T-116-99.2m. BQ core (diameter 3.75cm).

D. Hematised micrite showing gradation from weakly hematised (pink) to subtly 
mottled grey limestone. Borehole T -1 16-104.5m. BQ core (diameter 3.75cm).
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PLATE 53 PETROGRAPHY OF HEMATISED LIMESTONE

Hand samples o f hematised limestone

A. Conglomerate containing both hematised and unaltered micrite clasts. Note 
laminated fully hematised limestone clasts are truncated (arrow) and in close 
proximity to unaltered micrite clasts suggesting that this is not selective 
hematisation o f  a pre-existing conglomerate. Hematisation must have occurred 
prior to formation o f  the conglomerate. Picture after D. Gallery.

B. Micrite which has been selectively hematised (arrow). Note early fibrous 
calcite vein (arrow) cutting hematised micrite and late hematite filled vein 
(arrowed) also cross-cutting micrite. Tynagh Float sample.
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PLATE 54 PETROGRAPHY OF HEMATISED LIMESTONE

Plate 54A-C Photomicrographs o f  polished thin sections viewed in transmitted
light.

A. Hematised limestone from the Iron Formation composed o f  partially hematised 
bioclasts. Note the infilled stereom o f  an echinoderm ossicle (arrowed) and 
unreplaced calcite crinoid ossicles. Borehole T-153-230.9m. Scale bar is 1mm.

B. Solitary coral in Inter Bank Tongue. Hematite has preferentially replaced the 
matrix rather than the bioclasts. Borehole T-149-236.6m. Scale bar is 1mm.

C. Hematised bioclasts in the Inter Bank Tongue displaying various degrees o f 
replacement. Borehole T 149-236.6m. Scale bar is I mm.

D. Scanning electron micrograph using a backscatter detector o f a polished thin 
section from the Inter Bank Tongue showing the lumen o f  a crinoid ossicle with 
hematite (bright) rimming Stage 2 calcite cement. Scale bar is 6|am.
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PLATE 55 SULPHroES

Paired photomicrographs o f polished thin sections viewed in transmitted light (left) 
and under cathodoluminescence (right).

A. Rhombic dolomite well zoned under cathodoluminescence intimately associated 
with sulphide mineralisation (galena). Under CL the rhombic, planar-E 
dolomite is composed to 3 distinct stages: Stage 1 -  corroded, mottled core. 
Stage 2 -  red-black fine zones and Stage 3 -  dull, non-luminescent outer zone. 
Tynagh Float Sample. Scale bar is 1000|u.m.

B. Bedding parallel sphalerite mineralisation (Sph), cross-cut by medium to dully 
luminescent calcite vein. Note the preponderance o f dolomite (Dol). Tynagh 
Float Sample. Scale bar is lOOOfim.
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PLATE 56 SULPHroES

A. Mineralised breccia (reproduced from Boast et al. 1981, Fig. 8).

B. Polished thin section viewed in transmitted light of colloform sphalerite (sph) 
and galena (opaque; gal). 4800 level, Tynagh Mine (collected by Deirdre 
Gallery). Scale bar is 1 OOOfim.

C. Drill core showing late stage mineralisation (coarse galena, barite and 
sphalerite). Borehole T-124-137.5m. BQ core (diameter 3.75cm).

D. Polished thin section viewed in reflected light showing intergrown galena (gal) 
and chalcopyrite (cpy). Note the abundant dolomite (Dol). Borehole T-423- 
71.5m. Scale bar is lOOOfim.
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PLATE 57

raON OXroE MINERALISATION AT LISHEEN

Scale; NQ Core (4.8 cm diameter), 1.5m per run, 4.5m per box.

A. Hematised encrinite in borehole LK-332. The core from bottom  (74m ) at the 

lower left hand core box to top (57.5m ) at top right hand core box shows 

hem atised limestone and shale below semi-massive pyrite m ineralisation, which 

is capped by dolom itised W aulsortian M udbank Complex. N ote: Base O f  R eef 

contact arrow ed. Borehole LK-332 from 57.5 to 74m  (U pper Ballysteen 

Lim estone Formation).

B. Detail o f  hematised micrites and argillites in LK-332 at 69m . Note the close 

spatial relationship between the black unaltered argillites arrow ed B, red argillites 

arrow ed R. and green argillites arrowed G. Way-up as indicated on scale.

C. Pink mottled micrite and hematitic argillite in LK-332 (68.75m , Upper 

Ballysteen Lim estone Formation). Note the preferential hem atisation o f  the 

geopetal mud within the crinoid lumen (arrow).

D. 2cm thick jasperoid , cherty zone in borehole LK-332 (71.8m , Upper Ballysteen 

Limestone Form ation).
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P L A T E  58

IR O N  O X ID E  M IN E R A L ISA T IO N  A T L IS H E E N

Scale: NQ Core (3.75 d iam ete r), 1.5m per run, 4 .5m  per box.

A. Pink m ottled micrite “clasts” in borehole LK-310 (194-207.5m , Lower 

W aulsortian M udbank Complex). Poorly developed mottling is present 

throughout the interval, in the section indicated by the arrows. Way-up left 

hand margin, looking up section.

B. Em bayed ( ‘soft') partially hematised micrite “clasts” set in a micritic matrix. 

Borehole L K -3 10-200.9m (Lower W aulsortian M udbank Complex). Minor 

pressure solution has occurred at the left hand margin (arrowed).

C. Detail o f  hematised “clasts” set in a dolom ite matrix. Borehole L K -310- 

200.53m  (Low er W aulsortian M udbank Complex). Scale division: 10cm.

D. Hematised clasts set in a micritic and dark dolom ite matrix. N ote the very subtle 

weak pink mottling on the adjacent runs. Borehole LK -310-200m  (Lower 

W aulsortian M udbank Comple.x). Scale division: 10cm.
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PLATE 59

IRON OXIDE MINERALISATION AT LISHEEN

M acro photographs o f  polished surfaces o f  halved N Q  core (width o f  core in each

case is 4.8cm ).

A. Jasper clasts in mineralised (disseminated) BMB (arrowed). Borehole LK-163- 

195.7m.

B. Jasper clasts (arrow  J), hydrothermal dolom ite matrix (arrow  HD) and later 

sulphides (galena and sphalerite, arrow ed Gal and Sph). N ote galena rimming 

several o f  the m inor jasper clasts. Borehole LK-163-197.5m .

C. A ngular to sub-rounded jasper '‘clasts” in high grade massive sulphide 

mineralisation (arrow  J). Note minor pale sphalerite stringers cross-cutting 

siliceous clasts (arrow  Sph). Borehole L K -460-218.45m.

D. Jasper “clasts" in high grade massive sulphide mineralisation (arrow J). Note 

the unm ineralised regional dolom ite clasts in the bottom left hand corner (arrow 

RD), and the m inor remnant hematite speck indicating almost total replacement 

o f  a siliceous clast by sulphides (mid right hand margin, arrow Hem). Many o f  

the chert ’‘clasts” are rimmed by sulphide. Borehole L K -460-218.3m.
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PLATE 60

IRON OXIDE MINERALISATION AT LISHEEN

A. Well developed flat ‘bedded’, and angular jasperoids in a high grade massive 

sulphide matrix. Eastern Main Zone. Pyrite rims and cross-cuts the clasts and is 

in turn transected by later sphalerite and galena (arrow). Looking at the Back 

(roof), chainage MEOOH01-31m, Eastern Main Zone. The elongate and flat 

lying jaspero id  unit is approxim ately 1.6m long.

B. Brecciated jasperoid  u n it Eastern Main Zone. The fractured jaspers are 

rimmed (? partly-replaced?) by pyrite (dashed line) and set in a fine, dark grey 

hydrothermal dolom ite matrix (arrow). Many o f  the jaspero ids display a 

reduced hem atite free alteration rim, interpreted to mark the passage o f  reduced, 

acidic m etalliferous brines (arrow Rim). Scaled block, east wall, chainage 

M EOOHOI-25.7m, Eastern Main Zone. Hammer shaft betw een head and blue 

grip is 10cm.

C. Highly corroded, bleached/sulphidised jasper clasts in high grade disseminated 

sulphide (arrow  Gal and Sph). Pyrite appears to replace the jaspers and is in 

turn brecciated (arrow ). Angular clasts o f  dolostone are also com m on (dashed 

line). Sem i-replaced jasper clast is 9cm long.

Chainage MEOOHOI-25.5m, west wall. Eastern M ain Zone.
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PLATE 61

IRON OXIDE MINERALISATION IN THE THURLES-HOLYCROSS AREA

Scale: NQ Core (4.8cm diameter).

Way-up: Top o f  Plate.

A. Disseminated iron-oxide mineralisation in partially dolomitised Waulsortian 

Mudbank Complex. Borehole 98-2069-22-73.35m.

B. Geopetal fined grained hematite filling a cavity in partially dolomitised 

Waulsortian Mudbank Complex. Borehole 98-2069-23-47.8m.

C. Silicified (±hematite) Waulsortian Mudbank Complex. Note zone occurs above 

poorly to moderately developed Black Matrix Breccia. Borehole 98-2069-22- 

83m.
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PLATE 62

m O N  OXIDE M INERALISATION AT GALM OY

A. Jasperoid clasts in massive, high grade, pale fine grained sphalerite (start o f  

interval highlighted), CW-South, Galmoy. GY-443-99.36m. Width o f  core 

4.8cm.

B. Detail o f  sub-rounded, embayed-corroded jasper clasts rimmed, cross-cut (white 

arrows) and partly replaced (black arrow) by high grade, pale fine grained 

sphalerite. Width o f  core 4.8cm.
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PLATE 63

PETROGRAPHY OF IRON OXIDE MINERALISATION AT LISHEEN

A. Thin section (plane light) o f  hem atised micritic limestone. Dispersed/clotted 

hematite within dense micrite. N ote abundant m oulds after hylosteliid sponge 

spicules. Borehole LK -310-201m  (Lower W aulsortian M udbank Complex). 

Width o f  figure: 7mm.

B. Thin section (plane light) o f  red argillite layer. Note the partially replaced 

echinoderm ossicle (arrow ed). In hand specimen the argillites are an intense red 

colour, yet no hematite is visible in reflected light using the X5 to X60 

objectives. Borehole LK -310-201m  (Lower W aulsortian M udbank Complex). 

Width o f  figure; 7mm.

C. Thin section (plane light) o f  fracture filled with early calcite cement which 

cross-cuts hematised pelleted m icrites (note the hematite is not visible in thin 

section due to the dense m icrite). Stage 2 calcite cement scalenohedra are 

rimmed by hematite (arrow). Blocky S4 calcite forms the final fill. Borehole 

L K -310-20lm  (Low er W aulsortian M udbank Complex). Width o f  figure; 

3.5mm.

D. Thin section (plane light) o f  irregular fractured, 'to rn ' micrites with m oulds o f  

hylosteliid spicules (?early diagenetic), arrowed Mic, fenestrate bryozoans 

cemented by calcite spar (arrow ed Cal). M edium to coarsely crystalline 

dolom ite (“ regional” ) cross-cut the micrites and replace the calcite spar 

(arrowed, RDol). Borehole LK-310-200m  (Lower W aulsortian M udbank 

Complex). Width o f  figure; 7m m .
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PLATE 64

PETROGRAPHY OF LIMESTONE, DOLOMITE & IRON-OXIDE-SILICA 

MINERALISATION AT LISHEEN

A. Thin section (plane light) showing a micrite clast with early cements (S2 and 

S3, visible using cathodoluminescence, however too dark to photo) in coarse 

regional dolom ite matrix. Borehole L K -310-200 (Lower W aulsortian M udbank 

Com plex). W idth o f  figure: 7mm.

B. Thin section (plane light) showing fenestrate bryozoans (B) partly replaced by 

rhombic, turbid, regional dolom ite (RDol). Note the hematised ecinoderm  

ossicle (E) in the lower left hand margin. Borehole LK -310-200m  (Low er 

W aulsortian M udbank Complex). Width o f  figure: 7mm.

C. Thin section (plane light) o f  siliceous hematitic jasperoid clasts (highlighted) in 

dark, fine grained, hydrothermal, dolomite (D2), Black Matrix Breccia, (dark in 

the photograph, see Plates 5.3A & B). O paque material is sulphide. Borehole 

LK-16 3 -197.5m (Black M atrix Breccia-Lower W aulsortian M udbank 

Complex). Width o f  figure: 7mm.

D. Thin section (plane light) o f  coiloform , spheroid, textures in am orphous silica. 

The very fine inclusions are iron sulphide (Py) tentatively suggesting a 

relationship with the base metal mineralisation. Borehole LK -163-197.5m  

(Black M atrix Breccia-Low er W aulsortian M udbank Complex). W idth o f  

figure: 1.8mm.
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PLA TE 65

PETRO G RA PH Y  O F SILICA-IRON -OXIDE M IN ERA LISATIO N AT

LISHEEN

A. Thin section (plane light) o f  jasperoid clast (Hem) in a dark, fine grained, 

dolomite matrix (D2). Sulphides (pyrite and green, translucent sphalerite) post

date hydrothermal dolomite. Borehole LK-16 3 -197.5m (Black Matrix Breccia- 

Lower Waulsortian Mudbank Complex). Width o f  figure: 3.5mm.

B. As with A, but viewed with cathodoluminescence. Jasper clast is non- 

luminescent and is cut by a microveinlet o f  hydrothermal dolomite (orange-red, 

arrow). Pyrite is non-luminescent. Sphalerite luminesces bright blue due to 

high content o f cadmium.
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PLATE 66

COMPARISON OF BLACK, RED, AND GREEN ARGILLITES AT

LISHEEN

A. Typical black, green and red argillites, each shown in m ore detail in B, C, and 

D.

B. Typical black argillite, Lisheen. Borehole LK-332-67. Im  (LFpper Ballysteen 

Limestone Form ation).

C. Hematised micrites and red argillite. Note cross-cutting minor green 

argillaceous stylolites. Borehole LK-332-69.5m  (Upper Ballysteen Limestone 

Formation).

D. Green argillite. Lisheen. Borehole LK-332-70.8m  (Upper Ballysteen Limestone 

Formation).
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PLATE 67

COMPARISON AND PETROGRAPHY OF RED AND GREEN ARGILLITE

AT LISHEEN

A. Green argillite cutting red argillite and hematised micrites (arrow) in borehole 

LK-332 (70.8m , U pper Ballysteen Limestone Formation).

B. Green argillite cutting red argillite in borehole LK-332 (69.75m , Upper 

Ballysteen limestone Formation).

C. Thin section (plane light) o f  a green argillite unit in borehole LK-332 (70.8m ). 

The green argillite units are typically chlorite rich (Cl). Width o f  figure:

1.8mm.

D. Thin section (plane light) showing late(r) chlorite formation along a carbonate 

fracture (highlighted). Borehole LK-332-69.75m . Width o f  figure : 7mm.
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PLATE 68

IRON OXIDE MINERALISATION AT SILVERMINES

A. M assive siliceous jasperoid  ironstone, crosscut and replaced by later iron- 

sulphide (pyrite & marcasite) mineralisation (arrow Py). Float material, 

Ballynoe barite Pit. Long axis o f  slab 17cm.

B. Hematitic barite from the lowerm ost barite units, Ballynoe Pit. Diam eter o f  

coin is 2.5cm.

C. Iron-sulphide stockwork cutting laminated siliceous ironstone to form an 

angular breccia. Note the laminated nature o f  many o f  the clasts (arrow). Float 

material, Ballynoe Pit. Long axis o f  sam ple is 10cm.

D. Hematised calcite spar filled cavity (S4, blocky calcite spar). W aulsortian 

M udbank Complex, B-Zone. Diameter o f  coin is 2.5cm.

E. Angular to sub-rounded siliceous ironstone “clasts” cut by and in a dark fine 

dolom ite matrix (arrow). Many o f  the clasts display dark reaction rims similar 

to those found at Lisheen and Galmoy. B-Zone. Diameter o f  coin is 2.5cm.
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PLATE 69

BOULDER CONGLOMERATE & CONGLOMERATE GROUP ORE AT

NAVAN

A. Boulder Conglom erate at Navan, a Chadian-Arundian olistrostom e. Long axis 

o f  notebook is 19cm.

B. Conglom erate G roup Ore com posed o f  mineralised clasts set in a laterally 

extensive finely laminated framboidal iron-sulphide (pyrite, highlighted) matrix. 

Hamm er shaft is 30cm long.

C. C lose-up o f  finely laminated framboidal pyrite, cut by galena mineralisation 

(Gal). Hammer shaft is 30cm long.
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CHAPTERS 

PLATE 70

SILICA-mON OXIDE MINERALISATION FROM THE 

CONGLOMERATE GROUP ORE, NAVAN

A. Thin section (plain light) o f  am orphous, siliceous ironstone clasts displaying 

well developed colloform /m icro-strom atolithic type textures. Sample No. 7; 

1232 HW  SW. Width o f  figure: 3.5m m .

B. Thin section (plain light) showing brecciated jasperoid, siliceous hematitic 

ironstone in a siliceous carbonate matrix. Hematite occurs as micron to sub- 

micron inclusions within the silica. Sample No. 8; 1232 HW SW. Width o f  

figure: 1.8mm.

C. Thin section (plain light) o f  m icro-faulted banded jasper and silica. Sample No. 

7; 1232 HW SW. Width o f  figure; 3.5mm.

D. Thin section (plain light) o f  late euhedrai pyrite crystals overgrowing and 

cutting (goethitic) jasper and quartz microveinlets. Sample No. 9; 1232 HW 

SW. Width o f  figure: 435fim.
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CHAPTERS 

PLATE 71

IRON OXIDE MINERALISATION AT GARRYCAM

A. Porcelaneous, laminated, hematised micrites. N ote the vertical cross-cutting 

calcite vein (Cal) and framboidal pyrite (Py). Borehole K A -176-235.4m. 

D iam eter o f  core is 3.75cm.

B. Hematised micrites in dark argillaceous reef equivalent facies. Borehole KA- 

I76-246m . Diameter o f  core is 3.75cm.

C. Hematitic calcareous muds, interpreted by Philcox as injected fissure fill, cuts 

strom atactid cavity (arrow). Borehole K A -l76-256m . Diameter o f  core is 

3 .75cm .

D. Thin section (plain light) o f  hematised micrites (M ic), the iron-oxides, hematite 

with som e goethite. primarily occur as dense inclusions and disseminations in 

calcite spar (Hem). Area o f  Plate E is highlighted. Borehole K A -176-235.4m. 

W idth o f  figure: 7mm.

E. Thin section (viewed using cathodolum inesence) o f  calcite spar clearly indicates 

that the iron-oxides occur as inclusions within Stage 2 calcite NHS (S2). Width 

o f  figure: 1.8mm.
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PLATE 72

IRON-OXIDE & RED MARBLE OCCURRENCES 
HOOK HEAD, Co. WEXFORD & KILLARNEY, Co. KERRY

A. Photomicrograph o f  a stained thin section o f  the ironstone bed. base o f  the Hooic 
Head Limestone Formation, Hooic Head, Co. Wexford (see Sleeman et al. 
1974, fig. 2a for location). Stereom o f  crinoid ossicles is in filled with hematite 
which predates the earliest cement (arrowed). Scale bar is lOOO^m.

B. Photomicrograph o f  stained thin section o f the ironstone bed, base o f  the Hook 
Head Limestone Formation. Locality as in Plate 72A. Hematised crinoid 
ossicles and chamosite peloid (aoorwed). Note the concentration o f  hematite at 
sutured grain boundaries (arrowed). Scale bar is lOOOfim.

C. Field photograph o f  the top o f  the Victoria Point Chert Member, Ballysteen 
Limestone Formation (Price, 1986), Minepaddock Bay, Killamey showing a 
development o f 're d  marble’. Note person for scale.

D. Detail o f  the red top o f the Victoria Point Member showing red argillites. 
Hammer for scale.
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PLATE 73

IRON-OXroE & RED MARBLE OCCURRENCES 
BOREHOLE G4, BALLEVASLOE, Co. GALWAY

A. Photomicrograph o f  polished thin section viewed in transmitted light showing 
large ostracode carapace in Waulsortian Limestone. The interior o f the 
carapace contains a hematised micrite fill apparently predating sparry cement. 
Borehole G4. Scale bar is lOOOfim.

B. Photomicrograph o f  polished thin section viewed in transmitted light showing 
a steeply inclined vein filled with fibrous calcite cutting a hematised 
ostracode valve (arrowed) and matrix. Borehole G4. Scale bar is I OOOjim.

C. Paired photomicrographs o f  polished thin section o f  a vein cross cutting 
hematised Waulsortian limestone in transmitted light (left) and under 
cathodoluminescence (right). The vein is symmetrical with Stage 1 
cryptofibrous calcite lining the walls overlain by Stage 2 Nail Head Spar and 
Stage 3 to 5 calcite cements. Borehole G4. Scale bar is lOOOjim.
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PLATE 74

IRON OXIDE & RED MARBLE OCCURRENCES 
EAST CLARE - LIMERICK

A. Intensively hematised Waulsortian Mudbank Complex from the East Clare 
syncline, Rineanna Quarry, near Shannon.

B. Hematised Waulsortian Mudbank Complex and associated green argillites from 
the PL 3661 Co. Limerick. BH-3661-01-161.5m. Core is 3.75cm across.
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PLATE 75

IRON OXIDE & RED MARBLE OCCURRENCES 
BUTTEVANT and EAST LAG, Co. CORK

A. Drill section through hematised W aulsortian/R eef Equivalent facies and 
associated green argillites (arrow ed) from Buttevant, Co. Cork. Borehole BUT- 
3338-11, 0-38m .

B. Photom icrograph o f  polished thin section viewed in transm itted light o f  sample 
o f  core shown in Plate 75A. Disseminated hematite and goethite (dark) 
increasing in intensity tow ards a stylolite. Borehole B U T -3338-10, 29m. Scale 
bar is lOOOjam.

C. Core (BQ) through W aulsortian/Reef Equivalent facies from East Lag 
geochemical anomaly, Co. Cork showing hematised limestone and associated 
green argillites (arrowed). Borehole 3536-01 47.6-62. Im  (hematised interval). 
Core is 3.75cm  in diam eter and the boxes are 1.5m long. (The core boxes have 
been incorrectly labelled as 3506-01 (Irish Drilling strikes again!)).

D. Detail o f  Plate 75C showing the relationship between reed, green and dark 
argillites. Core diameter is 3.75cm .
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PLATE 76

IRON OXIDE & RED MARBLE OCCURRENCES 
CORK RED MARBLE FACIES

A. Polished slab o f  Red Marble illustrating the variably hematised micrite clasts 
and the argillaceous matrix. Note the augened and brecciated fabric. Slab is 
12cm long. Sunset Glory Quarry, Castleisland, Co. Kerry

B. Large ‘clasts’ o f  hematised micrites in a hematised argillaceous matrix. Sunset 
Glory Quarry, Castleisland, Co. Kerry.

C. Graded unit showing unhematised bioclasts (white) in a darker hematised
matrix. Sunset Glory Quarry, Castleisland, Co. Kerry.

D. Bedding picked out by thin shale bands (highlighted). Sunset Glory Quarry,
Castleisland, Co. Kerry. Length o f hammer is 30cm.
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