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Abstract

The recent discovery of late-magmatic quartz veistéd molybdenite, and exceptional gem
quality vein fluorite, in the Caledonian Galway @Gita Complex (GGC), has prompted a
review of these contrasting styles of mineraligaiio the late-Caledonian granite basement,
Connemara, western Ireland. Existing published UaRd Re-Os chronometry and fluid
inclusion microthermometry are combined with neyvgeaological field observations, b) U-
Pb zircon and Re-Os molybdenite geochronometryaritlid inclusion microthermometry
to generate a new pressure-temperature-time mé&déH] of mineralization for the GGC.
Re-Os chronometry molybdenite indicates that gean#lated molybdenite mineralisation
extended from ~423Ma to ~380Ma overlapping with l86&C emplacement history
determined by U-Pb zircon chronometry. The P-T-tdeloreflects initial granite
emplacement and Mo-mineralisation at ~423Ma followey lower P and T granite
emplacement and related quartz vein hosted Mo-m@isation at ~410Ma (Carna pluton),
~400Ma (Kilkieran pluton) and at ~380Ma (Costellbkirvey granite). The gem quality
fluorite veins in the GGC represent late-Triasgidrbthermal mineralisation that forms part
of a regional N Atlantic-European Triassic-Juradsyclrothermal mineralisation province

triggered by the rifting of the N Atlantic faciliiag crustal thinning and subsidence of



continental crust and initiating hydrothermal atyi\at the margins of Mesozoic basins thus
facilitating hydrothermal vein fluorite mineraligan in, for example, the Caledonian GGC of

western Ireland.
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Abstract

The recent discovery of late-magmatic quartz vewstéd molybdenite, and
exceptional gem quality vein fluorite, in the Calathn Galway Granite Complex
(GGC), has prompted a review of these contrastiylgsof mineralisation in the late-
Caledonian granite basement, Connemara, westdamdieExisting published U-Pb
and Re-Os chronometry and fluid inclusion microthe@metry are combined with
new: a) geological field observations, b) U-Pb arcand Re-Os molybdenite
geochronometry and c) fluid inclusion microtherminyéo generate a new pressure-
temperature-time model (P-T-t) of mineralizatiom the GGC. Re-Os chronometry
molybdenite indicates that granite related molylt#emineralisation extended from
423 to 380Ma overlapping with the GGC emplacemesibly determined by U-Pb
zircon chronometry. The P-T-t model reflects inigmanite emplacement and Mo-
mineralisation at ~423Ma followed by lower P andrénite emplacement and related
quartz vein hosted Mo-mineralisation at ~410Ma (@apluton), ~400Ma (Kilkieran
pluton) and at ~380Ma (Costelloe Murvey granitd)eTgem quality fluorite veins in

the GGC represent late-Triassic hydrothermal mlisai@on. These veins form part
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of a regional N Atlantic-European Triassic-Jurasbydrothermal mineralisation
province. Vein emplacement was triggered by thengfof the N Atlantic facilitating
crustal thinning and subsidence of continental tciarsd initiating hydrothermal

activity at the margins of Mesozoic basins.

Keywords: Caledonian granite basement, late-magmatic molybeleriassic

hydrothermal fluorite

Introduction

One of the most significant and economically imaotttypes of mineralising fluid
flow regimes in the crust are those related to iganntrusions. Molybdenite
mineralisation for example, is genetically relatéml granite magmatism. The
Caledonian-Appalachian Orogen is marked by a ~50 period of granite intrusions
with associated molybdenite mineralisation systdguso, 1999; Plant, 1986;
Whalen, 1993; Lynch et al. 200Q Furthermore, granitic basement rocks invariably
contain a variety of economic and sub-economic rainend hydrocarbon deposits
that postdate the crystalline host. Global occuesnof younger hydrothermal vein
mineralising systems are well documentedy(Chesleyet al., 1993; Munozet al.,
1994; Halliday and Mitchell, 1984; Canals and Cardiach, 1993; McCaffrey et
al., 1999; Conliffe and Feely, 2010 as are biogenic hydrocarbons in fractured
granitic and other crystalline basement rock3arfiell, 1988; Petford and
McCaffrey, 2003; Trice, 2014; Feelyet al., 2017; Holdsworthet al., 2019.

The recent discovery of quartz vein hosted molyiideand exceptional gem quality
vein fluorite, in a working quarry (Larkin's Connama Granite Quarry,

Shannapheasteen), has prompted a re-investigafidhese contrasting styles of
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mineralisation in the late-Caledonian GGC of saDtdmnemara. This quarry, like the
one described b@’Connor et al., (1993, also exposes a mid-Palaeozoic dike that is
cut by millimetric scale veinlets of fluorite. Aaabngly, existing published U-Pb and
Re-Os chronometry and fluid inclusion microthermtmere combined with new
geological field observations, U-Pb zircon and Re+@olybdenite geochronometry
and fluid inclusion microthermometry to generate new P-T-t (Pressure-
Temperature-time) regional scale model of late-matgnMo-mineralization and later
hydrothermal fluorite mineralisation in the GGC.

The new data presented here provides supportimgese for prolonged and episodic
granite emplacement in tandem with granite relatetibdenite mineralisation in the
GGC and in other granites along the Caledonian-Mqgp#&gan orogen (Feely et al.
2010). The molybdenite in the GGC is an integratt p#f the granite related
molybdenite mineralization corridor located alonige t Caledonian-Appalachian
orogeny of the North Atlantic Massif. The fluoriteineralization in the GGC is
broadly synchronous with other Triassic-Jurassidroghermal vein mineralisation
throughout the North Atlantic margins and Europd &rms part of a hydrothermal

province identified by Mitchell and Halliday (1976)

Regional Setting of the Galway Granite Complex

The GGC occupies a key location in the Appalaci@afedonian orogenic belt. The
80 km long, WNW:-trending axis of the GGC lies atrand stitches the EW-trending
Skird Rocks Fault, a splay of the orogen-paralleutS8ern Uplands Fault_éake,
2009. The Skird Rocks Fault brings amphibolite facregks of the Grampian
Connemara Metamorphic Complex against the Lowemn@ecthn greenschist-facies

rocks of the South Connemara Group. The Connemagtarivbrphic Complex
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comprises Lower to Upper Dalradian greenschistiiplabolite facies rocks, intruded
by a) the Grampian phase 470-465Ma Metagabbro-&rigiste, then by b) the
Oughterard Granite (~463Ma) and c) the Silurian-@egan GGC (~425-380Ma)
(Leake, 1989;Leake and Tanner, 1994; Friedrichet al., 1999a, b; Prachtet al.,
2004; Feelyet al., 2006; Leake, 2006; Feelgt al., 2010; Dewey and Ryan, 2016;
Friedrich and Hodges, 2016; Feelyet al., 2018). In the north, the Dalradian
metasediments are overlain by Silurian straake and Tanner, 1993 and in the
south Lower Ordovician greenschist facies rocke @outh Connemara Group) are
intruded by the GGCOMcKie and Burke, 1955; Williams et al., 198§. The Delaney
Dome Formation, is a 474.6 £ 5.5 Ma metavolcanimglex (eake and Singh,
1986; Draut and Clift, 2002) To the east the metamorphic and igneous rockiseof
Connemara region are in faulted contact with Cafboous LimestonesLges and

Feely, 2016 and 201)7- seeFigure 1.

Molybdenite, and fluorite mineralisation in the GGC-a research history

The well-exposed Silurian-Devonian GGC providesi@ue opportunity to study the
temporal and spatial relationships of late-magmatlo-mineralisation (with
associated chalcopyrite), and the later hydrothkfiuarite veins that can include
varying proportions of galena, sphalerite, chalcipipyrite, calcite, barite and
guartz. Indeed, numerous studies of the spati#dilglision and structural controls of
the Mo-mineralisation in the GGC were publishedtfie late 28 Century e.g,
Derham (1986); Max and Talbot (1986); Derham and Fay (1988); McCaffreyet
al. (1993) In addition, fluid inclusion microthermometry cbimed with stable
isotope studies (O, H, S, C) were used to invetighe genesis of the Mo-

mineralisation Feely and Hoegelsberger, 1991; Gallaghet al., 1992; O’Reilly et
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al., 1997. The results of a regional fluid inclusion stumyO’Reilly et al. (1997)and
later supported byFeelyet al., (2007) show that late-magmatic, high-T (=460 low

to moderate salinity (4-10 eq. wt% NaCl) aqueoubaric fluids were associated
with the Mo-mineralisation. A second, aqueous flwfllower—T (~270-341C) and
low to moderate salinity (0-10 eq. wt.% NaCl) isquiitous throughout granite and
vein quartz in the GGC and is interpreted to refteixing between late magmatic and
meteoric fluids. Finally, microthermometry showsttHluid inclusions associated
with the fluorite mineralization veins are Ca®Gkaring and more saline (8-28 eq.
wt.% NaCl) and have lower temperatures (~125°2@)5han the earlier fluids.
Furthermore,Jenkin et al. (1997)noted that pressures during the deposition ofethes
late-Triassic fluorite veins were <0.7 Kbonliffe and Feely (2010)n their regional
study of fluid inclusions hosted by granite quartzonshore Irish granite basement
recorded the presence of these fluids, arguing tthey represent mixing between
meteoric and basinal fluids probably of Carbonifeda Triassic in age. It is also
noteworthy thatConliffe et al., (2010) described similar fluids in sandstones from
offshore Irish Mesozoic basins.

Many of the early fluid inclusion studies were ldhsgon the assumption that the
whole of the GGC was ~400Ma in age and that thesettoe Mo-mineralization was
also ~400Ma in agd.eake and Tanner (1994¥or example, observed that the whole
suite of plutons making up the GGC were late Caletoand approximately 400Ma
old. New geochronology studies, using the U-Pbonrand Re-Os molybdenite
chronometers have shown that the assembly of thé @®Ilved five main magmatic
episodes extending from 423 to 380MBu¢hwaldt et al., 2001; Feelyet al,. 2003;
Selby et al., 2004; Feelyet al., 2007; Feelyet al., 2010; Feelyet al., 2018) The

earliest magmatic episodet23Ma was marked by the emplacement of the Omey,
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Inish and Roundstone Plutons. These were followethe Carna Pluton~§10Ma),
the Kilkieran Pluton 4400Ma), then later intrusions at380Ma e.g, Costelloe
Murvey granite Feely et al., 2010) — see Figure .1Finally, mid-Palaeozoic
composite dolerite-rhyolite diking represents th&t Imagmatic episod&lohr, 2004,
Mohr et al., 2018. Feelyet al., (2010 have shown that the temporal assembly of the
GGC reflects episodic and long-lived granite em@taent (~40Ma) in tandem with
granite-related Mo-mineralization.

The GGChosts numerous fluorite veins that contain a coatimn of the following
minerals: chalcopyrite, galena, pyrite, quartz,cite) barite and chlorite — see
O’Raghallaigh et al. (1997)for a spatial distribution map together with dgstons
of the fluorite veins. More recently Moreton andwisan (2019) described fluorite
and associated minerals from the Lettermuckoo guarthe GGC.O’Connor et al.,
(1993 reported that vein fluorite not only postdates @GC, but also cuts a dolerite
dike in the Costelloe Murvey granite quaffigure 1). The results of fluid inclusion
studies of the vein fluorite, fluorite rare earfereent (REE) abundances modelling
and “°Ar-**Ar geochronometry of the dolerite dike Wy’Connor et al., (1993)
concluded that the dolerite dike emplacement and thansecting fluorite
mineralisation occurred in mid-Triassic times teggd by continental rifting of the
Atlantic margin in western Ireland. However, suhsag studies bylenkin et al.,
1997; Menugeet al., 1997; O'Reilly et al., 1997; and Jenkinet al., 1998proposed
that the mid-Triassic age determined®YConnor et al., (1993)for the dike reflects
the timing of the hydrothermal fluorite mineraliset only. RecentlyMohr et al.,
(2018) re-investigated the age of the dolerite dike papoihs in south Connemara
and noted that the pervasive hydrothermal alteratbd the mid-Palaeozoic (late

Devonian) dolerite dikes in the GGC, including thram O’Connor et al., (1993) is
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linked to the hydrothermal fluorite mineralization.

The geological setting of the samples from Larkin’€onnemara Granite Quarry.
Larkin’s Connemara Granite Quarry (53°20'19”N; 8°29”W) in Shannapheasteen,
south Connemara, covers an area of ~ 200m x 17@msan50m east of the R372
(Figure 2). It is located within the area mapped khyake (2006) as the
Shannapheasteen Finegrained (0.5-1.5mm) Granit&)(Sthich is very poorly
exposed. This SFG intrudes the Kilkieran plutonbbyck stoping(Leake, 2006).
Larkin's quarry is located on an stoped block oé tKilkieran Pluton’s foliated
Porphyritic Granite whose main exposure occurs@o the west. The quarry has
been in operation for ~10 years and the foliatedriqugranite is used for road
construction and hard landscaping in the regiore qimarry granite type is light grey,
coarse grained (0.5-1.5cm) and inequigranular anphyritic with approximately 30
vol.% quartz, 40 vol.% plagioclase, 20 vol.% K-fgbdr and 10 vol.% biotite. It has a
well developed vertical-dipping biotite fabri€igure 3a). The granite, technically a
granodiorite $treckeisen, 196Y, is cut by:1) a ~10 cm wide molybdenite bearing
quartz vein Figure 3b). The vein is exposed along strike for c.2m and th
molybdenite mainly occurs along the vein w&ll,a c. 50cm wide quartz porphyry
dike (Figure 3¢ can be mapped discontinuously along strike fdd0rd. It is cut by
the fluorite vein and and the dolerite dike. Theelaoffsets the porphyry, in a sinistral
sense by ~20m. Centimetric scale fluorite veinsdeat the porphry close to the main
fluorite vein. 3) the NW trending, ~1.5m wide, vertical dolerite elifFigure 3d)
extends the length of the quarry and is deeply ezatl. Millimetric scale fluorite
veinlets also cut the doleritd) A NW trending~5m wide fluorite vein Eigure 3¢

that extends beyond the quarry’'s boundary. Thergse ‘fluorite vein’ does not
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adequately describe this mineralised structuras l& fluorite-bearing granodiorite
breccia. The breccia is composed of angular andrautded blocks of the host
granodiorite that range up to 0.5 metre in themgkst dimension. The granite blocks
have not been significantly rotated. It is simtiara crackle breccia which is defined
as a type of breccia where the clasts have beeamated by planes of rupture but have
experience little or no displacement (Shukla andr®la, 2018). Vugs, containing
exceptional gem quality fluorite crystals, occutvilmen the granite blocks. This type
of structure is similar to the Green Ridge Bredoidhe Snoqualmie Granite of the
CascadesHeely et al.,, 2017 where gem quality amethyst bearing vugs cement
brecciated host granite blocks. The gem fluoritecuog as cubes, octahedra,
dodecahedra and in combinations of these crystadldoThe colours of the fluorite
range from clear to deep purple and green huest&lggraphically controlled colour
zoning displaying deep purple and relatively clsames are common especially in the
combination forms@ostanzo and Feely, 201 %igure 4).

In summary, field relationships indicate that theaqz porphyry dike and the Mo-
bearing quartz vein are related to the granodioritbe fluorite mineralisation is the
youngest event because the dolerite dike, and éhtte granodiorite related quartz
porphyry dike, are cut by millimetric to centimetdgcale veins of fluorite.

Three samples were taken for geochronology and fhalusion studies (see below).
An additional Mo bearing quartz vein sample, GBkdnfi the Costelloe are&igure

1) is included in this study. Sample GBM is from & Nitriking vertical 2 cm thick
quartz vein that along its wall contains abundaalylmdenite and chalcopyrite both of
<3mm grain size. The quartz vein can be tracedgadtike forl 5 m and cross-cuts a
coarse grained (5-10 mm) granodiorite in the Krarepluton. A molybdenite Re-Os

age of~383Ma (youngest age yet determined for molybdeimtehe GGC) has
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already been published biyeely et al. (2010) from this vein and we use this

opportunity to present new fluid inclusion micratm@metry from the vein quartz.

Sampling and Analytical Methods

Three samples were taken for geochronology and thdlusion studiese. LQ-1: the
quarry granodiorite (U-Pb zircon chronometry); LQtBe Mo-bearing quartz vein
(Re-Os chronometry and vein quartz fluid inclusraitrothermometry), LQ-3: vein
fluorite for fluid inclusion microthermometry andB® from the Costelloe area (fluid
inclusion microthermometry of vein quartz).

Zircon U-Pb Geochronology

A 5kg sample of the quarry granodiorite (LQ-1) wasalyzed for U-Pb Chemical
Abrasion Isotope Dilution Thermal lonization MaspeStrometry (CA-ID-TIMS)
zircon geochronology. The sample was preparedeattiiversity of North Carolina
(UNC), Chapel Hill, USA, by crushing using a jawusher and a disc mill. Zircons
were isolated using standard density (water tahbk lzeavy liquids) and magnetic
separation techniques. Individual zircon grains eveelected using a binocular
microscope to represent the size and morphologgergmresent in the samples.
Selected zircon grains were thermally annealed4®rhours at 900°C and then
chemically abraded for 4 hours at 220°C in ordeeltminate volumes affected by
radiation damage and to remove inclusiodsiridil et al., 2004; Mattinson, 200%
Abrading the zircons for additional time caused ptate dissolution of the grains,
due to their metamict characteristics. All zircomalgses were of single crystals.
Zircons were spiked using % Pb***U->% tracer Parrish and Krogh, 1987 and
dissolved following a procedure modified aftéiogh (1973) andParrish (1987). U

and Pb were isolated using HCI anion exchange cht@gnaphy procedures modified
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after Krogh (1973). Isotope ratios of both U and Pb were determibgdhermal
lonization mass spectrometry (TIMS) on an Isotofroéhix mass spectrometer at
UNC, Chapel Hill. Uranium was run as an oxide aftexding in silica gel on single
Re filaments. Lead was loaded in silica gel onlsizgne-refined Re filaments. Both
U and Pb were analyzed in single-collector peakedwig mode using a Daly ion-
counting system. In-run U fractionations were cldtad based on the measured value
for 23U/% in the spike, and Pb fractionation was estimatele 0.15%/amu based
on replicate analyses of NBS 981. Data processimgy age calculations were
completed using the applications Tripoli and U-Pbéd& Bowring et al., 2011;
McLean et al., 201). Decay constants used wérB.=1.55125E"° and***\=9.8485E

19 (Jaffey et al., 197).

Molybdenite Re-Os Geochronology

A 2 kg sample of vein quartz (LQ-2), that hostefgrained (2-4 mm) disseminations
of molybdenite, was sent to Durham University forolybbdenite Re-Os
geochronometry in the Laboratory for Source Rocl &wlfide Geochemistry and
Geochronology and the Arthur Holmes Laboratory.dietd sample preparation and
analytical protocols are given yelby and Creaser (2001); Selby and Creaser
(2004); Selbyet al., (2007); Lawley and Selby (2012)In brief, molybdenite was
isolated from the quartz vein using traditional eral separation techniques
(crushing, Frantz magnetic separation, heavy Iguil and LST], and water
floatation). Additional purification (removal of meaining silicates) was achieved
using a room temperature HF dissolutidraley and Selby, 2012 An aliquant
(~30mg) of the molybdenite separate was digested3rl mix of HNQ:HCI (inverse
aqua regid with an known amount of mixed isotope trac&Re and normal Os) in a

carius tube at 220°C for 24 hrs. Osmium was purifiiem the acid mix using solvent



259 extraction (CHG) and micro-distillation methods. Rhenium was pedf using
260 NaOH-acetone solvent extraction and anion chromapdy (Li et al, 2017). The
261 purified Os and Re were loaded to Pt and Ni filatmenespectively. The isotope
262 ratios were measured using Negative Thermal loiozaWlass Spectrometry on a
263 Thermo Scientific TRITON mass spectrometer usingaéfay collectors. Although
264 insignificant compared to the Re affdOs abundance in the molybdenite sample, all
265 data was blank corrected (Re = 2 picograms (pg)=®sl pg, with an®0s/*®0s
266  blank composition of 0.17 £ 0.02, n = 1). The Ret@sertainties are reported at the
267 20 absolute level, which were determined through epropagation of uncertainties
268 related to Re and Os mass spectrometer measurermanes calibration, sample and
269 tracer solution weight, reproducibility of Re and §&landards, as well as uncertainties
270 related to the blank determination. Results of ys&d of the Henderson molybdenite
271 reference material (RM8599 - 27.695 + 0.038 Ma)ortgdl byLi et al. (2017
272  overlap with the analysis of this study.'XRe decay constant of 1.6680*'y™* with
273  an uncertainty of 0.31% was used in the calculatibthe Re-Os datesS(noliar et
274  al., 1996; Selbyet al., 2007%.

275  Fluid inclusion studies

276  Transmitted polarised light microscopy was usedestablish a fluid inclusion
277  classification scheme. Microthermometric analydesudable fluid inclusions hosted
278 by the molybdenite bearing vein quartz (LQ-2 andM3End vein fluorite (LQ-3)
279  were then carried out at the Geofluids Researclolzdbry, National University of
280 Ireland, Galway, Ireland. Doubly polished fluid insion wafers of each of the
281 samples (~100m thick) were studied using a Linkam THMGS 600 megrfreezing
282  stage, mounted on an Olympus transmitted light esmope. The instrument was

283 calibrated according to the method outlined MgcDonald and Spooner (198)L
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using synthetic fluid inclusion standards (pure,@@d water). Precision is + 0.2°C
at -56.5°C and = 0.5°C at 300°C. The microscopeispped with a range of special

extra-long working distance objective lenses raggip to x100 magnification.

Results

Zircon U-Pb Geochronology

Individual zircons separated for this study werglyfanetamict, commonly hosted
inclusions and ranged from 90 to 210 um along tbagate axis prior to chemical
abrasion. All zircon U-Pb ages reported in thisglgtare concordant within analytical
and decay constant uncertainti€ig(re 5; Table 1). Tu-corrected?®Pbf*®U zircon
age determinations are used for all interpretatlmesause this chronometer provides
the most precise and accurate estimate for rockbisfage (e.g., Schoene, 2014).
Individual zircon grains from the quarry granodier(LQ-1) yield *°*®Pb?3*U ages
ranging from 407.28 to 401.06 Ma, with six graineiapping within uncertainty at

401.89 Ma and three older grains (407.28, 406.56485%.76 Ma).

Molybdenite Re-Os Geochronology

The molybdenite sample LQ-5-2 possesses ca. 161Rmand 680 pplF’Os (Table
2). The **'Re and'®’Os molybdenite data yield a Re-Os model date of %@l
0.2/1.6/2.0 Ma (uncertainties presented as analyti¢ tracer /+ decay constant

uncertaintiesTable 2.

Fluid inclusion microthermometry
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Four principal types of fluid inclusions.€. Type 1, 2, 3 and 4) have been observed
based upon the number of phases (liquid [L]; vag®iir solid [S]) present at room

temperature (~2C) (Table 3).

Type 1 inclusions are two phase (L+V; L>V) aqueous inidos and they are
recorded in all samples. The degree of fill, F (kat. of liquid/ [vol. of liquid +
vapour]) of Type 1 inclusions is ~0.7-0.9. The ustbns occur either as isolated
individuals, in clusters or in trails. Their siz&nges from 2 to 20n in their longest
dimension (fluorite hosted FIs range up to ~200rams) and display a range of
morphologies, varying from negative crystal shapeounded morphologies. Type 1
are the dominant petrographic type in the molyb@ewein quartz samples LQ-2 and
GBM and in the vein fluorite sample LQ-3.

Type 2are monophase (L) aqueous inclusions and displayded to negative crystal
shape morphologies and range from 2 to 20um (Veorife Type 2 range up to 100
microns) in their longest dimension. They occuchsters of individuals or as trails
in all samples.

Type 3 are multi-phase (L + V + S) aqueous inclusionseyrare generally rounded
in shape and range from 5 to 20um (but can rang& BO0umM) in their longest
dimension. They are only observed in the fluoriteere they occur in trails and
clusters.

Type 4 are two phase (L+ S) aqueous inclusions. Theyajsppunded to negative
crystal shape morphologies and range from 5 to a0D0ulongest dimension. They
occur in clusters or trails and are only observetthe vein fluorite.

Type 1 two-phase aqueous primary (using the petpige criteria oRoedder, 1984

fluid inclusions were chosen for microthermometRrgure 6) and isochore based
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pressure-temperature modeling. On freezing of theeTl inclusions to -110°C and
subsequent heating the temperature of eutecticngethe temperature of hydrohalite
melting (Tunya), the temperature of last ice meltingy) and the temperature of liquid
to vapour homogenization (temperature of homogénizdy) were measured. Type
1 inclusions hosted by the vein fluorite commoriipwed eutectic melting of ~ -52°C
indicating the presence of Ca@h addition to NaCl. The “crazy paving” textureath
reflects first melting at the #-NaCl-CaC} ternary minimun{Shepherdet al., 1985)
was observed in many of the fluorite hosted primdmpe 1 inclusions. Last
hydrohalite (NaCl.2EHO) melting temperatures and last ice melting temupees
(Tum) were obtained by the method of sequential hed&hgpherdet al., 1985. The
microthermometric data was then used to calculaid tompositions in the system
CaCb-NaCl-H,O (Steele-MaclInnis, et al., 2011). Furthermore, Type 1 fluid
inclusions that displayed eutectic melting at ~2%6 ~ -20°C indicate general fluid
compositions varying from NaCI+KCI+@ to NaCIl+HO. Ty values were used to
calculate salinities (eq. wt.% NaCl), using theatns ofBodnar (1993) On heating
of the inclusions, the temperature of homogeninafiy), always to the liquid phase,
was recorded. In general, the; Tepresents the minimum temperature of fluid
trapping.Table 4 presents a summary of the microthermometric dataireed for the
Type 1 primary fluid inclusions in the three sansplBivariate plots of I and salinity
(eq. wt.% NacCl) for the Type 1 fluid inclusionsped in the two molybdenite vein
quartz samples (LQ-2 and GBM) and vein fluorite {BQare presented iRigure 7.
Figure 7 also displays, for comparative purposes, the fidefined by the three main
fluid types recorded in the GGC Bgely and Hogelsberger (1991), Gallaghest al.
(1992) O'Reilly et al. (1997) andJenkin et al. (1997).The Type 1 Fls trapped in the

molybdenite vein quartz samples display a simi¢gange of T, values (~180-280°C),
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however, GBM FIs display a broader range of sadisit.e. ~4.0-10.0 eq. wt. % NaCl
compared to LQ-2 (~0.4-5.0 eqg. wt.% NaCl). The otleermometric data for the
Type 1 FIs in both Mo-bearing quartz veins plotsudg and below the field defined
by the late magmatic aqueous-carbonic fluids aasetielsewhere in the GGC with
the Mo-mineralization. Indeed they plot in the dielefined byO'Reilly et al. (1997)
as representing magmatic heat-driven convectiometieoric fluids mixing with late
magmatic fluids into the granite.

Type 1 fluid inclusions hosted by the vein fluoritave significantly higher salinities
(~10-25 eq. wt.% NaCl) and loweryTvalues (~100-200°C). These are broadly
similar to those values recorded from the veinrbaathat cuts the Costelloe Murvey
granite (CMG) and the dolerite dike in the CMG qud©’Connor et al., 1993. The
variation in salinity and J displayed by these fluorite hosted Type 1 fluidlusions
overlap with the field that according @Reilly et al. (1997)andJenkin et al. (1997)
reflect the mixing of a high T meteoric fluids wighlower T and high salinity basinal
brine Figure 7). O'Reilly et al. (1997)andJenkin et al. (1997)argued, using fluid
inclusion and stable isotope data that the hydrotaE fluids responsible for
deposition of the fluorite veins in the GGC (likeetLQ-3) involved the mixing of two
main fluid types. These were a meteoric, high-TO&°Z) and moderate salinity (~12
eq. wt% NacCl) fluid probably of late-Triassic agexing with a lower T (~125°C)
high salinity (>21 eq. wt% NaCl) fluid interpretexs a basinal brine from Lower
Carboniferous sediments. The calculated G&EICI-H,O compositions of Type 1
inclusions hosted by the vein fluorite from Larlarguarry, and for comparison, from
the CMG quarry, are shown iRigure 8. In general, there is an overlap in fluid
composition ranges from the two fluorite vein lagas. Furthermore, the fluid

compositions from these two locations plot in tleenposition field of granite quartz
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hosted fluids interpreted b§onliffe and Feely, (201D as reflecting incursions of

Carboniferous and/or Triassic fluids into onsheighl granite basement.

Discussion

Interpretation of Zircon Geochronology Data

The zircon U-Pb data presented in this study speange beyond the uncertainty of
individual analyses. This is a common feature otlexa CA-ID-TIMS U-Pb zircon
datasets, as technical developments have perntittededuction of uncertainties on
individual analysese(g. Samperton et al., 2015; Widmannet al., 2019. There are
several models to interpret an age from such chogyodata: (1) zircon antecrysts
are abundant in igneous rocks, and therefore, ¢iméy youngest grain reflects
crystallization at the emplacement levelqy, Schalteggeret al., 2009; (2) protracted
magma crystallization is recorded by the entirdtthe zircon spectrum, therefore the
entire age range reflects the age of the real, (von Quadtet al., 2011; Wotzlawet
al., 2013; and (3) samples can contain both antecrystimgrand grains suffering
from Pb-loss€.g, Ovtcharova et al., 2015. The zircon age spectra for the sample of
this study is best categorized as two distinct faipns, at approximately ~406.5 and
402 Ma, with no overlap. Therefore it is most liké¢hat either the older population
reflects antecrystic grains or the younger popaoiatias undergone Pb-loss and is
artificially young. As it is highly unlikely that B2loss would affect multiple grains
with precisely the same isotopic offset towardsoang age, we interpret that the
older apparent ages to reflect the presence otists. Antecrystic zircon are not
uncommon amongst porphyritic intrusions, and ha@nhbidentified in multiple other
CA-ID-TIMS studies of intrusions associated with nemalization €.g, Chelle-

Michou et al., 2014; Buretet al., 2017; Gaynoret al., 2019.
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The remaining six, younger grains overlap and amemally distributed around a
mean value, however calculating a weighted meanvatfe all six grains yields a
MSWD of 4.0. While all of the grains overlap withimcertainty of the mean of
401.89 = 0.33Ma, the high MSWD value suggests tlygagns may not represent a
single population. As such, we suggest there acepossible ways to interpret this
age distribution: (1) that subtle amounts of arnystr inclusions within the age
spectra bias the age towards an older age (2)thleatwo youngest reflect subtle
amounts of Pb-loss, artificially generating a yoemgge. The first interpretation
yields a weighted mean age of 401.08 + 0.54 Ma (NDS¥0.01), and the second
yields a weighted mean age of 402.39 + 0.42 Ma (NIGW 1.8). Both of these
situations to cause similar age spectra from oitpeeous zircons associated with
alteration €.g, Chelle-Michou et al., 2014; Ovtcharovaet al., 2015; Buretet al.,
2017; Gaynoret al., 2019. There are no aspects of this dataset which dodidate
one specific interpretation to be more geologicaltgurate, and both interpretations
overlap with the weighted mean age calculated uslihgrains. Therefore we instead
accept the weighted mean and uncertainty of alb-M@ as the preferred age for the
guarry granodiorite sample LQ-1, 401.89 + 0.33Maaanore inclusive interpretation

of a complicated zircon age spectra.

Re-Os molybdenite age

Including uncertainties, the new Re—Os molybdeage (401.0 + 0.2/1.6/2.0 Ma) for
the LQ-5-2 Mo bearing quartz vein from Larkin’s quais in excellent agreement
with the U-Pb zircon age (401.89 = 0.33 Ma) for hiost granodiorite LQ-1.

Fluid inclusion microthermometry
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The high-T, moderate salinity aqueous carbonic dfluiassociated with Mo-
mineralization(Feely and Hogelsberger, 199%allagher et al., 1992, O'Reillyet al.,
1997andFeelyet al., 2007)were not encountered in the Mo-bearing LQ-2 andGB
quartz veins.The Type 1 moderate-T and low-moderate salinitylQl-eq. wt.%
NaCl) Fls recorded in the two veins (LQ-2 and GBMg directly comparable to the
two-phase aqueous inclusions of low to moderatmisalrecorded throughout the
GGC (Feely and Hogelsberger, 19@allagher et al., 1992; O'Reilly et al., 1997
andFeelyet al., 2007).The apparent absence of aqueous-carbonic fluitseihQ-2
and GBM samples is in keeping with’Reilly et al. (1997) who noted the rare
occurrence of carbonic-rich fluid inclusions ealsthe Shannawona Fault (SF) in the
GGC. The exposed deeper levels of the GGC easheofSF(Leake, 200§ may
account for the scarcity of Gearing fluids, since they will tend to concergrat
higher levels within a batholith. However, the ende here suggests that the
presence of agueous — carbonic fluids is not esgdot molybdenite mineralisation.
The lower T, CaGlbearing aqueous fluids of moderate-high salirity-25 eq. wt.%
NaCl) encountered in the vein fluorite samples @@nd COS-2 and COS-4) are
similar to the late Triassic fluids described @iReilly et al. (1997) and Jenkinet
al., (1997)

The Molybdenite mineralization

The molybdenite Re—Os and zircon U-Pb chronometnpgws that the Mo-
mineralization (LQ-2) is essentially contemporareaith the crystallization of the
host quarry granodiorite (LQ-1) a401 Ma. Therefore, the timing of Type 1 fluid
entrapment in LQ-2 is also401 Ma. Furthermore, the Type 1 fluids in the GMB
guartz vein were trapped at ~380 Ma, the age ofntladybdenite mineralization

(Feely et al., 2010) The computer program FLUID@akker, 2003) was used to
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generate isochores in P-T space for the Type loaguituids in both sampld&igure

9). Feely et al., (2007) determined a molybdenite Re-Os age of ~423 Ma for
molybdenite bearing quartz veins in the Omey pluad presented a P-T model for
Mo mineralization using fluid inclusion microthermetry and aureole pressure
constraints of 2.50 = 0.25 kbar froRerguson & Al-Ameen (1985)- seeFigure 9.
Previously,Gallagher et al. (1992)used fluid inclusion microthermometry and stable
isotope data to generate a P-T model for Mo mirextdn (Re-Os molydenite age
1410 Ma,Selby et al., 2009 in the Carna pluton, which yielded pressures.af2.0
kbar and a temperature range of 360-450iGure 9). A higher pressure and lower
temperature regime prevailed during Mo-mineral@atiin the Omey pluton which
was followed by a lower pressure and higher tentpegaregime during Mo-
mineralisation in the younger Carna pluton (s&gure 9). The isochores for LQ-2
(Re-Os age ~401 Ma) and GMB (Re-Os age ~383 Md)tplthe left of the Carna
pluton’s P-T field suggesting isobaric (assumind® aegime similar to the Carna
pluton field) shifts to lower T conditions with ireasingly younger phases of
plutonism and accompanying Mo-mineralization.

The hydrothermal fluorite mineralization

Isochores for fluorite veins that postdate doledilang in the GGC are presented in
Figure 9. The samples are a) vein fluorite sample LQ-3;dm fluorite sample COS-
2, that cuts the dolerite dike in the CMG quarrg & vein fluorite sample COS-4,
that cuts the CMG in the same quarry. The lattey tisochores are redrawn using
microthermometric data for COS-2 and COS-4QiConnor et al. (1993). The
dolerite dikes are members of the mid-PalaeozaatgIDevonian?) dike sui{®ohr

et al.,, 2018) that transect the GGG’'Connor et al. (1993) reported a Triassic

“OAr/*°Ar age (~233Ma) for this dolerite dyke which is tytthe fluorite vein COS-2.
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However, this age for dike emplacement was reinééep as reflecting late-Triassic
hydrothermal mineralisation which was responsibte fluorite veining and
perturbation of the dolerite chronometexsg. “°Ar/*°Ar (Jenkin et al., 1997, 1998,
Menuge et al., 1997 andMohr et al., 2018) The isochores plot to the left of the
GGC P-T field inFigure 9 and are constrained by an assumed lithostaticreof
~1kbar equivalent to a sedimentary cover over tl&CGof ~3.5km proposed by
O’Connor et al. (1993)and is in keeping with the late-Triassic pressmestraint of

~0.7kbar proposed hienkin et al. (1997).

Summary and conclusions

The field relationships exposed in Larkin’s quagncapsulates a geological history of
granite emplacement (Kilkieran pluton) at ~400 Mpenecontemporaneous
molybdenite mineralisation and porphyry dike emetaent. The dolerite dike was
likely emplaced during late Devonian times (305 M&uring the late Triassic, vein
fluoritexgalenaxchalcopyritexsphaleritexcalcitetgaabarite) mineralization
occurred forming in this instance a crackle brecasiaybe due to lithostatic pressure
being less than hydrothermal fluid pressure dutictonic activity Shukla and
Sharma, 2018. The angular centimetric scale granite blocksamented together
by vuggy gem quality hydrothermal fluorite. Flueriveining also occurs in the
deeply weathered dolerite dike and the graniteedl@orphyry dike. Fluid inclusion
studies show that the Mo mineralisation (LQ-2 anBM3} was depositied during
mixing of late magmatic and meteoric fluids of made T (~250°C) and moderate—
low salinity (<10 eq.wt.% NacCl). Fluorite (LQ-3) &ted fluid inclusions yield
microthermometric data in keeping with evidencefloid mixing between basinal

brines and meteoric waters.



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

A P-T-t model (Figure 9) tracing the spatial and temporal development ¢ la
magmatic and hydrothermal mineralisation in the GsBGws that Mo mineralisation
occurred in tandem with the plutonic assembly ef@GC. Combined fluid inclusion
data, and U-Pb and Re-Os geochronometry have sti@tiprolonged granite-related
molybdenite mineralization in the GGC was initiatadhe NW by the emplacement
of the Omey Granite at ~423 Ma, and then to theo$he Carna (at ~410 Ma) and
Kilkieran (at ~400 Ma) plutons and finally by th8@BMa Costelloe Murvey granite
(Feely et al., 2007; 2010. Furthermore, the P-T model Kigure 9 plots a change
with time in P-T conditions from the NW to the SE the GGC assembled over a
period of ~40 million years.

In the North Atlantic onshore regions, granite tedamolybdenite mineralization is
documented throughout the UK, Irish and Newfoundl&Zaledonian-Appalachian
Orogen Lynch et al., 2009; Feelyet al., 2010; Holdsworthet al., 2019. The broad
timing (and fluid characteristics) of the Mo minzation in the UK sectoe.g.Loch
Shin and Grudie Granite veins (c. 428 Ngldsworth et al., 2019 is similar to that
of the Ballachulish and Kilmelford igneous complgxéncluding the Lagalochan
porphyry Cu—Mo system (c. 433Ma—426 Magnliffe et al., 2010, and predates that
of the Etive Igneous Complex (c. 415 MRgrter and Selby, 201, and Shap granite
(c. 405 Ma; Selby et al., 2008. Mo mineralization in the Ackley granite
(Newfoundland sector) occurred ~380Mayrich et al., 2009. Granite-related Mo
mineralization in the GGC of the Irish sector of tBaledonian—Appalachian Orogen
spanned ~40Ma from ~ 425 — 380 Ma and overlaps thi¢hrange of ages above
(Feelyet al., 2010.

Jenkin et al. (1997)argued that the hydrothermal fluorite veins in @@C represent

late-Triassic mineralisation and forms part of @dder North Atlantic-European
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Triassic-Jurassic hydrothermal mineralisation pmoei identified byMitchell and
Halliday (1976). This model involved the rifting of the N Atlanttoggering crustal
thinning and subsidence of continental crust antchting hydrothermal activity at the
margins of Mesozoic basins thus facilitating hydesmal vein fluorite mineralisation
in for example, granite basement rocks like the G®@chell and Halliday, 1976;

Halliday and Mitchell 1984; O’Connor et al., 1993)
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Figure Captions

Figure 1.Geological map of the Galway Granite Complex (GGYwing the spatial
disribution of major lithologies and structures gpted fromFeely et al., 2006 and
Leake 2006. The early plutons are: Roundstone granite (Ryhl granite (I), Omey
granite (O), Letterfrack (L). D is the Delaney Donfen. comprising lower
Ordovician metavolcanic rocks. Quarry Locations XLarkin’s Quarry
Shannpheasteen; 2: Costelloe Murvey Granite Qualcation of sample GBM is

also shown.

Figure 2. A composite map of Larkin’s Quarry derived usingoanbination of aerial
photography and mapped geological features. Sanugles in this study are: quarry
granodiorite (LQ-1), molybdenite-bearing quartzrv¢iLQ-2) and the main fluorite

vein (LQ-3).

Figure 3. A selection of field photographs from Larkin’'s Quoar a) Quarry
granodiorite showing vertical-dipping biotite fadrib) The molybdenite-bearing
guartz vein. c) Feldspar porphyry dike cut by mbdtric scale veinlets of fluorite. d)
Deeply weathered dolerite dyke exposed at soutteiwasnd of the quarry. €) The
main fluorite vein with insets highlighting the bogated nature of the host quarry
granodiorite (bottom left) and the exceptional gyabf the fluorite crystals in the

anastomosing fluorite vugs (top right).
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Figure 4. Gemfluorite crystals from Larkin’s Quarry. The bicoloarystal (~2cm in
width, centre of the image) is a cube and octahedmmbination. Purple-coloured

octahedral faces contrast with the colourless prarent cubic faces.

Figure 5. a) U-Pb concordia plot of zircons analysed from thargu granodiorite

sample (LQ-1) and b) Weighted mean plot of U-Pbarirages for LQ-1.

Figure 6. A selection of photomicrographs showing primary oiphase
(liquid+vapour; L>V) fluid inclusions hosted by a)olybdenite-bearing vein quartz
(GBM), b) molybdenite-bearing vein quartz (LQ-2)dan) vein fluorite (LQ-3).
Homogenisation temperaturesyjTand salinities (eq.wt.%NacCl) for some of the Fls

are also shown.

Figure 7. Bivariate plots of temperature of homogenisatidn)(and salinity (eq.
wt.% NaCl) showing fields of the three main fluigpés aftelO'Reilly et al., (1997)
The aqueous-carbonic fluids are associated withylodanite mineralization. The
lower-T aqueous fluids of low to moderate saliridymed from mixing between late
magmatic and meteoric fluids. The third group représ late Triassic hydrothermal
fluids with higher salinity and lower temperaturéhe data from this study are plotted
to show the similarities between the aqueous flbhimsted by the molybdenite-bearing

vein quartz (LQ-2 and GBM) and the vein fluoriteJi3).

Figure 8. A comparative plot of modelled fluid inclusion coagitions from vein
fluorite in the Costelloe Murvey Granite quarry (8Q and COS-4; n=19)

(O’'Connor et al.,, 1993) and from the Larkin’'s Granodiorite Quarry at
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Shannapheasteen (LQ-3; n=32). The grey field iedagoon fluid compositions

recorded by Conliffe and Feely, 2010 from Irishrgt@ basement.

Figure 9. Pressure-temperature space showing isochorgsifoary Type 1 Fls from
molybdenite-bearing vein quartz (LQ-2 and GBM) dlubrite veins (LQ-3, COS-2
and COS-4). Isochores LQ-2 and GBM are constramegressure estimates from
Gallagheret al. (1992). Shaded P-T fields for Mo-mineralizatiorthie Omey pluton
(Feelyet al.,2007) and the Carna pluton (Gallagkel, 1992) are also shown. The
ages shown are Re-Os ages for magmatic molybdemiteralization in the GGC.
The vein fluorite isochores LQ-3, COS-2 and COS¢€l@nstrained by an assumed
lithostatic pressure of 1 kbar equivalent to a meditary cover of ~3.5km. The
parameters used for the construction of the is@hare shown on the top corner of

the P-T space diagram.

Table 1.U-Pb Zircon data for mineralized granite

Table 2.Re-Os molybdenite data from sample LQ-2.

Table 3: Fluid inclusion types observed in the molybdemiéaring vein quartz

samples (LQ-2 and GBM) and in the vein fluorite pdan(LQ-3). Qualitative

assessment of fluid inclusion abundance is: X -townedium abundance; XX - high

abundance.

Table 4: Microthermometric data for primary Type 1 inclussonn the two

molybdenite-bearing vein quartz (GBM and LQ-2) aren fluorite (LQ-3). Fw:
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temperature of first ice melting; wkys: temperature of hydrohalite melting;wf:
temperature of last ice melting;4T temperature of homogenization; eq. wt.%:
equivalent weight per cent; (-) = not observed. Hadinity (NaCl +CaG) was

calculated using the model of Steele-Maclnatsal.,2011.
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conc. ages (Ma) ® total
U Pb? Th®  2®pp°  2%py? gror  2'pp? eror  Pp®  eror *Pb  eror “'Pb corr.  common

ID (ng)  (pg) U 24pp =8 (%) Y (%) 2Py (%) U (Ma)  PU coeff.  Pb (pg)

F-2 0.81 51.86 0.295 3649.94 0.065083 0.17 0.492731 0.41 0.05491 0.29 406.556 0.660 406.770 0.801 0.92
F-4 047 31.13 0.417 688.72 0.065203 0.20 0.495904 1.45 0.05516 1.33 407.283 0.799 408926 0.605 2.90
F-5 055 3742 0.535 609.54 0.064441 0.19 0.489411 1.66 0.05508 155 402.664 0.757 404509 0.639 3.83
F-6 0.63 4261 0.520 1349.83 0.064467 0.19 0487842 0.80 0.05488 0.70 402.823 0.740 403439 0.600 194
F-8 0.73 50.05 0.574 1768.67 0.064952 0.17 0491973 0.64 0.05493 0.54 405756 0.656 406.254 0.662 1.71
F-10 0.24 1647 0.511 36294 0.064334 0.27 0.487357 2.83 0.05494 2.65 402.019 1.067 403.108 0.669 2.91
F-13 0.32 21.25 0.444 1053.53 0.064175 0.19 0.487391 1.00 0.05508 0.90 401.058 0.726 403.131 0570 1.27
F-17 0.26 17.45 0472 41561 0.064257 0.24 0487035 240 0.05497 225 401553 0.944 402.888 0.647 2.70
F-18 0.33 21.76 0.461 101258 0.064184 0.21 0.487487 1.06 0.05508 0.96 401.112 0.798 403.197 0.555 1.35

@ radiogenic Pb.

® Th contents cal cul ated from radiogenic 2®Pb and the 2*"Pb/*®Pb date of the sample, assuming concordance between U-Th and Pb systems.

“ measured ratio corrected for fractionation only. All Pb isotope ratios were measured using the Daly detector, and are corrected for mass
fractionation using 0.15 %/amu.

4 corrected for fractionation, spike, blank and Th disequilibrium. All common Pb is assumed to be blank.

All errors except error in the “®Pb/*®U age are reported in percent at the 2o confidence interval. Error in the 2°Pb/?®U ageisreportedin
absolute (Ma) at the 26 confidence interval.




TYPES Typel Type2 Type3 Type4
PHASES PRESENT L+V L L+V+S L+S
FILL 0.7-0.9 - 0.5-0.9 -
rounded to rounded to rounded to rounded to
SHAPE negative crystal | negativecrystal | negativecrystal | negative crysta
shape shape shape shape
SIZE (um) <210200 <210 100 5 to 200 5to 100
Clusters and clustersand clustersand clusters and
DISTRIBUTION isolated trails isolated trails
GRANITE QUARTZ XXX XX X -
MOLYBDENITE
VEIN QUARTZ XXX XX i )
VEIN FLUORITE XXX XX XX XXX




0, 0,
sample | () | Tuna(O) | Tw (O | Tuco) | FRAL | FE
Molybdenite | -26.5t0-19.8 -71t0-11 | 176102843 | 1.9t0106
Vein Quartz (Av.-23.4) - (Av.-3.3) (Av. 232) (Av.5.3) -
(GMB) n=5 n=16 n=16 n=16
Molybdenite | -28t0-20 -3t0-02 | 187.61028L5 | 04to5
Vein Quartz (Av. -26) - (Av. -0.5) (Av. 223.8) (Av. 0.8)
(LQ-2) n=12 n=22 n=22 n=22
. _ -57t0-482 | -253t0-22.1 | -235t0-59 | 90.610214.0 | 9.1t024.6 | 1610838
Ve'fng'_g;’f'te (Av.-543) | (Av.-238) | (Av.-17.0) | (Av.160.8) | (Av.196) | (Av.6.2)
n=35 n=32 n=35 n=35 n=35 n=32




Re 187Re 1870s
Sample wt(g) (ppm) t (ppm) i (Ppb) t Age i £* #
RO1047-1_LQ-5-
2 0.030 161.28  0.55 101.37 0.35 679.52 1.91 401.0 0.2 1.6 2.0

Auncertainty including only mass spectrometry uncertainty
*uncertainty including all sources of analytical uncertainty
#uncertainty including all sources of analytical uncertainty plus decay constant



A review of molybdenite, and fluorite mineralization in Caledonian granite
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studies, and Re-Os and U-Pb geochronology.
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Highlights

New discovery of late-Triassic gem quality fluoniteConnemara, Ireland.

Late-magmatic quartz vein-hosted molybdenite inGaéedonian Galway Granite.

40My period of molybdenite mineralization.

New geochronometry (Re-Os, U-Pb) and fluid inclosstudies from the GGC.
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