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ABSTRACT: Fluid inclusion studies of granite quartz provide an opportunity to study fluid flow
associated with igneous activity and post-emplacement fluid processes. This study presents new fluid
inclusion data from the late Caledonian Donegal granites and Newry granodiorite, and the Tertiary
Mourne Mountains granite in Ireland, which identify three distinct fluids. Aqueous-carbonic fluids
(Type 1) have been recorded in late Caledonian granites with a significant mantle component (Newry
granodiorite and the Ardara and Thorr granites in Donegal). These fluids represent late-magmatic
fluids trapped at high temperatures (up to 575(C), and the ultimate source of these carbonic fluids
is linked to sub-lithospheric processes during the Caledonian orogeny. The dominant fluid type
(Type 2) in late Caledonian granites is a H2O+NaCl�KCl fluid which may be related to thermal
convection cells around granite bodies and/or to regional scale influx of surface derived fluids at the
end of the Caledonian orogeny. High salinity NaCl–CaCl2 fluids (Type 3) overprint quartz in the
Ardara granite in Donegal, and in the Newry granodiorite, and are interpreted to represent basinal
brines, sourced in overlying sedimentary basins, which circulated through the crystalline basement
during a period of crustal extension (possibly during the Carboniferous or the Triassic). Fluid
inclusion studies of the Tertiary Mourne Mountains granites have identified only Type 2 fluids
related to thermal convection cells, consistent with stable isotope evidence, which indicates that this
younger granite is unaffected by regional-scale fluid influxes.
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Understanding the nature and relative timing of fluid influxes
in the upper crust is one of the fundamental goals in Earth
Science. Fluid influxes in the upper continental crust may be
related to igneous activity (Rankin & Alderton 1985; Möller
et al. 1997) or to the infiltration of surface derived fluids into
crystalline basement (Möller et al. 1997; Yardley et al. 2000;
Gleeson et al. 2003) and these influxes impact on a variety of
geological processes, including heat transfer, alteration of rock
chemistry, diagenesis and accumulation of economic oil, gas
and metal deposits. Granite intrusions represent a significant
component of the upper continental crust and therefore fluid
inclusion studies of granite plutons provide an opportunity to
study fluids associated with both igneous activity and post-
emplacement fluid processes linked to certain tectonic settings.

This study presents new petrographic and microthermo-
metric data from granite quartz hosted by the Donegal, Newry
and Mourne Mountains granites, and is integrated with micro-
thermometric data from the Galway granites (Gallagher et al.
1992; O’Reilly et al. 1997a; Feely et al. 2007), Oughterard
granite (Feely et al. 2006), Kentstown granite (O’Reilly et al.
1997b) and the Leinster granite (Whitworth & Rankin 1989;
Moran 2003). The composition, possible sources and timing of
these fluid influxes are characterised and the results are dis-
cussed in the context of fluid influxes in the Irish upper
continental crust.

1. Geological background

The onshore Irish massif provides an ideal opportunity to
study fluid inclusions in quartz hosted by granites emplaced

between w460 Ma and w60 Ma (Fig. 1). The majority of Irish
granites are associated with the Caledonian orogeny
(w470 Ma to 380 Ma – Freidrich et al. 1999; Feely et al. 2003,
2007) and have been divided into ‘Older’ and ‘Late’ granites by
Read (1961). The ‘Older’ granites, including the Oughterard
granite, are generally coeval with high grade Grampian
regional metamorphism at w470 Ma (Dewey & Mange 1999)
and are S-type granites. Late Caledonian granites were em-
placed 40–90 Ma later, well after peak metamorphism and
towards the end of the Caledonian orogen. Although all late
Caledonian granites are I-type, there are significant geochemi-
cal differences between these late Caledonian granites that in
turn reflect differences in the source of granite magmas (Sweet-
man 1987; Crowley 1997; Atherton & Ghani 2002; Ghani &
Atherton 2006). The Tertiary Mourne Mountains granites are
associated with the opening of the North Atlantic during the
Paleocene (w57 Ma) and are confined to the final stages of
igneous activity in the British Tertiary Igneous Province (Gam-
ble et al. 1999).

1.1. Donegal granites
The Donegal granites (Fig. 2a) are a suite of eight post-tectonic
intrusions emplaced into a ductile shear zone (Pitcher & Berger
1972; Hutton 1982). Geochronological constraints indicate
that emplacement of the Donegal granites was protracted, and
occurred from c. 428 Ma until c. 400 Ma (Halliday et al. 1980;
O’Connor et al. 1982, 1987; Condon et al. 2004). Their
geology, emplacement mechanisms and geochemistry are well
documented (Pitcher & Berger 1972; Hutton 1982; Ghani and
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Atherton 2006). Two chemically and isotopically distinct gran-
ite suites have been recognised (Ghani & Atherton 2006): (1)
the Thorr, Ardara and Fanad suite; and (2) the Rosses and
Trawenagh Bay suite. The Main Donegal granite has inter-
mediate characteristics. Ghani & Atherton (2006) invoked a
mechanism of slab breakoff in order to explain the origin of
the two magmatic suites, with the former reflecting a mantle
signature related to the partial melting of lamprophyric, under-
plated crust after slab breakoff and the latter related to the
partial melting of shallower, older crust with only a minor
mantle component.

1.2. Newry granodiorite
The late Caledonian Newry granodiorite (Fig. 2b) is composed
of three composite granodiorite plutons and is associated with
a complex of ultramafic and intermediate rocks that together
constitute the Newry Igneous Complex (Meighan & Neeson
1979). The complex is cut by late Caledonian and Tertiary
dykes and at the SW end by the Slieve Gullion Tertiary
Complex. Zircons from the central pluton yield a provisional
207Pb/206Pb age of 426�7 Ma, consistent with a U/Pb age of
423�7 Ma determined using sensitive high-resolution ion
microprobe (SHRIMP) analysis (Meighan et al. 2003a).
Meighan & Neeson (1979) recognised several injections of
magma in each granite pluton and considered that all rock
types in the Newry Igneous Complex are genetically related
and that the granodiorites originated by crystal fractionation
of large volumes of intermediate magmas of mantle origin.

1.3. Mourne Mountains granites
The Mourne Mountains granites (Fig. 2b) form part of the
British Tertiary Igneous Complex (BTIP) which developed
during seafloor spreading in the North Atlantic. Gamble et al.
(1999) reported a zircon 206Pb–238U age of 56·6�1·4 Ma,

using SHRIMP analysis. Five main granite types have been
recognised in the Mourne Mountains (G1–G5), each repre-
senting a number of granite pulses (Meighan et al. 1984).
Geochemical studies have shown the Mourne granites to be
essentially highly evolved, with high Rb and low Sr abun-
dances coupled with large negative Eu anomalies (Meighan
et al. 1984). Stevenson et al. (2007) showed that the eastern
portion of the Mourne Mountains granites is a laccolith based
upon anisotropy of magnetic susceptibility (AMS) data.
Meighan et al. (1984) argued that the granite magma evolved
from fractionation of a basaltic magma at depth and that the
most fractionated granites (G2–G4) could have been generated
by the fractional crystallisation of a magma of G1 compos-
ition, with G5 representing a return to a more basic compos-
ition which therefore may not be strictly comagmatic with the
other intrusions. However, the view that crystal fractionation
was the only process involved in the evolution of the Mourne
Mountains granites is not consistent with Sr isotope evidence,
which indicates significant crustal contamination (Meighan
et al. 1992).

2. Sampling and methodology

Thirty three samples were collected from the Donegal granites
(22), Newry granodiorite (6) and Mourne Mountains granite
(5). Fluid inclusion petrography and microthermometric
analyses were conducted at the Geofluids Research Labora-
tory, National University of Ireland, Galway. Microthermo-
metric analyses were performed on doubly polished wafers
using a calibrated Linkam THMS600 heating–freezing stage.
Calibration was conducted using synthetic H2O and CO2

fluid inclusion standards and the accuracy was �0·2(C at
�56·6(C and �1(C at 300(C. Analytical precision, deter-
mined by replicate measurements, was �0·1(C. Following

Figure 1 Geological map of Ireland showing location of granite plutons discussed in the text. 1=Donegal
granites; 2=Newry granodiorite; 3=Mourne Mountains granites; 4=Galway granites; 5=Oughterard granite;
6=Kentstown granite; 7=Leinster granite.
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procedures outlined by Shepherd et al. (1985) the temperatures
of first ice melting (TFM), hydrohalite melting (TMh), last ice
melting (TLM) and the temperature of homogenisation (TH)
were measured in two-phase (liquid+vapour) inclusions hosted
in quartz. In addition, the temperature of CO2 melting
(TMCO2), clathrate melting (TMclath) and homogenisation of
the carbonic phases (THCO2) were recorded in aqueous-
carbonic inclusions. Aqueous fluid salinities were calculated
using TLM and the equation of Bodnar (1993), and in aqueous-
carbonic inclusions using TMclath and the software package
CLATHRATES (Bakker 1997). Salinities and XNaCl (wt.%
NaCl/wt.% NaCl+CaCl2) values for CaCl2 bearing inclusions
were calculated from TMh and TLM using software by Chi &
Ni (2007).

3. Results

Four main fluid inclusion types (Type 1, Type 2, Type 3 and
Type 4) were recorded based on their morphology, number of
phases at room temperature and their phase behaviour on
cooling. Microthermometric data from all granite samples are
summarised in Table 1. The majority of inclusions are hosted
in trails along annealed fractures and are considered secondary
in origin (Goldstein 2003).

Type 1 fluid inclusions are aqueous-carbonic, two-phase
(liquid H2O+liquid CO2) and three-phase inclusions (liquid
H2O+liquid CO2+CO2 vapour) at room temperature
(w25(C) (Fig. 3a). Type 1 fluid inclusions generally display
irregular, ellipsoidal or negative crystal shapes and generally
occur as isolated inclusions ranging in size from w10 �m to
50 �m in longest dimension. Within an individual sample, they
display consistent H2O:CO2 ratios (after homogenisation of
the carbonic phase) and have similar microthermometric char-
acteristics, indicating that they were not affected significantly
by post-entrapment modification or inhomogeneous trapping.

Type 2 inclusions are the most common in all samples. They
are two-phase (liquid+vapour) H2O+NaCl�KCl inclusions
with first ice-melting temperatures in the range of �30(C to
�20(C. They generally occur along annealed fractures, indi-
cating that they are secondary in origin. In some samples the
intersection of differently oriented trails suggests multiple
phases of fluid infiltration. The majority of Type 2 inclusions
range in size from 5 �m to 40 �m and their morphologies are
ellipsoidal to irregular, with some displaying negative crystal
shapes. They have a degree of fill (volume of liquid phase/total
volume) of w0·60 to 0·95 and the relative proportions of
phases are consistent within individual fluid inclusion assem-
blages.

Type 3 inclusions are two-phase (liquid+vapour; Fig 3b) or
monophase inclusions that also occur along annealed fracture
planes. Rarely, intersecting trails of Type 2 and Type 3
inclusions have been recorded and in these samples Type 3
inclusions postdate Type 2 inclusions. They have moderate to
high salinities and first ice-melting temperatures in the range of
�45(C to �55(C, and are most likely NaCl–CaCl2-rich
fluids, although these low eutectic temperatures may indicate
the presence of other divalent salts (e.g. MgCl2, FeCl2). Type 3
inclusions often have irregular shapes and generally have a
higher degree of fill than Type 3 inclusions (>0·85).

Type 4 inclusions are three-phase (liquid+vapour+solid)
inclusions and have only been recorded in the Mourne Moun-
tains granite. The solid phase in Type 4 inclusions is cubic and
isotropic and, based on its optical characteristics, it has been
identified as halite.

3.1. Donegal granites
Type 1 inclusions have only been recorded in the Thorr and
Ardara granites (Fig. 4a). CO2 melting occurs close to the
eutectic point of CO2 (�56·6(C), indicating that the carbonic
phase in these inclusions contains little or no volatiles other
than CO2. TMclath yielded aqueous phase salinities of 2·2–
12 eq. wt.% NaCl. Homogenisation of CO2 (to the liquid
phase) was recorded between 15·8(C and 31·1(C, yielding a
CO2 phase density of 0·58–0·81 g/cc. Total homogenisation
(to liquid) occurred between 301(C and 420(C. Some Type 1
inclusions decrepitated before total homogenisation.

TLM values in Type 2 inclusions were between �0·2(C and
�10·1(C and yield salinities ranging between 0·2 and
14 eq. wt.% NaCl. Type 2 inclusions have a wide range of TH

values (Fig. 4a, b) and homogenised to the liquid phase
(L+V/L) between 54(C and 414(C.

Type 3 inclusions were recorded in the Ardara and Main
Donegal granites (Fig. 4a, b) where they occur along annealed
fractures. Hydrohalite melting (TMh) was noted in a number of
Type 3 inclusions in the Ardara granite. This took place
between �29·6(C and �35·2(C and was used to calculate
XNaCl of 0·2 to 0·36. TLM values for Type 3 inclusions in the
Ardara granite range from �6·9(C to �13·6(C, correspond-
ing to salinities of 10·4 and 17·4 eq. wt.% NaCl+CaCl2 (2·2–
4·7 wt.% NaCl and 8·4–14·3 wt.% CaCl2). Type 3 inclusions
in the Main Donegal granite had lower salinities (2·7–

Figure 3 Photomicrograph of fluid inclusion types. Scale bar=20�m.
(a) Three phase (LH2O+LCO2

+VCO2
) Type 1 inclusion in the Thorr

granite. (b) Two phase (L+V) aqueous Type 2 inclusions in the
Mourne Mountains granites.
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13·8 eq. wt.% NaCl+CaCl2). Type 3 inclusions homogenised
to the liquid phase (L+V/L) at temperatures ranging be-
tween 84(C and 219(C.

3.2. Newry granodiorite
Granite quartz from the Newry granodiorite contains all three
types of inclusions (Fig. 4c). Type 1 inclusions show melting of
solid CO2 close to the triple point of pure CO2 (�56·6(C).
Clathrate melting, in the presence of liquid CO2, occurred
between 0·7(C and 8·4(C, corresponding to salinities of
2·7–16 eq. wt.% NaCl. Homogenisation of the CO2 phase (to
vapour) occurred between 28·6(C and 31·1(C, indicating a
CO2-phase density of 0·31–0·37 g/cc. Total homogenisation
(some decrepitated) to the liquid phase (L+V/L) was re-
corded between 301(C and 415(C.

In Type 2 inclusions the last ice-melting temperatures
(�0·1(C to �7·9(C) correspond to a wide range of salinities
(0·2–11·5 eq. wt.% NaCl). Type 2 inclusions homogenised to
the liquid (L+V/L) between 120(C and 382(C.

Type 3 inclusions show hydrohalite melting between
�29·1(C and �24·5(C, yielding XNaCl values of between
0·38 and 0·65. The TLM occurred between �3·5(C and
�20·1(C, corresponding to salinities ranging between 5·7
and 22·5 eq. wt.% NaCl+CaCl2 (4·2–18·3 wt.% NaCl and
2–13·5 wt.% CaCl2). Type 3 inclusions homogenised to the
liquid phase (L+V/L) between 48(C and 211(C.

Naturally decrepitated fluid inclusions were recorded in
granite quartz from the SW end of the Newry granodiorite,
indicating a significant post-emplacement increase in tempera-
ture and/or pressure. The origin of these decrepitated inclu-
sions is considered by the present authors to be related to
overheating during the emplacement of the Paleocene Slieve
Gullion Igneous Complex into the Newry granodiorite at
56·6�1·3 Ma (Gamble et al. 1999).

3.3. Mourne Mountains granite
Only Type 2 inclusions were recorded in granite quartz from
the Paleocene Mourne Mountains granite (Fig. 4d). The TLM

occurred between �0·1(C and �14·3(C, yielding salinities of
between 0·2 and 18 eq. wt.% NaCl. Type 2 inclusions homog-
enised to the liquid phase (L+V/L) between 171(C and
394(C. Some halite-bearing Type 4 inclusions have also been
recorded in highly altered granite samples. Halite dissolution
temperatures of between 217·6(C and 265·7(C were used to
calculate salinities of 32·8–36·7 eq. wt.% NaCl according to the
equation of Sterner et al. (1988). Halite dissolution in Type 4
inclusions occurs prior to total homogenisation (to the liquid
phase), and was recorded between 218·7(C and 312·2(C.

4. Discussion

4.1. Comparison to fluid inclusion studies in other Irish
granites
The fluid inclusion types recognised in this study from Donegal
and Northeast Ireland broadly coincide with fluid types recog-
nised in the granites of Connemara (Gallagher et al. 1992;
O’Reilly et al. 1997a; Feely et al. 2006, 2007), the Kentstown
granite (O’Reilly et al. 1997b) and the Leinster granite
(Whitworth & Rankin 1989; Moran 2003). The granites of
Connemara span the Caledonian orogeny and range in age
from 462·5 Ma (Oughterard granite; Friedrich et al. 1999) to
380·1�1·1 Ma (Costelloe Murvey granite; Feely et al. 2003).
Aqueous-carbonic fluid inclusions (Type 1) have been recorded
in the least-evolved granites (O’Reilly et al. 1997a; Feely et al.
2007) and, on the basis of stable isotope and microthermo-
metric data, an origin wholly within the granite has been
inferred (O’Reilly et al. 1997a). A later fluid influx is recorded
as H2O–NaCl�KCl inclusions (Type 2) and has been

Figure 4 Bivariate plot of TH vs. salinity of quartz hosted fluid inclusions. (a) Thorr and Ardara granites. (b)
Main Donegal, Rosses and Trawenagh Bay granites. (c) Newry granodiorite. (d) Mourne Mountains granites.
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recorded in all granites. Based on petrographic and stable
isotope analyses, these inclusions were interpreted as vestiges
of multiple meteoric fluid infiltrations after the crystallisation
of granite quartz (O’Reilly et al. 1997a; Feely et al. 2006),
consistent with geochemical analyses of white micas in the
Oughterard granite (Dempster et al. 1994). H2O–NaCl–CaCl2
fluid inclusions (Type 3) have been recorded in the Galway
granite (O’Reilly et al. 1997a) and Oughterard granite (Feely
et al. 2007) and are commonly associated with base-metal
bearing veins (O’Reilly et al. 1997a).

Late-magmatic aqueous carbonic fluids (Type 1) have been
recorded in the late Caledonian Kentstown granite (O’Reilly
et al. 1997b) but are absent from the nearby Leinster granite
(Whitworth & Rankin 1989; Moran 2003). In the Kentstown
and Leinster granites H2O+NaCl (Type 2) and H2O+NaCl+
CaCl2 (Type 3) fluids have been recorded. Type 2 fluids are
related to influxes of meteoric fluids and Type 3 fluids are
attributed to an influx of basinal brines after the crystallisation
of the granite (Whitworth & Rankin 1989; O’Reilly et al.
1997b).

4.2. P–T modelling of fluid trapping conditions
Based on fluid inclusion microthermometry, the trapping
pressures (PT) and temperatures (TT) of Type 1 and 2 fluid
inclusions in the Donegal, Newry and Mourne Mountains
granites can be estimated in terms of fluid isochores (Fig. 5)
and constraints on either P or T conditions determined with
other methods. The PT conditions of trapping for Type 1
inclusions were constructed in the H2O–CO2–NaCl system
using the equations of state (EOS) of Duan et al. (1995), and
those for Type 2 inclusions in the H2O–NaCl system using the

EOS of Zhang & Frantz (1987); and isochores for both types
were constructed using the software package FLUIDS (Bakker
2003).

In the Donegal granites, emplacement pressures have been
estimated from the Ardara granite by Kerrick (1987). Using
the garnet–plagioclase–Al2SiO3–quartz (GASP) geobarometer
in the sillimanite zone of the Ardara aureole, this author
estimated pressures of 2·5�0·5 kbar for the contact metamor-
phism, and therefore for the emplacement pressure of the
Ardara granite (and the coeval Thorr granite). For Type 1
inclusions, these PT values correspond to TT of 305–475(C in
the Ardara granite and 320–540(C in the Thorr granite (Fig.
5a). In the Newry granodiorite, emplacement pressures of
between 1 and 2 kbars have been estimated from amphibole
geobarometry (Meighan et al. 2003b) and at these pressures,
TT of Type 1 fluids range from 320(C to 575(C (Fig. 5b). The
TT values estimated for the Type 1 inclusions are similar to the
range estimated for late-magmatic aqueous carbonic fluids in
the Galway granite (366–567(C; O’Reilly et al. 1997a) and
magmatic fluids in other granites worldwide (Sachan et al.
1996; Nabelek & Ternes 1997; Yang et al. 2004).

Type 2 inclusions have a wide range of TH values and,
therefore, isochores constructed for the Donegal, Newry and
Mourne Mountains granites define a wide range of possible PT

and TT (Fig. 5). The wide range of TH values suggests either
that fluid temperature decreased far more rapidly than did
fluid pressure (isobaric cooling), or that fluid pressure de-
creased more rapidly than fluid temperature (decompression
during uplift); or a combination of both. The only constraints
on the trapping conditions of Type 3 fluids is that PT and TT

are likely to be lower than Type 1 and Type 2 fluids.

Figure 5 Pressure–Temperature space showing isochores for Type 1 and Type 2 fluid inclusions in (a) the
Donegal granites, (b) the Newry granodiorite and (c) the Mourne Mountains granites. Shaded boxes show
pressure constraints used to calculate trapping temperatures in the Ardara granite (2–3 kbars; Kerrick 1987) and
the Newry granodiorite (1–2 kbars; Meighan et al. 2003b). Isochores constructed using FLUIDS (Bakker 2003).
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4.3. Origin of aqueous-carbonic fluids in
late Caledonian granites
Although the source of CO2 in Type 1 inclusions remains
enigmatic, a number of possible origins must be considered
(Lowenstein 2001). These include (1) devolatisation reactions
during regional metamorphism after granite emplacement; (2)
partial melting and assimilation of crustal materials in the
upper crust during emplacement; and (3) incorporation of CO2

into magma due to the subduction-related partial melting of
the lower crust or mantle.

Although aqueous-carbonic fluid inclusions associated with
greenschist to amphibolite facies metamorphism have been
recorded in the Dalradian metamorphic rocks of north and
western Ireland (Wilkinson & Johnston 1996; Parnell et al.
2000), regional metamorphism predates Caledonian igneous
activity (Friedrich et al. 1999) and is unrelated to Type 1 fluids.
Stable isotope (C, O, S) data from the Galway granite
show that aqueous-carbonic fluids have a wholly magmatic
origin and no evidence of metamorphic fluids was recorded
(Gallagher et al. 1992; O’Reilly et al. 1997a). In addition,
aqueous-carbonic fluids associated with devolatisation reac-
tions during metamorphism are characterised by high nitrogen
concentrations (Huff & Nabelek 2007), while solid CO2 melt-
ing temperatures in aqueous-carbonic inclusions from the
Newry, Thorr and Ardara granites are usually within �1(C
of the triple point of pure CO2, indicating the presence of little
or no CH4 or N2.

The assimilation of greywackes, calcareous sandstones and
many hydrothermally-altered rocks during granite emplace-
ment may lead to the incorporation of CO2 into a granitic melt
(Lowenstein 2001), while skarn reactions associated with the
breakdown of carbonate-rich rocks by magmatic fluids is
certain to add some CO2 to the magma (Lentz 1999). Geo-
chemical studies have shown that a number of the granites
discussed in this present paper have significant crustal compo-
nents. In particular, Ghani & Atherton (2006) reported that
the Main Donegal, Trawenagh Bay and Rosses granites were
formed by the partial melting of old, LREE-enriched crust,
while Sweetman (1987) combined wholerock geochemical data
with field and petrographic evidence from the Blackstairs Unit
of the Leinster granite and concluded that the source of
granitic magmas was the partial melting of a Lower Palaeo-
zoic, immature sedimentary source. However, these granites
are characterised by an absence of aqueous-carbonic fluids
and, although the assimilation of crustal material may have led
to the incorporation of some CO2 into the magma, it is
unlikely to be the sole source of carbonic fluids.

An alternative source of carbonic fluids in granitic magma is
associated with subduction-related melting of lower crustal
and/or mantle material (Lowenstein 2001; Scambelluri &
Philippot 2001). Touret (2001) proposed a stratified model of
fluids within the continental crust, with the upper crust satu-
rated in H2O brines (with variable amounts of CH4 and N2),
and the lower crust dominated by CO2-rich fluids. In addition,
the occurrence of CO2 inclusions within mantle xenoliths
supports the idea that carbonic fluids are widespread in the
upper mantle (Frezzotti et al. 1994). CO2 fluids may be tapped
from the mantle via deep seated shear zones (Pili et al. 1999)
and are commonly trapped in fluid inclusions in mantle-
derived magmas (e.g. Santosh et al. 2005).

The intrusion of late Caledonian granites in Ireland and
Scotland is commonly associated with major NE–SW trending
transpressional faults and shear zones (e.g. Hutton 1982;
Jacques & Reavy 1994) and a significant mantle component for
some late Caledonian granites has been invoked by a number
of authors (Stephens & Halliday 1984; Dempsey et al. 1990;

Fowler et al. 2001, 2008; Ghani & Atherton 2006). Stephens &
Halliday (1984) subdivided the late Caledonian granites of
Scotland into two main suites based on variations in geochem-
istry. The Argyll Suite is characterised by relatively high Sr
(>500 ppm) and Ba (>800 ppm) concentrations, and these
granites are interpreted as having a significant mantle compo-
nent (Stephens & Halliday 1984; Fowler et al. 2001, 2008). In
contrast, the Cairngorm Suite has lower Sr and Ba concentra-
tions and is interpreted as being related to the partial melting
of crustal material with little or no mantle component
(Stephens & Halliday 1984; Atherton & Ghani 2002). Simi-
larly, Irish late Caledonian granites can be separated into two
distinct suites based on variations in geochemistry. Suite 1
includes the Thorr, Ardara, Newry and Main Galway granites,
and their geochemical signature indicates a significant mantle
component and affinities to the Argyll Suite (Dempsey et al.
1990; Crowley 1997; Ghani & Atherton 2006). Suite 1 granites
are also characterised by the presence of aqueous-carbonic
fluids, consistent with a mantle-derived carbon source. Suite 2
includes the Rosses, Trawenagh Bay, Costelloe Murvey and
Leinster granites and is similar to the Cairngorm Suite. The
source of granitic magmas in Suite 2 granites was the partial
melting of old LREE element-enriched continental crust
and/or a Lower Palaeozoic immature sedimentary source
(Sweetman 1987; Crowley 1997; Ghani & Atherton 2006), and
the absence of aqueous-carbonic fluid inclusions in these
granites reflects the absence of a mantle component in the
generation of these granite magmas.

To illustrate this, Sr and Rb values from selected Irish late
Caledonian granites have been plotted in Figure 6. Generally,
the concentration of Sr in crust-derived melts is relatively low,
because during partial melting Sr is incorporated into plagi-
oclase within the residual phase (Dempsey et al. 1990). In
contrast, mantle-derived melts have higher concentrations of
Sr, as plagioclase is generally not stable at mantle temperatures
and Sr behaves as a highly incompatible element. Suite 1
granites are characterised by high Sr values (up to 1500 ppm)
and low Rb values (<200 ppm), consistent with mantle affini-
ties. Suite 2 granites exhibit lower Sr and higher Rb values,
reflecting crustal affinities. In this, Suite 1 granites are similar
to the Argyll Suite of Stephens & Halliday (1984) and the Suite
2 granites resemble granites of the Cairngorm Suite; and
therefore the presence or absence of aqueous-carbonic fluids in
Irish late Caledonian granites reflects variation in the source of
the granite magmas.

The presence of aqueous-carbonic fluids has implications
for models of mineralisation associated with late Caledonian
granites. Poorly developed Cu and Mo mineralisation is com-
monly associated with late Caledonian magmatism (Plant
et al. 1983), and fluid inclusion studies of these deposits have
shown that mineralisation is associated with magmatic CO2-
bearing fluids (Kay 1985; Gallagher et al. 1992; Feely et al.
2007; Selby et al. 2008). Gold mineralisation in Dalradian
metamorphic rocks at Curraghinalt, Northern Ireland (Parnell
et al. 2000) and Tyndrum, Scotland (Pattrick et al. 1988; Curtis
et al. 1993) has also been linked to aqueous-carbonic mag-
matic fluids that may have been derived from an underlying
Caledonian intrusive. Although CO2 has only an indirect role
on gold mineralisation (Lowenstern 2001), it is likely to have a
significant role in magmatic fluid exsolution and evolution,
and may lead to concentrations of Au, Cu and Mo into the
vapour phase (Heinrich et al. 1999; Ulrich et al. 2001).
Therefore, Suite 1 granites warrant attention during future
mineral exploration, particularly for porphyry Cu–Mo miner-
alisation and for structurally-controlled Au-mineralisation
distal from the intrusion.
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4.4. Origin of Type 2 and Type 4 fluids
Type 2 fluid inclusions are similar to low–moderate salinity
aqueous inclusions in other granites worldwide (e.g. Sachan
1996; Carruzzo et al. 2000; Yang et al. 2004). Aqueous
inclusions from granite-related magmatic/hydrothermal ore
deposits are often interpreted as reflecting an evolution from
late-stage magmatic fluids to dominantly meteoric fluids as
cooling proceeds (e.g. Audétat & Pettke 2003). Stable isotope
evidence from vein and granite quartz in the Galway granite
(Gallagher et al. 1992; O’Reilly et al. 1997a) and the Oughter-
ard granite (Feely et al. 2006) indicate that Type 2 fluids in
Irish granites are dominantly meteoric in origin. O’Reilly et al.
(1997a) considered that H2O–NaCl fluids in granite quartz
from the Galway granite were associated with a hydrothermal
convection cell which developed around the Galway granite,
and this fluid influx has been linked to the resetting of
hornblende K–Ar ages in the surrounding Connemara meta-
sediments, up to 16 km from the nearest contact of the granite
(Jappy et al. 2001). Alternatively, H2O+NaCl�KCl fluid
influxes recorded in these granites and the surrounding country
rocks may in part be related to regional scale influxes of
surface-derived fluid post-granite emplacement. Analyses of
the hydraulic conductivity of granitic rocks have shown that
they can be highly conductive above the brittle–ductile transi-
tion in the upper crust (typically 12–14 km; Stober & Bucher
2007), and evidence for an influx of surface-derived fluids
similar to Type 2 fluids has also been reported from late-stage
quartz in the Curraghinalt gold prospect, Northern Ireland
(Parnell et al. 2000) and gold mineralisation at Croagh Patrick,
western Ireland (Wilkinson & Johnston 1996). It is therefore
plausible that Type 2 fluids are associated with a regional scale
influx of surface-derived fluids at the end of the Caledonian
orogen, similar to tectonically-controlled infiltrations of
meteoric fluids during uplift in other post-orogenic terraines
(Jenkin et al. 1994; Möller et al. 1997).

Stable isotope analysis from the Mourne Mountains granite
shows that influxes of meteoric waters were restricted to the
margins of the pluton and internal contacts (McCormick et al.
1993). High-salinity Type 4 inclusions in the Mourne Moun-
tains granites are associated with these locations, and may
reflect the local influx of surface-derived fluids which circulated

through overlying evaporitic deposits. The non-pervasive na-
ture of meteoric fluid influxes is consistent with the tectonic
setting of the Mourne Mountains granite, which was emplaced
at relatively shallow crustal depths during continental rifting
associated with the opening of the North Atlantic. In contrast
to late Caledonian granites, meteoric fluid influxes in the
Mourne Mountains granite are solely related to convection
cells activated by the thermal anomaly associated with granite
emplacement and the granite has been unaffected by regional-
scale fluid influxes.

4.5. Origin of Type 3 fluids
Type 3 inclusions are characterised by low homogenisation
temperatures, moderate to high salinities and the presence of
Ca2+ ions in solution. The wide salinity range of Type 3
inclusions in the Ardara and Newry granites suggests that they
represent the mixing of two or more fluids. In particular,
compositional data from these granites reveal variations in
fluid Na:Ca ratios (Fig. 7). The Ardara granite data indicate
that the end-member fluids are a low-salinity NaCl-dominated
fluid and a high-salinity CaCl2-rich fluid. However, the Newry
granodiorite data possess evidence of fluid mixing between a
high-salinity NaCl-rich end-member with a CaCl2-rich end-
member. Similar trends have been recorded from the Kents-
town, Oughterard and Galway granites (O’Reilly et al. 1997a,
b; Feely et al. 2006; see Fig. 7). These compositional variations
between granite plutons are not consistent with horizontal flow
systems through the Irish Crust, which tend to show little or no
lateral variations in fluid chemistry (Shelton et al. 1992). In
addition, the wide range of homogenisation temperatures
(from 112�38(C in the Newry granodiorite to 170�30(C in
the Leinster granite) and their absence in the Thorr, Rosses
and Trawenagh Bay granites are inconsistent with a regional-
scale horizontal fluid flux. However, such variations are con-
sistent with the deep penetration of surface-derived fluids into
the crystalline basement, when lateral variations can be re-
corded on the kilometre scale (Everett et al. 1999a) and fluid
salinities and compositions are controlled by interactions with
basement lithologies.

The infiltration of moderate- to high-salinity brines into
crystalline basement rocks is well documented (Möller et al.

Figure 6 Comparative Rb vs. Sr plot for selected Irish late Caledonian granites. Data summarised from Brück
& O’Connor (1977), O’Connor et al. (1982), Stephens & Halliday (1984), Dempsey et al. (1990), Crowley (1997)
and Ghani & Atherton (2006).
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1997; Yardley et al. 2000; Gleeson et al. 2003; Anderson et al.
2004). The downward migration of basinal fluids into base-
ment rocks is facilitated by the fracturing of brittle dry crust,
particularly if the basin fluids are overpressured (Yardley et al.
2000). Anderson et al. (2004) reported on warm saline fluids
associated with base-metal mineralisation in Dalradian rocks
in Scotland, and concluded that fracturing associated with
crustal extension would have led to the rupturing of the
overlying sedimentary rocks and the downward migration of
basinal fluids, and a similar mechanism for the infiltration of
NaCl–CaCl2-bearing fluids into Irish granites is envisaged in
the present paper.

The deep penetration of NaCl–CaCl2-rich brines similar to
Type 3 fluids has also been recorded in the Dalradian of
Northern Ireland (Wilkinson et al. 1999; Parnell et al. 2000)
and lower Palaeozoic basement rocks in the Irish Midlands
(Everett et al. 1999a). These fluids were responsible for trans-
porting base metals into the shallow ore-forming environment
(Everett et al. 1999a), and therefore age data from base-metal
deposits in the overlying sedimentary basins may provide
information of the timing of Type 3 fluid influxes in Irish
granites. The timing of Zn–Pb mineralisation in the Irish
Midlands remains controversial (Wilkinson 2003). Symons
et al. (2002) proposed, on palaeomagnetic grounds, a late
Arundian to early Asbian age (333�4 Ma) for mineralisation
at Navan. However, this age may be subject to significant error
(Wilkinson 2003) and, based on the relationship between
mineralisation and faulting, a Chadian age for mineralisation
is preferred by most workers (Blakeman et al. 2002; Wilkinson
2003). However, a Lower Carboniferous age for mineralisation
is not in doubt, and a Chadian age is consistent with the
penetration of basinal fluids into the basement during a period
of crustal extension (Russell 1978; Samson & Russell 1987;
Everett et al. 1999a, b).

In addition to a Lower Carboniferous mineralisation event,
a Permo-Triassic age has been reported for base-metal miner-
alisation in Northern Ireland (Pannalal et al. 2006). These
authors reported on chemical remanent magnetisation of
hematite, magnetite and pyrrhotite in Lower Carboniferous
carbonates in Northern Ireland, which revealed two regional
scale fluid influxes, during Lower Carboniferous (326�4 Ma),
and Triassic (239�7 Ma) times. A Triassic age for Type 3
fluid influxes is consistent with a maximum age for Type 3

fluids in the Galway granites, where base metal veins crosscut
a dolerite dyke with a clinopyroxene 40Ar/39Ar age of
231�4 Ma (O’Connor et al. 1993). Similar Permo-Triassic
hydrothermal fluid influxes have been recorded throughout
Europe (e.g. Halliday & Mitchell 1984; Möller et al. 1997;
Gleeson et al. 2000) associated with crustal extension during
the opening of the North Atlantic. Therefore, Type 3 in granite
quartz may be related to a number of periods of extension of
the Irish crust, facilitating the penetration of surface derived
fluids into the crystalline basement.

5. Conclusions

This study demonstrates that the crystalline basement rocks of
Ireland have been affected by a series of fluid influxes, associ-
ated with certain tectonic settings. Three fluids have affected
the Donegal, Newry and Mourne Mountains granites, and
these fluids are broadly similar to fluid types recorded in other
studies of Irish granites. A H2O+CO2+NaCl (Type 1) fluid
has been recorded in a number of late Caledonian granites (i.e.
Thorr granite, Ardara granite, Newry granodiorite, Galway
granite and Kentstown granite). Geochemical analyses indi-
cate that these granites have a significant mantle component,
and this is interpreted as the most likely source of carbonic
fluids. The absence of aqueous-carbonic fluid inclusions in
other late Caledonian granites reflects the lower mantle com-
ponent of these granite magmas.

H2O+NaCl�KCl (Type 2) fluids have been recorded in all
samples, regardless of age or tectonic setting. These fluids are
compositionally similar to inclusions in the Galway granite
(O’Reilly et al. 1997a), Leinster granite (Moran 2003) and
Kentstown granite (O’Reilly et al. 1997b), where they are
interpreted as being related to meteoric fluid influxes shortly
after their intrusion, and they may be related to the downward
migration of meteoric fluids along major structural conduits
after granite emplacement. Finally, H2O+NaCl+CaCl2 (Type
3) fluids occur in granite quartz from the Oughterard, Galway,
Ardara, Newry, Kentstown and Leinster granites. These fluids
represent the deep penetration of brines during a period of
crustal extension, possibly during the Carboniferous or the
Triassic.

Figure 7 Composition of H2O+NaCl+CaCl2 fluids from the Ardara granite and Newry granodiorite. Also
included are fields defined from the Oughterard granite (Feely et al. 2006) Galway granite (O’Reilly et al. 1997a)
and Kentstown granite (O’Reilly et al. 1997b). Salinities calculated from combined TMh and TLM data using
programs of Chi & Ni (2007).
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