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SYNOPSIS

THE dolerites and gabbros of the Tertiary central
complex of Slieve Gullion, NE Ireland, represent
a suite of tholeiitic magmas (varying from tholeiitic
basalt to tholeiitic andesite, Gamble 1979a) which
crystaliized in the root-zone of a shield volcano.
The ubiquity of biotite suggests that the magmas
were hydrous and, in addition, both silicate
(olivine) and oxide (Ti-magnetite) phases show
evidence for oxidation at high temperatures.

The chemistry of the ferromagnesian minerals
(olivine, pyroxene, biotité) and plagioclase feld-
spars behaves in a fashion which is in keeping with
the tholeiitic affinity of the suite. In the ferro-
magnesian minerals moderate iron enrichment
accompanies increasing differentiation whilst the
plagioclase feldspars display strong compositional
zoning indicative of fluctuating P-T conditions
during crystallization.

The pyroxenes in some texturally complex doler-
ites and gabbos show several generations of growth
accompanied by subsolidus exsolution. These
complex textures have been linked to complica-
tions in the crystallization history caused by the
coexistence of cooler, volatile-rich granitic magma
(Gamble 19795).

The available field evidence (vent agglomerates
and lava flows marginal to the encompassing
ring-dyke complex, Emeleus, 1962, together with
widespread explosive interaction between granitic
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and basaltic magmas in the central complex,
Gamble, 1979b) suggests a shallow level of em-
placement for the Central Complex magmas. When
considered in conjunction with nominal calcula-
tions relating to the amount of cover removed since
58 my B.P. (best estimated age for Slieve Gullion
from Evans et al., 1973; Maclntyre, 1973) it is
unlikely that P, exceeded 2 kb, more likely 1 kb.
Calculations of temperature and f, based on
coexisting mineral equilibria yield a range of values

- consistent with the fluctuating conditions under

which the mineral assemblages crystallized and
equilibriated. Provided that the assumptions neces-
sitated by the dynamic conditions under which the
magmas equilibriated are fully realized, it would
appear that the basic magmas of the Slieve Gullion
Central Complex crystallized about 1050-1100°C
under moderately high oxygen fugacity.
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THE MINERAL CHEMISTRY OF DOLERITE AND GABBROS FROM THE CENTRAL
COMPLEX OF SLIEVE GULLION, NORTH EAST IRELAND.

J.A. Gamble

Department of Geology, Victoria University of Wellington,
New Zealand.

INTRODUCTION

The igneous central complexes of the British Tertiary volcanic province
mark the sites of deeply denuded shield volcances. The Slieve Gullion comp-
lex, northeast Ireland, comsists of two structural units, an early ring-dyke
complex of felsite and granophyre (Richey & Thomas, 1932; Emeleus, 1962)
which encompasses a later centmx complex composed principally of dolerites
and gabb: (Richey, 1935; Reynolds, 1951;
Bailey & McCallien, 1956; Gamhle, 1979a). In the central complex these
granitic and basaltic magmas were laced, somet imes 1y, to
form a series of sub-horizontal sheet-like structures, The structural rela-
tionship of these intrusions are discussed in Gamble (1979a).

Chemically, the basaltic rocks vary from olivine tholeiite to tholeiitic
andesite and define a low pressure fractiomation sequence controlled by
crystallisation of plagioclase and olivine {Gamble, 1979a). Mineralogical
evidence of the tholelitic character is provided by the coexistmq ca rich
and ca-poor opaqut
ubiquity of biotite indicates that the rocks crystau;sed in the prAsence
of a volatile phase. Textural variations have been attributed to the inter-
action between hot basaltic liquids or rocks and low demsity, volatile-rich
granitic magmas (Gamble, 1979b).

This paper presents chemical data for minerals from a suite of analysed
(Gamble, 1979a)dolerites and gabbros from the central complex. The data
are evaluated, in conjunction with field Observations, in an attempt to con-—
strain the P-T conditions under which the magmas crystallised.

m’fe" AT12 AT24  AT40 ATI4I0 ATI490 ATIO  72/19
olivine - - 6.33 600 070 513 -
Plagioclase 49.03 61.09 63.41 55.60  60.80 56.60 41.82
pyroxene  25.55 16.00 21,78 20.20  21.60 30.39 47.09
opaques 0.97 4.80 1.61 3,10  1.30 3.23 9.64
Biotite 4.42 5.00 0.43 2.20  0.70 1.3 9.64
anphibole 14.78  7.40 1,38  3.80  2.00 6.38 0.36
Quartz 466 3.20 - - - 0.28  1.08
K-Feldspar - - - - - - -
Mesostasis  0.80 2.30  5.26 12.30  1.90  2.66 -
Grain Size | 55 300 1.50 1,00 2,00 2.00 0.10
)

TABLE 1 Modal analyses (in volume %) of analysed dolerites and gabbras from the central complex of Slieve Gulllon.
Pyroxene, includes both Ca-rich and Ca-poor pyroxene; Opaques includes ilmenite, magnetite and sulphides.

gives a nominal estimate of grain size

TEXTURAL VARIATIONS

Modal analyses of specimens analysed by the electron microprobe are
contained in Table 1. In additiom, details of specimen localities and short
petrographic notes relating to chemically analysed material have been pre-
sented in an appendix to Gamble (197%a). The majority of specimens investi-
gated in this study are non-porphyritic (specimen 72/45 carries phenocryst
olivine and specimens 72/31, AT70 and AT1490 contain sparse phenocrysts of
plagioclase) . Nevertheless, the variations in texture and grain-size not
only throughout the suite, but often within the area of a single thin section,
defy accurate description by the terms dolerite, microgabbro or gabbre, even
though the terms have been used in a general sense in the field (see foot-
note, Gamble, 1979b). In an attempt to overcome this difficulty, an estimate
of average grain-size in each specimen is contained in the final column of
Table 1. From this data the reader may deduce relative conditions for
crystal growth and nucleation.

CHEMICAL MINERALOGY OF THE BASIC ROCKS OF SLIEVE GULLION
Analytical Methods

Material for electron microprobe analysis was Selected from a suite of
chemically analysed specimens (Gamble, 197%). They were selected in order
to portray the mineralogy of a wide range of chemical and textural composi-
tions. Moddl amalyses of the analysed specimens are presented in Table 1.

Mineral analyses were determined on polished, carbon-coated rock thin
sections using a JEOL JXA-50A electron n\lcrepxobe fitted with an
lithium drifted silicon energy di . Bn
accelerating voltage of 15KV was used for all analyses and the beam current
Igenerally about 1.5nR) was momitored by means of a Faraday cup on the
specizen holder. Counting times of 100 Seconds were used, permitting the
accumulation of approximately 500,000 counts per analysis., The accumulated
spectrum was stored in a multi-channe)l analyser. Natural minerals and oxides
were used as standards. Spectrum stripping and corrections for dead-tiwme,
peak-overlap, escape and sum peaks and the Z.A.F. correction were performed
by online computer following Reed & Ware (1975). The analyses quoted in
Tables 2 to 6 are means of at least five spot analyses. Detection limits of
the analytical system are as follows:

a1, si, K, ca, Ti, v, Cr, Mn, Fe, Ni 0.10%.

Wa 0.2%;
o1

Mg 0.15%;

Representative analyses of olivine are presented in Table 2 and the
range of compositions, within individual rock specimens and the suite as a
whole, are displayed in figures 1 and 2.

A range between Fog, and Fog, is interrupted by a compositional gap
separating high-magnesian olivihe phenocrysts (mean core composition, Fogg)
from groundmass olivine (range Foyy~Fosg). The high-Mg olivines display
both chemical and morphological similarities to olivines from the Rhum
layered intrusion (Wager & Brown, 1968; Dunbam & Wadsworth, 1978). On the
basis of chemical composition and mass balance calculations with enclosing
groundmass, Gamble (1979a, P.7-8) concluded that the high-Mg "phenocryst™
olivines were xenocrystic and probably elutriated from a deeper seated
crustal magma reservoir of Rhum type. On the other hand, the composition of
groundmass olivine (Fogy-Fogg) implies that the magmas are fractionated with
regard to their mantle source region, Gamble 1979a.

The groundmass olivines yield additional information relating to the con-
ditions under which the magmas equilibrated, Sporadic development of sym-
plectic intergrowths, particularly in the coarser gabbroic specimens

A. GAMBLE

(specimens 72/24, AT24, 72/31; see plate 1c). indicate oxidation at hi
temperatures (Haggerty & Baker, 1967). Electron microprobe analyses of the
invergrowth material suggest a reaction of the types;
3(Mg,Fe), 5i0, + 3510, + 40, + Mg, §3,0, + 2Fe;0,
olivine 4 residual melt~+ opx + mt
which is comsistent with oxidation at a late magmatic stage.
the products are contained in the Appendix.

Analyses of

Further evidence for high temperature oxidation of olivine is indicated
by the presence, in olivine crystals, of czxented dendritic platelets (see
Gamble et al., 1976 for electron micro-
scope study of similar platelets in olivines fzom the Rhum intrusion has
been carried out by Putnis (1979) who concluded thab the platelets are
eutectoidal i cli and m

of jon at high In from Slieve Gullion both
dendritic platelets and symplectite intergrowths have been recognised within
single olivine crystals. Textural relationships in the grains suggest
nucleation of the platelets prior to decomposition of the olivine to sym-
plectite.

Plagioclase

Plagioclase is the principal groundmass and phenocryst phase in the basic
rocks of Slieve Gullion, Table 1. In the field certain dolerite layers can
be distinguished by an abundance of plagioclase phenocrysts, Reynolds (1951)
naming one such horizon as feldspar-phyric dolerite fher layer 4). Further
detailed mapping (Gamble, 1975) on the north slopes of Slieve Gullion and a
study of drill-core and sub-surface exposures (Gawble Bt al., 1976) found
similar feldspar-shyric dolerite horizons {interstratified with aphyric
dolerite) to be relatively common throughout the Lower Dolerite intrusions.

Plagioclase phenocrysts show more complex and proncunced compositional
zoning than groundmass crystals. In the latter, normal zoning is commonly
developed whereas in phenocryst plagioclase examples of normal, oscillatory
and reverse zoming have all been observed. The more complex zoning of the
phenocryst plagioclase clearly reflects non-equilibrium conditions during
crystallisation.

72/15  72/21 72/22 72/25  72/24 72/31  72/45
- - - - - 0.30 15,13
46.20 46.34 39.77 51.02 41.90 54.20 39,27
30.20  29.53 20.83 29.87 43.80 28.00  22.59
3.60  4.49  4.55 5,19  1.30 110 3.42
8.90  6.93 5,68  6.49  3.00 1.90 5.18
3.60 4.36 5.30 2.97 4.8D 2.20 3.42
2.40 ¢.90 10.83 3.90 1.00 0.30 -
- - 6.16 - - - -
5.90 7.45 6.82 0.56 4.20 12.00 10.98
1.00 Q.50 0.75 0.50 1.25 2.50 0.25

Abbreviations:
The final line

Table 3 contains representative analyses of plagioclase. The chemical
varistion (in terms of Ab - Or - An, atomic parcent) is given in Figure 3.
The most notable chemical features of the plagioclase group are:

1) The highly calcic (up to Ang) nature of crystal cores in the more
primitive dolerites {e.g. AT40 and 72/41).

2) The extent of zoning shown by all specimens (e.g. AT40, range Angy to
Angq.

3) The very low K0 content measured in all plagioclase analyses, even at
relatively high Ab contents.

AT70 AT1490 AT1410 72/41 AT40 AT64 72/45
5102 34.27 36.02 37.45 36.87 38.21 40.89 39.18
mo 0.74  0.57 a.40 0.45 0.31 - 0.25
FeQ 36,92 33.96 25,79 28.95 24.03 9.83 17.39
Mgo 27.43 29.35 35.94 33.72 37.22 49.29 42.62
caa 0.08 0.09 - - - - -
NiO - - - - 0.22 - 0.49
Total 99.44 99.99 99,58 99.99 99.99 100.00 99.93

Cation formula based on 4 oxygens

si 0,965 0.995 0.996 0.993 1.003 1.001 0.965
Mn 0.018 0.013 0.009 ©0.010 0.007 - 0.005
Fe 0,869 0.785 0.572 0.652 0.527 0.201 0.370
Mg 1.152 1.209 1.42) 1.353 1.456 1.798 1.618
ca ¢.063 £.003 0.005 - - - -
Ni - - - - 0.005 0.9010
Fo Content
(Atomic 57.0  60.5 71.3 67.5 73.4 89.9 8L.4
Percent)

ive olivines from the
Each analysis is the mean of

TABLE 2 Elect: analyses of
central complex of Slieve Gullion.
six spot analyses.

These chemical and zonal features can be readily accounted for by con-
sideration of the bulk chemical composition of the magmas (primitive basaltic
melts from the Slieve Gullion camplex are rich in calcium, Cad ' 118, and low
in potassium, Ky0 " 0.2%) and by fluctvations of Py,0 during crystallisation
{c£. Johannes, 1978). The consistently low K0 values clearly reflect the
low initial K content of the parent magmas. Enrichment of K in residual
(mesostatial) liquids together with an increasing HyO content eventually led
to late crystallisation of biotite and amphibole (Kz0 ~v B-11%).

Pyroxenes

1) pyroxeme exsolytion and

Ca-rich and Ca-poor pyroxenes are present in all the rocks investigated
in this report. They are found only as groundmass phases and vary in texture
from poikilitic and ophitic to granular and intersertal. Ca-rich pyroxene
{augite) is more abundant and in many of the coarse gabbros the Ca-poor phase
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FIGURE ) Chemical variation in pyroxene and alivine minerals for a selected suite of dolerites and gabbros from the Slieve Gullion Central Complex.

Pyroxene analyses are plotted in the conventional En - Fs — Di - He quadrilateral in terms of En — Fs - Wo (Atomic percent).
Tie lines join coexisting iineral pairs.

analyses are expressed in terms of Fo content (Atomic percent).

is sparsely developed.

In the Ca-rich pyroxenes exsolution lamellae are difficult to detect by
optical means. On the other hand, in the Ca-poor pyroxenes exsolution is
manifest and frequently complex. Commonly, grains display the charactexistic
blebby or graphic exsolution, typical of inverted pigeonite (Deer et al..
1978 and Plate 1E)}. Interpretation of the cooling history of these grains
suggests high temperature (often random) exsolution of augite blebs from
pigeonite and subsequent exsolution of augite (often less calcic) from ortho-

pyroxene (parallel ta 100) after the grain had cooled below the clinopyroxene-

inversion e. Primary containing narrow
augite exsolution lamellae parallel to (100) has been identified in some
rocks.,

AT40{c} 72/41(c) ATL4L0(CY 72/25 72/1S(c) 72/21(R) 72/22(R} 72/18(R}

Siﬂz 47.36 47.30 43.5%1 54.80 51.67 S7.15 ©1.37 53.76
Alo;  33.04 3411 32.28 29.28 30.61  26.24  23.98  25.89
FeO 0.43 0.46 0.45 - 0.27 0.61 0.46 0.386
o - - - - - 0.12 0.12 -
Cao 17.14 15.97 15.68 11.46 14.05 8.79 6.08 8.23
K0 0.08 0.08 0.09 0.24 0.14 0.20 0.47 0.27
Ray0 1.81 1.96 1.99 4.23 3.47 ©.62 7.51 6.56
Total 99.86 99.88 100.00 100,01-100.2) 99.73 99.99 100.07
Cation formula based on 8 oxygens

si 2.182 2.170 2.260 2.464 2.246 2.579 2,732 2.627
S 1.79¢  1l.845 1737 1.552 1.638 1,396  1.258  1.364
Fe 0.017 ¢.o18 0.017 - ¢.010 0.023 0.017 0.014
Mn - - - - - 0.005 0.005 -
Ca 0.846 0.785 0.767 0.552 0.684 0.425 0.290 0.394
13 0.005 0.005  0.005 0.014 0.008  0.012  0.027  0.015
Na 0.162 0.174 0.176 0.369 0.305 0.579 0.648 0.569
ab 6.0 18.1 18.5 39.4  30.6 57.1 67.2 58.2
or Q.5 0.5 2.6 15 0.8 11 2.8 1.6
An 83.5 81.4 8G.9 59.1 68.6 41.8 30.0 40.2

TABLE 3 Electron microprobe analyses of representative plagioclases from
the central complex of Slieve Gullion. Suffix (c) indicates core
analysis and (R) rim analysis. Fach analysis represents the mean
of five spot analyses.

The paragenesis of the pyroxene minerals is complicated by the existence
of distinct generations of pyrosene within the same rock. Study of pyroxene
textures in a number of specimens has indicated marginal overgrowths of
pigeonite on ophitic Ca-rich pyroxene crystals. In the same specimens
granular or intersertal pigecnite grains display epitaxial overgrowth of
augite (Plate 10 and E} whilst primary hyperstheme crystals (with narxow
augite lamellae parallel to 100} have a sub-ophitic testure and no clear cut
textural association with either augite or pigecnite.

2) Pyroxene chemistry

Representative electron microprobe analyses of pyroxenes from the Sliecve
Gullion gabbros and dolerites are presented in Tables 4 and 5. The chemical
variation (in terms of Di - He - En - Fs, atomic¢ percent) in individual
specimens is given in Figure 1 and for all rocks in Figure 2.

The Ca-rich pyroxenes, (Table 4), are augites in the classification
scheme of Deer et al. (1978) and display a trend of moderate iron enrichment
which accompanies Gecreasing Mg-number in the whole rock. Concomitant with
this trend as the Fe content increases the range of Ca @ecreases resulting
in & broadening of the miscibility gap separating Ca-rich and Ca-poor pyrox-
enes, Figure 2.

Olivine

In a single rock specimen, calcium cc:tent, which may vary by up to 15
atom percent, for a coastant Mg/Fe value, accounts for the principal chemi-
cal variation. The minor elements Ra, al, Fe3* (calculated fram L¥eC on the
basis of 6 oxygens and 4.0 cations, after Papike et al., 1974), Ti and Cr
all show relatively low concentrations indicating minimal amounts of the
acmite and tschermak molecules, Table 4. Diopside, hedenbergite, enstatite
and ferrosilite constitute the principal end-member compositions in keeping
with the tholeiitic affinity of the parent magmas, hence analyses are dis-
played in terms of the conventional pyroxene quadrilateral.

En Fs

Fo g5 15 55 Fa

FIGURE 2 Combined chemical variation in pyroxenes and olivines from Slieve
Gullion. Data has been screened in order to simplify data pre-
sentation and to minimise the effect of Ca-variation due to
exsolution. Dashed line shows trend for Skaergaard pyroxenes.
Solid lines join coexisting pyroxene pairs in an olivine gabbro
and tholeiitic andesite.

The Ca-poor pyroxenes, (Table 5), are pigeonite (now inverted) and
bypersthene. ®hen these two minerals coexist in the same xock (e.g.
specimens 72/41 and AT40) the hypersthene is more magnesian and lower in Ca
and Ti than coexisting pigeonite, (Table 5). The studied specimens reveal
a trend of moderate iron enrichment over a compositional range extending
from Mg7), Peyg. Cay to Mggs, Feg,, Cay. This trend correlates with the
decreasing Mg-pumber in the whole rock and with the trend of the coexisting
Ca-rich pyroxenes. Tie-lines are comstructed for coexisting pairs. (Note:
The tie-lines link crystals which have nucleated and grown in proximity).
The projection of these tie-lines intersects the Di - Wo join in the compo-
sional range Woqp - Wogy (Deer et al., 1978).

The coexistence of hypersthene and pigeonite with augite warrants
further discussion since the narrow temperature-composition range over which
this 3-phase assemblage can cxystallise has implications for pyroxene thermo-
metry (see Ross et al., 1973; Ross & Husbner, 1975: Huebner et al., 1975).

Specimens AT40 and 72/41 contain this 3-phase pyroxene assemblage.
Pyroxene analyses from these specimens are plotted in the conventional pyro-
xene quadrilateral in Figures 4 and 5. Textural relationships in these
rocks suggest a crystallisation history which follows the sequence illustra~
ted in Pigure 6. This diagram indicates plagioclase to be the liquidus
phase and with falling temperature it is joined by olivine and then ophitic
clinopyroxene (augite). With a further decrease in temperature pigeonite
joins augite, often nucleating at the margins of ophitic angite crystals.
Cotectic precipitation of augite and pigeonite is indicated by parallel
intergrowths hetween the two phases. Epitaxial overgrowth of angite on
ipverted pigecnire and crystallisation of hypersth 1 the p
crystallisation.
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72/41

51.54
0.71
2.14
0.29
9.82

15.12

19.79
0.52

99.93

1.912
0.088
0.006
0.020
0.079
0.836
0.225
¢.009
0.787
0.037

43.2
16.2
40.6

0.037
0.020
0.006
0.042
0.562
0.357
0.137
0.039

J. A. GAMBLE

zﬁ:ﬁi:e" AT40
sio, 51.95
Ti0 0.55
a1,0, 1.89
) 0.29
Feo 10.77
Mgo 15.58
cao 19.68
Na,0 0.32
cz,0, -
Total 100.99
sig, 1.909
AL 0.082
AL -

T8 0.015
Fe’t 0.087
Mg 0.851
re?* 0.244
Mn 0.009
Ca 0.776
na 0.023
cr -

g 43.3
IFe 17.3
ca 39.4
ACMITE 0.023
CATIAL206 0.015
CAALALS 106 0.000
CAFEFES106 0.010
CAFEALS106 0.051
DIOPSIDE 0.539
HEDENBERGITE D.156
ENSTATITE 0.156
FERROSILITE 0.086
TABLE 4 Electron

of Slieve Gullion.

72/19 AT12 72/24 AT70 72/31 72/15 72/22 72725
50.95 50.81 50.90 51.26 51.04 50.61 51.60 52.42
- 0.68 0.53 0.31 0.35 0.74 - 0.30
1.09 3.42 3.49 3.14 2.63 3.00 0.92 0.72
0.22 0.27 0.22 - Q.24 0.35 0.26 0.38
14,31 8.39 8.01 8.22 9.06 10.63 13.64 12.14
12.08 15.30 15.50 15.76 15.76 15.18 11.34 1z.10
21.36 20.81 20.82 21.23 21.14 19.43 22.09 21.39
- - - - - - 0.62 0.4z
- 0.24 0.38 - - 0.29 - ©0.17
100.01 99.92 99.85 99.92 100.22 100.23 100.47 100.24
Cation formula based op 6 oxygens
1.936 1.884 1.885 1.8%0 1.885 1.882 1.946 1.977
0.049 0.116 0.116 0.110 0.114 0,118  0.041 0.024
- 0.033 0.037 0.027 - 0.014 - 0.009
- 0.019 0.015 0.009 0.010 0.021 - 0.009
0.080 0.038 0.037 0.060 0.097 0.054 0.113 0.024
0.684 0.846 0.856 0.866 0.867 0.841 0.637 0.680
0.375 0.222 0.212 0.194 0.183 0.276 0.317 0.359
0.007 0.609 0.007 - 0.008 0.011 0.008 0.012
0.870 0.827 0.826 ¢.836 0.836 0.774 0.892 0.872
- - - - - - 0.045  ©.031
- 0.007 0.011 - - ©.009 - 0.005
34.0 43.6 44.2 44.2 43.6 43.0 32.4 34.9
22.9 13.8 13.2 13.0 14.4 17.5 22.3 20.3
43.1 42.6 42.6 42.8 42.0 39.5 45.3 44.8
¥ ion
- - - - - - 0.045  0.029
- 0.019 0.015 0.009 0.010 0.021 - 0.009
- 0.033 0.037 0.027 - 0.014 - 0.006
0.015 - - - 0.001 - 0.014 -
0.049 0.045 Q.048 0.066 0.095 0.063 0.041 -~
0.517 0.573 0.579 0.603 0.59% 0.505 0.556 0.555
0.289 0.156 0.148 0.135 0.132 0.172 0.283 0.303
0.084 0.136 0.139 0.132 0.134 0.168 0.041 0.063
0.047 0.037 0.035 0.030 0.030 0.058 0.021 0.034
analyses of repr ive Ca-rich from the central camplex

Each analysis represents t he mean of at least six spot analyses

End-members calculated after allocating iron Fe2* and Fe3* on the basis of stoichiometry

(Papike et al., 1974).

FIGURE 3 Cnemical variations in plagioclase feldspars (expressed in terms of
atomic percent An - Ab - Or) for a selected suite of dolerites and

gabbros from the Slieve Gullion Central Complex.

In the pyroxene quadrilateral diagrams (Figures 4 and 5), the range in

Ca-content in the granular pyroxenes has resulted £xom plotting analyses of

solidus and subsolidus phases. The Ca-rich granular pyroxenes with high Wo-
content are subsclidus augites associated wath primary exsolution from
pigeonite. They correspond to the sub-solidus txend for Skaergaard pyroxenes

FIGURE 4 Quadrilateral plots of pyroxenes in a single specimen (AT40).
Symbols: open circles - ophitic clinopyroxenes; closed circles -
granular and epitaxial clinopyroxemes; closed stars - primary
hypersthene; closed squares - inverted pigeonite. Solid lines
represent subsolidus curves and dashed lines solidus curves for
skaergaard pyroxenes, (Nwe, 1976; Coleman, 1978).

demonstrated by Nwe (1976) and Coleman (1978). The Ca-rich granular pyrox-
enes with lower Wo-content are augites growing parallel to or epitaxially on
pigeonite (see Plate LE, amalysis 1). These analyses conform reasonably with
the Skaergaard pyroxene solidus curves of Nwe (1976) and Coleman (1978). The
scatter of points between the subsolidus and sclidus curves reflects the
inability of the EPMA system to resolve between fine lamellae and host phases.
The early crystallising ophitic augites are more magnesian and approximate to
the Skaergaard solidus trend.

The Ca-poor pyroxenes reveal the presence of a phase change from hypersthenc

to pigeonite (now inverted) between Enqg and Engy. The analyses of hypers-
thene are restricted in composition while the pigeonites display slight iron
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72/41(P) AT40 72/21 72/31 AT70

53.49 53.08  51.51 52,69  51.07
0.25 0.36  0.22 0.14 0.20
0.49 o.82 0.3 0.69 6.2
0.58 0.5  0.87 0.64 0.73

19.91 21.65  29.21  24.40  25.94
22.65 21.25  16.43 20,34 19.93
2.65 2,19 1.9 1.10 1.22
- - 0.19 - -
100.02 100.06  99.93  100.00  100.01

cation formula based on & oxygens

fxﬂ;‘;‘e" ATI410(K)  AT1410(P)  ATI490  72/41(W)
5102 54.97 53.486 51.01
TiOz 0.13 ©.57 0.29
l\lzo3 0.97 G.88 0.43
mno 0.38 0.51 .66
FeQ 15.99 19.54 28.58
Mgo 26.92 23.35 17.03
Cal 0.64 1.68 1.50
NaZO - - 0.50
CIZO3 - - ~
Total 100.00 99,99 100.00
8i, 1.983 1.971 1.973
a 0,017 0.029 0.020
vi
Al 0.024 0.00% -
i 0.004 0.016 0.009
ot 0.012 0.010 0.022
re?* 0.482 0.603 0.924
Mg 1.447 1.283 0.981
Ca 0.025 0.067 0.062
Ha - - 0.038
Cr - - -
Mg 741 5.7 49.9
IFe 24.7 30.9 47.0
ca 1.2 3.4 31

1,995  1.982 1.980 1.9 1.985  1.947
0.005 0.018 0.020 0.006  0.015  0.041

0.016 0.003 0.016 0.008  0.016 -
0.007 0.010 0.006  0.004  0.006
0.015 0.018 0.020  0.029  0.020  0.024
0.560 0.617 0.676 0.946  0.769  0.827
1.383  1.251 1.182  0.%8  1.142  1.133
0.020  0.105 0.088 0.049  0.044  0.050

- - 0.014 - -

63.4 60.8  48.79  58.4 56.4

3.3 34.7  48.67  39.3 4.1

5.3 4.5 2.54 2.3 2.5

TABLE 5 Electran microprobe analyses of

ive Ca-poor

from the central complex of

Slieve Gullion. Suffix (H) indicates primayry hypersthene, (P) pigeonite, now inverted to
orthopyroxene, Each analysis represents the m ean of at least six spot analyses.
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FIGURE 5 Quadrilateral plots of pyroxenes in a single specimen (72/41.
symbols as in Figure 4.

enrichment and a range of Wo-content, the latter resulting from the overlap
of the beam spot between lamellae and host phases.

The bulk composition of liquids from which these 3 phase assemblages
have crystallised range from 100.Mg/Mg+Fe = 67 to 71. Using the experimental
data of Ross & Huebner (1975) the crystallisation temperatures can be esti-
mated to lie between 1000°C and 1100°C. However, these temperatures are
Likely to be maxima Since the effects of Pr and Py,C have not been considered.
Temperatures have also been calculated from coexisting Ca-poor pyroxene
{hypersthene) - Ca-rich pyroxene {augite) assemblages using the methods of
Wood & Banno (1973) and Wells (1977). The temperatures of ~8909C and "895°C
are appreciably lower than those estimated from the Ross-Huebner geothermo-
meter, but, in keeping with the textural relationships, may be realistic as
near solidus or subsolidus temperatures (cf. Nobugai et al., 1978 who, using
similar methods, estimate temperatures of 9BSOC, pigeonite-augite, and 881-
856°C, subsolidus, for the Skaergaard intrusion).

The influence of Py,0 is probably critical since microscopic exsolution
products in the rims of ophitic augite crystals an@ in granvlar pigeonites
often include a brown amphibole phase (basaltic hexnblende) (Plate 1p)
Forthermore, crystallisation under conditions of increasing Py 0 (indicated
by increases of modal biotite and amphibole with <Mg-number in the whole
rock} may also account for the increasing Wo~content of the Ca-rich pyroxenes
in the more fractionated dolerites (Figure 2) by a mechanism similar to that
proposed for the pyraxenes in the Xap Edvard Holm Intrusion (Deer & Abbott,
1965; Elsdon, 1971}. In this case, the increasing width of the pyroxene
solvus would also siiggest that the Slieve Gullion pyroxenes crystallised at
lower temperatures than comparable pyroxenes from the Skaergaard intrusion.

3) Minor Element Distribution in Clinopyroxenes

In basaltic pillow lavas the minor element chemistry of clinopyroxenes
{particularly Al and Ti) has been used to indicate cooling rates {Mevel §
velde, 1976: Coish & Taylor, 1979). Bence & Papike (1972), Grove & Bence
(1977) and co-workers have Studied pyroxene-liquid relationships in lunar

Plagioclase
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FIGURE 6 Generalised cxystallisation relationships in the dolerites and
gabbros. T indicates liquidus temperature.

basalts and concluded that partitioning of the minor elements (3105, Ti0,
and Cry03) are strongly dependent on cooling rate apd the extent to which
crystallisation of plagioclase and ilmenite are Suppressed.

This approach was applied to clinopyroxenes in Slieve Gullion rocks which
display textures suggestive of a complex crystallisation history. On textu-
ral grounds the pyroxenes have been identified as gramular, poikilopnitic
and ophitic varieties, the formet being produced by rapid crystallisation
and/or larger degrees of undercooling. In Fiqure 7,

granular pyroxenes display a scatter about the 1,
pyroxenes plot beneath this line indicatin:
Ti.

/4 trend line while ophitic
g higher Al content at equivalent

It is suggested that the higher Al content of the aphitic crystals has
resulted from cessation or suppression of plagioclase crystallisation during
nucleation and growth of the ophitic pyroxene crystals.

Biotite

Biotite is ubiquitous in dolerites and

gabbros from Slieve Gullion,
Table 1.

Interpretation of textural relationships indicates that it is late
to crystallise either forming mesotasis, rimming magnetite and ilmenite
grains or less commonly forming marginal intergrowths (with amphibole) to
pyroxene crystals. A conspicuous increase of modal biotite in the differenti—
ated dolerites and qabbros (those rocks with 100.Mg/MgsFe <60) is paralleled
by a tendency for biotite to be more abundant in the gabbroic rocks than in
dolerites which display similar Mg-values. A progressive increase in the
water content of the magmas and Tluctuations of water vapour pressure during
crystallisation of the magmas offer plausible explanations for these features.
Representative analyses and mineral formulae are contained in Table 6.

terms of Mg : Fe ratios all the analysed minerals are biotit
with Mg : Fe<2. 100.

In
es {sensu strn:to_)
Mg/Mg + Fe (Atomic) ranges from 61.6 to 41.7 indicating
mederate iron enrichment which is displayed in the plot of Mg - Fe - Al,
Figure 8. This moderate iron enrichment trend is accompanied by a slight
depletion of Al.
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FIGURE 7 Ti/Al relationships for calcium-rich pyroxenes in two dolerite
specimens (AT40 and 72/41). Symbols: open circles - ophitic
pyroxenes; closed circles - granular and epitaxial pyroxenes.

AT40 72/31 72/24 72/22 72/25 72/19

5i0, 36.50 34,07 35.89 35.37 35.70 34.69

TiO, 4.78 4.59 5.00 4.96 4.39  4.15
AL0, 12,34 14.50 12.52 1241 12.84 12.71
FeO 22,34 16.54 22.43 22.31 23.63 21.65
Mg0 11,30 14.34 10.56 10.74 10.13 1l.01
ca0 0.11 0.16 6.20 - - -

X,0 8.71  10.87 9.14 11.83 11.35 11.30
Na,0 - - 0.38 - - -

Total 95.68 95,07 96.12 97.42 98.04 95.51

Cation formula based on 24 onygens

Si 6.140 5.719 6.051 5.96% 6.000 5.956
Ti 0,604 0.579 0.634 0.829 0.555 0.536
aL 2.407 2.866 2.488 2.468 2.543 2.571
Fe 3,114 2.322  3.163 3.149  31.321 3.108
¥g 2,813 3.586 2.654 2.701 2.538 2.817
ca 0.019 0.029 0.036 - - -

K 1.869  2.327 1.966 2.504 2.433  2.474
Na - - 0.124 - - -

TABLE 6 Electron micraprobe analyses of representative
biotites from the central complex of Slieve
Gullion. Each analysis is the mean of three
spot analyses.

Al Al

/

I SR A SR ) S

V2 V2 V3 v} (V3 A, V3 (V3 v}

Mg Fe

FIGURE § Chemical variation in biotites from Slieve Gullion dolerites
and gabbros expressed in terms of Mg - Fe - Al [Atomic percent).
The star is a biotite from a typical central compiex granophyre.

The Opaque Minerals

The gpaque minerals include oxide and sulphide phases. The oxides,
which are predaminant, are magnetite and ilmenite, occur ia all rocks and
a red-brown chromian Spinel occurs as inclusions in xenocrysts of high-wg
olivine and in the groundmass of rocks in which these xenocrysts occur. The
chrome spinels are intexpreted as liguidus or near-liquidus Phases whereas
the magnetite and ilmenite display textures suggesting a wide crystallisation
interval.

Pyrrhotite, chalcopyrite and pyrite are the principal sulphide phases (in
order of decreasing abundance). Pyrrhotite often rims ilmenite or magnetite
grains whilst chalcopyrite and pyrite are confined to mesotasis.

The compositions of coexisting magnetite and ilmenite offer an opportunity
to estimate eguilibration temperatures and oxygen fugacity from coexisting
Fe - Ti oxide pairs (Buddington & Lindsley, 1964). However, other workers
(e.g. Mathieson, 1975; Bowles, 1977 and Nimmelberg & Ford, 1977) have found
that the Fe - Ti oxides of intrusive rocks continue to emilibrate at sub-

J. A. GAMBLE

solidus temperatures reducing the ulvo-spinel content of recalculated magnee-
ite and resulting in unreliable T-fo, estimations. The rocks Erom Slieve
Gullion are no exception and magnetite reveals both coarse gramular and
lamellae types of ilmenite “exsolution” product.

Magnetite  Ilmenite Magnetite Ilmenite

a112 aTL2 AT70 ar70
T30, 2.21 48.42 .49 50.89
sio, 0.12 - 0.13 -
Feo 32.91 40.60 35.14 44.60
Mgo - - - 1.1t
o 0.17 2,55 0.23 o.88
ceo 0.22 0.28 0.15 0.22
Fe,0, 61.59 6.15 54.93 1.80
aL,0, .56 - 2.23 -
v,0, 1.75 0.95 1.43 0.30
cr,0, 0.37 0.16 0.42 0.19
Total 99.95 99.11 99.15 99.99
tsp (mol.%} 9.64 R0, (nol.3) Usp (mol.4) 1136 R0 (mol.4)
% 600 .48 TC 615 1.92
-log, ,f0, 20 -log)of0, 2

TABLE 7 Electron microprobe amalyses of magnetites and ilmenites from
the central complex of Slieve Gullion. Apalyses carried out
using a scanning electron-beam, FeyO3 content estimated from
IPe0 following the procedures of Carmichael (1967).

With electron microprobe analysis this difficulty can be partly offset by
anatysing with a scanning electxon beam but the existence of coarse granular
exsolut jon products of ilmemite from magnetite means that analytical data
should be interpreted with caution. The temperature and fo, estimations for
Slieve Gullion rocks, (Table 7) following the recalculation”procedures of
Carmichael (1967), are too low to be representative of magmatic temperatures
and evidently are related to the widespread development of granule type
ilmenite “exsolution" from magnetite. The analyses Plotted in Figure 9
demonstrate a scatter which corresponds closely with the QFM. (Quartz-
Fayalite-Magnetite) buffer curve. Using a temperature of 1050°C (1% maximum
£rom pyrowene geathermometry) an oxygen fugacity of ¢. 10711 bar can be
inferred for the Slieve Gullion magmas provided they equilibrated clase to
the QFM buffer curve.

n 1 I

600 700 800 900 100 1100
Temperature “C

25

FIGURE 9 Plot of temperature (°C) and -log)fo, for Slieve Gullion dolerites
and gabbros. Buffer curves are from Buddington & Lindsley (1964).
The equilibration curves for the Skaergaard intrusion are from
Mathieson (1975): The dashed line is based on Fe - Ti oxide com-
positions while the dot-dash line represents the inferred behaviour
on further cooling.

DISCUSSION

The most primitive magmas emplaced into the root zome of the Slieve
Gullion velcano appear to be analogues of the high-calcium, low-alkali
tholeiitic liquids which have been recognised on Skye and Rhum (Drever &
Johnston, 1966; Thompson et al., 1972; Esson et al., 1975; Gibb, 1976:
Mattey et al., 1977; Donaldson, 1977; Thompson et al., 1980). Low pressure
(crustal) fractionation of these magmas, principally involving plagioclase
and olivine, produced a spectrum of compesitions ranging from olivine
tholeiite to tholelitic andesite (Gamble, 1979a). Internal contacts, a lack
of mineral layering and the yravity anomaly data of Cook & Murphy {1952) led
Gamble (197%a) to propose that the magmas had differentiated prior to emplace-
ment, Fluctuations in Pyy0 and temperatures, enhanced by contiguous, cooler,
granitic magmas, produced a wide range of textures in the basic rocks
(Gamble, 1979a, b)-
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The mineral chemistry presented in this paper support these observations
but permit a more precise assessment of the conditions under which the magmas
crystallised. For example, temperature calculaticons based on pyroxene Te :

Mg exchange equilibria and experimental data yielded temperatures between
11009C and 890°C. Rock textures and subsolidus exsolution in the pyroxenes
suggest that these temperatures reflect suprasolidus and subsolidus conditions
Experimental runs at L atmosphere {dry) on similar tholeiites from Skye

(Esson et al., 1975) show plagioclase as the liquidus phase (1225°C) with
clinopyroxene appearing after a 419 fall in temperature (1184°C). Using
this data, together with the fact that higher Pyy0 conditions would lead to
depression of the liquidus, temperatures between 1000°C and 1100°C may be
reasonable estimates for the Slieve Gullicn basic magmas. Temperatures
calculated from coexisting Fe - Ti oxide phases yield unrealistic magmatic
temperatures, a feature which has been observed in other intrusive suites of
tholeiitic composition (Mathieson, 1975; Himmelberg & Ford, 1977). However
by assuming that the assemblage equilibrated close to or just above the QFM
buffer and using a temperature of 10%0°C (a combination of pyroxene geothermo-
metry plus experimental data), the oxygen fugacity can be estimated to lie
between 10710 ang 10~ Comparison with fo, estimates from the Skaergaard
intrusion (Figure 9, data from Mathieson, 1975) shows that fop was some 10

log units higher in the case of the Slieve Gullion. Whilst the method of fop
estimation in the case of the Slieve Gullion magmas has been based on a

number of assumptions (necessitated by a lack of equilibrium relationships
between coexisting mineral assemblages) the values are thought to be realistic
since they are supported by several independent lines of evidence. Firstly,
the ubiquity of biotite, which increases in modal volume with differentiation
and which may indicate progressively increasing Py,0. Secondly, the evidence
for various types of high temperature oxidation in olivine and thirdly, the
progressive increase (with decreasing Mg-value) in the miscibility gap separ-
ating coexisting Ca-rich and Ca-poor pyroxenes,

Finally, the contemporaneity both in space and time of relatively large
volumes of granitic magma should be considered. In view of the probable
significance of magma mixing as a triggering mechanism for volcanic eruptions
(Anderson, 1976; Sparks et al., 1977; Eichelberger, 1980) we have, at
Slieve Gullion, the opportunity to review the situation in the now crystal-
lised contents of a magma chamber. Here, Gamble et al. (1976) and Gamble
{1979b) have described a spectrum of contact relationships between contiguous
basaltic and granitic magmas, With net-veining, intrusion breccias and
hybrid rocks representing the ultimate products of explosive brecciation and
magma mixing respectively. Furthermore, many of the textural variations
detected in the gabbros and dolerites, even though they were far from
granite, could be attributed to processes such as sudden chilling, decompres-
sion or volatile transfer which accompanied periods of injection of cooler,
volatile-rich granitic magma. With this in mind it is difficult to escape
the conclusion that the contemporaneity of granitic magmas led to sustained
high temperature oxidising conditions during and after crystallisation of
the basic magmas.

CONCLUSIONS

The petrology and chemical mineralogy of the dolerites and gabbros from
the Slieve Gullion cemtral complex are consistent with crystallisation of
tholeiitic magma under shallow crustal conditions. The ubiquity of biotite
indicates the hydrous condition of the magmas from which the rocks crystal-
lised and the variety of textures (Gamble, 1979b) suggest that the conditions
of crystallisation were subject to rapid fluctuations. A continuous varia-
tion in the chemistry of the fer: ian minerals (olivine, pyroxene and
biotite) outlines a tremd of limited iron emrichment. Concurrently, the
plagioclase feldspars display complex zoning but an overall trend of

i with differentiation. Mineral reactions in olivine
and the Fe - Ti oxide phases indicate equilibration under conditions which
may be reconciled with sustained high temperature oxidising conditions
probably due to the contemporaneity of large volumes of cooler, volatile
rich, acid magma (Gamble, 1979b).
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Photomicrographs A-F of textural relationships in dolerites and gabbros from
the Slieve Gullion central complex. Bar represents 0.lmm,  Numbers refer
to electron microprobe analyses which are contained in the Appendix.

Plate 1A, specimen AT1490, subvariolitic crystallisation of clinopyroxene
{augite) and plagioclase.

Plate 1B, specimen 72/41, clinopyroxene (augite) and’ plagioclase showing
ophitic texture.

Plate IC, specimen 72/24, magnetite-orthopyroxene symplectite formed by
oxidation of olivine.

Plate 1B, specimen AT40, complex clinopyroxene grain, an optically homo-
genous core (analyses D1) is surrounded by a zone of amphibolesintergrowth.
The outer rim of the grain is mantled by a later overgrowth of clinopyroxene
{analysis D2).

Plate 1E, specimen 72/41, olivine (analysis E2) with marginal pigeonite
(inverted tec orthopyroxene with associated complex exsolution). Augite
(analysis E1) has grown parallel to pigeonite.

Plate 1F, specimen 72/41, ophitic crystallisation involving clinopyroxene
(augite) and plagioclase.

APPENDIX

Electron microprobe analyses of minerals st the points illustrated in

Plate 1A-F. cpx: Ca-rich pyroxene; OpX: Ca-poor pyroxene; mt: magnetite

Plate number,
specimen and
analysis number

PLATE 1A PLATE 1A  PLATE 1a PLATE 18 PLATE 1B
AT1490 Al ATL490 A2 AT1490 A3 72/41 BY  72/41 B2

Mineral anal