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"Rocks, like everything else, are subject to change

and so also are our views on them',

F.Y. Loewinson-Lessing, 1936.



ABSTRLCT

Multiple samples from individual, Tertiary, Mull lava flows have
been analysed in order to assess the contributions of magmatic, deuteric
and metasomatic processes to their compositions. With the exception of
Sr, which shows limited mobility, the compositions of the lavas affect-
ed by zeolite-facies alteration appear to be pyrogenic. Local green-
schist-facies alteration caused considerable bulk chemical changes
but, Ti, 2r, Nb, ¥, Ta, Hf and the HREE appear to have been immobile,

Slight loss of P, Th, La and Ce occurred during extreme metasomatism,

The hydrothermazl fluids appear to have had low 878:786Sr ratios
(£0.7048), which rules out interaction with either, the Moinian base-
ment or, the Tertiary plutonic rocks. Instead, the compositions of the
fluids appear to have been buffered by the lavas. A model for the Mull
geothermal system is presented and comparisons are made with metabasalts
from other hydrothermal systems in order to elucidate the factors that

control element mobility during alteration.

Comparison of the Mull lavas with those formed at other igneous
centres confirms the existence of several distinct, basaltic magma
types on a regional scale within the British Tertiary Igneous Province.
The early major products of volcanicity were transitional basic lavas,
similar in their major element chemistry to world-wide alkali basalt
series. In contrast, their incompatible trace element contents bear
more resemblance to olivine tholeiites and there are small but distinct
differences in the relative abundances of these in the early Mull and

Skye lavas,

The incompatible element abundances in the Mull and Skye lavas
suggest a mantle source from which a small amount of melt (€1%?) had
been eXtracted, with the pre-Tertiary upper-mantle fusion beneath Mull
slightly greater than beneath Skye. Chemical and tectonic considerations
suggest this mantle was neither residual from the formation of the
Archaen Lewisian complex nor, emplaced as a result of the Cenozoic rift-
ing of the N. Atlantic. Major and trace element data for a mafic alkalic
dyke of the Permian swarms which cross W. Scotland show that these had
the reguisite geochemical characteristics to have caused this depletion.

Such dykes are more abundant in the region of Mull then Skye.
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CHMETER ONE @ GENDXAL  INTRCDUCTION

The Tertiary ignecous rocks of Britein have been the subject
of systematioc geological investigation since the nineteenth century.
The lavas of Mull are probably the most renowned, as the Mull
Memoir (Bailey et.al. 1924) introduced the concepts of magma types
and series; a method of comprehending igneous rocks that has remain-
ed central to petrogenetic thinking. The reputation of Hebridean
lavas for being hydrothermally altered provided a considersble
‘obstacle to their chemical study for some time, Subsequent workers
described the lavas in terms of the two main basalt types recogniced
in the Mull Memoir - the Plateau and Non -~ Porphyritic Central types
- and in one form or another these dominated petrogenetic ideas in
the region for nearly four decades. Much recent research activity
has arigen as a result of improved analytical methods and recognition
that the widespread volcanism was related to the opening of the
North Atlantic between the Farce Rise and Greenland. Several new
magma types have been defined on the basis of abundant chemical data
but the distribution of these within the province and the extent to
which they can be held to characterise it are uncertain. Relatively
few new analyses of the Mull lavas have been published and as yet
little attempt has been made to investigate the effects of the wide-~
spread secondary alteration on Hebridean basalts. The main objectives
of this present study are : firstly, to identify the igneous and
metasomatic contributions to the present compositions of the Mull
lavas; secondly, using those chemical characteristics that can be
considered to represent magmatic features, to compare them with
lavas formed at the other Tertiary centres at an equivalent stage in
their evolution. Geophysical studies of the region have been sum-
marised recently by Bullerwell (1972) znd the relationships between
the igneous and tectonic, activity have been reviewed by Macintyre et.
ale (1975) and Bell (1976).

" 1. Geological summary of area and previous research.

Pre - Tertiary geology

‘Mull lies astride the Great Glen fault snd to the east of the
Moine thrust which is thought to pass between Iona and the Ross of
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Figure 1 - 1. The British Tertiary Igneous Province
(after Richey 1961).

The stars show the Blackstones and Quter Roag centres

discovered by geophysical studies, (Bullerwell 1972).
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Mull, The Great Glen fault represents a line of crustzl wezkness
that almost certainly played a part in controlling the position of
the Mull igneoug centre and minor displacements continued to occur
along it at least until Tertiary times (Lee and Bailey 1925). The
close association of these two major faults means that a wide variety
of pre - Tertiary rocks are exposed in the region (Lee and Bziley op.
cit.). Briefly these comprise:
1 The Lewisian and supposed Torridonian rocks of Iona
2 Moine schists and Mesozoic sediments occupying the central
region between the two faults. Thege are presumably under-
lain by Lewisian gneisses but no Lewisian fragments have been
found in the Tertiary vent agglomerates of Mull. Minor out-
crops of other series - Upper Carboniferous strata in Morvemrn,
Dalradian schists and Devonian lavas in the Loch Don anticline,
Dalradian limestones in Lismore Island - are confined to the
vicinity of the Great Glen fault.
3 Dalradian schists and Devonian rocks on the islands and mzin-
land to the southeast of Mull,
The Mesozoic rocks of Mull and Morverm outcrop around the mar-
gins of the lava pile. The sequence is drastically curteiled as a
result of uplift and erosion in Jurassic times. Triassic and Rhaetic
deposits are succeeded directly by Upper Greensand and chalk, and
the combined thickness of these groups is legs than 100m. Wherever
the Mesozoic and Tertiary rocks have been removed by denudation
Moine schists are encountered. In both the Ross of Mull and Morvern
these are intruded by Caledonian granites. In addition, one of the
spzrse Permizn basalt - lamprophyre dyke owarms of the Scottish
Highlends runs through the area surrounding Mull., The greatest con-
centration of these dykec, described by Bailey et zl. (1924) as
camptonites and relzted tyres, occcurs in southeast Morvern =nd Lis-
mere Island, close to the Great Glen fault, The Permian age of these
swarms has been confirmed by radiometric dates ranging from 276 - 245
Ma. obtained on dykes from lMull, Coll and Orkney (Beckinsale and
Obradovich 1973, Brown 1975),

The Tertizry laove pile

. o]
Tertiary lsvas outerop over on arez of scme 820 kme on Mull and
Forvern. The tctzl thiclness of the succession is esztimzted ot 12730m,

zlthough the meximum exposed in any one secticn (on Ben More at $70m,
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the highest peek in the area) is little more than hzlf this. The

lava sequence is summarised in Tzble 1 - 1, details of the strati-
graphy are given in the Mull Memoir (Bailey et al. 1924, pp.92-135).

Tzble 1 - 1 Generalised Mull lava succegsion

(after Bailey et al. 1924)

Tertiary lavas

2+ Central group
915m+, mainly
¢l - poor ﬁ
tholeiitic

types

1. Plateau group
915m. mainly

ol - rich lavas

f.

ce
d.

Ce

Overlie Plateau Group in central and south-
east Mull, Meinly preserved in subsidence
caldera where threc concentric zones have
been recognised, pillow lavas are found in
the outer and middle =zones,

Interior zone. The predominating Non - Por-
phyritic Central lavas

Middle zone. Feldspar - phyric basslts

Outer zone. Sparsly feldspar - phyric and
aphyric lavas

The Pele Suite of Ben More. 475m. in Ben More.
Alkali olivine basalte with, near the base, a
mugearite and feldspar - phyric basalt

Main Suite. 475m. in Ben More. Mainly alkali
olivine basalt types with some picritic and
feldspar - phyric varieties

Staffa Group, Clivine poor, often columncr

basalts of very limited occurence

de
-
Terti=rv sediments
2. Interczlations
between flows
-
b.
1, Bzsal Deposits b,
&e
o

Red boles due to cubaerial weathering, rare
pyroclastics, plant beds, lignites and con-
glomerates of SW Mull

Basal mudstone - prebably = lzteritic ach-

underlain in SE Mull by flint conglomerate

Decert sands penetrating fissures in Chzlk

in W Mull
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Structurzlly the lava pile can be divided into two sections
(fig. 1 = 2) 3=

1. An area of low dips comprising western and northern Mull and
Morvern, made up of lavas having a dip of 5° or less.

2. A central area of steeper dips enclosing the intrusive complex
in central and eastern Mull, in which the dip is more than
5° and commonly exceeds 20°. The arcuate folds in this region
are concentric about the intrusive complex and are thought to
have been produced at an early stage in its evolution. They
post date many of the northwest - southeast trending dykes
which have been deformed by these movements., (Skelhorn 196¢).

The dip in the outer areas is variable and the tase of the lava
pile is probubly a gently undulating surface, with two large shallow
bagins; onc in north-west Mull, the axis of which is coincident with
that of the dyke swarm, and the other on either side of ZLoch Scridain.
The dipe indicnte that in few, if any, places does the base of the
pile descend to more than 400m. below sea level., In both Morvern and
Loch Scridain the lavas thin away from Mull. By combining the observ-
ed thinning retes with the thicknesses deduced from the zeolite zones,
Wialker (1970) muade a reconstruction of the 'Mull volcano' which
suggests thnt the lavas extended for several kilometres beyond their

Fresent day erocional remnant,

The lnvus ere thought to be the result of fissure eruptions
from the abundunt dykes. The majority of the dykes belong to the
northwest -~ coutheast trending swarm, which extends from the outer
Hebrides through Hull and across northern England. The maximum crustal
extension, of 10%, found in Mull as a result of their intrusion occurs
on the southeast coast (Skelhorn 1969). A subsidiery branch of the

regional swarm extends into Morvern where the dykes trend north -
south,

Sacondery vlteration of the lavas

The hydrothermal alteration of the Mull lavas was first de-
ccribed by Bailey et 21, (192h). They delineated a zone of pneu-
matolysis rbout the central complex within which no lavas with fresh
olivine were found, Although the limit would appear to be based on
the prescuce of olivine, severgl other criteria were also unad

"Outside the limit (of pneumatolysis)... the platezu tipes of taszlt
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are apt to weather with rusty red surfaces....Inside the limit,
weathering yields sombre grey and brown surfaces....Another important .
characteristic of the pneumatolytic core of Mull is a widespread
development of albite and epidote filling vesicles and cracks". (Mull
Memoir p.95).

The first systematic study was that of Walker (1970) who recog-
nised and mapped five distinct amygdele assemblages in the lavas.
Each assemblage occupies a well defined zone, named after an index
mineral which it contains. Walker's mineral zones are shown in fig.l -
3 and their assemblages listed below:

l. Carbonate assemblage: abundant calcite with aragonite (much of
it pseudomorphed by calcite), dolomite rosettes, quartz and
chalcedony.

2. Mesolite assemblage: mainly mesolite, thompsonite and analcite
in the amygdaloidal flow tops, together with sporadic chabazite,
stilbite and heulandite in the rather sparse amygdales in the
flow interiors, plus occasional apophyllite, tobermorite and
other calcium silicate hydrates.

3, Laumontite assemblage: the same as the mesolite assemblage but
with the addition of laumontite.

L, Prehnite assemblage: prehnite present, togéther with the min-
erals of the laumontite assemblage, or with quartz, feldspar,
carbonate and chlorite.

S5« Epidote assemblage: epidote present, commonly associated with
quartz, feldspar, chlorite, prehnite, laumontite and sporadic

scolecite and lime - garmet,

The epidote and prehnite zones cut steeply across the lava
stratigraphy, coincide roughly with the area of steeper dips about the
central complex and appear to constitute a secondary, hydrothermzl
aureole enveloping it. The outer limit of the epidote zonre corres-
ponds almost exactly with the limit of pneumatolysis defined by Bailey
et al. The discovery of the prehnite zone extended the known area of
hydrothermal alteration a further 1 - 2 kms beyond that previously
recognised. The pattern of the zeolite zones is less clear than those
found in other baszlt piles suck as Iceland or Antrim, largely due to
lack of relief, but their assemblages are zlmost identical, They occupy
the areas of low dips and tend to be flat - lying, approximately para-
1lel to the base of the lava pile., Accordingly, Walker ascribed their
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origin to the effects of low - grade burial metamorphism.

The carbonate zone of northwest Mull and Morvern extends for
more than 200m. up into the lavas, but its relation to the zeolite
zones is not apparent. Since, it is opposite snd widens towards the
large Tertiary explosive vent of Ben Hiant in Ardnamurchan, Walker
suggested it defines a zone of hydrothermal alteration about this vent,
For this reason the lavas within the carbonate zone were avoided when

sampling for this present study.

Oxygen and hydrogen isotope studies have demonstrated that the
rocks within the central aureole have undergone maésive chemical ex-
change with heated circulating groundwaters and that similar meteoric-
hydrothermal systems were established about the Tertiary intrusive
centres of Skye and Ardnemurchan. (Taylor and Forester 1971, Forester
and Taylor 1976). The Mull lavas exhibit systematic isotopic variation,
witﬁlslgo decreasing radially inwards as the central complex is app-~
roached (fig.,1l - 4). The limit of pneumatolysis coincides well with =n
approximate boundary between "normal" and 18O-depleted rocks, all the
basalts outside this limit having 8180> +4,9,

The central intrusive comple: shown in figures 1 - 2 and 1 - 3
is not a single pluton but many hundreds of separate intrusions. These
include a number of substantial bodies of granophyre and gabbro and e
tremendous variety of dykes, cone - sheets and other small bodies.
Some of the larger intrusions have their own narrow but distinct cont-
act metamorphic aureoles but no zoning of hydrothermal minerals about
any particular body wasobserved and accordingly Walker (1970) inter-
preted the distribution of the epidote and prehnite zones as constit-
uting a hydrothermal aureole about the intrusive complex as a whole.
Cver twenty main episodes of intrusive activity that can be related
to three distinct centres have been recognised within the complex.
Forester and Taylor (1976) showed a variation of$150 with age amongst
the intrusive rocks. It can be seen from fig.,1l - 5 that, if their late-
stage dyke sample (which was g¢ollected outside the central aureole) is

discounted there is little evidence for the proposed trend.

One feature of the zeolite - zone distributions that ig difficult
to reconcile with a burial metamorphism model is that the higher -
temperature zone, the laoumontite zone, frequently lies some distance

above the base of the lava pile sandwiched between two separate
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mesolite zones, (see fig.l - 6). Walker (1970) took no account of the

relative sbundence of the secondary minerals when defining the zones,

using instead the appearance of an index mineral. In the outer parts
of the prehnite zone this mineral coexists with the assemblage of the
laumontite zone, which is gradually replaced by feldspar, chlorite and
quartz adjacent to the epidote zone. Hence, the crosscutting relation- .
ship between the prehnite and laumontite zones shown in fig,l - 6 is
merely an artefact of the scheme employed by YWalker, Figure 1 - 6

shows that the areas in which laumontite is particularly abundant form
an additional annular zone enclosing the central complex. At least

some of the zeolite zones may therefore represent a lower temperature
periphery of the hydrothermal system, with the inclination of the
boundaries between the zones reflecting the control exerted by the
structure of the leva pile on the movement of the hydrothermal fluids.
(c.f. figs.l - 2 and 1 - 3)., Significantly the region of abundant
loumontite shown in fig.l - 6 is elongated along the axis of the dyke
swerm which could kave provided additionsl pathways for the hot fluids.

This idea is not inconsistent with the oxygen isotope data. The
water entering the hydrothermal - convective system is estimated by
Forester and Taylor (1976) to have had initiel $180 values of -11 to
-12., At temperatures below 150°C not only are reaction rates slow but,
these fluids would already possess the 518
librium with plagioclase (Taylor znd Forester 1971) and hence little

0 values required for equi-

or no depletion would be observed..It would, however, mean that con-
siderably greater volumes of water than those estimated from the
oxygen isotope data must have circulated through the lava pile,
Secondly, lalker's reconstruction of the lava pile, based on the
assumption that the laumontite zone formed as a result of burial meta-
morphism znd lay aspproximately 160Om. below the top of the lavae pile,

probably gives too large an estimate of the volume of lava extruded,

Timing of irneous and metamorphic events in Mull

Beckinszle (1974) obtzined an Rb-Sr isochron for the Glen Cannel
grenophyre which yielded an age of 60.4 ¥ 1.4 Ma, This date could
reflect either, the nge of the intrusion cr, if interaction with
heated waters causeé & relomogenisation of the 8751/86Sr ratios of the
rluton, the time at which such circulstion ceased. This granophyre is

related to the third and youngest of the three intrusive centres of



the Mull complex. By combining this result with the available K-=Ar
ages for the lavas, which cluster around 62 - 60 Ma., Beckinsale
suggested that the extrusion of the lava succession as well as the
entire igneous and metamorphic history of most of the Mull centre
may have encompassed a period of only 1 - 2 Ma., years. S4% and 50
Ma., ages on dolerite plugs known to have been emplaced in the lavas
at a later stage indicate that some igneous activity continued for
several Ma, afterwards (Beckinsale 1974).

Macintyre et al. (1975) ceme to similar conclusions from a
critical essessment of the available radiometric data for the British
Tertiary Province. Using only data for which & high degree of analyt-
ical precision could be demonstrated and which were obtained on
samples for which petrogrephic descriptions were available, allowing
the elimination of any affected by secondzry alteration, they demon-
strated that the igneous activity was probably synchronous throughout
the Province, with most of the magmatism occupying a period of 1-2 Ma,
Their generzl geological timetable is reproduced below:

Hojor Phase. (c.59 Ma.) Widespread lava extrusion immediately

preceding or partly coeval with, emplacement of most plutonic igneous
complexes. Ubiquitous dyke intrusion throughout this stage.

Minor Phase. (c.52 Ma.) Predominately dyke intrusion with perhaps

emplacement of some plutonic rocks.
The agreement between these two independent schemes is striking.

Recently Fitch et al. (1978) proposed an extremely similar timetable.

The lack of any evidence for systematic magmatic migration with
time precludes any origin for the province by drift in the region of
a localised "mantle plume or hot - spot" and places considerable

constraints on petrogenetic models,

Previous geochemicel studies,

The compositions of the Mull igneous rocks were first set down
in quantitative terms by Bziley et 21. (1924). They recognised nine
mzin megma types, linking those that appeared to be genetically
relzated into magma series. Their predominzting Mull Normal series
comgprised: firstly, the Plateau magma type; secondly, the Non - Por-
phyvritic Centrel type; thirdly, the Intermediate~to-Subacid magma
type (meinly minor intrusions) end fourthly, the Acid magma type

(forming the granitic rocks of the central complex), The Plateau magma



‘type was thought to be the parental material which gave rise to the
other magma types by the fractionation of olivine, augite and feldspar
followed by migration of the acid residuum in large magms chambers,
The problem of producing the Central lavas with Si - rich interstitial
material from the Plateau type, the interstitial material of which is
represented by Si - poor zeolites in the lavas, was resolved by Bailey
et ale by postulating either a limited amount of crustal assimilation
or, the precipitation of diverse mineral assemblages under varying

conditions.

Bailey et al. (1924) recognised several variants of their
basalt magma types which were usually ignored in subsequent discuss-
ions of magmatism in the Province. The petrographic similarity between
the lavas of the various Tertiary centres led most workers to describe
Hebridean lavas in terms of the two main groups recognised in Mull,
the Plateau znd Non - Porphyritic Central type, and these two names
came to be used as synonyms for alkali olivine basalt and tholeiite,
respectively. Notable amongst these discussions were the contribut-
ions of Bowen (1956), Kennedy (1930,1933), Tilley (1950), and Wager
(1956). These discussions were nevertheless, still based to a large
extent on the very limited amount of analytical data available to
the authors of the Mull Memoir, many of which were analyses of alter-

ed rocks.

Published average compositions of the Mull lavas were first
criticised by Daly (1933) on the grounds that "they were all more
or less weathered". He concluded that the Yoxide proportions in the
published averages doubtless differ from those in the original magmas.
Small as these differences mzy be, they will affect results consid-
erably when the addition - subtraction method of discerning the
process of differentiation is used", Daly's criticism is still valid
today. Other than the work of Tilley and Muir (1962) little attempt
has been made to establish the extent to which the compositions of
these levas have been affected by secondary alteration, Tilley and
Muir reviewed the available data on Tertiary Hebridean Plateau lavas
and concluded that they could all be ascribed to a ne - normative
Plateau magma type, comparable to the alkali olivine basalts of
Hawaii. They suggected that the appearance of hypersthene in the

norms of some of these lavas was the result of hydration and
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oxidation during the serpentinisation of olivine, accompanied by
selective leaching., In support of this they demomstrated that un-
altered pyroxene separated from a serpentinised Mull basalt was

ne - normative and compositionally similar to‘byroxenes in world-

wide alkali basalt series, whilst the whole - rock analysis had

12% of hypersthene in its norm, This lava flow came from the

Fishnish Peninsular which falls outside the zone of pneumatolysis,
Nevertheless, it lies inside the prehnite zone, which was not known
to exist at the time of Tilley and Muir's study. Their conclusions
may not therefore be valid for other hy - normative basalts affected
by a lower grade of secondary alteration. Tilley and Muir (1962) also
presented a new ne - normative analysis of the Staffa lava, the type
locality of the Staffa group. This was thought by Bailey et al. (1924)
to be related to the central lavas, but Tilley and Muir concluded from
the undersaturated composition of this flow that the Staffa group

were merely pyroxene - rich variants of the Plateau lavas.

Recent studies of the Mull lavas have concentrated on samples
collected from outside the central greenschist - facies zones.
Fawcett (1961) described both ne- and hy - normative varieties amongst
the Plateau lavas. He also recognised modal pigeonite in two thol-
eiitic lavas. One of these was the flow enclosing Macculloch's Tree,
which was previously placed in the Staffa group by Bailey et al.
(1924). Beckinsale et al., (1978) published data for twenty-one Mull
lavas and plugs which are all hy- or quartz - normative, They divided
these into three groups on the basis of major and trace - element
composi tions and 57Sr/50sr ratios. Group 1 is an alkaline series
(basalt-hawaiite-mugearite) with low initial 87Sr/865r ratios £0.7020;
Group 11 is a tholeiitic series with high (87Sr/865r)i ratios of about
0.7055 and the third group was thought to represent mixtures of the
other two types. No petrographic descriptions of these samples have
been published and their relationship to the different groups ident-
ified in the Mull Memoir is not known, other than the fact that the
basic members of the Group 11 of Beckinsale et al., (1978) are all
lavas placed by Bailey et al. (1924) in their Staffa group. Beckinsale
et 21, considered that the Group 1 and Group 11 mzgmas arose by the
melting of a garnet lherzolite ond a shallower plagioclase lherzolite

source respectively,
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Studies of the 8Small Isles (Ridley 1973) and Skye (Thompson et
ale 1972) have revealed the presence of both ne- and hy - normative
lavas amongst what are petrographically typical Plateau - type lavas. °
Most of the lavas described by Ridley delineated a single trend from
basalt to mugearite. Thompson et al. (1972) showed that the Skye Main
Lava Series basalts followed two divergent evolutionary trends; one
being from the ne - normative basalt to hawaiite, mugearite and ben-
morite, whilst the trachytes evolved from the hy - normative basalts< .~
via a suite of previously undiscovered Si - rich, Fe - poor inter-
mediates. Thompson (1974) suggested as a.result of high pressure
melting experiments that the Skye Main Lava Serieé?ygghesian basalts
were formed by the partial melting of spinel lherzolite at about 60Kms.
depth, with the initial melt fraction varying from approximately
5 - 10% to generate the ne- and by - normative magmas respectively,
Thompson et al. (1979) have found that the abundances of several
incompatible elements correlate negatively with the degree of Si -
saturation in the SMLS basalts, agreeing well with the dilution trends
that would be predicted by a partial melting model.

Two other basalt magmz types have been identified in Skye. A few
flows of Ca - rich, alkali - poor olivine tholeiltes occur at the top
of the lava pile remnant intercalated with the SMLS (Thompson et 21,
1972, Esson et al. 1975 ). Mattey et al. (1977) have shown that approx-
imately 70% of the dykes in the regional swarm belong to this distinct-
ive group, the Preshal Mhor magma type, and identified a third Fairy
Bridge basalt type in the dyke swarm, which is so far only represented
amonst the lavas by one flow. None of these basalt types can be
derivedfrom one another by the fractionation or accumulation of any of
the observed phenocryst phases. The distribution of basalt types
within the Province was discussed by Mattey et al. Low - alkali
tholeiites similar to the Skye Preshal Mhor baszlts are knowh to be
an important component of the Mull dyke swarm and one low - alkali
tholeiite lava has been found at a relatively low level in the Mull
lava pile. Similar rocks have been reported from Antrim, Carlingford
and Arren. Accordingly, Mattey et al. suggested that other Tertiary
cectres would contzin a similar range of magma types to Skye. None of
the other lava piles has been as extensively studied as that of Skye
in recent years and hence, no overzll picture of the regional geo-

chemical variation has emerged.
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2. Field Relations and Sample Selection

The unit-by-unit chemical diversity demonstrated in recent
studies of unaltered basaltic lava suites (e.ge., O'Nions“et al, 1976,
Puchelt and Emmermonnl977) and the large number of magma types
identified amongst Hebridean lava piles, suggests that any attempt to
study element mobility by comparing sets of analyses of relatively
fresh and altered rocks will be unzble to separate pyrogenic from
secondary variation. Sampling was therefore aimed at collecting mult-
iple specimens from across individual lava flows. The persistant trap
featuring of the Mull lcovas means that the margins of the flows which
might be most affected by secondary alteration are rarely exposed,
This problem is cccentuzated in the epidote zone as a2 result of tect-
onic and metamorphic events. The samples used in this study were
obteined mzainly from new roadcuttings and quarries. The loczlities
and their relation to the secondary mineral zones zre shown in fig.
1-3. Most of the lavas sampled btelong to the Plateau Group of Bailey
et a1.(1924) zs the poor and discontinuous exposure of the other lavas
makes themrgmenable to detailed investigation. Most of them appeared
to be baszlts or hawziites, with the exception of one (M 59) which is

clezrly a more evolved type.

Zeolite - facies lavas

Nine lavas from the zeolite zones vere sampled, and multiple
samples were collected from seven of these., At all except two of the
exposures (LA 1-5, L& 7-11), a red bole could be found enabling the
samples tc be relzted to their position within the flows. A distinct
reddening of the soil above end below LA 7-11 ccupled with step
like changes in the topogrophy suggests that this section is vitually
cemplete, Mocst of the exposures were of massive, non-vesicular rock,
though emygdales were more frequent near the margins. Only two of
the lavas possessed vhat might be termed an amygdaloidal layer in
which infilled vesicles mzke up severzl percent or more of the rock
surface, Cne of trese (M 51 - 35) ked on omygzcéaloidal layer neor
the haoce frem which ceolite - fille@ vesicle pipes penetrate verticczlly
wpwordcs Into the flow centre for dictinces overzging a metre in
length, Srmplec vere trken Irom beth these flowc (M 56, L. 19) in

order to dnveztig te the cheric:l chiunges zdjuecent to the vesicles.



sreenschist - facies lavas

Within the greenschist = fécies zones the degree of alter-
etion could everywhere be related to the permeability of the rocks.
In Pennygown Quarry, 3.5 kus. east of Salen, two lava flows and an
interflow pyroclastic deposit are exposed. In the lower flow,
originally en olivine - rich basalt, the top two metres are now
formed of a green chlorite -~ rich rock vwhich passes down into a green
end grey mottled zome (figs.l - 7, 1 - 8), Small dark patches of less
intensely altered rock appear in this zone and increase in size down-
wards until they coalesce and the centre of the flow is composed of
uniformly dark rock. The upper flow, a plagioclase - phyric lava,
shows a similar, but narrower, transition zone at its base. At every
roint around the walls of the quarry the verticzl sequence - dark
plegioclase - phyric rock, mottled zone, grey - green rock, thin tuff
deposit, green chlorite - rich rock, mottled zone, dark lava - could
be traced. A verticel section thrcugh the lower flow (M 13 - 22) and
one across the transition zone of the upper flow (M 26 - 28) were
collected,

Secondary mineral pods commonly cccur in the mottled zones of
both these lava flows, In the lower basalt their dizmeters never
exceed a few centimetres and they are composed mainly of chlorite, In
the upper lzva they ackieve diameters of up to 30 centimetres and show
a series of concentric zones, Frequently, they could be seen to be
surrounded by a thin halo of darker rock, 1 - 2 mm, in diameter. The
smzller pods, ranging from 1l - 2 mm, to 4 or 5 cm, in dizmeter,
appeared to consist solely of dark chlorite surrounding light chlorite,
whilst the lerger ones have cores of calcite and zeclites and could
frequently be seen to be connected to the flow mergin by thin veins of
the same material, Pods at every stage of growth between these two
types coculd be found around the walls of the quarry., They are oval in

cross section and extremely regular in shape,

Thirteen separate tectonic and metamorphic events could be seen
te have cffected the lzvas in Pennygown uarry, mest of which pest-
dated the alterstion described zbove, Hydrcihermzl veins end a dyke

that cut zcross the nearly horizontal zones in the uprer loeva flow

o]

stop :bruptly ot the brse of this lava. The dyke could be seen in tvo

orrosite corn

[3¢]

r

cf t¥e quarry but no zimilar intrusion in the lower

0]

lava wees found, The thin tuff between the two leves contained
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Figure 1 = 7 Transition zone in the upper mergin of the olivine-
rich lava Pennygown _ucrry. Intensely zltered chlorite-rich rock
pesses downwards inte mottled rock with small dark patches of less
eltered rock that graduzlly increase in size. Discordant calcite
veins cut the lava but these do not appear to heve affected the

rock immediately adjacent to them,

Figure 1 - & {ltered lova from the centre of the mottled zone in

the olivine~rich lavs Pennygown LUErrY,
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numeroue slickenslides and shear zones and considerable lateral
movement must have taken place along this horizon. Cther dykes

and veins cutting the two lavas show no signs of being offset. The
dykes all appear to be inclined, making an angle of approximately

20 - 30°with the vertical and dip towards the centre of the island,
They are probably cone sheets. Interestingly, the only evidence for
intrusive activity observed in this region was in the quarry and no
signs of these dykes could be found on the adjacent hillside. Many of
the minor intrusions were cut by calcite veins, some of which were cut
in turn by other intrusions., The relationship between the dykes and

veins is shown on the plan of the quarry in fig.l - 9.

Very little alteration of the lavas adjacent to these discordant
veins could be seen. Even when they cut scross the darker patches in
the mottled zones in the lavas, end in the dykes, some of which
diepley similar but more subdued mottling, these appear completely
unzffected by them (fig.l - 7). Thin zones of soft, intensly altered
and breccizted lava debris occur around the larger veins many of which
lie along the dyke/lave contects, but the largest of these is consid-
erzbly less than a metre wide. No evidence for shearing or crushing
of tke rock fragments in these breccias could be found and they are
usually completely surrounded by a matrix of calcite or zeolites,
suggesting they were supported by the fluids, The freguent penetration
and brecciation of these lavas by hydrothermzl veins suggests that
spasmodic hesting of the fluids was caused by the intrusive activity
in the centre of the island., If the lavas had already been sealed and
rendered impermeable by the formation of secondary minerals and the
temperature of the fluide wes suddenly raised, Pfluid might locally
hzve exceeded Ptctal, causing hydrofracturing and the formation of
veins and hydroti:ermal breccias., Samples of the veins were collected
ir order to investigate changes in the solution chermistry with time
(M 24, M 64),

Five other lava flows were sampled in roadcuttings along the A
842 from Salen to Craignure, and one in Toll Doire <uarry ¥ km,
south of Szlen, Wherever the flow margins were exposed they could
be seen to be more intensly altered and greener in colour than the
rest of the leva. In one case an amygdelecidal bole with relict red

patches wzs found (M 39), and 2 sample of a weathered flow top was
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collected from the zeolitised lavas for comparison (LA 12). The lava
flow exposed in Toll Doire Quarry was transected by numerous small
veins, mainly along joint surfaces, though hydrofracturing and
brecciation of the rock could also be seen (fig.l - 10), This quarry
is in two parts with the lava flow exposed in one part and the Toll
Doire granophyre ring dyke in another part approximately 180m. away.
Nowhere, however, could the junction between the granophyre and the
country rocks be observed. None of these exposed vertical sections
through the lavas exceeded 5 metres in length and no natural exposures
of greater length could be found.

Drill - hole in Pennygown Cuarry

To supplement these collections a 22 m. hole was drilled in
Pennygown Quarry the following year. Core recovery of 86% was achieved.
A complete log of the drill core is given in Appendix 1 and the
drilling techniques are described in Appendix 1l. The water needed to
cool the drill bit was obtained from a shallow pool of water in the
floor of the quarry. Water from this pool, which was only 2 - 3 inches
in depth, was pumped down the drill rods at a pressure of 200 psi., A
consistent flow back up the hole was maintained and throughout several
days of almost continuous drilling the pool never dried up; clearly
suggesting that the rocks are relatively impermeable and may be sealed

by secondary minerals.

The top 14 m, of the drill hole transected a virtually complete
section through the olivine - rich flow in the quarry. The bottom of
this flow is nowhere exposed and the drilled section confirmed that
the dark rock seen in the lower part of the quarry walls represented
the centre of the flow. Unlike the previously sampled section, which
was almost completely non - vesicular, the first few metres of the
core contained several thin amygdaloidal horizons, which may represent
regions where material from the flow top had been incorporated into
the advancing front of the lava flow. These top few metres were light
green in colour but displayed some mottling between the amygdaloidal
layers, Below, these passed into a uniformly dark rock similar to that
seen in the quarry. Near the base of the flow an increase in alter-
ation was observed and it appeared to have been penetrated by a pipe

amygdale similar to those seen in the zeolitised lava M 51 - 55,
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Figure 1 - 10
Hydrothermz1lly
brecciated lava,

Toll Doire Quarry.

Figure 1 - 11
Drilling in Penny-
govn Quarry. The
Tmilky'! colcur-tion
of the water is due
to sucpended rock
flour corried huck
up from the drill

Fole,



The lower five metres of the core transected a plagioclase -
phyric lava. This showed the familiar marginal transition from green
to mottled to dark rock (fig.l - 12). Small chlorite - filled pods
and chlorite - lined veins which could frequently be seen to be
connected were common in the upper part of the flow. The drill hole
terminated in a fine -~ grained intrusive rock through which little
penetration could be achieved. Adjacent to this, the lava had been
hydrothermally brecciated and showed evidence for at least two epi-
sodes of hydrofracturing with fluidisation of the debris occuring

during the second one,

The exac$ position and nature of the boundary between these two
flows is difficult to establish because of incomplete core recovery.
The plagioclase - rich flow is exposed on the beach nearby but the
junction between the lavas could not be found. Above the lower five
metres the core contained an igneous breccia 1% m. thick composed of
lava debris (fig.l - 13). Some of the fragments contained plagioclase
phenocrysts. This is overlain by a 1 m, thickness of mottled plagio-
clase - phyric rock, texturally similar to the lower flow and clearly
different to the upper lava, Thin 1 - 2 m., flows occur elsewhere in
the island, and the drill core could have transected three different
flows. Alternztively, auto - intrusion and brecciation cf the lower
flow could Lave occured during its extrusion, Phenomena of this type
can be seen in several lavas in the cliffs of Mull, the most notable
being the lava enclosing Macculloch's Tree. The oﬁly way of disting-
uishing between these two hypotheses is to establish some geochemical

method of fingerprinting the lava flows.

Despite the frequent association of metal - sulphides with
areas of low - grade hydrous metamorphism, these are rare in Mull,
Pyrite waz fcund in two instances both related to hydrothermal veins
and to minor intrusions, Disseminated sulphides are abundant in &
zone, roughly one metre wide, adjacent to a thin vein cutting a dyke
in Pennygown Quarry (figs.l - 9,1 - 14), This dyke can be secen to post-
rostdate several of the other veins and other intrusions in the quarry
and is itself 2 multiple intrusion containing several chilled margins,
Smzller amounts of pyrite were zlso found in the hydrothermally
brecciated lava from the bzse of the drill core (C 232 a/b). Locol
concentrations of sulphides have been found zdjacent to some of the

celdera ring - fractures (K.D.Beclinsale pers. comm, 1G77) indicating
P



Figure 1 - 12 Mottled lavas from dlfferent flows. The block is

frem the -li 7 sclase-phyric flow exposed in the upper part of

;
Fennypern Quarry. The thrce drill core zamples zre from top to
beottem - olivine-rick flow in top part of drill ccre; thin plogio-
clzge-phyric lover immediztely zbove brecciaj lower plazicclzse-

rhrric lava. The drill core has o dizmeter of 2.5 cme

P )

Fo_uvre 1 - 137 Imocus tnd hydrciherm:d vrecelcs from the top

~nd hotton of the 01 dcoecluzec-phyric 1ave in the drill cors,

- ~
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that ore -~ forming elements were carried by the hydrothermal fluids.

QOther Szmples

Five lavas not belonging to the Plateau Group were also sampled.
Cne was the flow enclosing Macculloch's Tree (M 61) ard a specimen of
the Staffa lava was subsequently obtained (M 80)., Three outcrops of
the Non - Porphyritic Central lavas were sampled (MS 183 - 185), These
outcrop in relztively low-lying areas occupied mainly by peat bogs
and sections through these lavas were not exposed. One sample (M 58)
was not allocated to any of the lava type divisions recognised by
Bailey et 21, (1524) as it was collected from a hill-top knoll

south of Fighnish Feninsula, and may be a2 minor intrusion,

Ficure 1L - 1k _licreminited pyrite surrounding o thin potassic

felcp o vein cutting - dyke in Pennygown Quarry.
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CHAPTER TWO : ZEOLITE FACIES LAVAS

The petrography, mineral and bulk chemistry of the zeolite-
and greenschist-facies lavas are described in this and the next
chapter. These observations and analyses are used to assess the extent
to which these lavas have been affected by post-eruptive processes.
A1l the mineralogiéal and chemical data are listed in Appendix 1, The
extent to which any particular lava flow will have been affected by
alteration processes will depend on a variety of factors iﬁcluding its
iﬁitial magmatic composition and the thickness of the flow. Hence,
each individusl lava may have been affected to different degrees and
these sections will concentrate on documenting mineralogical and

chemical variations across sections through lava flows,.

The processes that can cause intra-lava variation can be divided
into : (1) those operating during the initial cooling or consolidation
- 2 primary or deuteric alteration (2) thﬁsg affecting the lavas after
cooling - a secondary alteration (Sederholgg. This notation is used
throughout this study.

The existence of several processes that con modify the composi-
tions of the lavas make it desirable to establish or eliminate the
effects of each one whenever possible, Information on the extent to
which the Mull lavas may have been affected by primary or deuteric
alterzstion has to be obtained from the zeolite-facies flows, as in
many of the greenschist-facies lavas the igneous minerals have been

completely or partially replaced.

1. Petrography

Petrographically the lavas from both the mesolite and laumonite
zones show little evidence for secondary alteration, Their !'freshnass!
is emphasised by the presence of minute patches of interstitial glass
in some samples. This phase has not been previously recognised in
the Mull Plateau Group. The glass forms less than one percent of the
groundmass in all cases, and the lavas are z2lmost entirely holocryst-

2lline.

Individual flows contain olivine and/or plagioclase phenocrycts

in a matrix of olivine, plagioclase, poikilitic titanaugite, sub-



Table 2~1 Classification of the zeolitised lavas, after Thompson

et ale (1972), - -

Sample , .
Numbers |LA 20 LA 13-15 LA 16-18 M1 M 51-55 LA 7-11 M 11-12 LA 1-5 ‘M 5-8
norton= la1.6 18.3 - | 18.9 - 24,8 | 19.2 - 24,5 - 27.2 - 26.5 -~ [35.3 -
Tndex 214 25.1 21,3 26.2 27.7 28.6 6.8
Normative |An 57 An 60-55 An 60-50 An 57 | An 61-59 An 57-55 An 52-50 An 54=51 | An 43-41
Plogio~
clase
F/F+M 0.525 | 0,526 - 0.531 - 0.547 | 0,568 - 0.627 - 0.636 - 0.670 - 0,717 -
0.538 0.546 0.595 0.679 0.653 0.686 0,729
Si- Ne Hy Hy Ne Hy Hy Hy Hy Both Ne-= and
Saturation Hy=- norm--- =
ative
Phenocryst
phases olivine enclosing sparse olivine and almost olivine and} almost olivine,
Cr-spinels plagioclase aphyric prlagioclase . aphyric plagio-
plagioclase olivine, clase and
and a trace plagioclase titano-
of olivine and titano- magnetite
magnetite
— ~ 7
Tyre magnesian basalt less-magnesian basalt basaltic hawaiite

hawaiite

g¢
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poikilitic titaniferous magnetite, traces of biotite and apatite,
chlorite and zeolites. With the excertion of the Staffa group and
Non-Porphyritic central lavas, described in a later section, pyroxene
never occurs as a phenocryst phase in these lavass They conform well
with the petrographic descriptions of this type in the Mull Memoir
(Bailey et al. 1924) and to those of the early Tertiary lavas of Skye
(Anderson and Dunham 1966, Thompson et al. 1972) and tke Small Isles
(Ridley 1973). |

For descriptive and comparative purposes these lavas were sub-
divided using the classification procedure of Thompson et 21, (1972).
In this scheme constant values of Fe203 are employed to eliminate the
effects of post-eruptive oxidation. Fe203 is fixed at 1.5%, if Nas0 +
K,0<b, =nd 2t 2.0% , if Naj0 + K024, This standardisation procedure
was used by Thompson et 21, (1972) for the Skye Main Lava Series; by
Mitchell et z1. (1976) for baszlts dredged from the Blackstones centre
and by Mattey et 2l. (1977) in their study of the Skye regional dyke
swzrme Since many cf these published aralyses do not contain measured
Fe203 values, the sazme procedure was adopted in this study for compara-
tive purposes. The basalts were further divided into magnesian and
less~-megnesien varieties using their F/F + M ratios and phenocryst
assemblages. (F/F + M = (FeO + FeZOjM?eO + Fey03 + Mg0), using standard
values Fe 03 as defined above). The magnesian basalts have F/F + M
€ 0,55 and contain olivine and Cr-spinel. The less-magnesian basalts
contain olivine and plegioclase pherocrysts and have values of F/F + M
> 0.55. The phenocryst phzses of the lavas and their classification
parameters are listed in Table 2-1., The effects of zeolite-facies

alteration on these parameters is discussed in a later section.

Megnesian-tasalts La 1315, L& 16-17, LA 20

These lavas are petrographically similar. Their only phenocrysts
are olivines enclosing sparse brown spinels (see fig 2-1). Al znd Cr
reaks were observed in the spectra obtained from the spinels with
the EDS microprobe but complete analyses were not obtained, as the
sections were 211 partially enveloped by olivine. An apparently un-
altered crystal within an olivine pseudomorph in one of the green
schist-fecies lavas (Appendix 1-D, ¥ 14 no.8) is zn aluminous chromite,
with 34 A1205and24.5% Cr203. Similar fl-rich Cr spinels have been
described from the lovas of Slkys ond the Small Isles (Thompson 1074,
Ridley 1977).
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The majority of the olivine phenocrysts are subhedral or rounded
crystals up to lmm in length and 2mm wide. Average grains are more -
equidimensional and between 1 and 0.5mm in diameter. In addition,
skeletal or amceboid crystals were observed. These show a range of
sizes, up to 2mm in diameter, but never enclose a spinel phase. In
several instances, notably in LA 13-15, their shapes are so intricate
that only the simultaneous extinction of the crystals allow them to be
distinguished from clusters of smaller olivines, Many of these skeletal
olivines enclose groundmass feldspars and oxides and the areas adjacent
to the larger crystals tend to be relatively poor in groundmass olivine

granules.

The groundmass of the basalts consists of small olivine granules,
0.3 to O.5mm in diameter, plagioclase laths up to O.4mm in length,
small irregularly shaped titanomagnetites and poikilitic to intergran-
ular pyroxenes. A distinct phosphorus pesk was observed in the spectra
obtained from some of the pyroxenes but apatite could not be positively
identified in the thin sections. The pyroxenes show a range of sizes but
are smaller in the magnesian basalts than the less-magnesian basalts in
which poikilocrysts 2mm or more in diameter are common. Some of the
titanomagnetites contain a few thin exsolved ilmenite lamellae. No
variations in the degree of deuteric oxidation were observed, either
between individual samples from the same lava flow, or between differ-
ent lavas. In all the lavas some secondary oxidation and maghemite
formztion was observed but this is usually restricted to cracks within

the crystals and at their margins,

M 51-55,less-marnesian baszalt

This flow has a coarse, almost doleritic texture, It is the only
lava in which significant zoning of the phenocryst phases was observed
and which contains no skeletal crystals. The olivine and plagioclase
phenocrysts are present in approximately equal volumes. The olivines
vary in size from subhedral crystals, 3mm by 2mm, to equidimensional
grains, O«.5mm in diameter, that are difficult to distinguish from
groundmass phases. Plagioclase occurs both as isolated phenocrysts, up
to 3mm in length and O.5mm wide, and as clusters of smaller crystals
averag ing O.7mm by O.3mm in size. Zoning in the ranges Fogg_78 and
Ango_s0 were detected in olivine and plagioclase, respectively. The

compositional renge within the olivine crystals could not be fully
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investigated, as the margins are partially replaced by serpentine or
chlorite.

In addition to olivine, plagioclase and titanomagnetite, the
groundmass contains small biotite crystals. The clinopyroxenes range
up to 4mm in diameter ;nd show an intense purple colouration at their
marging. Many of the pyroxenes could be seen to enclose small apatite

needles.

M 1 Less-magnesian basalt

The phenccrysts in this lava show a tendency to form small
glomerophyric clusters, although isoclated crystals e2lso occur. They
consist of subhedral olivines, up to O.6mm in length and O.2mm wide,
and euhedral plagioclases showing a complete range in size from crys= -~
tals measuring O.8mm by O.,1lmm to small groundmass laths, O.2mm in
length. Skeletzal olivines, many of which. achieve larger sizes (up to
0.8mm: in diameter) than the subhedral crystals;, are common. The pyro-
xene poikilocrysts have an average diameter of 3mm and the groundmass
titanomagnetites show a subpoikilitic relationship to the other phases,
This basalt lies almost on the boundary of the lsumontite and prehnite
zones but contains virtually no secondary minerals and cores of brown-
green isotropic glass were observed inside the sparse patches of inter-
stitial chlorite. ’

LA 7-11 less-magnesian basalt

Plagioclase megacrysts, up to 4em in length, were seen in the
roadcutting in which this lava was exposed. These had a frequency of
outcrop of one or two per m2 and were all badly shattered as a result
of the roadworks. No similar crystals were found in the thin sec¢tions
of this basalt, which are elmost aphyric. The sections contained up to
% of plagioclase phenocrysts, showing a complete range of sizes from
euhedral =nd subhedrsl crystals (2mm by 0.2mm) to the small groundmass
laths. Many contein inclusions of olivine and opaques and in one case
brown isotropic material that may be glass. The arrangement of the
inclusions varies considerably; some are aligned along the the axes of
of the crystals, whilst others show a concentric arrangement. Olivine
in this lava occurs both as relatively well formed crystals, up to
O.2mm in diameter, which may be micropkenocrysts and as rare skeletal

or amoeboid crystels with diameters of up to 0.Smm.
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The groundmass contains small randomly orientated feldspars,
equidimensionél olivine grains, large pyroxene poikilocrysts up to
bmm in diameter, subpoikilitic titanomagnetites, rare biotite and
occasional minute sulphide blebss The titenomagrnetites temd to be
concentrated into zones between the large pyroxene crystals and were
never observed to be enclosed within them, Interstitial patches of
chlorite occur between tke feldspars, olivines and oxides in these
areas. Many of these chlorite patches are concentrically zoned and some
have cores of carbonate, though possible unaltered glass was observed
inside a few of these. As described below, the secondary minerals are
concentrated in these areas whilst olivines and feldspars enclosed by
the pyroxenes appear completely unaltered. The rare sulphide grains,
which have a frequency of occurence of two or three per thin section
did not gppear to be associated with, or related to,any particular

rrirery or secondary minerzls.

M 11-12 Less-magnesian basalt

Like M 1, this lava shows little evidence for secondary alter-
ation and contzins relict patches of interstitial glass rimmed by
chlorite. It conteins suthedrzl to rounded olivines, up to 1l.5mm in
diameter, and spsrse plagioclase euhedra. The groundmass consists of
granular olivines, plsgioclase laths, titanomagnetite, large titan-
sugites averag ing >mm in diazmeter, traces of biotite and very

occasional minute sulphide blebs,

LA 1-5 Basaltic hawajite

Like LA 7-11, rare plagioclase megacrysts were observed in the
walls of the smz2ll quarry in which this lava is exposed. Nevertheless,
the thin sections zppeared to be almost sprhyric and the few phenocrysts
are predominately plagioclases, often containing numerous inclusions.
The plagioclase occurs both as glomerphyric clusters of anhedral
crystals, up to 1.,7mm long, and as isolated euhedral and subhedral
crystals, up to 2mm in length., Sparce anhedral and skeletal olivines

up to O.3mm in diameter also occur.

The groundmzsc cortains poikilocryste of both clinopyroxene, up
to 4mm in dizmeter, =nd titznomagnetite. The lutter occur both as small
crystels scattered throughout the groundmass and as larger isolated

crystals, up to O.5mm in dizmeter (see fig 2-2), which in reflected
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Figure 2 -« 1 VMugnesien baselt, LA 15. The clivines =hcw a wide
renge of morphologies end sizes and show little evidercce for

zlterction. Field cf view ¢ Smm by 3,5mm,

I3 = - 3 - -~ . iy 1=
StZe SHESTECEFES S A no

fresh, TField ¢f view : Zom by



Figure 2 - 3 Hawalite, M 7, containing fresh skeletzl olivines,
plagioclase phenocrysts and titanomagnetite microphenocrysts in

2 microcrystalline Field of view : 4,3mm by 3mm,

Figure 2 - 4 Vozicle murgin in the Ttic heow iite La 1-5.
Zongrte plagioclases project into vesicle which is surrounded
by - thin of intensely altered lava,

Field of view : Xlmm by 7.6mm,
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light can be seen to consist of several equant patches of homogeneous
titanomagnetite fringed by maghemite. Rare chlorite patches, some
containing brown isotropic glass, were also recognised in the ground- -

mass.

M 5-8 Hawaiite

Plagioclase, frequently containing inclusions of olivine and
oxides, is the dominent phenocryst phase in this lava., Occasional
microphenocrysts of titanomagnetite also occur. The plagioclase
phenocrysts show a sub-parallel alignment and vary widely in size,
reaching lengths of up to 1mm in length, and isolated crystals of
olivine alzo occur (see fig 2-3). The groundmass is very fine grained
and consists of plagioclase, titanomagnetite, olivine, small pyroxene
poikilocrysts and minute irregularly distributed blebs of sulphide. No
trace of interstitial glass or its alteration products could be found
and all the samples of this lava appear to be virtually free of
secondary minerals, M 7 is cut by a thin (0.5mm wide) calcite vein,
but no replacement of the adjacent phases, including a feldspar pheno-

cryst bisected by this vein, could be detected.

2..Processes causing primary or deuteric variation

Phenocryst growth =nd accumulation

The textures and crystal morphologies of these lavas indicate
that many of the phenocrysts grew rapidly at relatively low pressures.
The skeletal olivine phenocrysts resemble the rapid growth forms
described by Drever and Johmston (1957) and numerous references to
similar olivines that formed from rapidly-cooled basaltic melts can be
found in the literature (e.g. Bryan 1972, Liou 1974). The relative im-
roverishment in groundmass olivine adjacent to the large skeletal
crystals, the tendency for both olivine and plagioclase phenocrysts to
enclose groundmass phases and the absence of compositional zoning in
most of the phenocrysts all support this idea, Gutmann (1977) has
described a suite of alkalic to transitional basalts from the Pinn:uczte
volcanic field, Mexico, with similar textures and phenocryst assembl-
zges to the 1l levas discussed here, Ee proposed a petrogenetic model
of near-zurface cqstal%%ticn in rising mogmas for the Pinncceate lavas.
zvolution of water from the melts promeoted superszturation ané cen-

gecuent nucleaticn ¢né repid growth of the phenocrysts. Andersen and

ry
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Wright (1972) calculated that the loss of 0.8 wt® H,O from Kilsuean
lavas would induce the crystallisation of about 20% of crystals. The
lavas studied by Anderson and VWiright also showed a decrease in oxid-
ation state which they related to loss of sulphur and water from the
magmas prior to, and during, eruption. The presence of groundmass
biotite and pegmatitic segregation veins associated with vesicles in
some of the Mull lavas (described below) indicate that they were
hydrous., Thompson (1974) studied a Skye hawaiite similar to M 5«8,
which clearly had olivine on its natural liquidus, prior to eruption.
During anhydrous melting experiments olivine was not the liquidus
phase in this lava at any pressure. The groundmass titanomagnetites
in the Mull lavas show little evidence of high-temperature deuteric
oxidation, which argues against retention of water by the magmas
during crystallisation. The textures and phenocrysts of the Plateau
lavas were probably generated during low pressure processes, in a

similar fashion to the Pinnacate and Hawaiian lavas discussed above,

Modal analyses (2000.pts.) for all the zeolitised lavas are
listed in Appendix 1. All the.large crystals regardless of their
morphologies were counted as phenocrysts and variable distributions
of these within a single flow were only observed in the two magnesian
basalts, LA 13-15 and L4 16-18. These two lavas were thus studied in
more detail to investigate whether these phenocrysts grew in situ or

were accumulated within the flows during crystallisation.

LA 1315 were collected from the lower five metres of a basalt
flow exposed by a road cutting, with LA 13 being nearest to the base
of the flow and LA 15 the furthest from it. LA 16-18 came from the
underlying lava, which is approximately 23m thick. LA 16 and 17 came
from near the upper margin and LA 18 was taken from 15m below these,

The olivines in LA 15 (17% olivine 'phenocrysts') rarely contain Cr-

spinel (see fig. 2-1) and show a continuous range of compositions bet-. -

ween the large crystals and the groundmass phases of Fopj_g2. Cr-
spinels are enclosed by many of the subhedral phenocrysts in LA 18
(14.5% olivine phenocrysts). These have compositions of Fogg whilst
the other phenocrysts analysed range from Fogy to Fo70. These min-
eralogicel variations can be compared with the chemical data and
densities of these samples, listed in Table 2-2. Only the apparent

ebundance of olivine shows any sigrificent variation in LA 13-15,
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suggesting that this is due to the growth of larger crystals away from
the rapidly chilled margin., LA 18, in contrast, shows an increase in
MgO, Ni, Cr and density, relative to LA 16 and 17, and a corresponding
decrease in the abundance of elements that would have been excluded
from the phenocryst assehblage. It therefore appears that olivine
accumulation occured within this flow,.

Igble 2-2 Intra-lava variation in two magnesian basalt flows,
Major element analyses were recalculated to 100¥% for

comparative purposes. Trace elements in ppm.

LA13 ILAl% LA15| 1A16 LA1? 1A 18
% olivine
phenocrysts 6.75 9.30 17.00 10,00 10,38 14,48
density 2.96 2492 2.97 2.87 2,91 2,96
Mg0 11.55 12.21 11,97 10,36  10.27 12,27
Ni 354 337 328 234 223 292
Cr 785 738 783 517 501 720
510, 45,73 45,74 46,07 Lg,11 46,29 45.83
T105 1.55 1.53 1.55 1.66 1.70 1,60
K0 26 25 027 36 o 37 29
Zr 90 88 88 101 102 92

Filter pressing of residual liquids

Evidence for intra-lava migration of the residuzl melt fraction
was observed in several of these lavas. Elongate crystals usually of
plagioclase, frequently project into the sparse vesicles. A typical
example from the basaltic hawaiite LA 1-5 is shown in figure 2-4,

One thin section from the less-magnesian basalt M 1 transected three
vesicles, all of which had been filled to varying degrees by minerals
that were clearly liquidus phases at the time. Plagioclase laths 2mm
in length project into one, the second has ingrowths of both plagio-
clase crystals and the third is virtually completely filled by a single
large pyroxene crystal. In each case, the texture of the surrounding
lava demonstrates that these were once ges-filled cavities, the shapes
of which were fixed by incipient crystallisation, prior to the magma

migrztion,



The amygdaloidal sample collected from the upper part of the
magnesian-basalt LA 16-18 has olivine-free, pegmatitic segregation
veins, either surrounding or associated with the vesicles. These vary
from 1-5 cm in diameter. The analysed vesicle margin (LA 19 ZR)
contains large prismatic clinopyroxenes, up to 0.8mm in length, sodic
plagioclases (up to O.5mm across), which contain numerous apatite
needles, acicular and subhedral Fe:Ti oxides, abundamt analcite,
thomsonite, ankerite and chlorite. The contact (LA 19 R) between this
vein and the surrounding basalt is narrow but appears to be slightly
grzdational, indicating that it was formed before the margin of the
1nva wos completely crystallised. LA 19 ZR contoins twice zs much KZO’
P05, Zr, ¥, Rb and Nb as samples Li 16-18, It is also poor in MNgO,
Cal, Cry Ni znd Sr and enriched in TiO2 and Nazo. The chemicezl changes
within LA 16-18 are not =11 strictly proportionzl to the variztions
in olivine content. L4 17 has a higher NaZO and clightly higher TZC
content thun LA 16, Migration of the residual melt phosce ot verying
stages after the onset of groundmass crystallisction could have given
rise to thie difference. Accordingly intra-lsva varisticns similar to
those in LA 16-18 that caonnot be directly relszted to the phenocryst
distributions mz; not necessarily indicate element moblility during

~econd:ry alter:zticn,

Segregation veins and vecicles have been deccribed from severcl
otler buosocltic lova suites, Glassy vesicle infillings hove been des-
~hyritic Centrzl lavas of Mull (Bailey et al.

&

cribz? from the Non-porx
1624), a recent lova loke on Reunion (Uptpn and Vadswerth 1971) and
from the Crdevicien Cliefden lavas of New South Wales, fuztrzlia
(Smith 1267), Pegmatitic segregations of the type seen in Mull have
been Gescribed from the dykes and lavas of Skyc (Horker 1904, Anderson
and Dunhsm 1968) and frem the Mekzopuhi lava lzle, Haweii (loore and
Tvens 1667). Slthough some reduction in the volume of the gnc rhose
nccupying the vezicles must occur during cooling, Smith (1967) demon-
strated thot this is not sufficient to cvplain the arount of melt

2 AT 3 T
misrotion ckserved, |

o ougpested that zince the Cliciden lsvas were

K
o]

murine environment, = downslope increase
orecsures would have cceurred, causing tii» neccocsury re-
sucticrn in tle gio velums, This mechonisn connot ke irnvoled for sub-

1.

aerizl lov:iz. The exemple deserited by Upten cnd Wadawerth (1971)

srrezred fc h:ve crystelliced under o righ poriicsl pressure of crjgen.
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Figure 2 = 5 Altered vesicle surround M 56,
The rositions of the portions removed for analysis are indicated,
L 19 was sampled in a similar menner. The microprobe traverse
discussed in the text was made across the central part of the
section, chown by the arrows, Note the olivine phenocryst in the
lover right which shows merginal chlorite growth only,

Field of view : 12mm by 9mm,



They prcposed that water present in the vesicles dicssolved in the
surrounding megma, caucing migration of residual silicate liquid by

suction to the relatively lower pressure sites.

The groundmess titanomagnetites surrounding the vesicles in
sample M 1 show no evidence for deuteric oxidation and the necessary
pressure drop in this case may have been provided by diffusion or
escape of the gas out of the lava. The Makaopuhl lava lake shows the
same association as LA 16-18, namely olivine-free, vesicular, pegma=
titic veins in the upper parts and olivine accumulation towards the -
base. Moore and Evans (1967) attributed the formation of these veins
to filter-press action and a similar displacement mechanism is indicat-
ed for the origin of these features in the LA 16-18 flow.

3. Distribution of the secondary minersls

A clear zlterstion sequence can be identified in the zeolitised

Mull Pl=teau laves. The rare interstitial glass patches appear to have
been attacked first by the hydrothermal fluids, followed by olivine
and titenomagnetite and finally the plagioclases. In 211 the lavas
extensive replacement of the primary phases was restricted to the thin
zones, usually up to a centimetre across, surrounding the sparse amyg-
deles. (figs 2-4, 2-5). In these zones the olivines and feldspars tend
to be replaced by chlorite and zeolites. On the right hand side of

fig 2-4 it can be seen that plagioclases which project into the vesicle
heve been partially replaced, leaving isolated feldspar fragments

inzide the vesicle completely surrounded by secondary minerzls.

The pyroxenes in 211 the lavas appear to be unzltered and even
ingrowths of this mineral into the vesicles show no signs of second-
ary mineral growth, Fawcett (1965) described small "chlorite pseudo-
morphs after pyroxene' in some Plateau lavas collected from outcide
the centrzl zones of pneumztolycis. Nevertheless he noted that when-
ever chlorite and pyroxene were adjacent tke contact was sharp. The
identification during the present study of small patches of inter-
stitizd glass being replsced by chlorite in some lavzs suggests an
elternztive origin for these chlorite 'Ppoikilocrysts'. Since the glass
was initirlly present in emall amounts in these lavas (usuclly<<1%),
alteration of this alone is unlikely to produce significant changes in
the chemistry of the lzvas.In the less-magnesian basalt La 7-11 the

texturzl combinztion of large pyroxene poikilocrysts and nzrrow zones
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between them containing glass clearly cha&glled the hydrothermal
fluids through the lava. Alteration of the small, highly-reactive
areas of glass provided a means of access for the fluids., As a result,'
the groundmass olivines, Fe:Ti oxides and feldspars surrounding glass
patches were then attaked. A thin section of sample LA 8 shows an-
other example of this phenomenom. Chloritisation of the olivines ad-
jacent to a small vesicle occurs only along approximately a quarter of

the vesicle margin; the rest is surrounded by pyroxene,

Apart from the scarce glass, the olivines show the most extensive
replacement by secondary minerals. The dominant alteration product is a
low-birefringence, pale-green, fibrous serpentine formed along cracks
within the phenocrysts and replacing their margins. Secondary iron
oxides were rarely observed associated with the serpentine. Many of the
phenocrysts have a thin rim of brown fibrous (Fe-rich ?) serpentine,
The olivines are replaced by chlorite rather than serpentine, round the
margins of vesicles and in the lavas in which some alteration of the
feldspars was observed., In the less-magnesian basalt LA 7-11 the small
groundmass olivines between the pyroxene poikilocrysts are frequently
altered and the associated feldspar laths contain numerous fine chlor-
ite veins, which form reticulate patterns within them, Similar veining
was observed in flow M 51-55 and in the magnesian basalts, but only
within a few crystals. Zeolitisation of the feldspars and zeolite
growth in the flow interiors is rare. Small clusters of zeolites were
observed nucleated on groundmass feldspars in the magnesian basalts
and zeolites occur associated with chlorite in the groundmass of M 51-
55, mainly in the sample from near the base of the flow (M 51) and
adjacent to the pipe vesicles (App.I-D,M 56). Similar zeolites form a
thin 1ining of radiating crystals to the amygdales in the lavas (figs.
2=k, 2-5),

A precise identification of the zeolite species was not possible
as they could not be separated for X-ray diffraction studies. A pot-
assic variety, almost cetainly phillipsite, was detected using the
EDS microprobe in M 56R (the lava surrounding the pipe-vesicle sect-
ion) in flow M 51-55. The others all appeared to be rich in Ca + Na
and poor in K, probably thomsonite or mesolite. These are all species
with relatively high A1/Si ratios, typical of those foumd in alkalic

rocks and Si-deficient environmments (Coombes et al. 1959), as are most
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of the zeolite speciks described from these lavas by Waller (1970).
In contrast, the two amygdales separated for analysis (LA 197 and

¥ 562) are filled almost entirely by the hydrated celcium-silicete
gyrolite (Tzble 2-3)., The same mineral appears to occur in the centre
of some of ‘the other vesicles in the mergins of the lavas, The other
secondary minerals observed in the vesicles are chlorite and ankerite
and calcite (fig 2-4), which zre usually associated with the zeolites

lining their margins.,

In all the lzves, except the haweiite M 5-&, some secondery '
oxicuticon of the Te:Ti oxides was obcerved. The changes observed
during this ziudy sre similar to thoce described by rfe-E:x11 et 21,

¢ the effects of hydrotierm:l slteraticon on a

=~

(1971) wro documente

e A Ml by s TE ety o
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Teble 2-3 X-ray diffraction data for vesicle infillings

in LA 19 and M 56,

olite < s
LA 197 :nd ¥ 562 (Mack a;‘ﬁwlor 1953) cirﬁgiﬁﬁng
d Specing(A) Intensity d Spacing(®) Intensity reflections

21l.h4 vs 22 vs 0006 only
10.99 s 11.0 s 000.12 only
8,36~ } s 8ol=7.4 m,d} band _
745 ! 7.4-5.4 w,d 101 1
b.76-L,67 w,d 4,75 W 112 1
4,20 Mys 4,20 s 202 1
3.72-3.55} Wyd 3.72-3.45 w,d}ban 4 202 1
2.68 5 3465 ms 000,36
3.20-3.02} w,d 3.21-3,02 m,d} mand 213 1
3.16 s 3.12 vs 000, 42
2.8-2.6 } wyd 2.80-2,61 m,d} bend 213 1
2.77 m 2.80 m,s

- 2,42 w 224 1,202 1

- 2.31-2.03  ww,d

2,31 W }band 21% 1
? 2,17 w 314 1
2,06 w

- 1.90 w 325 1
1.80-1.70 wyd 1.82-1.73 vu,d _
1.83 . 1.82 s } 4151

= strong very
m = moderate d = diffuse
w = weak

The relztive intensities of the pezks were estimated by eve.
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variety of oxide phases in basalts. Most of the titanomagnetites show
some conversion to maghemite along cracks and around their margins
(cof. Ade-Hall et al., figs. 3a and 4a). In flow LA 7-11, the Fe:Ti
oxides were never enclosed by pyroxene and zre considerably altered.
Many of the small crystals are extensively granulated and replaced by
titanohematitevor maghemi te and one or two appear to show incipient
haematisation of the margins (c.f. op.cit. fig 3c). Several contain
relict patches of unaltered Fe:Ti oxide and in each case the sparse
ilmenite lamellae appear to have been more resistant and are less alt-
ered than the associated titanomagnetite., Analyses of the oxides were
recalculated on either the spinel or rhombohedral bzsis using the
method of Carmichael (1967) and gave low totals of between 96-99%, due
to the secondary oxidation. It can be seen from Appendix 1-D that the
most respectable totals were obtzined from the hawaiite M 7, in which
little oxidation was observed, and that in each case the ilmenite

lamellze gave higher totals than the titanomzgnetites.,

L, Intra—-lava chemical verisztion

The whole-rock chemical analyses are listed in Appendix 1-E and
examination of this shows that the individual lava flows are remarkably
uniform in both their major and trace element abundances. Only the
magnesian-basalt LA 16-18 (discussed zbove) shows variaztions in all the
major ard trace elements, Flows LA 1315 and M 51-55 show changes of
up to 60 ppm in their Sr contents and =all the MEZ lzvas have varizble
Fezpz/FeO ratios but constant values of total iron. The largest vari-
etions in this ratio occur within the less-magnesian basalt La 7-11,
in which extensive =zlter:ztion of the Fe:Ti oxides was olbserved. In
eddition, LA 7, which was collected from close to the upper margin of

this lava, is enriched in Ca and depleted in !ig relstive to LA 8-11,

Figure 2-7 shows that there is no correlation between FeZOB/FeO
ratio angd HZO content in these lavas due to the fact that the princ-
ipal reaction involved is oxidation rather thon hydration. In the two
mepnesian boszlts LA 13-15, La 16-18 both Fe203/FeO and H50 increase
towards the margins, Similarly, no overall correlation between Sr and
H20 contents could be found, but comperison of figures 2-7 and 2-8
sbous tlzt tle morgin:l increase in iron oxidoticn =nd wrter content

in LA 13-1° is zecompenied by a2 slight decreace in Ca and Sr oconient
2 Y] (= ?
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Fig z-7 TIron oxidation retio and MgO versus Hgd*for the

zeclitised lavas.

A Li 1315, A LA 16-18, ¢y LA 20, @ M 51-55, + M 1, .
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whilst Sr and Ca also vary together in M 51-55, The only trzce element
detected in significant quantities in the amygdale samples LA 192 and
M 567 was Sr, suggesting that these variations are due to hydrothermai
alteration. In each of these two lavas the changes in Cal content are
slight and only Jjust exceed the analytical uncertainties (see
Appendix 11), Figures 2-7 and 2-8 also show a crude positive correl-
ation between MgO and CaO content and H20 in all the lavas, despite
the lack of intra-lava variation of these elements. This correlation
reflects the fact that the most extensive hydration preferentially
affects the olivine-rich basalts.

The sparse vesicles in the margin of the magnesian baszlt

LA 7-11 zre mainly filled with Mg-rich ankerite. LA 7 is enriched in
COp (43), relative to the other samples from this lava (.21-.09%
CO2)e bxtenzive clteration cf the olivines surrounding the vesicles
in LA 7 was observed, suggesting that some Mg was removed by the
kydrothermal fluids during alteration. Although the groundmess feld-
spars in this lava are cut by small chlorite veins, the feldspars are
less extensively altered than the associzted olivines. Accordingly,
the slightly higher Ca0 content of Li 7, reletive to LA 8-13, might be
due to the addition of cclcium by the same fluids. The thin calcite
vein observed cutting the hawaiite sample M 7 clearly demonstrates

that some Ca was carried by these solutions.

The chemical composition of the altered baszlt zone surrounding
the studied vesicle in the LA 16-18 magnesian basalt flow (LA 19R and
ZR) czrnnot be used to gain informetion on element mobility, as it is
mairly compcsed of a segregation-vein, Iz contrast flow M 51-55 prov-
ides suitcble materiel for thies purpose. The thin section through the
pipe-vesicle margin (M 56), taken from the lower part of M 51-55,
shows no textural differences from the rest of the lava. It clearly
contzined olivine, now pseudomorphed by chklorite (fig 2-5). A micro-
prcbe troverse was mede across M 56 and the pyroxenes analysed. These
are prlotted in figure 2-9, together with thoce of the other zeolitised
lavas. It can be secen that they show a similar range of compesitions
to theose determined in somple M 55 which was collected well outcide

the pipe-vecicle zone, It is therefore legitimute to compare the clem-

’_l

cemposition of M S6R and IR with thut of other perts of the M 5l-

[’
aQ

o

hB!

5 flew, in. crder to assess the chemiczl effects of small-zc:le
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severe, zeolite-fzcies zlteration.

Relative to M 51-55, samples M 56R and M 56ZR are slightly
depleted in SiOz, A1203, Ca0, NaZO and KZO and enriched in zll the
other elements, Figure 2-10 shows the chondrite-normzlised rare-
esrth patterns of M 56ZR,and M 51 and ¥ 53, collected from the margin
and centre of the lava, respectively. The REE pztterns of these two
samples are indistinguishable from each other. M 56ZR is slightly en-
riched in all the REE, relative to the other two samples. The increase
in the abundances cf the REE in M S6ZR is proportional to the in-
creases in the other elements. Ratios between zn average composition
for M 51-55 and M 56ZR (i.e. M 56ZRM 51-55) give values of 1.17,
1.13, 1.19, 1,15, 1.1&, 1.17, cnd 1.15 for Ce, Yb, Hf, Ti0,, Ni, Cr
end Hgl resoectively, The decreases in SiOZ, AlZCB, NaZC, Cz0 =nd KZO
are also proportional to each other, giving ratios of between 0.93 ond
0.¢5 for M 56ZR/M 51-55. This indicates that leaching of these ele-
ments during hydrothernzl alteration resulted in an eppzrent enrdichment
of the vesicle surround in lecs-mobile elements., The proportionaliky
tetween the REE elements, TiC2 znd lig and Ni supports the petrographic
and mineralesicel evidence that residual melt migration did rot occur

in this pzriiculzar case.

The conversion of olivine to serpmentine is usuzlly expressed by
a rezction of the type :-
3 Mgp8i0y, + MH,0 + 510, = 2Mgs8i,05(CH)y
121 cc 220 cc
1f constant volumes zre preserved during elterztion then the
following rezction, which does not imply the addition of extrs 3i0,,
rrobzbly epplies :-
SMg,Si0, + MELO0 = 21\7535i205(0H)1+ + 4Mg0 + 510,
219 cc 220 ce
The conversion of olivine to chlorite involves addition of Al, but
petrographic evidence for this rezction was ¢ nly observed in lavas in
which associzted groundmass feldspar wzs clso altered, and up to %
CzC was cetected in chlorite replacing olivine pherocrysts(Appendix
1-D, K 55). The presence of minute chlorite veins cuttins the ground-

mzss feldsprre clecrly demonstrates that some of the olivine constit-

(2

uvents were lost during @lterstion end chemicel erchonce betwoen the

-

ignecus phrzes clewrly occured. Nevertiieless, tihe conctont bulk
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‘chemical compositions of these lavas suggests thzt this redistribution
occurred on a scale smaller than that of the individual samples

(approximately 2kgm wt.) crushed for anzlysis.

In contrast, the depletion in $i0,, A1203, Ca0y Nas0 and K20
in M 56ZR, relative to M 51-55, suggests that the volume changes
during intense alteration of this smell volume of rock were accommod-
ated by preferentisl migration of the feldspar constituents into the
vesicle. The zeolitées lining the vesicle have relative proportions
of these elements similzr to feldspar; the formation of thomsonite
from znorthite, for evample, can be expressed by z simple hydration
reaction (Coombes et al. 1959), If the elements released during alt-
eration of these relatively gmall boszlt volumes (figs 2-4, 2-5) were
consumed curing the formation of zeolites lining the vegicles, then an
additionzl source of both Cz and Si iz required fer the formation of

tke gyrolite occupying their centres,

To investigate the possibility that mzterizl may have been
added to some of these lavas during alteration, Sr isctope deter-
minations were made on some of the samples. Despite the large vari-
ztions in 3r content in the magnesian besalt LA 13-15, initial
875r868r ratios of 0.70423 % 7 and 0.70426 * 7 were obtained on LA 13
znd LA 15, respectively. In the L& 7-11 flow Li 7, the Ca-enriched
mzrginal sample, had (87Sr/86Sr)i = 0,70433 * 7, thus showing s small
but significant difference from LA 9, at the centre of this flow, which
has (87Sr/863r)i = 0,70414 * 7, In contrast, M 56ZR and M 562 have
(875rB6sr)i ratics of 0.70297 * 5 and 0.7042k * 6, respectively. The
value for M S6ZR =zgrees well with that of 0.,70206 * 4 obtained for
this particular lava by Beckinsale et al, (1978, Table 4 sample M 168)
and smppports the hypothesis that the bulk of the amygdale minerals in

these lsvas were not derived frem the lavas in which they occur,

5. Conper and zinc distribution

In contrast to the minor chemiczl changes discussed akove,
l-rge differences in the abuné:nce of Cu =nd Zn were dztected vithin
severzl of the ceolitised lavas, The lzrgest variztions occur in the
howoiite M 5-8, in vhich Cu varied from 308 to 45 pprm znd In from 226
to £0 ppm. No corrclations could be found between the Cu ~nd Zn cont-

erts crd ony of the other major and trace elenent zbunduncez or ratios,
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in the MGP lavas suggesting they are due to the irreguler distrib-
ution of sulphkide phases within the lavas. Groundmass sulphides
were observed in three of the lavas in which these variations occur,

but not in the magnesian-basalts or M 51-55.

In the magnesian basalt LA 16-18 the highest concentrations of
these two elements occur in LA 17 and the lowest in LA 18. On a plot
of Cu against Zn (fig 2-11) these samples lie on a straight line
(shown as a dashed line) which if extended passes through the origin.
The other megnesian basalts lie close to, or on, the same line as
samples LA 16-18. The constant Zn/Cu ratio of this flow and the evi-
dence for toth pﬂenocryst accumulation and residual melt migration
within it suggests that the Cu and Zn distributions within this part-

cular lava may be primary,.

The origin of the variasble Cu and Zn contents in the other lavas
is less clear. In each case the Zn/Cu ratic increases, but the overszll
Cu aznd Zn contents decrease towards the margins of the flows. Relative
to Li 16-18, the zltered vesicle surrcunds from this flow have both
higher Zn/Cu rztios and lower Zn and Cu contents. M S6R and M S6ZR
are enriched in Zn, but not Cu, relative to M 51-55. Taken at face
vzlue, these data suggest that Cu and Zn were leached from the lavas
during zeolitisation, with Cu being more easily mobilised thazn Zn,
Ageinst this muszt be set the fact thet the lergest varizations occur
in the haweiite)jl 5-8 cnd the less-megnecisn basalt,M 11-12, which shov
virtueelly no retrographic alteration, whilst Lf 13-15 and ¥ 51-55 show

little or no vari~tion,

Primery groundmass sulphides zre common in Tertiary Hebridean
dykes but virtuslly urnknown in lavas of similar composition (Ade-
Hz1ll zné Lzwley 1570). Ridley (1873) found primery pyrite and chalco-
pyrite in severzl of the Smell Isles dykes, but not in eny of the
"obvious lava flows" (op.cit. pege 3). He zttributed thi:z difference
to diffusion of sulphur out of the lavas into the =2ir. Sulphur locs
from subzericl bagzlts is 2 well documented procesc znd  nderson znd
wright (1272) chrowed thet in Kilauean lovas it csused a reduction of

tie voirzing of the Ie:Ti oxide crystals. The formetion of czecondory

meghemite in the MNull loves precludes zry <oiailed studies of the
primory odidetion ctztes of the tit-nmowegnetites, wltiough thay Fow

1ittle zvidenes for daut

JoLP)
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end Zn contents of the lava centres could also be explazined, if the
saturation of the magmas in sulphur indicated by the presence of the
minute blebs of sulphide observed in them,occurred when sufficient
crystallisation had taken place to prevent further diffusion of vol-
atiles out of the flows. Sulphur gradients could thus be established
with the highest concentrations of sulphur occurring.in the flow
centres, leading to greater amounts of sulphide formation in these

parts of the flows,

6. Effects of zeolite-facies alteration on Si-saturation

The secondary oxidation oflthe Fe:Ti oxides in these lavas
causes Fe203 to vary between a maximum value of 9% in less-magnesian
basalt,LA 7-11yand l.4% in LA 20. This range can be contrasted with
the Fe,0; values found in fresh basalt glasses (Table 2-4). CIPW
norms were cazlculated for the zeolite~-facies lavas, using both the
measured Fe203 values and s tandard values as proposed by Thompson et
al. (1972), The results are shown in figure 2-12 and the degree of Si-
saturation expressed as the percentage of normative hypersthene or

nerheline listed in Table 2-5,

Table 2-4 Fe, 03 contents of basalt glasses.

1 2 3 4 5 6 7 8 9
1,59 1.%2 2.41 1,87 1.62 1.74 1.40 1.61 1,10

Sources : 1-7 Murata and Richter (1966)
8 Tilley and Thompson (1970)
S Smithsonian Institute Standard MORB glass -
USNM 113716 (Staudigel 1979)

Tilley and Muir (1962) proposed that oxidation and selective
lezching czused an increase in the degree of Si-saturation and this
is borne out by the results obtained in this study. Nevertheless,
few of the norms of these lavas calculated using the standard values
of Fe 0z sre ne-normative and they show variztions in the degreeof Si~

saturation within individual lava flows. Czlculation of the norms on



a COp-free basis reduced both the degree of Si-saturztion and the

within-flow variation. The addition of COZ in the form of carbonate

during zeolitisation clearly affects the CIPW norm. The uncertainty

as to vhether or not small amounts CaQ have been added or removed
makes the effect of this difficult to assess. LA 7-11 1s the most

hy-normative of all the lavas but the pyroxenes in this basalt are

2lso less calcic than those of the other lavas (fig 2-9) suggesting

this is a magmatic not a metasomatic feature,

Tzble 2-5

Si-saturztion in the zeolitised lavas expressed as %
nomstive nepheline or hypersthene or quartz,.

1- mezsured Fe203 values

2- 3tandzrd values F9203 after Thompson et al. (1972)

3~ CO,-free basis using standard velues Fe203 .
Sexple 1 2 3 Sample 1 2 3
LA 1 |12.6 hy 6.1 hy Sl hy| M1 0.3 ne 1.5 ne -
Li3 129 by 7.9 hy 73 hyly g 7.6 hy 3.0 hy 2.1 hy
Lt 5 [11.8 hy 871 by 7ok hy M6 0.5 hy 0.5 ne 0.6 ne
L4 b 109 by 7elhy 6.7 by, 3.9 hy O.2ne 0.3 ne
Li2 | 95hy 5.7hy S.hhylyg b,1 hy 0.8 hy 0.7 hy
La?7 | 1.5qtz 1.9hy 85 hyly ) |y uny 1.2hy 0.3 ne
Li 8 [16.9 hy 12.1 hy 10.5 hy M 12 6.9 hy 1.9 hy 0.8 hy
Ly 9 2.4 gtz 12,5 hy 11l.4 hy
14 10| 2.9 gtz 11.6 hy 10.1ny|MOL | 4l By 0.0 hy 0.2 ne
Li 11]14.5 hy 8.0 by 7.3 hy |02 | 4By 35wy 3.0hy

M 53 3,2 hy 1.0 hy 0.5 hy
Li 12]11.1 hy 9.9hy 8.1 byl 5k 5.5 hy 3.8 hy 3.5 hy
L4 14/11,8 ny 10,0 hy 9ok hy |y o5 5.5 hy 0.02 hy 0.6 hy
LL 15] 3.7 by 2¢5 hy 2,0 hy
LA 19R |11.5 hy 4.8 hy -

Li 16/12.1 by 8.1 hy 7.7 byl g, 19781 10.3 hy 0.1 hy _
Li17) 47 by L.3hy 0.8 by, S6R | 6.8 hy 0.0l ne -
La 18] 9.0 ny 7.3 hy 7.2 WY |y 5eon|11,0 hy 3.2 by
L: 20| 2.2 ne 242 N2 -
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The hollow symbols in figure 2-12c show the effect of adding
and subtracting 0,054 Na20 to the analysis of one of the lavas and
shows that most of the observed intra-lava variation in Si-szturation
is due to very small differences in alkali content. M 56ZR is no more
hy-normative than M 51-55 and these differences within the lavas may
not in fact be due to secondary processes. The largest variation in
Si-saturation occurs in the magnesian basalt LA 16-18, in which both
olivine accumulation and migration of the residuzl melt occurred,
suggesting that much of tke observed intra-lava variation is primary
in erigin,

Beckinsale et al. (1978) proposed that the zeolite-facies Mull
lavas were essentially "uncltered" and that 211 the basalts were hy-
norr-tive, The Fe205 vilues recorded by Beckinsale ot zl. range
betreen 1.6 ond 5.8% 2rd kence may indicate cecondery oxidution, In
contrast, Tilley and Muir (1962) suggested that the basalic were orig-
inz1ly 211 ne-normative, The results obtcined in this study suggest
ts of secondsry alteration were under-ectimated znd

c
cver-estimated by these zuthors, respectively,and that the MHull Flzt-

N

eau Greup contzins boil: ne- and hy- normative basalts.

Conclusions to chapter two.

Many, but not all, of the phenocrysts in the Mull Plateau lavas
grew rapidly at low pressures in response to evolution of water from
the magmas, prior to or, during eruption and emplacement. The magnes-
ian basalts contain two generations of olivine phenocrysts - an early
forsteritic one, Fog84.85, enclosing Al-rich chromites and a later one
of variable composition which never enclose spinels. In one massive
flow olivine accumulation and concomitant upwards displacement of the
residual melt occurred, but the other lava flows were unaffected by
redistribution of the phenocryst phases.

Despite the hydrous nature of the magmas, little deuteric oxid-
ation occurred. At a late-stage in their crystallisation the less-
magnesian basalts became saturated in sulphur and sulphur gradients

were established which caused groundmass sulphides to be concentrated

towards the centres of the flows. ‘heS€ SQAQL“bes pnvbcdobjshesngen§
droplet o on Uamsible Culplide Lipid whida formdd ot o
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The formation and distribution of secondary minerals within the
lavas was controlled by the compositions and cryétallisation histories
of the individual flows. The principal chemical effects of zeolite-
facies alteration were hydration and oxidation. Sr shows limited mo-
bility (<20% variation) in those flows in which some alteration of
plagioclase occurred. More substantial changes are confined to within
only a few mm of vesicles, where the volume changes associated with
secondary mineral growth were accod§dated by preferential migration of
the feldspar components into the vesicles. Nevertheless, despite the
varying compositions of the host lavas, the vesicle infillings in the
flow margins are chemically and mineralogically similar (Table 2-3,
Appendix I-E, LA 192 and M 56Z), and most of these amygdale
minerals were not derived from the basalts in which they occur. Instead
the fluids which interacted with the lavas must have contained Ca and
Si for which some external source is required.

Although secondary oxidation of the lavas caused an increase in
the degree of Si-saturation, the most hy-normative flow contains the
least calcic-pyroxenes and some of the variation in Si-saturation is
primary in origine The Mull Plateau Group contains both ne- and hy-

normative basaltse.
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CHAPTER THREE : GREENSCEIST-FACIES LAVAS

The igneous mineralogy of many of the greenschist-facies lavas
has been completely or partially destroyed. Nevertheless, in most
lava flows, samples could be found in which the igneous textures and
minerals were relatively well preserved., These show that, prior to
alteration, the greenschist-facies and zeolite-facies lavas were
similar petrographically. Brief descriptions of the greenschist-
facies lavas are given in Tablé 3-1. No attempt at chemical class-
ification was made, but they have been divided into tkree mcin types
on the basis of their phenocryst assemblages which may correspond to
the divisions into magnesian basalt, less-magnesian baselt and hawai-
ite made for the zeolite-facies lavase. Type A contsins olivine and Cr-
spinel, type B is plagioclase and olivine-phyric and type C contained

phenocrysts of titaenomagnetite in addition to olivine and plagioclase.

In three cases plagioclase phenocrysts only were identified,
Cne of these (M 59) eppears to be an evclved lava type whilst, the
cther two (M 47-50 2n¢ C 176} are extensively altered. In many samples
from the otrer lava flows 'ghost! plagicclase  crystals can be recog-
niged, even when :11 tle igneouz phices have been replzced by secen

d
cry minerals. Eence, M L47-50 znd € 176 may have criginzally contained

1, Iincredl troncformotionc during creenschist=facies clterciion

o similer clteration sequence could be identified in the green-
schist-facies to that in the zeolite-fzcies lavas. Frech olivine was
found only uc small relict paztches in one somple, M 35, Cne lava
(¢ 41-46) contcined unaltered plogioclases and slightly oxidised
titoncmagretites but in 211 the other flows these two minerals hzve
been completely or partislly replaced. Unaltered pyroxerne occurs in
cseveral scmples cnd this minerzal is only completely replaced in some
flow margins or in highly vesicular or hydrcthermzlly brecciated
samples, The reactions apzear to have been similar in most of the
lovas ond tlhe chericzl differences between the flows can be reloted to
tre rel:tive cbundunces ¢f tlie primcry minerals and their zltercticn
rroducts. The principsl mineralogicel changes are cumn:rised dizgram-
ticelly in figure 3-1. These reactions rarely cypear to hrve resched

equilitriun ond cencilerible differencez in the comicsition of the

[b)



Table 31 Mineralogy and textures of greenachist-facies lavas,
Phanocryst ssseablage Lava flow Description
s olivine and M 1322 & Contained both skeletal and subhedral olivines up to Jmm
Cr-spinel C S4-158 diameter, the latter enclosing Al-rich chromites. Spinels
olivine-rich and pyroxenes show little alteration throughout most of
lava Pennygown section, other phases ahow variable degreea replacement,
Quarry. Upper margin of flow has rare segregation-veins 2-3cms
) wide, similar but narrower 1.0-0,5cm wide structures
associated with veaiclea at base of flow,
N 2932 Olivines varied from 2~0,5am diameter, plagioclases up to
Toll Doire 2 mm by Ou5mm. ALl samples intensely altered,: olivine
quarry lava pssudomorphs only recognisable in M 29, pyroxene conpletely
replaced in M 30,
B olivine and M 3436 Altered olivine phenocrysts up to 2ms diameter, plagioclases
plagioclase up to lmm by Q,5mm, Large groundmass pyroxene poikilocrysts
K 37-38 up to 3am across, Titanomagnetites granulated and oxidised
but sphene formation limited, conaist mainly of titanochamet-
ite, maghemite, etc. One or two of the olivines in M 35
have unaltered corea.
M h1-46 Fine-grained lava with plagioclases varying in size from ir-
regular phenocrysts 0.6 by 0.1 mm to small groundmass laths.
Contains small chlorite pseudomorphs after olivine micro-
phenocrysts and oxidised titanomagnetite phenocrysts. Only
slightly altered, both centre and margin of flow containing
some unaltered plagioclases (An58.,51,).
M 45 Intensely altered, some small relict patches pyroxens.
Olivine and titanomagnetite phenocrysts barely recog-
¢ | Clvine nisable.
plagioclase &
titanomagnetite C 191-232a/® BRare, rounded plagioclase phenocrysts 4um by lmm, other
plagioclases vary from euhedral to anhedral and are up to
plagioclase~ 2mm in diameter.,some had inclusions of olivine and titano-
phyric lava magnetite, Had microphenocryats of titanomagnetite (now
in drill core mixtures of sphena and Fe:Ti oxides) and olivine (now chlor-
ite), Extent alteration variable, 9 out of 14 slides ex-
examined contain relict pyroxenes.
Very fine-grained and aimilarly texturallyto M 5-8(fig.2-3).,
M 26-28 but bad fewer phenocrysts and contained occasional rounded
plagioclasas up to Jam in diameter, Relict pyroxenes re-
cognisable in all thin sections but shows extensive alterw
) ation and contains numerous sscondary mineral pods (fig 3~1%
M 47-50 Intensely altered lava, hydrofractured and brecciated by
Plagioclase calcite-stilbite vein (M 49), All samples contain "ghoat'
and 7 plagioclases, M 47 and M 50 have relict pyroxenes.
€ 176 thin, Texturally similar to C 191-232a/b, but only ''ghost"
plagioclase plagioclases identifiable,
phyric layer
above breccia
in drill core
M 59 Contains occasional feldspar phenocryats wp to O.6mm in

diameter, Groundmass rich in Fe!Ti oxides, many of which
may be micropbenocrysts, also numerous amall feldspar

latha and pyroxene poikilocrysta, Was either, very poor in
olivine or, olivine-free,
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Figure 31 Principle mineral transformations during greenschist-

facies alteration.

secondary preducts, even witkin the same tiin-section, were detected
by zicroprobe anslysis,.

Qlivine

’

The dominant alteration product of olivine is chlorite but the
phases actinolite, epidote, guartz, calcite and stilbite were occ-
asionully observed within olivine pseudomorphs, Within the least alt-
ered parts of the lava flows the olivine pseudomorphs are clearly
recognisables As alteration proceeded fringes of chlorite forrmed on
these and in some instances they coalesced to produce large patches
of chlorite within which the original phenocrysts are extremely diff-
icult to recognise. In some of the lava flows (e.g. M 29-30), in
wvhich the pyroxenes were also altered, pseudomorphs of olivine could
only be recognised in one or two szmples. Skeletal olivines wers
rarely identified in any of the lava flows but this probably reflects
tle greater suscsptibility to a2lteration of crystals with o high sur-
face arsa/volume ratio, figures 3=-2 to 36 show a sequence from the

cenire to the morgin of the Pennygown quarry lava flow M 132-22, in
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which the olivine pseudomorphs pass through all the stages described

above., Figures 3-7 and 3-8 show extensively altered samples from two

other lava flows (M 29-32, C 191-232s/b) in which the growth of large
‘patches of chlorite has completely disguised the original olivines,

Within individual lava flows chlorites with a wide range of
MgO/FeO ratios occur, but no distinct compositional difference could
be detected between pseudomorphs of'fhenocrysts or groundmass olivines
or between these and chlorites occupying vesicles, or secondary min-
eral pods(e.g. Appendix I-D, M 16 nos.%4,5; M 18 nos.8,9). Nevertheless,
the chlorites within the different lava types possess different ranges
of MgO/FeO ratios. With the exception of the extensively altered
mzrginal samples, M 13 and M 14, chlorites in the olivine and Cr-
spinel bezring lava from Pemnygown quarry (M 13-22, C 54-158) have
MgO/FeO ratios greater than 1.2, The olivine and plagioclase~phyric
lavas kave chlorites with MgO/FeO ratios which vary from 0.81 to 0.70.
The chklorites in tlhe secondery minerzl pods in the base of the flow
M 26-28 overlying M 13-22 have MgO/FeO ratios of 0,86 to 0.83 but the
vzlues of this ratio lie between 0.68 and 0,52 in z1l the other lavas
which contain titzromagnetite phenocrysts. These values may be con-
trosted with the MgC/FeC ratios of the olivines in the zeolite-facies
1=ves which vary from 3.51 to 0,70 in the magnesian basalts and from
.91 t= .70 Zn tls hoveiftes, Clearly, not only did the greenschist-
facies alteration cause one or both of these elements to be mobilised
within the lava flows but either MgO was lost or Feb was gzined by
most of the szmples., The convergence of the chlorites in M 13 and
base of the overlying lava towards a mean composition, despite the
differences in original mineralogy between these two lavas, suggests

that chemicel exchange occurred between.these +wo Clows .

Ila~icclese and titonemametite

These two minerzls appear to have been stzble over a similar
range of conditions in most of the greenschist-facies lavas. In flow,
¥ H1-k6, mony of the plagloclases arc unaltered and the titsnomscgnet- .
ites show partial moghematisation. In the centre of the Penny-own
qurrry lave, M 13-22, ond in the two oliwine and plcgioclase-phyric
leves,M Zb-3€ =nd M Z7-38, many of the feldspars exhibit twinning but
they 011 show some »ro

zcement by Ne- or K- rich phascs. The titano-

mrgnetites in thesge porticuler semples are 21so gronulzted and re-
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Figure 3 - 2 M 21 - Dork flow centre Pennygown Querry lava,
The olivines have been replaced by chlorite but the individual

pseudomorphs are still recognisable. Field of view : Zmm by 2.1lmm,

Figure 3 = 3 M 18 - Pennyrown Querry lava,

IFe prroxeres chow little evidence for zlter-ticn but thin over-

Lrowths of chlorite hove formed on the olivine peoudomcrphs.

Field of view 3 S5mm by 2Z,Zmm,
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Figure 3 - 4 M 16 - Mottled Zone, Pennygown Qhzrry lava,
In the centre is a skeletzl olivine crystal replaced by calcite

with directly below it a chlorite pseudomorph after olivine,

Field of view : Smm by 3,5mm,

Figure * = 5 M 14 - Pennygown Quarry lava.

chlorite overy on the olivines h-ve coalesced and the
no longer recognisoble, but some smell

Dy Field of view : 3,4mm by 2,b4mm,
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Figure 3> - 6 M 12 - Pennygown Jusrry lave, contsins no igneous

rheses but 'ghost' plagiocleszes zre still recognisable. The dis-
crpezrznce of the pyroxenes coincides with the appeczronce of

abundaznt secondzry quartz. Field cf view : €,5mm by L.5mm,

Figure 3 - 7 Intcnsely cliered beseltic sample, M 29, contzining
relict pyrcxenes, 'ghost' pligicclases ond irregular petches of
1'\

chlorite but no recognicable olivine pseudomorgphs.,

Field cf viev : Smm by Z,5mm,



placed by a mixture of oxides, predominantly titanomzgnetite and
maghemite, In the other samples from the greenschist-facies lavas

the feldspars never show twinning and contzin numerous small inclusions
giving them a speckled or dusty appearance (figs.3-2 to 3-8)., The
inclusions, which appear to be mainly chklorite or sphene, occur in
both phenccryst and groundmass feldspars and are not restricted solely
to those phenocrysts that enveloped groundmass phases during their |
crystallisatioﬁ. Chlorite inclusions are common in the A and B type
lavas which were olivine-rich, whilst sphene inclusions tend to occur
mainly in the C type lavas which had titanomagnetite phenocrysts. :
Microprobe analyses of the feldspars frequently contained a few per-
cent of FeQ, MgO and occasionally TiO> (Appendix I-D; M 13 nos. 1-7,
M 29 nos.2-5). The titanomsgnetite in the same samples show partial
or complete replacement by sphene. The highest amounts of FeQ and Mg0
detected in plagioclase in the zeolite-facies were 2,77% and 1,06%,
respectively (Appendix I-D, LA 5 no.7z2, ¥ 55 no.4b), znd these can be
related to the presence of thin chlorite veins, In most of the feld-
spars in the zeolite-facies lavas, FeO rarely exceeded 1.0%, MgO was
not detected and Ti0, was below 0.2, indicating that all these ele-
ments were mobilised,at least on a microscopic scale, during green-
schist-facies alteration, and that magnesium was more mobile than

iron.

Epidote was never observed replacing plagioclase during this
study. Calcite pseudomorphs some of feldspars in the brecciated
semples from the bottom of the drill core (fig 3-8) but the dominant
alteration products of plagioclase are Na- and K- rich feldsparse A
wide renge of K: Na: Ca ratios was detected in the feldspars, even
within the same thin section (e.g. Anpendix I-D, M 13 nos.1-7). No
correlation could be found between the composition or phenocryst
assemblages of the lavas and the feldspar types formed within them,
Several of the analyses gave low totals, particularly those of feld-
spars from the hydrothermally brecciated lava from the lower part of
the drill core (C 191-2323/b). Cnly in the phenocrysts could the in-
dividuzl secondary mineral species be recognised., 5ix different
minerals - labradorite, orthoclase, epidote (epparently pseudomorphing
olivine enclosed by the phenocryst), sphene(replacing oxide inclusionsg),

leumontite ond caleite - were all detected within one zltered feldspar
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Figure 3 -~ & Calcite replacing felspar in the hydrothermally
breccizted sample C 232a/b, The speckled appearance of the feldspars
is due to sphene and chlorite inclusions., Pyroxene has been corrletely

replaced, Field of view : 5mm by 3,5mm,

Ficure 2 - 9 N 45 - vesicle vith sedimentary laoyers of chlorite

cut by thin veins. The upper p-rt is filled by epidote ~nd chlorite

-~

anc conteine jreojections of -liered beselt - indicoting thot come

PSS ~ -

enlrrgerort cecurrcd, TField of view : 11,3mm by 7,8mm,
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phenocryst from C 191-C 232a/b (Appendix I-D, C 212 nos.10-18), The
orthoclase appeared to have replaced the labradorite znd both these .
feldspars were then partially replaced by laumontite and calcite., The
low totals of several of the feldspar analyses in these lavas indicate
that similar retrogressive zeolite-growth also affected the other lava
flows,.

Pyroxene

In several thin sections of the Pennygown quarry lava (M 13-22,
C 54-158) the pyroxenes show marginal replacement by amphibole, The
amphiboles are actinolitic in composition and these marginal fringes
are rerely wider than 0.05mm. The amphiboles relacing the pyroxenes
in both the dark flow centre and near the margin are similar in comp-
osition. Relative to the relict pyroxenes the amphiboles are depleted
in Ca and enriched in Fe, but this higher FeO content could reflect
marginal zoning of the poikilocrysts, (Appendix I-D, M 14 nos.l-3,
M 18 nos.1-3, 10). In many of the flows pyroxene has been replaced
by chlorite, not amphibole. Vhen amphibole did form it appears to have
been less stable than chlorite. M 14 which was close to the mergin of
the flow M 13-22, contains 14% relict pyroxene, but only 6.6% amphi- ..
bole - little more than the centre of the flow with 19-24% pyroxene
and 3-6% amphibole - being rich in chlorite instead. Nevertheless,
soze amphibole was present in most of the samples in which the pyrox-
enes had been zltered. In every case it was associated with quartz.
The conversion of the pyroxenes to chlorite must have released both
Ca and Si whilst consuming Al. The association of amphibole and quartz
in pyroxene-free or pyroxene-poor samples suggests that the quartz was

formed from Si released during the breakdown of the pyroxenes.

The survival of the amphiboles may be temperature dependant,
Two of the lava flows (M 29-32, M 47-50) were sampled close to the
Toll Doire granophyre ringdyke. At both localities the granophyre
ovtcropped within a short distance, M 47 being collected only 10 m
from one of these exposures, Both these lava flows are extensively
altered ond contzin needles of amphibole and 'vesicle-like! struct-
ures rich in quertz end amphibole. In M 13-22 znd C 54-158, the two
sections through the Pennygown quarry lava, amphibele occurs in all
the samples as the 2lteration product of pyroxene but sppears to be

replaced by chlorite. In the only other lava flow in which extensiwe
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alteration of the pyroxenes was observed, C 191-232a/b, only one
sample contained amphibole. The feldspars in this lava have been
affected by retrogressive zeolite formationlindicating lower temp-

eratures.

Other phases

Primary sulphides and biotite were not recognised in any of the
other greenschist-facies lavas. Small grains of secondary sulphides
were identified in several of the flows,inside, or adjacent to,chlorite
-rich vesicles or secondary minerel pods (Appendix I-D, M 13 no.l5,

M 16 nos.12-15, M 20 nos.2=4, M 48 nos.5,7). These were nucleated on
and replecing small grains of secondary magnetite inside the chlorites.
Relatively well formed euhedral crystals of iron-sulphides were obs-
erved in the hydrothermally brecciated lava at the base of the drill
core and in & dyke in Pennygown querry (Appendix I-D, C 232a/b nos.7-9,
D 1 nos.4-7). Those appeared to be nucleated on titanomagnetite crys-

tals. A1l these sulphides contained little or no zinc,

Tre alteration products of Cr-spinel could not be identified.
No spinel phase occurs in the zltered mzrgin (M 13) cf the Pennygown
quarry leva 1. 17-22, The gpinels in the other szmples from this lava,
including ¥ 1k, directly below M 13, zppreared to be relatively un-

altered , shtowing cnly z marginel decrease in reflectivity.

A1) the levas diccussed in this chepter lie in the epidote
zcne of Welker (1970). s4s in the zeolite-facies lavas, index minerals
are rcre in the flow interiors end occur mainly in the vesicles. The
groundmass of several of thle greensclhist-facies lavas contain isolated
crystale of epidote, but these did not appear to be related to any
preexisting minerzl phase. With the exception of the hydrothermzlly
breccizted lava C 191-232a/b, calcite is clso rare in the flow in-
teriors being restricted mainly to vesicles and veins. The ground-
mzss minerzls in the greenschist-facies lavas zppear to consist mzinly
of chlorite, some feldspars, numerous smell greins of sphene and
‘dirty mixtures' of amorphous oirides and chlorite. The mottled zones
in the luvas concist of dcrk potches in which some Fe:Ti oxides
still persict wnd light ereas in which the oxides have been com-

pletely destroyed -nd repluced by sphene,
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20 Vesicles, Secondary minerzl pods cnd Veins.

The vesicles in the greenschist-facies lavas contain a2 wide
variety of secondary minerals though chlorite is the most common., In
the bottom of some of the vesicles thin 'sediment' leyers occur,
These layers are usually composed of chlorite but epidote and car-
bonate also occur (figs.3-9, 3-10). Several vesicles in the upper
flow in the drill core contcined lzyers of chlorite which were 211
aligned parallel with the flow top. Those layers may have been
formed from debris collapesing from the top of the vesicles or re-
present particwlate material that was carried by the hydrothermal
fluids. Although they are generally rectricted to the flow margins,

similar vesicle infillings czn be found in the flow interiors,

Many of the vesicles zre concentriceclly -zoned, but the minerals
within the zones znd the sejuence in which they were deposited veries
conziderzbly, even witnin the scme lova flowe The following cequence
of vesicle infillings was observed in the upper flow transected by the
drill core :-

O - 5m : chlorite surrounding epidote znd/or zlbite, minor

calcite (Appendix I-D, C 5h4)

5 - 6m : scarce vesicles with cklorite infillings

6 - 7m : chlorite surrounding #lbité and epidote, minor quartz

and zmphibole
7 = 9m : scarce vesicles witk'sedimentary' layers usuclly
chlorite (fig. 3-10)

9 -11lm : epidote surrounding :lbite; ezidcte surrounding pum-
pellyite; chlorite surrcunding epidote (fig. 3-10;
Lppendix I-D, C 130)

11-14m scorce chlorite filled vesicles except &t 132m where

.

vertical troin small vesicles contzining quertz, epi-
dote, amghibole ond hydrogarnet occur in a pipe-like
structure,

The greenschict-fucies loves tend to be internsely ltered nd-
Jzecent to the vesiclecz, Frequently, tle surrcunding rminer:ldc hove been
corletely reploced tnid the vecicles have been enl-rged by colution or
brecciztion it tie expense of the cdiicent lrvo. Cne zuch structure

ccxr be zseen in the ¢rill core cegmert chom In the cortre of figure
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Figure 3 - 10 Types of vesicle infillings.
C 95 - cedimentary layers of epidote, chlorite and czlcite,
C 130 -~ zlbite surrounding epidote; C 137 - mainly chlorite, &lbite
and epidote; C 205 ~ chlorite-filled, vesicle~like structures,

The drill core diameter is 2.5cm.

Figure 7 - 11 C 157 - smcll vesicle lined by ~lbite nd filled

with qunrtz, epicdotc ~:d -mphibole. Field of view : 4,3mm by 3mm,
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3-10, Dissolution of some of the basalt surrounding two vesicles has
allowed them to coalesce giving rise to the single large 'vesicle' in
the centre of this piece of drill core. Within the 'vesicle! is a
fragment of the lava that used to divide the two amygdales from one

another,

The secondary mineral pods and vesicles within individual lava
flows contain the same mineral assemblages. Frequently the primary
igneous minerals around the pods, especially the olivines which are
most susceptible to alteration, have been pseudomorphed by secondary
minerals such as calcite which are rarely found in the flow interiors.
Some of the pods contain isolated crystals or fragments of less
altered baszlt within them, Figures 312 and 3-13 show secondary min-
erz]l pods from ¥ 15 =nd M 16, respectively in the mottled zone of the
Pennygown Quarry lava M 13-22, The pod in M 15 contains chlorite sur-
rounding =lbite plates which in turn enclose calcite, epidote and a
single irregularly shaped hydrogarnet crystal. The pod in M 16 consists
mainly of chlorite and czlcite. The contact with the surrounding lava
is shown on the right hand side of figure 3~-13. Unaltered pyroxene
crystals can be seen projecting into the pod along this contact whilst,
tke centre of the pod contzins unaltered pyroxene crystals fringed by
amghibole. The skeletal olivine crystal pseudomorphed by czlcite,
shown in figure 3~k is close to the margin of this pod which lies just
outside the field of view of figure 3-4., These pods clearly formed by

dissolution and replacement of the material surrounding the vesicles.,

The intensely altered lavas M 29-32, M 49-50, both contain
'vesicle-like! structures with frayed margins of altered basalt. Those
in M 47-50 are rich in quartz, chlorite and amphibole and contain
small fragments of altered basalt, The veins in M 29-32, the Toll
Doire quarry lava, contain amphibole needles, albite and quartz, and
in wider veins calcite also occurs. The most altered samples from this
lava have irregularly sheaped segregations which contzin altered besalt
fragments znd the some mineral asgemblage - guartz, albite, calcite
and amphibole - as the veins, suggesting that these appsrent vesicles

zre z21so dissolution structures.

Figures 3-14 and 3-15 show two chlorite-rich pods from the lower

flow in the drill core, C 191-232a/b, znd the upper flow of Pennygown
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Figure %2 - 12  Secondary minerzl pod in M 15,
f1lbite enclosing calcite which in turn encloses epidote
and a single irregulerly shaped hydrogrossular crystal,

Field of view : 4,32mm by 3mm,

Figure 3 - 12 Chlorite, czlcite secondary minerzl pod in M 16,
The centre of the pod conteins zcmphibole-fringed, relict pyro:enes,
Zimilir crystals project Into the ped zlong the right hand margin,

Field of view : 4,2mm by 3mm,
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Figure 2 - 14 C 199 - chlorite-filled secondary minerzl pod
surrounded by dzrk helo of altered rock. In the upper right corner
is an eltered plagioclase phenocryst containing numerous small

inclusions of chlorite and sphene, Field of view : 7mm by 4,9mm,

v .;__“__‘r“

A P e

e g "'b ‘-':"1‘-’ ;

4 : b T W -

Fleure 2 -

S K 26 - crlorite filled secordrry mireral pod, See
1

1
text for explanstion of numbers. Field of view : 10mm by 7mm,
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querry, M 26-28, respectively. Unlike the secondary mineral pods
described above, these are regular in shape, resembling vesicles, )
and no unaltered crystals or basalt fragments were observed inside
them. The pods are surrounded by haloes of intensely altered rock,
rich in sphene and opaques (Appendix I-D, M 70). Several zones can be
jdentified in the larger pods in M 26-28 and these are shown in figure
3-15. In sequence from the surrounding lava to the centre of the pod
they consist of :- '

1 - sphene and oxide-rich intensely altered lava

2 - blotched lava containing small segregated patches of quartz,

_chlorite, epidote and albite
3 - thin quartz-rich rim
L4 - chlorite frequently associated with small blebs of secondary
mapgnetite
5 -~ (in large pods only) calcite and laumontite/leonhardite,
trace of albite,

The large pods in these lavas are connected to veins, those in
M 26-28 are connected to the base of the lava by thin celcite-zeolite
veins, and the pods in C 191-232a/b pass laterally in chlorite veins,
These two lava flows are fine-grained and hence, the individual cryst-
als have high surfaceareg/bolume ratios rendering them susceptible to
alteration. These pods could thus be replacement structures produced

by less setective alteration than that which occurred in flow M 13-22.

In contrast to the thin veins comnected to the secondary min-
eral pods, the large hydrothermal veins which have frequently fract-
ured and brecciated the gregn schist-facies lavss; rarely contain the
same mineral assemblages as the flows they transect., Most consist of
mixtures of calcite and Ca-zeolites, with or without traces of quartz
and chlorite (figs.3~16 and 3-17). Some nearly monominerelic veins of
cilcite or zeolite also occur, one example being the laumontite/leon~

hardite vein, from Pennygown quarry{mouw).

Investigations of noatural geothermal systems and experimental
studies have demenstrated that, in addition to temperature and
pressure, the COp content of the associated fluids exert strong cont-

rols on the appearance of carbonate or Ca-Al hydrosilicates (e.g. Zen
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1961, Muffler and White 1969, Browne and Ellis 1970, A.B.Thompson
1971). In an H,0-CO, fluid phase bearing the components for calcite,
zeolite et cetera, it would be expected that at any XCO,y gither
calcite or zeolite could precipitate. Stable calcite-zeolite ass-
emblages are formed only 1f the XCO, of the associated fluids is low
or, under univariant conditions. Neither of these situations is in-
dicated by the widespread deposition of calcite in the vesicles and
éecondary mineral pods and univariant conditions are only likely to
approzched in closed systems, Iittle experimental data are available
for the relevant equilibria, but the critical values of XCO2 appear
to be low. Liou (1971), for example, found that wairakite was not
stable relative to calcite and montmorillonite at T = 32?°C,Pf = 2000
bars with Xgp, = 040l. fnalyses of natural waters from zeolite ter-
rains (Ellis 1959, 1963) indicates that XCO, in the fluid-phase may
be of the order of 0.02. Accordingly, A.B.Thompson (1971) suggested on
theoretical grounds that hydrothermal calcite-zeolite veins indicate
non—-equilibrium conditions. He proposed thet in order to precipitate
both phases from the same fluid it is essential that the carbonmate is
precipitated first. This would lower PCO> to the equilibrium value

50 that zeolite could form. If the zeolite were precipitated first,
this would probably be converted to carbonate plus an a2luminous-phase
by reaction with the H,0-CO, fluid. Evidence for both these sequences
can be observed in the Mull hydrothermal veins.,

Figure 3-16 chows part of a calcite-stildite vein from = hydro-
thermal breccia in the flow M 47-50 (&ppendix I-D, M 49). The stilbite
crystals are restricted to the centre of the vein, indicating later
deposition. In meny of the Mull hydrothermal veins, such as M 49,
calcite precipitction and carbon dioxide loss will have been promoted
by boiling of the fluids following hydrofracturing, In contrast,
figure 3-17 shows a2 leunontite-calcite-quartz vein, ¥ 24, from Penny-
cown quarry ‘in which the zeolite crystals were deposited first. The
vein contains numerous small shear planes zlong which the calcite
crystels tend to occur, suggesting they were deposited from later

influres of fluid, The calcite crystals shovm ir figure 3-17 are

)]

surroundcd b o fringe of smell, rodicting, micececus crystals which

v

[¢

ol

2preer to have a reaction relationship with the laumontite. No positive

{
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Figure 3 - 16  Central part of calcite-stilbite vein M 49,
Field of view : L4.5mm by 3,1lmm,

Figure %2 - 17  L:umontite-colcite-quartz vein, M 24, The cnlcite
is fringed by smzll radi-ting micaceous crystals which have 2 reaction

o

relationship ith le lourontite crystals,
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identification of these radizting crystzls could be mude as a1l
attempts to isolate or concentrate them for X-ray diffraction worl,
failed. Their optical properties are consistent with either, the
calcic mica, margarite or, pyrophyllite - a relatively common phase

in low-grade metasedimentary sequences. Many of the other Mull hydro-
thermal veins shew evidence for more than one phase of fluid injection,
including the hydrothermelly brecciated sample, C 232a/b, from the base
of the drill core.

3, Intra-lava chemicel variation

The similar textures of the zeolite- and greenschist-facies
lavas indicate that the hydrothermzl slterztion of the latter involved
little chonge in total volume. The extensive growth of secondery min-
erzlz in tle creenschist-facies lavas must, therefore, hove been accomri-
odated by considerchble elemental mobility ard consecguent compositional
changeses 411 the lavas show variations in oxidation stote but the bulk
compociticnal changes within several of them are cmall - reflecting
the fact that the samples from these lava flows show similar degree of
clteration. Flows M 34-36, M 37-38 znd M 1-46 are only slightly alt-
ered whilst, flows M 26-28, M 29-32 and M 47-50 are extensively alter-
ed (see Table 3-1). These samples can thuc provide limited informztion
only on element mobilities during alteration. In contrast, the two
cections through the FPennygown Quarry lava, M 13-22 and C 54-158, and
the lower flow transected by the drill core, C 191-232a/b, show trans-
itions from dark relotively unzltered lava to green 'spilitic' mat-
eriel deveid of igneous minerals. These three lava sections show vari-
ations in 21l the major and trace elements and the minerzlogical und
chemical chanrces cceross them are summarised in figures 3-18 to 3-23
It should be stressed that none of the greenschist-fzcies lavas cont-
ain fresh olivine (other than a trace in M 35) znd in most of them
scme tlterztion of the feldspars has occurred. Hence, the nature of

the chemiczl changes during the initicl stages of the clterction can-

not be ecteblished by studies of intra-lava variction alone.

tobile ong immobile clements

Comparison of figures Z-18 to 3-21 demonctrates thot the chem-

iccl effects of dter:tion very frem flow to flow, If
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within each lava section Ti0Op, Zr, Y, Nb, Ta, Hf and the REE show
similar distributions and preserve almost constant ratios, suggest-
ing immobility. In both M 13-22 and C 1912/b the abundances of this
element group increase in the most intensely zltered samples indicat-
ing that leaching of more easily mobilised elements has caused them
to be concentrated in the residual material. f -

In M 13-22 the only secondary m1neral phase that takes up
significant quantities of calcium is sphene. Consequently, the pro-
gressive replacement of plagioclase and pyroxene by albite and
chlorite, respectively, as the margin of this flow is approached
has caused a decrease in Ca0 and an increase in NayO. The disappear-
ance of pyroxene from the flow margin is accompanied by a sharp drop
in Ca0 ~ from 6.8% in M 14 to 2,19% in M 13 - but no net increase in
the chlorite content of the lava (Appendix I-C), The MgO/FeO ratios
of the éhlorites 2lso decrease in the margin of the flow suggesting
some leaching of Mg occurred during the alteration of the pyroxenes,
Drastic loss of Pp05 also occurs at this point (fig.3-19) indicating
that the breakdown of the pyroxenes allowed alteration of the enclosed
apatites.

A similar pattern can be recognised in the drill core section
through this lava flow, C 54-158 (fig 3-20,App.I~-B). The most exten-
sively z2ltered samples zre C 54142 from the upper vesicular part of
the flow. Relative to C 145-158, they are depleted in CaO and enriched
in Nas0, The variations in C 54.158 are considerably smeller than in
M 13-22, the lowest value of CaC being 6,6¥% in C 90, due to the depos-

ition of the calcic phase, epidote, in the vesicles.

In contrast, progressive alteration of the flow C 191-2322/b has
caused loss of K50, NasO,and Si0, and enrichment in Cz0, ¥g0, MnO and
FepCz*, Loss of Al503 haes also occurred in the hydrothermolly brec-
ciated sample C 232g/b, This lava flow has been affected by more than
one epicode of hydrothermel clteration, The plegioclases were first
partizlly sltered to Na~- and K-rich felspers and then, in cll the
samples except C 191, replzced by verizble amounts of calcic zeolites

and czlcite as a result of interaction with late-stage fluids - hence
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the decrease in Na20 and KZO' The decrease in $i0, coincides with the.
conversion of pyroxene to chlorite (fig 3-21,App.I-B). The increase in
MgO and Fe203‘ and the limited variations in A1203 content in these
samples suggests that the formation of chlorite was accompanied by
leaching of 5i0,. Some silica will also have been lost during alter-
ation of the alkali feldspars. In C 232a/b,which shows loss of A1,05,
the feldspars are replaced by calcite (fig.3-8). This sample shows
evidence for repeated hydrofracturing and the calcite deposition indic-
ates that the fluids had relatively high values of XCOZ - resulting

in preferential mobilisation of A1, 0, and SiOa.

23

Tables 3-2 and 3-3 are correlation matrices for selected major
and trace elements from the lava flows,M 13-22 and C 191-232a/b, re-
spectively. TiO,, Zr, Y, Hf and the HREE (Nd-Yb) show strong a geochem-
ical coherence throughout the M 13-22 flow and correlate negatively
with Ca0 - confirming the hypothesis that they were immobile during
alteration, If M 13 is excluded from the calculations then the correl-
ation coefficient between TiO2 and P205 is 0.89 indicating that prior
to the breakdown of apatite, phosphorus was also immobile. Ta, Nb, Th
and Ce show similar but poorer correlations. The abundances of Ta and
Nb in the Mull Plateau lavas are extremely low and small changes in
their concentrations are difficult to measure. Since both these ele-
ments enter Ti sites their distributions within the flow are likely to
resemble that of TiO2 and these poorer correlation coefficients are not
thought to be significant. In flow C 191-232a/b, TiOa, P205, Zr and Y
also behave coherently, but in this particular flow they correlate
negatively with the mobile elements $i0,, K;0, Rb, Na20 and Sr and pos-
itively with CaO, Fe203‘ and MgO which are clearly less mobile.

Four chondrite-normalised REE patterns from M 13-22 are shown
in figure 3-22 and summarised data for the REE is listed in table 3-4.
The slopes of the patterns as expressed by (Ce/Yb)N are constant and
there is no change in the abundance of the LREE (La and Ce) relative
to the HREE, except in M 13, The Th/Yb ratio also decreases to 0.49 in
M 13, whilst in the other samples this ratio varies between 0,62 and
0,58. Since La, Cé and Th will enter apatite the coincidences of these

changes with the marginal decrease in P205 clearly demonstrates that



Table 32 Correlation matrix for fifteen major and trace sleaents in K 13-22,

The two values for PoOc were celculated as follows i1 (1) includiang M 13; (2) excluding M 13,

(1)

(2)

Ca0 ar P05 P05 0 2r 4 »n Ta | 14 ™ Ce L7} sa | n
Cad 1.000
ar 0,145  1.000
Pa05(1)| 0.673 0,447 1.00.0
P05 (10} -o.6§1 0,220 — 1.000
O, ~0.923  -0.05%  -0.,4% 0.859 1.000
2r 0,92  ~0.195 -0.59%6 0.716 0.947 1.000
4 ~0.827 -0.35% -0.587  0.606 0.872  0.923 1.000
N ~0.48%  ~0.04  ~0,177 0,681 0,493 0,58 0.532 1,000
Ta =0,506  ~0.543 0,195 | 0.671 0.5 0,371 0.278 0,188 1.000
L 14 0,771 o1 -0,123 0.6 0.753 0.616 0,492 0.178 0.892 1,000
™ LoA8h  0MBL 0472 0.552  0.523 0293 0.7 063 0.967  04%L  1.000
Ce ~0.835 0.220 0,276 0,564 0.772 0.6 0,503 0.071 0.829 0.97% 0.469 1.000 .
L2} ~0.82 0121  -0.26 0,702 0.838 0,693 0.6 0.28 0.359 0.926 0.8% 0,909 1.000
sa -0.88 0,235 0.2 0.672 0.83% 0,764 0.622 0424k 0,705 0.899 0.55% 0.908 0.8% 1.000
> ~0.957  =0.,112  =0.590 0,626 0.865 0.849 0.804 0.20 0.5% 0.817 0.659 0,850 0.890 0,870 1,000
™ 0,914 0,029 -0.461 0,563 0,858 0.758 0.710 0,111 025 0.838 0.832 0.919 0.963 0.93 0,014 1.000

6



Table

3-3 Correlation matrix for thirteen major and trace elements in C 191-232a/b.

Ca0 Sr K50 Rb Naj0 S0, A1,0;, MgO Fey03 P05 TiO, Zr Y
Ca0 1.000

Sr -0.554 1,000

Ko0 [ =0.709 00541 1,000

Rb 0,750 0.471 0,983 1,000

Nag0 |-0.767 0.135 0.238 0,329 1,000

5i0p |=0.748 04753 0.606 =-0.,069 0,611 1,000

A1p03 [=0.073 O.494 -0,688 -0,740 0.027 0.369 1,000

MgO 0.631 =0.027 0,002 =0,106 -0.874% -0.543 -0.985 1,000

Fep03*| 0,784 -0.492 <0.365 =0.418 =0.663 =0.,976 =0.290 0,815 1.000

Po05 | 0.873 -0.479 -0.702 -0.307 -0.62F -0.839 =-0,006 0.623 0.865 1,000

TiO; | 06830 =0.475 -0.,466 =0.505 =0.670 =0.836 =0.155 0,782 0.976 0,919 1,000

Zr 0,786 0,822 =0.797 =0.746 =0,349 =0.,863 =0.203 0,240 0.679 0,807 0,755 1,000

Y 00792 =0.615 =0,762 =0.703 =0,334 -0.844% 0.012 0,216 0.582 0,761 0,668 0,89% 1,000

§6
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Figure 3 - 22 Chondrite-normalised REE patterns for four samples

from the Pennygown Quarry lava.

Table 3 - 4 Selected rare-earth and trace element data from the

section M 13 - 22 through the Pennygown Quarry lava.

Sample Ce Tb Th (Ce/Yb)N Th/Yb
(ppm) (ppm) (ppm)
M 13 23.64 2429 1.13  2,630,11 0.49
M 14 22,53 2,01 1.23 2.86%0,07 0.61
M15 | 23.28 2.08 | 1.27 2.83%0.06 0.61
M 16 22,56 1.99 l.23 2.87%0.07 0.62
M 17 19.93 1,71 1.02 2.95%0.06 0.60
M 18 19.96 1.75 1.02  2,92%0,07 0.59
M 19 20420 1.69 0,99 3,02%0,06 0.59
M 20 20.23 1.88 1.10 2,72%0,08 0.59
M2l 20425 1.71 l.04  3,00%0.09 0.61
M 22 19,51 1.80 1.05 2,76%0,09 0.58
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Figure 3 - 23, Chondrite-normalised REE patterns for five samples
from C 191 - 232a/b, the lower flow in the drill core.

Table 3 - 5 Selected rare-earth and trace element data from
C 191 - 232a/b. C 193 may have suffered slight LREE loss.

Sample Ce Yb (Ce/Yb)N Th/Yb Ta/Yb Nb/Y
(ppm) (ppm)

c 191 51,48 3,19 4,1030,08 0434 0.25 0e33

c 193 50,88 3,48 3,72%0,08 0.28 0.21 0.31

C 205 45,99 2.99 3,91%0,08 0.32 0.23 0,28

G 225 L4, 26 2.82 4,00%0.10 0.31 0.22 0.28

C 232a/b | 49.33  3.24  3.88%0.18  0.24  0.19  0.24




they can be attributed to the breakdown of this phase in M 13, In
contrast, in C 191-232a/b there is little change in (Ce/Yb)y or the
Th/Yb ratio despite the alteration of pyroxene in the marging of this
flow (figure 3-23, table 3-5). P 05 also behaves as an imuobile ele-
ment in all the samples from this flow, and it is evident that apatite
only breaks down under conditions of extreme metasomatism. Since C 191-
232a/b is more evolved than M 13-22,Ta and Nb have higher abundances
in this flow. Both elements preserve relatively constant ratios with
other immobile elements in C 191-232a/b (Table 3-5), suggesting that

the poor correlations for Ta and Nb in M 13-22 are due to analytical

problems as discussed above.

Both sphene and epidote are rare-earth acceptors. Epidote was
separated from the vesicles in the drill core section, C 54-158, and
analysed for REE. It contained 1,17 ppm of Ce and O.5 ppm of Eu, but
none of the other REE were detected. The presence of a trace of Ce in
the vesicles supports the hypothesis that limited mobility of the LREE
occurred during extreme metasomatism. The presence of Eu is also sig-
nificant as M 13, which is highly reduced, contains a small positive
Eu anomaly, indicating that some separation of Eu as the divalent ion

occurred in the margin of the flow.

Sphene, which is present in all the greenschist-facies lavas,
unlike epidote, will accept all the elements postulated to be immobile
in the above discussion, except phosphorus. The fine grain size and
mixed nature of the secondary minerals prevented separation of this
phase for analysis. Sphene uever occurs inside the secondary minerals
pods and vesicles in the greenschist-facies lavas, instead the altered
lava surrounding these structures is enriched in sphene (fig.3-15,
Appendix I-D, M 70). The mineralogical and chemical gradients across
the secondary mineral pods will represent solubility gradients and
the concentration of sphene around the margins clearly indicates that
it is the principal repository for the immobile elements. In contrast,
some mobility of Ti is indicated by the growth of sphene inclusions in

some of the feldspars. Nevertheless, the extent to which any partic-

wlar element can be considered immobile depends on the physical scale

over which the chemical variation is investigated. TiO2 and Zr, for
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example , have correlation-coefficients of 0.95 in M 13-22 (2 kgm
samples crushed for analysis) and 0.85 in C 54-158 (samples of approx-
imately 50 gm crushed for analysis). The data suggest that in the Mull
lavas these elements were mobile on a millimetre rather than a centi-

metre scale.

The proportional changes in the abundances of the immobile
incompatible elements mimic the changes produced by crystal-fraction-
ation processes. This raises the possibility that some of the vari-
ations are due to variable distributions of phenocryst phases within
the lava flows. In the zeolite-facies lavas this was only found to
occur in the magnesian-basalts. Since unaltered Cr-spinels persist in
most of the samples from the Pennygown Quarry lava, Cr should also
behave as an immobile element in this flow. The element fratio Ti/Cr
varies between 12 and 15 in all the samples from this lava flow except
C 153v, which contains segregation vesicles and has a Ti/Cr ratio of
22. These values may be contrasted with those for the zeolite-facies
lavas., Ti/Cr varies between 11 and 12 in LA 13-15, whilst in the {low
LA 16-18, which does show olivine accumulation, Ti/Cr varies between
13 and 20 and rises to 28 in the segregation vein, LA 19ZR. Any vari-
ations in the phenocryst distribution within the Pennygo&n Quarry lava
were thus small and unlikely to affect the incompatible element abund-
ances significantly. The changes in these in the greenschist-facies

lavas can clearly be ascribed to leaching processes.

These conclusions are in direct contradiction to those of Hell-
man et al. (1977) who stated that the preservation of nearly constant
ratios by a group of elements during alteration indicated, mot immobil-
ity, but rather a strong geochemical coherence during redistribution.
Hellman et al. studied the REE distribution in the Cliefden outcrop -
an exposure of Ordovician basalt affected by prehnite-pumpellyite
facies metamorphism. Discussions of chemical variation in the Cliefden
outcrop, which contains no unaltered material, are based on the assump-
tion that it was once a homogeneous basalt lava flow (Smith 1968,

Smith and Smith 1976, Hellman et al. 1977). The published description
of this outcrop by Smith (1968) shows that it is texturally inhomo-

geneous on both a megascopic and microscopic scale. It contains numer-
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ous chilled margins, poorly preserved pillows, patches of coarse
grained lava, breccia zones and amygdale horizons (op.cit.figures 1
and 2, plates A to D). In addition it is a classic locality for seg-
regation vesicles (Smith 1967). The samples used in all the studies
of this exposure were small (approximately 20 cm3) and several came
ehtirely from aﬁygdale'layers. The abundances of the incompatible
elements show extremely large variations in the Cliefden outcrop -~
Zr, for example, varies between 20 and 159 ppm. These variations may
‘be contrasted with the relatively small changes in abundance shown
by the Mull greenschist-facies lavas, described above, and the two-
fold variations in trace element concentrations between the segregat-
ion vein LA 19ZR and the adjacent lava LA 19R, described in chapter
two. The resemblance of the REE'distributions in the Cliefden outcrop

to a fractionation trend is almost certainly more than coincidental.

Changes in oxidation state and volatile content
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Figure 3-2k FeZOB/FeO versus H,0 in the greenschist-facies lavas.
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The oxidation states and/or the H,O contents are frequently
used as an index of the degree of alteration in low-grade meta-
basalts. Figure 3-2% shows that there is no overall correlation bet-
ween these two parameters in the Mull greenschist-facies lavas, al-
though limited covarience of Fep03/FeO ratio and HpO content does
occur within some of the lava flows. Significantly, comparison of
figures 3-2l4 and 2-7 reveals that the greenschist- and zeolite-facies

lavas exhibit a similar range of oxidation states.

During hydrothermal alteration the Fe:Ti oxides were first ox-
idised then converted to sphene, an Fe-poor phase. In most of the
lavas the only phases that take up significant quantities of iron are
chlorite and amphibole, which are both ferrous ion minerals. The sect-
ion M 13-22, through the Pennygown Quarry lava, shows a regular de-
crease in oxidation state towards the margin of the flow that can be
attributed to the growth of sphene and chlorite at the expense of the
Fe:Ti oxides (figs. 3-18, 3-19). The variable Fe03/FeO ratios in flows
M 34-36, M 37-38, M 41-46 and M 29-30 shown in figure 3-26 can also be
ascribed to the formation of sphene, M 29-32 which is extemnsively
altered is the most reduced whilst the other three flows show only

limited sphene formation.

The secondary mineral pods and vesicles tend to contain ferric
ion minerals, suggesting that small variations in the water/rock ratio
exerted a strong influence on the oxidation states of the lavas. In
the flow M 26-28, which shows a positive correlation between Fep03/Fe0
ratio and Hp0 content, secondary mineral pods containing chlorite and
blebs of magnetite occur and the altered lava surrounding these pods
contains both sphene and epidote (fig.3-15). Similarly, epidote in-
fills vesicles in M 45, which is oxidised (fig.3~9). The drill core
section through the Pemnygown Quarry lava, C 54158, shows little
overall change in Fep03/Fe0 ratio as the reducing effect of chlorite
and sphene formation has been offset by the deposition of epidote in
the vesicles ( figure 3 - 20 ). The marginal sample, C 191, in the
flow C 191-232a/b contains epidote, and secondary mineral pods contain-
ing small blebs of magnetite occur in C 191-205. The next effect is
that the upper part of this section shows little change in Fe203/F90
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ratio except in C 191 which is oxidised, whilst in the lower half of
the section the growth of sphene causes reduction- (fig, 3-21).
Finally,.the variable Fep03/FeO ratios of M 47-50 reflects the pres-

ence of magnetite in vesicle-like structures in M 48,

The H>O contents of the greenschist-facies lavas also show
limited correlation with the extent of hydrothermal alteration. The
lava flow M 34-36 which contains traces of unaltered olivine in one
sample has higher H O contents than two of the samples from M 47-50
in which most of the igneous minerals have been altered. Figures 3-18
to 321 show that neithér H>0 nor total volatile contents vary direct
ly with the visible degree of alteration within individual lava flows.

Zeolites can contain up to 20 wt% H,0 whilst chlorite contains
up to 13 wt®% Hy0. In contrast, epidote and amphibole typically have no
more than 3 wt® H>0. It was shown in chapter two that the relative
proportions of the igneous phases controlled the extent to which in-
dividual lavas are hydrated. Clearly, the nature of the secondary min-
erals replacing the primary phases is also important. This is neatly
illustrated by comparison of samples C 191 and C 193 from the margin
of the lower flow in the drill core. These samples show a similar
degree of alteration as the pyroxenes and feldspars have been complet-
ely replaced in both of them. C 191 contains epidote and albite and
has a H>O content of 4.2% whilst, C 193 contains chlorite and zeolites
and has a Hy0 content of 10.3%. The higher HyO content of M 34-36,
relative to M 47-50, despite the extensive alteration of the latter
flow, is due to the fact that M 34=36 contains chlosite, whilst, M 47-
50 contains amphibole. The volume changes ( and the degree of element-
al mobility) resulting from the growth of epidote and amphibole will
also be smaller than those resulting from the formation of chlorite.
and zeolites (c.f. C 191 and C 193 figure 3-21). Clearly, volatile
contents and oxidation states cannot be used as reliable indices of
alteration in a suite of lavas of initially varying compositions which

have been replaced by a variety of secondary minerals.



103

Effects of hydrothermal alteration on 975r/80sr ratios

Recent studies have demonstrated that the 875r/86sr ratios of
Mull lavas collected from outside the central hydrothermal aureole
vary between 0,7028 and 0.7054 (Beckinsale et al. 1978, Carter et al.
1978). It therefore seems likely that the greenschist-facies lavas
will also exhibit a range of 87Sr786Sr ratios that will show no con-
sistant relationship to the degree of alteration. Accordingly, the
Sr isotope variation in the section, M 13-22, through the Pennygown
Quarry lava was investigated. In addition.a secondary mineral pod
(M 75) that formed immediately above the base of the overlying lava,
and the two discordant vein samples, M 24 and M 64, were analysed in
order to determine the 87517865r ratios of at least some of the hydro-
thermal fluids. The results are all listed in Table 3-5,

Within the lava flow the age corrected initial 87Sr/868r ratios
range from 0,70519 in the least altered samples near the base of the
section, to 0,70467 near the top of the flow. The Sr isotope ratios
show no correlation with either the Sr or Rb distribution in the flow
(fig.3-19) but the decrease in 875r/86sr corresponds with the increase
in the degree of visible alteration and decrease in oxidation state to-
wards the flow margin. 143Nd/14%4Nd ratios were determined on two of
the samples, M 20 and M 14, using the technique described by Hawkes-
worth et al. (1978). In sharp contrast to their variable 87sr/86sr
ratios, their Nd compositions are isotopically indistinguishable (M 14,
0.51265 * 3; M 20, 0,51265 % 2; two sigma errors).

To investigate further the Sr isotope geochemistry, pyroxene was
separated from M 20 and it and some whole rock powders were subjected
to leaching experiments. Leaching was carried out with 6 M HCl in
sealed teflon bombs for 14 hours at 130°C (O'Nions and Pankhurst
1976). X-ray analysis of the powders before and after leaching showed
marked increase in the concentrations of pyroxene and to a lesser ex-
tent plagioclase, due to the dissolution of secondary minerals such as
chlorite (fig.3-25). Analysis of the residue after leaching should
thus provide 87Sr/865r ratios closer to the pre-alteration composition

of the lava flow.
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Table 35 Rb-Sr results.

875r,/8650 (87317863r)°c

Sample ‘Rb®  Sr?  Rb/Sr i

M13 7.17 271 0.026 ,0.70486 % 3 0.70479

M 14 1,76 375 0,005 0.70489 * 3 0.70488

M 15 2.51 279  0.009 0.70469 * 3 070467

M 16 1.8 443 0,027 0.70482 £ 3 0.70475

M 17 14.5 338 0.043 0.70496 £ 3 0.70485

M 18 15.4 210 0,050 0.70506 ¥ 4 0.70494
(0.70519 I 2)

M 19 11.6 274 0.042 0.70505 ¥ 5 0.70495
. (0.70514 % 4)

M 20 2,62 340  0.008 0.70515 ¥ 2 0.70513
(0.70525 % 6)

pyroxene (0.26)  (51.9)(0.005) (0.70520 t 2) (0.70519)

M2 9.08 299  0.0%0 0.70519 t 3 0.70511

M 22 14.6 311 0.047 0.70531 % 3 0.70519

(11.6)  (129) (0.090) (0.70538 % 4) (0.70516)

M 24 2x 169%  0.012 0.70521 ¥ 6 0470519

M 64 2x 359X 0,006 0.70467 ¥ 3 0.70466
M 65 0.70505 ¥ &4

M 754 0.70421 ¥ 6 -

M 75B 0.70427 ¥ 4

a Rb and Sr contents determined by isotope dilution (ik%) unless
postscripted ¥ which denotes XRF analysis

b present day 8781736Sr ratio ¢ two standard errors on the mean.
E-A, = 0.,70807 ¥ 3 and NBS 987 = 0.71029 % 3 during the course of
this study

¢ Initial Sr composition calculated assuming an age of 60 m.y. and

= 1.39 x 2001 y1 sor 87gp decay.
Results in brackets indicate that they were determined on samples
which had been leached in 6m HCl (see text).
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The pyroxene separate has an age-corrected initial 87sr86sr
ratio of 0,70519, while that of the leached whole rock sample is
0.70516, Rb and Sr concentrations for the leached residues from M 18,
M 19 and M 20 are not available but they all have significantly high-
er present day 87517868r ratios than the unleached samples. This
indicates that the altered material tends to have lower 575r/36sr
ratios than the fresh basalt. The leaching experiments and decrease
in.87517865r with increasing bulk rodk alteration all suggest that
hydrothermal alteration of this particular lava flow caused a general
reduction in 975r/30sr. This contrasts sharply with the effects of
sea water alteration as it is well documented that hydrothermal alt-
eration of basalts on the ocean floor results in a general increase
in 875rB6sr ratios. (e.g. Spoon;i:§97;n O'Nions et al. 1978). The
composition of the leached pyroxene separate provides the best est-
imate of the primary composition of the magma (c.0.7052). The two
l"‘LL"Nd/'J-leNd results provide some indication that the lava was iso-
topically homogeneous when it cooled, and that Nd was not affected

significantly by hydrothermal alteration.

The results on the main secondary minerals confirm that the
fluids regponsible for the alteration had low 87 Sr/86 Sr ratios. The
secondary mineral pod from the overlying lava flow gave values of
0.70421 and 0,70427. The two vein samples, M 24 and M 64, have initial
87817865r ratios of 0.70519 and 0.70467 * 3, respectively. M 65, from
the intensely altered basalt surround to this vein where it cuts the
Pennygown Quarry lava, has an87Sr/865r ratio of 0,70505, again signif-
icantly locwer than the estimated initial value fer the flow of 0,7052.
The veins were deposited by later stage fluids than the secondary min-
eral pods and the Sr isotope results could thus indicate a slight
rise in the 875r/86sr ratios of the fluids with time at this locality.

The low 875r/865r values of the fluids indicated by these results
(€0.7048) clearly rule out interaction with either Moinian basement or,
Tertiary intrusives such as the Glen Cannel and Loch Usig granophyres,
which have initial 87sr/86sr ratios of 0.709%4 * 3 and 0.7135 - 0.7162,
respectively (Pankhurst et al. 1978, Beckinsale 1974 ). . Sources
of unradiogenic Sr in the fluids are either unconfirmed but possible

granulite-facies basement, or much more likely, the basalts themselves.



107

The Rb/Sr ratios of the two vein samples lie within the range
determined for the zeolite~facies lavas, as do the 87Sr'/86Sr values
determined for all the secondary minerals. The data indicate that
interaction of heated meteoric water with the lavas caused the chem-
istry of the resultant fluids to be buffered by that of the basaltic
rocks. The average 87Sr/B6Sr value of the lavas analysed by Beckinsale
et al. (1978) and Carter et al. (1978) is 0.7035, and it is likely
that the fluids in this area will have similar 57sr/86sr ratios.
Interaction of these fluids with basalt of Sr isotope composition
0.7052 will therefore result in a reduction in 875r/86sr in the more
altered material (Table 3-5). Moreover, since no systematic variation
in Sr content occurred within this lava section (see fig.3-19) it
would appear that Sr isotope exchange took place with little net add-

ition or removal of Sr.

These results provide considerable constraints on models of the
hydrothermal circulation !cells', They suggest that the Sr composition
of the fluids in the basalt pile was not significantly affected by

interaction with either 'old' basement (perhaps 0.5 km below the
present erosion surface at this locality) or Tertiary intrusive rocks
which outcrop only 1.5 km to the south. Taylor (1977) pointed out that
the temperature and pressure gradients in the immediate vicinity of a
magmatic intrusion would prevent hydrothermal fluids from entering it
until it had undergone a considerable degree of cooling and consolid-
ation. The large number of near vertical fractures and ringdykes
around the central complex will also have served to channel the hydro-
thermal fluids so as to create separate circulation cells inside and

outside the central complex.

4, Mass balances during hydrothermal alteration

Major elements

The extent to which elements have been added to, or subtracted
from, the greenschist-facies lavas can only be fully established by
comparison with the relatively unaltered zeolite-facies lavas., The A,
B and C type lavas (see Table 3-1) can be compared with the magnesian
basalts, less-magnesian basalts and hawaiites, respectively., Samples

C 176 and M 47-50 are more problematical.The contrasting TiQﬁPZQS:Zr:Y
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ratios of sample C 176 and the lower flow in the drill core, C 191~ -
232q/b, demonstrate that the thin, plagioclase-phyric layer above the
breccia zone in the drill core is a separate lava flow. C 176 and flow
M 47-50 are sparsely phyric and contain recognisable plagioclase
phenocrysts only, which may or may not be a result of extensive alter-
ation. Two of the zeolite-facies lavas, LA 1~5 - the basaltic hawaiite,
and LA 7-11 a less-magnesian basalt, are nearly aphyric and plagio-
clase is the dominant phenocryst phase in both (Appendix I-C). Their
compositions may therefore, approximate to those of the precursors of
C 176 and M 47-50. The compositions of the various lava types in the
zeolite- and greenschist-facies zones are compared in figures 3-26 to

3~20.

Figure 3-26 shows that the greenschist-facies lavas tend to be
depleted in SiOp, relative to the zeolite-facies lavas. Three samples,
all of which contain secondary quartz, plot above the zeolite-facies
lavas in figure 3-26, whilst all the rest lie close to or below them,
In contrast, with exception of two samples, the overall range of
Al;0z contents shown by the two groups of lavas is similar, The tit-~
anomagnetite-phyric flows show some depletion in A1203 relative to
the hawaiites. This group also shows the widest range of 5i0, cont-

ents.

In figure 327 the t&o sets of lavas are compared on two sets of
triangular diagrams. In each case the zeolite-facies lavas are plotted
in the left hand diagram. In the ACF diagram :

A = Al03 + Fep03 - (Nap0 + Kz0); C = Ca0; F = F20 + Mg0;
permutations of this diagram have been used by various authors to

show bulk compositional changes in metabasalts (e.g. Jolly and Smith
1971, Humphris and G.Thompson 19?§>. It clearly shows that nearly all
of the greenschist-facies lavas are depleted in Ca@ relative to the
zeolite-facies lavas. The lavas also show variations in their A and F
components on this diagram and these can be disentangled on the ad-
jacent AFM diagram - a conventional (Nap0 + Kz0) = (Fe203 + Fe0) -~ MgO
plot, The iron/magnesium ratios of the different lava types are
clearly similar in both the greenschist- and zeolite-facies flows,

whilst they show considerable variations in alkali content within each
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type. The mean content of the different types of greemnschist-facies’

lavas are not however significantly different from the zeolite-facies

flows.

The immobility of Ti0, and P205 during hydrothermal alteration
is clearly demonstrated in Tigure 328 in which samples from individ-
ual lava flows lie along lines of constant Tio2/P205 ratio, the sole
exception being M 13,which has lost P205 as a result of apatite break-
down. On this diagram two of the altered flows - the Pennygown Quarry
lava and the lower flow in the drill core - appear to be enriched in
K0, relative to the zeolite-facies lavas, whilst none of them show
evidence for significant depletion. Rb and Ba show similar distrib-
utions to K;0 in the altered lavas (figs.3-19 to3-21, ); K50 - Rb
and Ky0 - Ba having correlation coefficients of 0.97 and 0.83 respect-

ively, in the Pennygown Quarry lava. The higher K;0, Rb and Ba

" ————
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Figure 3-27 AFM and ACF diagrams, (see text for explanation). In each case the zeolite-
facies lavas are plotted in the left hand diagram. Symbols as in figure 3-26,
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contents of these lavas is not a primary magmatic feature as the
plagioclases in the centres of these flows have been partially re-~
placed by K-feldspar and some additional source of these elements thus

appears to be reguired.

One possible source is the Non-Porphyritic Central lavas which
have higher K;0 contents than the Plateau Group. The Mull NPC lavas
and dyke shown in figure 3-28 have also been affected by greenschist-
facies, but unaltered NPC type dykes with similar K,O0 contents occur
in the mainland extension of the Mull regional swarm demonstrating
that their high K;0 contents may be primary. (L.Nodes pers.Comm).
Nevertheless, the flow C 191-232a/b shows no K,0 enrichment in the
basal sample, C 232a/b, which is almost adjacent to the NPC type dyke
C 246 recovered in the drill core. The 87sr/86sr ratios of the NPC type
basalts may be higher than those of the Plateau lavas (Moorbath and
Thompson 1979) and the 87Sr/86$r ratio of the Pennygown Quarry lava was
reduced during alteration, The three mugearite flows analysed by Beck~
insale et al. (1978) have higher K,0, Rb and Ba contents but lower
87Sr/865r ratios than many of the associated basalts. The Sr-isotope
data discussed above clearly indicate that the compositions of the hy-
drothermal fluids were buffered by the lavas and thus the enrichment
in K0 etc. in the greenschist-facies lavas could be explained if the
evolved lava types were more abundanttthe missing upper part of the

lava pile than in the present day erosional remnant.

The only lava section in which the elemental gains and losses
during alteration could be quantified was the section M 13-22, through
the Pennygown Quarry lava. This section is almost completely non
vesicular anéd hence the chemical variations across it can be attrib-
uted directly to the progressive alteration of the primary phases., The
results in terms of grams of oxide lost or gained per lOOcm3of rock
altered are shown graphically in figure 3-29. Three different calcul-
ations were performed. The dashed and dotted lines in figure 3-29 show
tne results obtained assuming constant volumes were maintained during
alteration and using an average magnesium basalt composition and
sample M 20 as the starting materials, respectively., M 20 was used
as it has the lowest Ey0 and highest Ca0 and modal pyroxene contents.

The solid line shows the results obtained assuming constant TiO,
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content and again using M 20 as the starting material. The close
agreement between the solid and dotted lines for all the oxides
demonstrates that the constant volumes assumption is a valid one. The
density data used in the calculations are all listed in Appendix I:F.
Similar calculations were not performed for the other lavas as many
cannot be matched up with a suitable counterpart in the zeolite-
facies zones whilst, constant volume constraints cannot be applied to

highly vesicular or hydrothermally brecciated samples.

Comparison of figures 318, 3-19 and 3-29 discloses that the
alteration of plagioclase and pyroxene did result in drastic leaching
of Ca0 and some enrichment in Nay0. The calculation using the average
magnesian basalt allows the compositional changes during the initial
stages of the alteration which cannot be deduced purely from the
intra-lava variation to be established. The central part of the section
is depleted in Si0O,, Mg0 and Fe203‘ relative to its probable initial
composition, suggesting the conversion of olivine to chlorite was acc-
ompanied by migration of the olivine components. The smaller but sig-
nificant depletion in Ca0, Nay0 and A1203 probably reflects the part-
ial replacement of the plagioclase by K-feldspar. Nevertheless, A1203
and Fe203‘ increase in the upper parts of the flow which also shows
no further net loss of MgO. The extensive breakdown of the primary
phases in the flow margin released A1203 for chlorite formation which
was clearly accoé%dated by preferentiig mobilisation of the feldspar
components. The only oxides in which lava flow shows a net gain are
K-0, Nay0, H,0 and COp. Little corresponding increase in Nay0 occurs
at the base of this lava flow (c.f.figs.Z~19 and 3-20). Significantly,
the flow is overlain by an evolved Na-rich lava whilst judging by the
position of sample C 176 in figures 327 the underlying flow was less
evolved, suggesting that considerable exchange between adjacent lava

flows occurred.

It is apparent from figures 3-26 and 3-27 that all the lavas,
not just M 13-22, are depleted in Ca0 and SiO,, but that A1203, Fe203‘
and MgO are considerably less affected. The extent of the composition-
al changes appears to have been controlled by the relative proportions

of the primary phases in the lava flows. In the Pennygown Quarry lava
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relationships in the greenschist-facies lavas. Symbols as in

figure 3-24.

which had a high proportion of mafic to felsic phases, MgO and Fe203‘
were mobile and A1203 behaved as a relatively immobile element -~
A1203 and TiOa have a correlation coefficient of 0,87 in M 13-22 -
suggesting most of the aluminium released by the feldspars was con-
sumed in the formation of chlorite from olivine and pyroxene. In
contrast, in C 191-232a/b, which had a relatively high proportion of
felsic to mafic phases, Fe203‘ and Mg0 were relatively immobile,

whilst A1203 was mobilised (Table 3~3 and fige3~21).
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The effects of the hydrothermal alteration on the norms of the
lavas is illustrated in figure 3-30. Comparison with figure 2-12 A
shows that the overall range of Si-saturation shown by the zeolite-
and greenschist-facies lavas is similar. The effects of leaching both
Ca and Si from the lavas would thus appear to cancel each other out.
Nevertheless, the nét loss of Ca0 has caused the norms of the green-
schist-facies lavas to be poor in di and rich in o0l and hy relative
to the zeolite-facies lavas, and the extremely Ca-depleted samples

have become corundum-normativee.

Trace elements

The behaviour of TiOp, Pp0s, Zr, Nb, Y, Ta, Th, Hf and the REE,
which were relatively immobile, and Rb, Ba and Sr,which were mobile
during alteration have all béen discussed above. Cr was probably
unaffected in most of the lavas. In the more-evolved lavas which con-
tained titanomagnetite phenocrysts the abundance of this element are
too low to demonstrate any unequivocal relationship with the other
immobile elements and hence the Cr data for these flows should be
treated with caution. Ni correlates with MgO in most of the lava flows
but not in the Pennygown (uarry flow in which Mg0 was clearly mobilised
(cof. figures 319 and 3-21). The distribution of Ni within this flow
also shows no correlation with the immobile trace elements indicating
mobility. Nevertheless, no covarience of Ni with Cu or Zn could be
detected indicating it was not taken up by secondary sulphide form-
ation, and Ni was detected in many of the chlorites in this flow
(e.g. Appendix I-Dy M 13 nos.8,9). The separation of Mg and Ni in this
lava thus reflectsmerely differing solubilities in the hydro-
thermal fluids.

Cu and Zn show covariance in several of the greenschist-facies
lavas (M 34-36, M 26-28, M 41-46, M 37-38), The variation in these
flows are similar to those in the zeolite-facies lavas discussed in
chapter two. In the other lava flows both Cu and Zn varied but showed
no correlation either, with each other or, with any of the other ele-
ments. In several of these lavas (M 1322, M 29-32, M 47-50) secondary
Cu sulphides were observed replacing magnetite in the vesicles and

secondary mineral pods but little or no zinc was detected in these,
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(e.g. Appendix I-D, M 13 no.15). The average Cu and Zn content in
these flows is lower than that in the zeolite-facies lavas and it
seems that some mobilisation of these elements occurred during alter-
ation, The extent is impossible to calculate as the intra~lava vari-
ations in the zeolite-facies zones is greater than any of the inter-

lava variations,

Conclusions to chapter three.

The hydrothermal fluids failed to achieve any significant pene-
tration into the crystalline Moinian rocks forming the basement to the
lava pile. Separate 'Circulation cells' were established inside and
outside the central intrusive complex and little, or no, chemical ex-
change occurred between the intrusive and extrusive rocks; instead the
composition of the fluids circulating within the lava pile was buffered

by the lavas themselves.

The ratio of COp/Hp0 in the fluid phase was low and was cont-
rolled by the mineral reactions. Additional evidence for a low partial
pressure of COp is furnished by the presence of sphene, rather than

rutile or anatase in the flow interiors. (Schuiling and Vink 1967).

K, Rb, Ba, Na, Sr, Al, Mg and, to 2 lesser extent, Fe were re-
distributed within the lava pile - mainly as alkali feldspar and
chlorite - whilst Ca and Si were leached and deposited in veins and
vesicles - mainly as CaAl hydrosilicates, quartz and calcite. The
extent of the element mobility varies from flow to flow depending on
the relative proportions of mafic and felsic phases within them,
Nevertheless, none of the greenschist-facies lavas can be considered
to have magmatic compositions as alteration of the olivines clearly

involved mobility of both Mg and Si.

Ti, Py Zr, Nb, Y, Ta, Hf, Th and the REE were immobile except
during extreme metasomatism when apatite breakdown caused some loss of
P, Th, La and Ce. Since the addition and removal of mobile elements
causes changes in the concentrations of less-easily mobilised ones,
ratios between these elements, but not their absolute abundances, can

be considered to represent primary magmatic characteristics.
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The greenschist-facies lavas provide a source for the Ca and Si
deposited in the vesicular margins of the zeolite-facies lavase. The
deduced 875r/80sr ratios of the hydrothermal fluids (€0,7048) is sim-
ilar to that of the vesicle infilling, M 56Z, discussed in chapter two
(875r/863r = 0.7042). The two analysed amygdaloidal samples, M 56 and
LA 19, and the basalt flow, LA 7-11, which shows marginal enrichment
in Ca and 87Sr, were all collected from the lowest temperature zone =

the mesolite zone. The zeolite~facies zones, therefore, were not

produced by burial metamorphism, but represent a low temperature peri-

phery to the hydrothermal system. The oxygen isotope studies of
Forester and Taylor (1976) delineated only those areas in which

the igneous rocks and the circulating fluids were not in isotopic equ-

ilibrium. In many areas of low-grade hydrous metamorphism, such as
Mull, Sr isotope analyses of secondary minerals (or a combination of
Sr and O isotope studies) may provide a more accurate geochemical

method of mapping hydrothermal systems than oxygen isotope studies alone.
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CHAPTER FOUR: RECONSTRUCTION OF THE MULL HYDROTHERMAL SYSTEM.

1. Thermal gradients and water/rock ratios.

In active geothermal systems pressure, temperature and solution
composition are accessible to direct measurement. In fossil systems,
such as Mull, these parameters can only be deduced from the mineralog-

ical and chemical changes that have taken place in the altered rocks.

Evidence from O-isotope studies

The 180—Variation in the igneous rocks of Skye has been invest-
igated in more detail than in Mull. Nevertheless, the generalised,
average profiles for the 3180 values of the country rocks around the
plutons in these two igneous centres are similar (fig. 1-4), and in
each case the area of 18€hdepletion is approximately SOOkmz
(Forester and Taylor 1976, 1977). Since Mull is located only 80km
south of Skye and the two centres are approximately similar in age
(Macintyre et al. 1975, Fitch et al. 1978), it is likely that the
early Tertiary ground waters had simila1'8180 values in both regions.
D/H analysis of altered rocks from both Skye and Mull have yielded sim-
ilar §D values (Forester and Taylor 1977, Taylor and Epstein 1968)
which give an estimated 818OH20 of =11 to -12 for the groundwaters
initially entering the convective systems around these two igneous
complexes. The Skye and Mull lavas are petrographically similar,show
a similar sequence of secondary mineral zones (King 1977), and should
therefore have offered approximately equal resistance to hydrothermal
exchange. Accordingly, the similar radial inward depletion in 180
shown by the lavas surrounding these two igneous complexes probably
indicates interaction over a similar range of temperatures and water/

rock ratiose.

Table 4-1 gives the thermal gradients calculated by Forester and
Taylor (1977) for the Skye hydrothermal system from the 180_variation
shown by the country rocks., These calculations are based on several
simplifying assunptions which may not be entirely realistic :-

1., The hydrothermal fluids and the rocks are assumed to have been
in isotopic eguilibrium. It is clear from the compositional

variations detected during this study that tnhe domain of equil-
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ibrium amongst the secondary minerals was considerably smaller
than that represented by a typical thin section. Whether or
not mineralogical disequilibrium necessarily implies isotopic
disequilibrium is not yet clear. In both Mull and Skye the

3 18O values converge inwards towards an approximately constant
value of -4 to -6,suggesting an approach to equilibrium in the
central parts of the system(s) (fig. 1-4). In the outermost
parts of the areas of 18O—depletion, where both the tempera-
tures and water/rock ratios will have been lower, this is un-

likely to have been the case,

2. The calculations were made on the assumption that the complex
reactions and exchanges that occurred in the lavas can be
approximated by exéhange between plagioclase (AnBO) and water,
since little is known of the 180-fractionation between phases
such as chlorite and zeolites and water. Whilst in many cases
this may be a valid assumption it is unlikely to apply to
quartz-rich samples, such as M 13 from the margin of the Penny-
gown quarry flow, which will be richer in 180 than samples
containing little or no quartz (Taylor and Epstein 1967).
During the course of this study an attempt was made to separate
pairs of secondary minerals for which the 180-fractionations
are known, such as quartz and feldspar, but these failed due
to the fine-grained nature of the assemblages. Determinations
of temperature by fluid-inclusion studies proved impossible
for the same reason, as although possible inclusions were de-
tected in several samples these were too small to allow their

contents tobe resolved,

In terrestrial geothermal systems tie thermal gradient is con-
strained by the boiling point curve for water; which permits a maximum
temperature of 31000 to occur at a depth of 1km in a hydrostatic
pressure gradient. In systems involving downwards penetration of met-
eoric water, pressure on the water cannot normally exceed hydrostatic

pressure so that P HZO“V’P load.

Studies of active geothiermal systems have shown that boiling of

the hydrothermal fluids causes rapid changes in pH and loss of COp,
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Calculated temperatures (°C)*® of oxygen isotope exchange between
H.O0 and basaltic country rocks and dikes, assuming closed-system
convective circulation, constant water/rock ratios, and isotopic
equilibrium (because of more complete equilibration at higher
temperatures, and because of radial inward flow of ground water
toward the central complex, the effective W/R ratios must increase
inward; a realistic gradient might be given by the values

- enclosed by the dashed lines).

Temperature, °C

P W/R=08 W/R=0J W/R=10 W/R=15 W/R=20 W/R=30
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-3 o o 565° S 245
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® Assuming $s¢ = dpuagy utiliting the following cquation (i = imitial values, f =
final values):

_\L _ 65—
R — &—[a—12
where
+635 = &K b =—12
and

A = 2358 (10* T —361; T is in *K (O°'Neil and Taylor, 1967).

Table 4 - ¥ from Forester and Taylor (1977).
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promoting the precipitation of first calcite then silicates. (Brown
and Ellis 1970, Tomasson and Kristmannsdottir 1972). The sequence of
secondary mineral precipitation shown by the Mull hydrothermal veins
suggests that the thermal gradients in the Mull hydrothermal system
were similarly constrained by boiling of the fluids. The thermal
gradient enclosed by the dashed lines in table 4=1 is thus probably
far too steep. Nevertheless, the O-isotope data impose considerable
limitations on temperatures and water/rock ratios in the system as the
lower the temperature at which interaction took place,the higher the
water/rock ratios required to produce a particular lsO—depletion would
be.

Evidence from mineral stability relationships.

O-isotope studies can yield little, or no, information ofi the
thermal gradients that prevailed in the zeolite-zones, since all the
lavas outside the prehnite and epidote zones have 'normal! 8‘80
values. If the field data can be reasonably correlated with P-T dia-
grams, then progressive low-grade metamorphism can be calibrated, The
direct application of experimental phase equilibria studies to nat-
ural assemblages is difficult. Few of the secondary mineral species
found in the Mull lavas have been studied experimentally and many of
the studies delineated synthesis fields rather than equilibrium bound-
aries. Most of these studies have been carried out on systems contain-
ing excess quartz, whilst the zeolite species found in the Mull zeo-
lite-zones are those typical of Si-deficient environments, (fig 2-6).
Furthermore, the varied secondary mineral compositions detected within
individual samples cannot be considered to indicate that equilibrium
was achieved. Nevertheless, the fact that the secondary mineral ass-
emblages can be divided into a sequence of progressive zones,and that
these are similar to zones described from other altered basaltic sequ-
ences (e.ge Walker 1960 , Jolly and Smith 1972) argues for at least
a tendency for the rocks to have approached, if not attained, phase
equilibrium,

The boundary between the laumontite and mesolite zones may be
approximated by the reactions :-

Heulundite -» laumontite + quartz + water 1
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Analcite + quartz -> albite + water 2

Reaction (1) has been investigated by Coombs et al. (1959) and
¥inkler (1965). Coombs et al. suggested the equilibrium temperature
for reaction (1) was 280°C at 2kb,whilst Winkler proposed a small
variation about 280°C over the pressure range from 0,5 to Lkb, React-
ion (2) was reversed by Campbell and Fyfe (1965) at about 190°C, 12
bars; by A.B.Thompson (1971) at 150° - 190°C, 4e5 - 2kb and by Liou
(1971) at 183" .- 200°C, 5 - 2kb. Problems in the direct application
of the data to natural parageneses include the stoichiometry of the
zeolites, the structural state of the albite, and the deviations of
the activity of silica from that of quartz and the activity of H0
from that of pure water in nature (e.g. Saha 1959, Coombs and
Whetton 1967, Senderov 1965, 1968).

Most hydrothermal syntheses are carried out under conditions of
Py,0 = Ptotals whereas in meteoric hydrothermal systems Py,0 =~ 7P oade
For the analcite-albite reaction considered above, Coombs et al. (1959)
calculated that analcite stability would be lowered from about 280°¢
where Py = Pyotn) = 1000 bars to only 100°C at Py,g = #Ppopa1 = 1000
bars, The same reasoning applied to the series heulandite-prehnite-
epidote~anorthite suggests that each hydrous mineral is stable at much
lower temperatures in a hydrothermal situation than in a regional
metamorphic environment. If conditions within the rocks are osmotic,
i.es Pyyom ¥iPiota1r and a fissure forms and is held open for growth
then whilst albite grows in the rock, analcite could form in the fiss-~
ure. The large secondary mineral pods and connecting veins in the Mull
lavas contain zeolites whilst the adjacent rocks usually contain

feldspar, confirming that conditions during the alteration were osmotic.,

Studies of contemporary geotnermal areas have revealed that many
of the characteristic alteration minerals are the same and appear in
the same temperature range (Ellis 1967, Brown and Ellis 1970, Steiner
1967, Muffler and white 1969, Tomasson and Kristmansdottir 1972, 1974).
In detail , the mineral assemblages differ due to variations in the
compositions of the original rocks (e.g. Walker 1960 ) nevertheless,

the regularity of these assemblages indicate some systematic response
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of the rocks to the physical-chemical environment and therefore an
approach to equilibrium - metastable or stable. In all these systems,
fluid pressures are less than load pressures and the conditions are
therefore equivalent to those that prevailed during the operation of
the Mull hydrothermal system. The most intensively studied geothermal
fields are the Icelandic geothermal areas. These have been divided
into two main types(Palmason and Saemundsson 1974) :

1. - high temperature geothermal areas confined to, or on the
margins of, regions of active volcanism and igneous intrusion.
Typically three main secondary mineral zones can be recognised
in these areas: a smectite-zeolite zone, a clay minerals-
prehnite zone, and a chlorite-epidote zone.

2. ~ Low temperature geothermal areas located on the flanks of the
active volcanic zones, or in the older parts of the lava pile.
These contain a sequence of three or four distinct zeolite
zones; in order of increasing temperature: the chabazite,

(mesolite), stilbite and lalmontite zones.

These two types of geothermal area can be considered analogous
to tie central greenschist-facies and surrounding zeolite-facies
zones in Mull, The sequence of secondary mineral formation in the Ice-
landic geothermal fields and the rock temperatures at the zone bound-
aries are reproduced in figures 4~1 and 42, Comparison of these with
the Mull secondary mineral zones indicates that the boundary between
the mesolite and laumontite zeolite-zones corresponds to a temperature
of approximately 100°C and that the prehnite/epidote zone boundary a
temperature of approximately 23000. The two flowswhich were sampled
close to the Toll Doire granophyre ring dyke, M 47-50 and M 29-33, the
Toll Doire Quarry lava,- which contain amphibole, rather than chlorite,
as the alteration product of pyroxene - must have been altered at
temperatures approaching BOOOC. Comparison with table 4-1 suggests that
the water/rock ratios varied from 3.0 or more, adjacent to the central

intrusive complex,to 0.5 or less in the zeolite-zones.

2. A hydrothermal-convection model for the Mull geothermal svstem.

In terrestrial geothermal systems convective recirculation of
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the water occuréfg result of the gravitational constraint placed on
the mass flux by the air/ground boundary condition. This constraint
acts to retain some water in the system for periods of up to 104 years
and the recirculation gives rise to a mushroom-shaped, high-temperature
region (Elder 1965). In terrestrial systems this property dominates
the isotherm distribution at high levels as can be seen from figure
L-% which shows the measured, present-day temperature distributions

in the Wairakel geothermal system, New Zealand.

The geochemical results discussed in the previous chapters in-
dicate that the formation of both the zeolite-zones and the green-
schist-facies zones can be attributed to the hydrothermal system.
Support for the convective recirculation of the hydrothermal fluids
is provided by the buffering of the fluid compositions by the lava
pile. Comparison of figures 1-6 and 4-3 shows that the distribution
of the secondary mineral zone boundaries in the Mull lava pile is
similar to the isotnerm distribution patternsthat occur in such sys-
tems. The presence of a second mesolite zone below below the higher-
temperature laumontite zone, which is difficult to reconcile with a
burizl metamorphism model, cam thus be explained by the radial inflow
of cooler water at the base of the lava pile above the relatively
impermeable lMoime schists. Drilling in active geothermal areas in
Iceland and Kamchatka as well as New Zealand has revealed the presence
of similar temperature inversions at depth (Sigvaldasson 1962;
itrnorsson et al. 1975, Tomasson et al. 1975, Nabcko and Fiip, 1961).
In these systems the main upward movement of water is loczlised
above, or on the margins of, the active zones of volcanism, rifting
and intrusion. A circulation pattern of the type shown in figure 4-3
would have been facilitated in Mull by the structure of the lava pile.
The coincidence of the epidote and prehnite zones with the region of
18O—depletion and steeply dipping lavas surrounding the central intru-~
sive complex (figs. 1-2, 1-3) suggests that these mark the limit of
the upward-moving portions of the meteoric~hydrothermal convective

system(s) in Hull,

The low 87;Sr/'86Sr ratios of the hydrothermzl fluids circulating
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in the lava pile indicate that separate 'circulation cells' were
established inside and outside the central intrusive complex. A
similar situation to this exists in the present-day Reykjavik and
Reykir geothermal region to the west of the active volcanic zone in
southwest Iceland. Isothermal lines constructed from measurements in
over 200 drillholes in this region define four areas of thermal
maxima. Hydrological (Thorsteinsson and Eliasson, 1970), thermal,
chemical and isotopic data (Arnason and Tomasson, 1970) indicate that
these areas constitute separate circulation systems. The boundaries
between the systems sre formed by areas of numerous intrusions and
faults. The most intensely 180—depleted rocks in Mull occur adjacent
to the caldera ring fractures. It seems likely that- fluid flow in the
central complex was predominantly vertical being channelled along the
nunierous faults and intrusive contacts. The absence of any zoning of
the secondary minerals about any individual intrusive body can be
attributed to the sporadic nature of the intrusive activity. The em-
placement of each pluton probably caused the initiation of a separate,
local hydrothermal system overprinting the alteration assemblages

formed by the previous system.

In contrast, fluid flow in the lava pile occurred principally
along the inter-flow boundaries. The highly porous, interflow breccia
zones, amygdaloidal flow margins and occasional pyroclastic deposits
will have behaved as aguifers. The partially altered red bole sample,
I 39, for example contains more than 15% Ca0, a large proportion of
which must have been deposited by the hydrothermal fluids (Appendix
I-E). The geochemical results indicate that the meteoric fluids trav-
elled distances of up to 20kms transporting Ca and Si from the epidote
zone to the zeolite zones (fig. 1-3). Assuming a diareter for the area
affected by hydrothermal activity of 25km,kif the effects originally
extended over a vertical distance of 2kms)then up to 4000km> of rock
h.ve been zffected by interaction with meteoric fluids, and a similar
volume of water must Lave passed through the system. This guantity of
water cen be accounted for by nermal amounts of rainfzll, If only 10

per cent of an annual rainfall of 75cm is added to the circulation
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system, then given a catchment area of ZOOOkmz, it would require only

10‘+ years to supply the needed amounts of water.

Considerable difficulties exist in accounting for the quantities
of heat necessary to drive such large convective systems. Forester and
Taylor (1977) calculated that a cylindrical stock of magma contains
only sufficient energy to produce a hydrothermal aureocle about 0,7
stock diameters wide. This calculated value is sufficient to account
for the formation of the epidote and prehnite zones, if the central
intrusions are treated as a single, composite stock (see fig. l-BZ,but
not the zeolite-zones., The calculation assumed that the altered country
rocks had been subjected to an average rise in temperature from 50° to
EOOOC, reguiring an addition of 65 cal/g of heat throughout the alter-
ation zone, using a specific neat of 0,25 cal/g/OC. dith water/rock
ratios= 0.6 at least 3g of Hp0 must be heated with every gram of rock,
demanding an additional 85 cal/g and at least 150 cal/g for the alter-
ation rrocess. The maximum heat that can be liberated from a silicate
melt crystallising and cooling from 1000°C to 300°C is 280 cal/g and
exothermic hjdrauion rezctions in the country rocks may account for an
additional 35 cal/g. The average temperature rise used by Forester and
Taylor (1977) in this calculation is probably tochigh since it is un-
likely that tempersztures at any point in the system significantly ex-
ceeded BOOOC. Nevertheless, this is compensated for to a certain ex-
tent as the water/rock ratios, in the central parts of the system at

least, were probably considerably higher than 0.6,

The discrepancy between the calculated and observed extents of
the hydrothermal systems can be explained by several factors :-

1. The intrusions do not represent a single injection of magma,
but episodic additions of new magma from below.

2. The walls of Fennygown yuarry contain numerous minor intrusions
the surface outcrops of which could not be traced across the
adjacent slopes. It secems likely that the volume of intrusions
within tne lava pile may thus be considerably greater than their
presently mepped, areal expressions indicate.

3e ilterution of the lavas was confined predominantly to the flow



130

margins. kven within the central epidote zone many of the
flows contain relict patches of unaltered minerals. In the
zeolite-facies zones the alteration is confined mainly to
within a few mm of amygdales in the flow margins., Exothermic

reactions tend to be self-accelerating and once initiated will

to completion »
proceedyprovided material can be supplied and removed with pro-

gress of the reaction. The mineral reactions in the centres and
margins of the lava flows in the epidote zonewere similar.
In Pennygown quarry lava, for example, some conversion of py-
roxene to amphibole could be observed in each sample from the
sections through the flow. The difference between the samples
was solely in the extent to which the reactions had proceeded.
The similarity between the gains and losses across this flow
calculated on the basis of both constant volumes and constant
immobile element contents demonstrate that the assumption of
constant volumes during alteration was a valid one (fig.3-29),
and growth of the secondary mineral phases was acco@?dated by
the hydrothermal transport of material out of the lava flows.
The rate controlling step in most of the alteration reactions
was therefore the local water/rock ratio and rate of fluid
flow. With increasing distance from the intrusive complex the
lava flows show progressively less alteration and the centres
of the flows were effectively by-passed by the heating effects
of the hydrothermal fluids. The intrusions therefore,needed to
provide only sufficient heat to alter a fraction, rather than

the total volume, of lavas within the hydrothermal aureole.

The sporadic nature of the intrusive activity in the central

complex means that the hydrothermal activity must alsoc have been spor-

adic. The alteration of the lavas will have been accomplished by

numerous ;overlapping injections of meteoric fluids along the inter-

flow horizons. Tne presence of numerous discordant hydrotnermal veins

and hydrobreccias indicates that at a later stage the hydrothermal

activity must have become increasingly restricted and explosive in

nature. This will nave probably been caused by local sealing of the
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escape routes for tne fluids by mineral deposition in the permeable
portions of the lava pile, or even by the emplacement a cross-cutting
intrusive body. The lavas adjacent to these veins show little or no
alteration and hence the compositions of the hydrothermal fluids will
have been increasingly controlled by the intrusive rather than the ex-
trusive rocks during this period. Possible evidence for a change in
the fluid compositions with time may be provided by the two veined

and pyritised samples collected from Pennygown uarry. The sulphides
in the late-stage dyke sample shown in figure 1-14% are associated with
veins of K-feldspar and chlorite (Appendix I-D, sample D 1), This
particular secondary mineral assemblage was not observed in any of

the lava flows. The general scarcity of secondary sulphides in the
altered lavas can be attributed to their low initial sulphur content,
Tne intrusive rocks in the central complex are lezs likely to have
been affected by volatile loss during crystallisation and the sulphur
necessary for the formation of these minor‘late—stage deposits may
thus have been contributed by the plutonic rocks. As ncted in chapter
one, loczl concentritions of sulphides nave been found adjacent to
some of tne caldera-ring fractures indicating that ore-forming elements
were carried by tue hydrothermal fluids in the central parts of the

system,
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CHAPTER FIVE: COMPARISONS WITH ALTERED BASALTS FROM
OTHER HYDROTHERMAL SYSTEMS.

In recent years the chemical changes in basaltic rocks subjected
to low-grade hydrous metamorphism have been much studied. Interest has
focuéed on element mobility and its role in geochemical mass balances
(esge Humphris and G.Thompson 1978a) and ore-genesis(e.g. Graf 1972)
and on attempts to decipher the pre-alteration history of the basalts
(e.g. Condie and Barager 1974). Certain elements such as Ti, P, Zr, Nb
and Y have been shown to be immobile except during extreme metasoma-
tism (e.ge J.Pearce and Cann 1973, Herrmann et al. 1974, this study)e.
Other elements such as Li, Sr, Rb and Ba generally appear to be mobile
(e.g. Gunn and Roobol 1976, Wood et al. 1976) but as yet evidence for
the mobility of other elements such as the REE and Mg, Fe and Al is
controversial, (e.g. Cann 1969, Frey et al. 1974, Tanaka 1975, T.H.
Pearce et al. 1977, Hellman et al. 1977, Floyd 1977). In this chapter
the element mobility in the Mull Plateau lavas and basalts from other
hydrothermal systems are compared in an attempt to:

1) elucidate the reasons why certain elements are mobile in some
instances and not in others.

2) place constraints on the extent to which the other Tertiary
Hebridean basalt magma types may have been affected by second-
ary alteration, as suitable material for detailed investigation
could only be collected for the Mull Plateau lavas.

Only studies concerned with the chemical changes across individ-

ual eruptive units (flows or pillows) were taken from the literature.

l. Eastern Iceland.

A 10km thickness of predominantly basaltic flows is exposed in
Bastern Iceland. These have been formed mainly by subaerial fissure
eruptions during the separation of the European and North American
lithospheric plates since approximately 14 Ma. The flows dip gently
westwards and are cut by sub-horizontal zeolite-facies, amygdale min-
eral zones. Wood et al. (1976) studied element mobility resulting from
the zeolite-facies alteration., They compared chemical variations across

a post-glacial basalt on the Reykjanes Peninsula, Si/ Iceland, with a
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zeolitised Tertiary flow from Reydarfjordur, eastern Iceland.

Reykjanes flow
This 4.5km thick basalt flow lacks a soil cover and is therefore

probably no more than a few hundred years old. It contains several
percent of subhedral olivine, augite and plagioclase phenocrysts with
variable distributions. The groundmass consists mainly of equant granu-
lar augite intergrown with plagioclase laths, sparse subhedral Fe-Ti
oxides, and rare olivine. The abundant spaces between the groundmass
grains are filled with pale brown glass, which contains numerous, in-

determinate %ﬂm opaque and translucent crystals.

Chemically the lava is a typical hy-normative olivine tholeiite
with 7.6 - 8.0% MgO. A suite of twelve specimens from a vertical sect-
ion through the flow revealed little variability for any elements. The
slight variations that were observed could be attributed entirely to
variable distributions of the phenocryst phases within the flow. The
data of Wood et al. (1976) are summarised in figure 5-1l. Only the
chondrite-normalised patterns with the highest and lowest values ofZ -
REE and (Ce/Yb)N ratios are shown. It is apparent that the light rare-
earth elements (LREE) show no greater variation than the heavy rare-

earth elements (HREE) in this particular flow.

Reydarfjordur flow.

This 20.5m thick basalt flow is about 12 Ma old. It lies within
the mesolite zone of walker (1974). Petrographically it is similar to
the Reykjanes flow and contains a few percent of olivinq,augite and
plagioclase phenocrysts. The groundmass is rich in granular augite,
but the interstitial glass patches have been converted to a fine-grain-
ed mixture of zeolites and hydrated ferromagnesian minerals. The degree
of visible alteration varies throughout the flow, being most intense in
the vesicular margins. Zones with maximum alteration show complete re-
placement of olivine,in addition to the glass, and incipient alteration

of plagioclase. The pyroxenes are unaffected by secondary alteration.

Chemically this lava is a hy-normative olivine tholeiite with
6.0 = 7.2% MgO. Wood et al. (1976) compared the chemical variation of

twelve samples from a vertical section through the flow with that of
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the Reykjanes lava and their results are summarised in figure 5-1,
They found greater variability in Si, Mg, K, Rb, Sr and the LREE in
the zeolitised lava flow than could be accounted for by phenocryst
distribution or analytical errog,indicating mobility of these elements

during alteration.

2e Mid Atlantic Ridge basalts.

Humphris and G.Thompson (1978 a,b) and Humphris et al. (1978)
studied the mineralogy and chemistry of pillow lavas that show zoning
due to partial replacement of the outer pillow margins by greenschist-
facies assemblages during interaction with a circulating, seawater de-
rived fluid. Only pillows dredged from the median valley were used in
an attempt to ensure relatively young samples and minimise the affects
of any subsequent weathering on the ocean floor. The distinct zoning
displayed by these rocks allowed portions of the altered rims and re-

latively fresh interiors to be separated for analysis.

The interiors of the pillows consist predominantly of glass
(60 - 70% by modal analysis) containing microphenocrysts and microlites
of plagioclase (Angy _ 70) and rare olivine (Fogp . 85). Fine grained
Fe~-Ti oxides are scattered throughout the groundmass. The altered
pillow rims contain the assemblage albite-actinolite-chlorite-epidote,
with the dominant mineral being a ripodilitic chlorite (up to 60% by
modal analysis). The outer rim of one of the most altered samples
(AII-42, 1-96) is composed dominantly of quartz and chlorite with no
actinolite and only 15% modal albite. In all the samples, glass is re-
placed by chlorite or mixtures of chlorite and actinolite. Plagioclase
is albitised and in some cases altered to chlorite., Chlorite also
forms pseudomorphs after olivine which are commonly associated with
euhedral pyrite., The vesicles are filled with chlorite or, in the more
altered samples, they are lined with quartz and then filled with

chlorite,

Considerzble mobility of many of the major and trace elements
occurred during alteration of these pillow lavas (Humphris and G.Thomp-
son 1978a,b; Humphris et al. 1978). Ca, Si, Cu and Sr were leached and
g and H,0 were taken up from the circulating fluids (fig.5-2). Na, K,
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Fey Mn, B, 1i, Ba, Ni, Co and the LREE were mobile but show no con-
sistant trends. Al, Ti, Y, Zr, Cr and the HREE were immobile and hence
show proportional changes in concentration (fig. 5-3, table 5-1).

Some of the altered pillow margins (which are reduced relative to the
'fresh' interiors) have small positive Eu anomalies similar to that
shown by the marginal sample (M 13) from the Pennygown Quarry lava
(fig. 3-22).

3¢ _The Bhoiwada and Cliefden Outcrops.

Neither of these outcrops will be described in detail as the
evidence for their initial homogeneity prior to alteration is contra-

Versial.,
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Selected rare-earth and trace element data from partially altered pillow basalts from the
Mid-Atlantic Ridge (22° S).

Sample® Ce Yb  (Ce/Yb), TiO, Y
(ppm) (pPm) (wt.%) (ppm)

All-42 [-.96A 8.77 3.27 068:003 140 35
1-96B 802 289 0.71:0.03 1.33 30
1-96C 857 296 073:002 1.26 39

All-42 1-97A 1047 3.53 0.761 0.03 146 40
1.97B 958 3.34 0.73+0.04 137 35

All-42 1-108A 8.88 342 0.66: 0.04 198 45
1-108B 988 3.02 0.82:004 143 39

All-42 1-118A 861 3.21 0.68: 004 1.63 39
1-118B  8.60 291 0.75: 0.04 135 38

.A. B, C: zones from a single pillow basalt, from the altered rim (A) towards the relatively
fresh interior (B or C).

Figurc 5-3 and Table 5-1.

Chondrite-normzlised REZ patterns and selected REE

and trazce elements for four partially hydrothermelly

¢ltered pillow buzsalis from the Mid Atlantic Ridge.
(from iumphric et al. 1978).
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The Bhoiwada section has been described as exhibiting a continu-
ous gradation from 'fresh', black, plagioclase-clinopyroxene tholeiite
into a green, albite-chlorite-zeolite spilite within a single Deccan
flow unit, 30m thick (Vallance 1974, Sukheswala 1974). The upper thol-
eiitic paet consists of massive lava whilst the lower spilitic portion
of the profile is pillowy at its base and is underlain by a thin layer
of sediment and a sequence of amygdaloidal pillow lavas. Hellman and
Henderson (1977) demonstrated that the spilite is considerably enriched
in all the rare earth elements relative to the tholeiite, which they

attribute to extensive mobility of the REE during alteratione

Floyd (1977) pointed out that the REE distribution in the spilite
is similar to that exhibited by the more alkaline units of the Deccan
basalts. Accordingly, he suggested that the Bhoiwada profile may not be
a single lava flow and that the tholeiite 'top' may be a different unit
to the more 'alkaline' spilite base. Although the section is described
as gradational, the contact between the two portions seems sharp and there

are primary textural differences between them,

The tholeiitic portion consists of coarse-grained, subophitic lava
with small patches of chlorite after interstitial glass, whilst the
spilite appears to have originally been a fine-grained glassy rock.
(Vallance 1974, figs. 2-4; Sukheswala 1974, figs. 11, 13 and 14). Con-
siderable support for Floyd's interpretation is provided by the fact
that the two portions of the profile are separated by two layers of
black siliceous material, described by Sukheswala (1974) as resembling

the sedimentary matrix surrounding the underlying pillow lavas.

The REE distributions within the Bhoiwada section are shown in
figure 5-la, Patterns 1 and 2 are from the tholeiitic portion, patterns
3y 3Z and 4 from the spilite and 5 from one of the pillow lavas. The
REE chondrite-normalised patterns from the two parts of profile show
small parallel shifts that closely resemble those shown by the Mull
lavas (figs. 3-22, 3-23) and the Mid Atlantic ridge basalts (fig. 5-3).

The Cliefden outcrop consists of a pile of basaltic flow debris
and pillow lavas affected by prehnite-pumpellyte facies metamorphism
(Smith 1968). hellman et al. (1977) have described considerable mobility
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a) Chondrite normslised REE patterns from Bhoiwada, Zones 1-5
(Hellman and Henderson 1977)
b) Selected RSEL patterns from the Cliefden Outcrop, KIS Wales

(from ilellman ot zl. 1977).
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of the REE and other trace elements in the outcrop during alteration.
Nevertheless, it was pointed out in chapter three that much of this
variation may be due to fractionation processes. Smith and Smith (1976)
also considered that the trace element variation in the Cliefden Outcrop

might easily be an original magmatic spread".

The interesting feature of the Cliefden data is the simultaneous
occurrence of negative Ce and Eu anomalies in the REE patterns (fig
5.4b). As Hellman et al. (1977) point out these two elements can ex-
hibit more oxidation states than the one (i.e. 3+) commonly shown by the
other REE during geological processes. It is difficult however, to
envisage the formation of both anomalies by the same process. High fOp
causes oxidation of Ce to Ceuﬂ which will then be discriminated from
incorpgration into mineral lattices becausefits small ionic radius; on
the other hand a negative Eu anomaly can only be explained by the occur-
rence of Bu in the divalent state, for which rather low oxygen fugacities

are required.

Hellman et al. (1977) attribute the formation of Ce anomalies to
bulk loss of Ce as a result of interaction with an oxidising sea-water
derived fluid. Similar anomalies have been found in altered basalts and
sediments from Troodos (Robertson and Fleet, 1968) and the Shatsky Rise
(Masuda, 1975). The Cliefden OQutcrop has high Fe203/Fe0 ratios indicat-
ing oxidising conditions during alteration (Smith 1968) and hence

the negative Eu anomalies may have been an original magmatic
feature. The lavas were sparsely porphyritic and contained rare pheno-
crysts of plagioclase and clinopyroxene. The Bu anomalies and the trace
element variation could thus reflect variable degrees of plagioclase

fractionation.

4, Controls on element mobility during alteration.

The metabasalts discussed here include examples of interaction
with meteoric water (Mull and Iceland) and seawater (Mid Atlantic ridge
and Cliefden), yet few of the differences in the chemical changes obser-
ved can be attributed to solution chemistry. The Mid Atlantic ridge
basalts contain secondary pyrites and also show uptake of Mg from sea-

water. Humphris (1976) showed that an external source of sulphur was
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"required to form the pyrites and that this was probably derived from

the reduction of sulphate in seawater. No additional source of iron was
required as this was probably introduced to the pyrite-bearing pillows
by fluids that had been enriched in Fe as a result of previous reactions.
Other than these two differences the chemical changes shown by the Mull
and Mid Atlantic ridge basalts during greenschist-facies alteration are

extremely similar (c.f. figs. 5-2 and 3-29).

Although it is clear that greenschist-facies alteration results
in more extensive replacement of the primary phases and hence, greater

bulk compositional changes than zeolite-facies alteration,the degree

of mobility or immobility shown by the LREE in particular cannot be
related to metamorphic grade. Instead the examples discussed here

suggest that the main control on potential element mobility is the

igneous crystallisation of the individual lavas, in so far as this

affects the relative distribution and sites of concentration of the

individual elements before subsequent alteration.

The Iceland and Mull lavas may first be contrasted. The presence
of augite amongst the sparse phenocrysts in the Iceland basalts indicate
that this phase precipitated at liquidus or near-liquidus temperatures.
In a basalt devoid of hydrous minerals, all the early castallising
phases - olivine, plagioclase and pyroxene - have partition coefficients
for the REE less than one. Of these phases augite has the highest part-
ition coefficients for the HREE (averaging 0.62 for Yb (Arth, 1976))
but low coefficients for the LREE, As Humphris et al. (1978a) point out,
an Eastern Icelandic basalt crystallising augite throughout its consol-
idetion will therefore contain a residuum chilled to glass, which is
rich in total REE, and has a high LREE/HREE ratio. The two Icelandic
basalts discussed here are both relatively impoverished in P and 2r
(Wood et al. 1976) so that the REE-rich phases, apatite and zircon,
would, if at all, precipitate very late in their consolidation. Humphris
et al. (1978) could find no trace of apatite or zircon in the ground-
masses or interstitial glass patches of these lavas. The glass patches
are too smzll to allow extraction for REE analysis but are rhyolitic in
composition and likely to have'(Ce/Yb)N in the range 3.0 to 7.0, com-

pared with 0.9 to 1.9 in the basaltic magmas (Humphris et al. 1978).
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The phases in the eastern Iceland most readily attacked by the circul-
ating meteoric fluids during hydrothermal alteration are first the
interstitial glass and then the olivines, hence the preferential mobil-

isation of the LREE, Sr, Rb, K, Mg and Si.

The Plateau lavas of Mull contain no augite phenocrysts. Instead
this mineral occurs as a.late-stage groundmass phase in large poikil-
itic crystals. The restricted precipitation of augite during consolid-
ation greatly reduces the potential of this phase to fractionate the
REE in the residuum. Furthermore, the comparatively small number of
augite and occasional titanomagnetite poikilocrysts in the groundmass
of a given basalt volume,leave fewer intergranular spaces where resid-
ual glass pools can collect than in a comparable volume of Icelandic
basalt. This in turn will restrict the opportunities for initial fluid
penetration by grain-boundary diffusion. None of the Mull Plateau lavas
contain more than a minute trace of glass and many appear to have been
entirely holocrystalline. In the absence of abundant glass, the hydro-
thermal fluids attacked first the olivines, then the plagioclases.
Marginal replacement onlyof these phases occurred during zeolite-facies
alteration, hence the lack of any significant chemical changes and the
REE immobilitye. Only when the pyroxenes broke down during greenschist-
facies alteration, allowing hydrothermal attack of the enclosed apatites,
did any significant mobility of P, Th and the LREE occur,

Many authors (e.g. Floyd 1977) have attempted to define alteration

trends for the REE in tholeiite and alkali basalt types, because of

the importance of these and other,incompatible elements in petrogen-
etic modelling. Support for the contention that it is the crystallis-
ation histories of the individual lavas, rather than their initial com-
positions, that determines their response to subsequent alteration may
be provided by the Bhoiwada section. The upper part is nearly aphyric,
containing a few plagioclase phenocrysts in an almost entirely holocry-
stalline, ophitic matrix that has only a tface of interstitial glass.
The spilitic part of the scction is fine-grained and has micropheno-
crysts of plagioclase and pyroxene in an originally glassy groundmass
(Sukheswala 1974). Hellman and Henderson (1977) analysed two samples
from the upper; tholeiitic part, which had La/Yb ratios of 5.4 and 5.5
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respectively, whilst in three samples from the more 'alkaline' spilite
this ratio varied between 12.4 and 14.0.

In contrast, the oceanic pillow basalts discussed here contain
no augite and had high glass/crystal ratios. The microphenocrysts are
predominantly plagioclase with rare olivine. Unlike the Icelandic lavas,
this glass is therefore basaltic and will not have been enriched in the
LREE during its crystallisation history. Hydrothermal alteration of the
pillow basalts has resulted in almost complete replacement of the
original mineralogy and any variation in the overall REE pattern will

be controlled by the secondary minerals.,

Although rock crystallisation history will control the relative
availability of the elements during alteration, the nature of the sec-
ondary minerals that form must also influence the extent to which the
various elements, once in solution, are reprecipitated nearby or pass
out of the system. Wood et al. (1976) gave chemical data for thirteen
minerals common in the amygdales of eastern Icelandic lavas. They comp-
rised nine zeolites, plus apophyllite, aragonite, celadonite and chal-
cedony. Only the celadonite contained detectable La (> l.Oppm),and even
in this the REE were in concentrations too low to be measured accurately.
In the Bhoiwada section the local deposition of zeolites ocppears to
have caused a . dilution of the REE contents. Sample 3Z, from
the spilite, analysed by Hellman and Henderson (1977), contains laumon=-
tite, quartz, prehnite filled amygdales, and is depleted in all the
REE, relative to the other two samples, numbers 3 and 4, from this part
of the profile (fig. S-4a).

In contrast, many of the characteristic minerals of greenschist-
facies assemblages - epidote, sphene, chlorite, actinolite and albite -~
although generally poorer in Ca and Si than their precursors, can take
up the REE. In the Mull lavas the principal repository for the immobile
elements appears to be sphene. The Mid Atlantic Ridge basalts described
by Humphris and G.Thompson (1978a) all contain epidote, but no mention
is made of the phase(s) replacing the sparse oxides in these lavas.,
Nevertheless, the common alteration product of the Fe~Ti oxides in

ocean floor basalts subjected to greenschist-facies alteration is sphene
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(e.g. Melson et al. 1968, Cann 1969, Aumento and Loncarevic 1969,
Spooner and Fyfe 1973). Lambert and Holland (1974) noted that epidote
is an Y-acceptor and that albite is an Y-rejector. The slight fraction-
ation of the LREE and HREE between the cores and rims of some of the
oceanic pillow lavas (fig. 5-3) could thus be due to variable distrib-
utions of the secondary phases in the different zones of the pillows.
The outer margin of one of the pillows, AII - 42 1 - 96, contains 60%
chlorite and is enriched in La relative to its concentration in the
interior, (fig. 5-3). Humphris et al. (1978) suggested this could be
due to absorption processes similar to those described in Quaternary

clay-chlorite mixtures from Norway by Roaldset and Rosenquist (1971).

One of the interesting features of the REE variation in these
metabasalts is the contrasting behaviour of Ce and Bu, particularly in
the Mid-Atlantic Ridge and Cliefden lavas, both of which have been
affected by interaction with seawater. The separate, basal pillow lava
from the Bhoiwada profile also has a negative Ce anomaly (fig. 5-ka,
pattern number 5). The Ce anomalies in the Cliefden basalts were attri-
buted by Hellman et al. (1977) to interaction with an oxidising, sea-
water-derived fluid. Similar observations have been made for altered
basalts and sediments from Troodos (Robertson and Fleet, 1976) and the
Shatsky Rise (lMasuda and Nagasawa, 1975). Studies of the fluids eman-
ating from the Galapagos hydrothermzl systems on the East Pacific Rise
have shown that they are enriched in Eu and that reducing conditions
and sulphide deposition probably prevail below the basalt/water inter-
face (J.D.Corliss, pers. comm. 1978). The Mid-Atlantic pillow basalts
discussed here are all reduced and contain secondary pyrites. Humphris
and G.Thompson (1978a) showed that during alteration other pillow lavas
developed oxidised epidote-rich assemblages or, chlorite-rich assem-
blages, devoid of pyrite. The formation of the assemblages was accom-
panied by loss of Fe at least some of which may have been subsequently
reprecipitated as sulphides in the pyrite-bearing pillows. Spooner and
his co-workers (Spooner and Fyfe, 1973; Spooner et al. 1977) have pre-
sented a hydrothermal circulation model for the ocean-floor, based on

ophiolite studies, in which the diffuse, downwards penetration of oxy-
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genated seawater is followed by the localised discharge of hot, metal-
enriched fluids under conditions of low oxygen fugacity. The Cliefden
and Mid-Atlantic Ridge metabasalts may thus represent early and late-

stage alteration products, respectively, of such a system.

These various studies indicate that in some instances, low-grade
zeolite-facies alteration may cause greater mobility of particular
elements, such as the LREE, than greenschist-facies alteration. Never-
theless, in each case the maximum, relative movement of the LREE was
small and could be related to the igneous crystallisation histories
and secondary mineralogy of the individual lavas - suggesting that if
these can be ascertained, the extent to which these elements can be con-
sidered to be reliable indicators of initial magmatic compositions can
be determined. In each of these studies the element group Ti, Nb, Zr,
Y, Ta, Ef and the HREE appeared to be immobile. It should be emphasised
that all the basalts have been zaltered by fluids (meteoric or seawater)
that have low COo contents. Interaction with a CCp-rich phase, which
might occur in a mixed volcanic and sedimentary sequence, would reduce
the stability fields of many of the secondary phases, such as sphene
and epidote, tnat can take up these elements (Schuiling and Vink, 1967;
A.B.Thompson, 1971). Hence, they cannot be considered to be generally

immobile during any subsequent alterztion,

The above discussion has been concerned mainly with the incom-
patitle trace elements because of their petrogenetic importance. T.
Pearce et al. (1977) have suggested that Fe, Mg and Al in basaltic and
intermedizte rocks are also little affected by alteration processes. In
the eastern Icelandic basalts Mg was mobile, though only to a limited
extent. Both lig and Fe were mobile in the greenschist~facies basalts
from Mull and the Mid-Atlantic ridge. In these lavas the replacement
of the 4l-poor phases olivine and pyroxene by chlorite (and to a lesser
extent by amphibole) resulted in the uptake of any Al released during
zlteration of the feldspars. Nevertheless, the results obtained in this
study snow that the chemical changes during zlteration were dependsnt
on the relative proportions of felsic and mafic phases in the lavas,and

that 5l is mobile in more evolved lava types. The frecuent occurrence of
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the aluminous phases epidote, albite and zeolites in hydrothermal
veins in altered basalt sequences also suggests their Al contents

should be interpreted with caution.

5. Other Tertiary Hebridean magma types.

Recent geochemical studies of Hebridean basalts have concentrat-
ed on samples collected from outside the central zones of hydrothermal
alteration. Nevertheless, many of these basalts will have been affected
by low-grade, zeolite-facies alteration. The contrasting responses of
the Icelandic and Mull basalts to zeolite-facies alteration discussed
above indicates that the extent to which their compositions are likely
to be modified depends on the crystallisation histories of the indiv-
idual lavas, and in particular on the relative proportions of inter-
stitial glass and pyroxene. With the exception of the basal "Staffa-
type" discussed in more detail below, no interstitial glass has been
reported from the Skye Fairy Bridge and Preshal Mhor basalts, the
Skye Main Lava Series and the Small Isles lavas. The two latter
groups are petrographically similar to the Mull Plateau group. It is
clear from the published descriptions of these basalts (Thompson et
al. 1972, Esson et al. 1975, Ridley 1973) that they have not been
affected by alteration any more extensive than that exhibited by the
Mull Plateau lavas from the zeolite-facies zone, Accordingly, the

compositions of these basalts are probably pyrogenic.

Analyses of two lavas belonging to the Mull Staffa-type of
Bailey et al. (1924) are given in Appendix I-E, - the lava enclosing
Macculloch's tree (14 61) and the Staffa lava (M 80). Unlike the Plat-
eau lavas, augite is a major phenocryst phase in this group, though
the presence of modal pigeonite - mentioned by Fawcett (1961) -
could not be confirmed. They contain small phenocrysts of plagioclase
and augite in a groundmass of plagioclase, augite, minor olivine and
Fe-Ti oxides. 4n originally glassy matrix is now represented by
chloritic material (fig. 5-5). The augites are never poikilitic, the
groundmass crystals being small and subhedral to granular. The plag-
ioclase phenocrysts have cores of calcic bytownite. M 61, also con-

tains rare,irregularly shaped augite and olivine phenocrysts, (fig.5-5)

]
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and rounded clusters of plagioclase crystals with a cumulitic (2)
texture which may be xenocrysts. Originally, this lava contained
approximately 15 volume percent of glass, now altered to chlorite.
The olivine are extensively chloritised but the plagioclases are
little affected and the pyroxenes are unaltered. Hyaloclastites (some
of them augite-phyric) and pillow lavas petrographically similar to
the Macculloch's tree flow occur at the base of the Skye-lava pile.
(Anderson and Dunham, 1966; Thompson et al. 1979).
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Figure 5 - 5, M 61, Macculloch's tree lava. The irregularly
shaped grey crystals on the centre-left are augite phenocrysts.

Field of view S5mm by 3mm,

These lavas may be compared with the Tertiary lavas of the east-
ern Iceland described by wood et al. (1976). The presence of abundant
interstitial glass has rendered them more susceptible to alteration
than the holocrystalline Plateau lavas, and this glass will probably

have been enriched in the LKEE by augite crystallisation. Freferential
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alteration of the glass and olivines may have caused some mobility of
Mg, Si, K, Rb, Ba and the LREE, Nevertheless, the closely similar
compositions reported by Beckinsale et al. (1978) for two sémples
from one of the.staffa'lavas (op. cit. Table 2, nos. R 68, R 69)

indicates that mobility of .these 'éuspect' elements was small,

One sample of aphyric basalt (M 58) that does not appear to
belong to any group previously discussed, was collected from
a hill-top knoll south of Fishnish within the epidote zone. The out-
crop is too poorly exposed to establish whether or not it is intrusive
or extrusive in form. Texturally it is a holocrystalline, ophitic
basalt consisting of plagioclase, clinopyroxene, titanomagnetite and
minor chlorite. Some of the feldspars are dusty in gpearance and show
limited replacement by chlorite and sphene, but the rock is remarkably
fresh in appearance. The absence of a glass phase and the growth of
sphene suggests that 1A addition to Ti, Nb, 4r, ¥, Ta and Hg the REE

are likely to nzve bteen immotile during slteration.

Chemical analyses cf three representatives of the Non Porphyrit-
ic Central lavas of Mull are given in appendix I-E (MS 183, MS 184,
MS 185). They contain rare phenocrysts of plagioclase, augite and ti-
tanomagnetite in fine grained groundmass of abundant plagioclases,

granules of augite, magnetite and chloritic material.

These lavas came from the epidote zone, have been extensively
replaced by secondary minerals and contain thin, discontinuous veins
of chlorite and calcite. The pyroxenes appear unaltered but the plag-
ioclases have been replaced by mixtures of calcite and albite and
contain numerous inclusions of sphene and chlorite. The titanomagnetite
phenocrysts show marginal growth of sphene and most of the smaller
granules have been completely replaced by this phase. The fine-grained
groundmasses consist of a mixture of chlorite, oxides, sphene and rare
crystals of calcite and epidote. Apatite was not identified. Whether
or not they initially contained glass is difficult to determine but

the textures would appear to indicate otherwise,
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The éutcr0ps of these 1a§és lie within the central intrusive
complex (fig 1-3). The hydrothermal fluids circulating within this
region will not have been buffered by the lavas and may have been
rich in alkalis. Accordingly, their major and trace element compos-
itions may have been substantially modified. Nevertheless, the exten-
sive growth of sphene suggests that the element group Ti, Nb, Zr and

Y will have been immobile.
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CHAPTER SIX: REGIONAL GEOCHEMICAL VARIATION

IN THE BRITISH TERTIARY IGNEQUS PROVINCE.

The Tertiary igneous rocks of Britain were considered by early
workers to be the remnants of a vast Thulean or Brito-Arctic province
stretching froh Britain to the Faroes, Iceland, Jan Mayen and Green-
land, and that fragﬁentatién and subsidence of this province led to
the formation of the North Atlantic (e.g. Tyrell 1937). Subsequent
reconstrﬁctions of the early Tertiary geography of the North Atlantic
have.considerably reduced the extent of this Thulean province - (e.g.
Bott and Watts 1971). Although it is now recognised that the widespread
vulcanism in Britain and East Greenland was tectonically related to
the opening of the N.Atlantic between Greenland and the Faroces Rise,
it is equally clear that the distribution of igneous rocks within
these regions cannot be explained by any simple model of sea floor
spreading along;and a large number of models of tectonomagmatic events
in the region have been presented in an attempt to explain the space-
time distributions of the Tertiary igneous centres (e.g. Duncan et al.
1972, Gass 1972, C.Brooks 1973, M.Brooks 1973).

Igneous activity within the British Tertiary volcanic province
was predominantly basic with only minor amounts of associated acidic
magmas. Geophysical studies have established that the igneous centres
are underlain by cylindrical plugs of basic or ultrabasic material
that extend to depths of 5-15kms or more, while the associated acid
rocks rarely exceed 1000m in thickness (e.g. Roberts 1970, Boit and
Tuson 1973, Mcquillan et al. 1975). Localised, northwest trending dyke
swarms, consisting mainly of basaltic rocks, pass through the individe
ual centres. The dyke swarms do not appear to extend to depths of more
than a few kms (Bullerwell 1972a), but they increase in intensity to-
wards the intrusive centres, achieving crustal extensions of up to
10% (Sloan et al. 1969). The distribution of the dyke swarms implies
a regional tensile stress component operating in a NE-SW direction.
Palaeomagnetic studies have established that the lavas and most, but

not all, of the dykes exhibit a reversed direction of magnetisation
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suggesting they may have been formed within a single reversed epoch.
(e.g. Wilson 1970, Ade-Hall et al. 1972, Dagley and Mussett 1978).
Current opinion favours the hypothesis that the onset of igneous
activity within the province was contemporaneous at about 59 Ma. with
most of the intrusive and extrusive activity taking place within a
period of 1-2 Ma., (Beckinsale 1974, Macintyre et al. 1975, Brown and
Mussett 1976, Fitch et al. 1978). The basic rocks therefore represent
the products of approximately synchronous, and localised, magma gen-
eration within the Palaeocene upper mantle beneath the province., Each
centre may therefore have produced magmas of slightly different com-
position depending on the local regime of pressure, temperature and

mantle composition.

A clear picture of the distribution of basic magma types within
the province is clearly essential in order to evaluate the provenance
and Pre-palaeocene geochemical history of the upper mantle beneath the
area., Unfortunately, few modern trace element analyses of Hebridean
Tertiary basic rocks are available. Accordingly, major and trace ele-
ment analyses were made of a crinanite sample (MS 209) from the Dippin
Head Sill. This intrusion represents the earliest emplacement of basic
mzgma in S.Arran (Hallsall 1978) and should therefore be approximately
contemporaneous with the Mull Plateau Group and the Skye Main Lava
Series. In this chapter the various Mull, Skye, Arran basalts are com-
pared in order to establish whether or not the basic magmas supplying
these centres were identicgl. In addition to the data presented in this
ctudy published anazlyses from the following data sources are also used:
The Skye Main Lava Series (SMLS) and a tholeiitic pillow lava from the
base of the Skye lava pile, SK 965, (Thompson et al. 1972, 1979); the
Skye Preshal Mhor (PMB) and Fairy Bridge (FBT) magma types (Mattey et
al. 1977); an average of sixteen low alkali tholeiite dykes from the
Mull regional swarm and a low alkali tholeiite lava from Mull, (MLAT)
(liattey et al. 1977, Thompson 1979). The basic lavas from Groups I, II
and III of Beckinasale et al. (1978) were also used. Their group I and
III lavas were all collected from Plateau Group localities (op.cit.

fig 1) and hence were initislly included with the Mull Plateau Group
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{MPG) analyses obtained in this study. The basic members of their
group II are all lavas placed by Bailey et al. (1924) in their
Staffa magma type and were included with the analyses of the Staffa
lava (M 80) and the Mcculloch's tree lava (M 61) obtained in this
study.

1, Distribution of the magma types within the province.

Several classification schemes relating basic volcanics to their
magma type and tectonic setting by means of their trace element content
have recently been proposed (J.Pearce and Cann 1972, 1973; T.H.Pearce
et al. 1975, Floyd and Winchester 1975). The extensive secondary alter-
ation shown by the Mull Non Porphyritic Central lavas (NPC) and the
Plateau Group lavas collected from the central greenschist-facies zones,
means that for these particular samples,only their immobile traceelement
ratios can be considered to represent magmatic characteristics. In order
to include all the samples in the comparison the various magma types
were plotted on the 'diagnostic' trace element diagrams of these authors
(figures 6-1 to 6-3). Their distributions are discussed in more detail

below.

Skye Main Lava Series and Mull Plateau Group

The Skye Main Lava Series and the Mull Plateau Group are indist-
inguishable on all the trace-element diagrams. The SMLS and MPG basalt
also show a similar range of Si-saturation. (fig 6-4). Most of the
basic members of the Small Isles lava suites analysed by Ridley (1972)
also plot in the outlined field on figure 6-4, but the absence of trace
element data for these lavas precludes detailed comparison, MS 209, the
Arran crinanite sample, has the major-element composition of a typical
nepheline~hawaiite (fig. 6-4) and similar trace element abundances to
the SMLS and MPG lavas (figs. 6-1, 6-2). Compariscn of figures 6-1 to
6-4 also shows that the basal "Staffa-type" lavas from both Mull and
Skye (M 61, 1 80, SK 965, and the Group II lavas of Beckinsale et al.
(1968)) have similar trace element zbundances to the SMLS and MPG
basalts but substantially different mujor-element compositions.
Beckinsale et al. (1978) claimed that their Group I and II lavas are

the chemical eguivalents on Full of the ne- and hy-normative sub-
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K20 : P20Og
Figure 6-3.

Distribution of the various basalt types on the TiOp -.KEO - P05
diagram of T.Pearce et al. (1975). C Preshal Mhor magma type;

7~ Skye Main Lava Series and Mull Plateau Group; (_ .~

Lt Skye Fairy Bridge magma type; other symbols as in previous diagrams.

divisions, respectively, of the SMLS basalts. This is clearly incorrect.
The Groups I and III basalts of Beckinsale et al. plot within the out-
lined field of figure 6-4 and hence fall within the overall composit-
ional range of the SMLS and MPG basalfs. The major- and trace-element
distributions discussed gbove thus support the two-fold division of
the early Skye and Mull lavas made on the basis of field and petro-
graphic data by previous workers (Bailey et al. 1924, Anderson and
Dunhzm 1966).

Beckinsale et al. (1978) based their subdivisions of the Mull
lavas on two main lines of evidence - their variable initial 87Sr/86Sr
ratios,and the low Y contents of three highly evolved lavas. They
claimed that the (87Sr/865r)i ratios of the basalts showed no correl-
ation with Sr content and hence represented primary magmatic charact-

eristics of the lavas. Pb, Sr and Nd isotope studies of the Skye and
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Figure 6-A4,

Normative diopside-hypersthene-olivine-nepheline/quartz in basic
lavas and pyroclastics from Mull:gﬁﬁ‘Skye. All the norms calculated
with Fe,03 set at 1.5%., MPG and SMLS basalts fall in the outlined
field. Key to symbols: Open square MS 209, Filled stars = Mull
Group II lavas of Beckinsale et al. (1978); Open star = Mcculloch's
Tree flow Mull, (M 61); Circled filled star = Fingal's cave flow,
Staffa (Tilley amd Muir 1962); Circled open star = Fingal's cave
lava, this study (M 80); Filled circle = glass separated from basal
tuff, NW Skye (anderson ana Dunham 1962); Filled square - basal pillow
lava, N Skye (ibid); filled triangle = basal pillow lava (SK 965),
N Skye (Thompson et al. 1979).

‘ull lavas have established that they show a range of isotope ratios
intermediate between those of mantle derived magmas and the Lewisian
gneisses which formed the basement to these complexes (HMoorbath and

Welke, 1963, Carter et zl. 1978, koorbath and Thompson 1979). The Sr
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Figure 6-5,

Sr versus initial 87Sr/865r ratios for Mull lavas.
Data sources: ® - Groups I and III lavas of Beckinsale et al. (1978);
A - Carter et al. (1978); m Moorbath and Thompson (1979);
* - deduced initial composition of Pennygown Guarry lava (this study).

and (87Sr/865r); ratios of the MPG lavas and Groups I and III of
Beckinsale et al. are plotted against each other in figure 6-5 and it
is clear from this that there is a correlation between these two para-
meters indicating that the lavas have been affected by crustal cont-
amination. Significantly, the contamination curve shown in figure 6-5
is extremely similar to that obtained for the SMLS by Moorbath and
Thompson (1979).

The effects of bulk contamination on the Skye and Mull basalts
was modelled by Morrison et al. (1979). Their results indicated that
it was impossible to produce magmas with the minor and trace-element
contents of the SKLS and MPG lavas by incorporating small amounts of
suitable contaminant materials (Lewisian gneiss and/or a Skye granite

showing cotectic melting at upper crustal pressures) in the basalts.
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further, Moorbath and Thompson (1979) could find no correlation between
either Si0O, content or Si-saturation and (87517865r)i ratios in the
Skye basalts. The range of isotopic compositions shown by these lavas
would thus appear to the result of selective element movements which

are discussed in more detail by Moorbath and Thompson (1979).

Geochemical and melting studies suggest that the Skye Main Lavas
Series magnesian basalts were formed by the partial melting of a spinel
lherzolite at about 60kms depth, with the degree of initial melt fract-
ion varying from approximately 5-10% to generate the ne- and hy-norm-
ative magmas, respectively. Ti, Zr, P, Hf and the middle rare earth
elements correlate negatively with Si-saturation in the SMLS basalts
agreeing with the dilution trends which would be predicted from a
partial melting model. The less-incompatible elements Y and Yb show
smaller concentration ranges due to their partial retention in upper
mantle diopside (Thompson 1974, Thompson et al. 1979). The nearly
identical Si-saturation ranges and trace element abundance ranges in
the SMLS and MPG suggest the latter were produced by similar degrees
of partial melting. The more alkalic Arran crinanite sample (MS 209)
may have been generated from basic magma produced by a slightly smaller
degree of partial melting. This is reinforced by their petrographic
similarity and the presence of Al-rich chromites similar to those cry-
stallised in high-pressure experiments, ~in the SMLS and
MPG basalts (Thompson 1974).

Thompson (1974) suggested that the SMLS less-magnesian basalts
and hawaiites were produced by the high-pressure fractionation of ol-
ivine, plagioclase and aluminous subcalcic augite in the lowermost
crust and uppermost mantle., Concordant, independent, numerical models
of this process have been provided by major and trace element data
(Thompson 1974, Thompson et al. 1979). The small number of evolved
rocks anzlysed during the course of this study precludes any detailed
consideration of their genesis. Nevertheless, the Mull hawaiites, in-
cluding those of Beckinsale et al. (1968),and the irran crinanite
sample, MS 209, plot close to the Skye hawaiites szlong the fractionation

trend for the SMLS lavas on the Y-Zr diagram shown in figure 6-6. The
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three low-Y lavas of Beckinsale et al. (1978) plot in the lower Fight
hand corner of figure 6-6. It is clear from their evolved compositions,
particularly their low Ni and Cr contents (op.cit. Table 1),that these
lavas cannot be primary magmas and must have been affected by some
degree of fractional crystallisaéion. No basic magmas with very low-Y
contents have been reported from the British Tertiary Province.
Thompson et &l. (1979) showed that the SMLS benmorites and low-Fe -
intermediate and trachyte lavas have low ¥, Yb, Zr, and Hf contents

as a result of zircon fractionation (see fig, 6-6). Other REE-bearing
phases such as apatite also become important in controlling the fract-
ionation trends of these lavas. It seems likely that the three low Y
samples of Beckinsale et al. could have been similarly produced by ex-

tensive fractionation of the MPG magmas.,

Beckinsale et al. (1978) suggested the Palaeocene upper mantle
beneath Mull (and by implication beneath Skye clso) was vertically
inhomogeneous. The discussion above indicates that their Group I and
Group III subdivisions are based on parameters reflecting crustal
rather than mantle processes. Several lines of evidence suggest that
the differences between the SMLS and MPG basalts and the basal 'Staffa-
type" lavas may also be due to crustal processes. The most notable
features of those distinctive, local, basal lavas are as follows :-

1. Relative to the SMLS and MPG lavas they are volumetri cally
insignificant, representing less than 1% of the total lava
succession in both islands(Bailey et al. 1924, Anderson and
Dunham 1966).

2. They were erupted only at the onset of volcanic activity.

3s The relative abundances of most of the incompatible and rare
earth elements in these lavas fall within the range shown by
the SMLS and MPG basalts but they have significantly higher
K,Rb and Ba contents and higher initial 87Sr/868r ratios (figs.
6-1, 6-2; Appendix I-E, M 61, 80; Beckinsale et al, 1978,
Thompson et al. 1979, Moorbath and Thompson 1979).

4, Their normative di-rich compositions relative to the S}LS and

PG basalts. It is also apparent from figure 6-4 that these di-
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rich rocks exhibit a wide-range of Si-saturation.

5. Augite is a phenocryst phase in these basal lavas whilst in
none of the SMLS and MPG basalts was augite a near-liquidus
phase.

The petrography and major element compositions of these basal

volcanics suggest they approach low-pressure olivine-plagioclase-

augite-liquid cotectic equilibria in the natural basalt system. In
contrast, the compositions of the SMLS and MPG basalts are related to
high pressure (> 10 kb) cotectics (Thompson 1974). It seems likely that
small batches of basic magma which were halted prior to eruption in

the K, Rb and Ba-rich and high 875r/86Sr environment of the amphibolite—
facies Lewisian gneisses of the upper crust (Carter et al. 1978) will
possess higher values of these parame ters than subsequent magma

batches which ascended more rapidly through the crust,

Skye Preshal Mhor and Mull low-alkali tholeiite basalts.

These two magma types show identical distributions on the var-
ious trace element diagrams in figures 6-1 and 6-2. On all except the
Nb/Y - Zr/Pp0g plot (fig. 6-1), they occupy different regions to the
SMLS and MPG lavas. The Skye Preshal Mhor basalts are characterised by
high CaO contents (11-13%), low total alkali contents, low abundances
of the large-ion lithophile elements and a light rare earth depleted
chandrite-normalised pattern (Ce/Yby<1.0). The Mull low alkali thol-
eiite dykes show similar major and trace element contents but no rare
earth element data are available for them (Mattey et al. 1977). MS 133,
the MLAT lava sample has a LREE depleted pattern (Thompson 1979).
Skelhorn et al. (1979) have shown that the chilled margin of the Ben
Buie gabbro in Mull shows the distinctive chemical characteristics of

the Preshal Mhor magma type.

Dykes of the PMB magma type comprise more than 70% of the total
regional dyke swarm of Skye and have been injected within a relatively
narrow zone that defines the axis of maximum crustal extension for the
swarm as a whole (Mattey et al., 1977). Lavas of this type are rare in
Skye other than a few flows intercalzted with the SMLS at the top of the
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Yava pile (Thompson et al. 1972, Esson et al. 1975). Unless the PMB
dykes failed to reach the surface to form flows, lavas of this type
mst have been abundant in the upper, now eroded parts of the Skye

lava pile.

Low alkali tholeiite dykes form a substantial proportion of the
Mull regional dyke swarm (Lamacraft 1979). Since the Ben Bule gabbro
also appears to belong to this distinctive magma type this clearly
suggests that the MLAT magmas were similarly emplaced at the climax
of crustal extension and that lavas of this type were also common in
the upper part of the Mull lava pile. At this point the analogy breaks
down as the MPG are overlain by the Non-Porphyritic central lavas. On
the various trace element plots in figures 6-1 and 6-2 these lavas form
a distinct group, plotting in totally different areas to the other
magma types on all except the Nb/Y - zr/P05 plot. On the Ti/100 - Zr -
Y.3 and Ti/100 - 2r - Sr/2 diagrams of J.Pearce and Cann (1973)
(fig., 6-2) they lie in the 'calc-alkali' fields. The NPC lavas,though

undoubtedly tholeiitic,would thus appear from these diagrams, to

belong to yet another distinct magma type.

The reason that the NPC lavas plot in the 'calc-alkali' fields
is they possess distinctly higher Zr and only slightly higher Ti0,
contents to the other magma types (Appendix I-E). A high Zr/TiO, ratio
is often an indicator of magmatic differentiation and these lavas do
contain titanomagnetite phenocrysts. Although their major element
compositions have probably been substantially modified by secondary
alteration they all possess low MgO contents (4.5 to 3,0%) (Appendix
I-E). This raises the possibility that they may be evolved members
of the MLAT magma type. In the regional swarms dykes of more evolved
compositions tend to be restricted to the vicinity of the Tertiary
centres, (Skelhorn 1969, Mattey et al. 1979) and the practice in recent
geochemical studies of only using samples collected from outside the
central zones of hydrothermal alteration, may have introduced a sys-
tematic bias into the data. L.Nodes (pers.comm, 1978) has found that
the Mull NPC lavas show a wider range of trace element abundances than
the three samples discussed here. i'hether or not these belong to

the MLAT magma type cannot yet be determined without further
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study and by means of rare earth element data in particular,

The SMLS and PMB lavas have similar relative abundances of the
ultra~incompatible elements such as La and Ta (Thompson et al 1979).
Accordingly, Thompson et al. have proposed that the PMB magmas ori-
ginated from a further melting increment of the lherzolite mantle
volume that had previously produced the SMLS basalts (with inefficient
melt extraction); leaving a final harzburgitic residuum. Other pos-
sible models fail to explain the interstratification of the SMLS and
PMB lavas and the appearance of the Preshal Mhor magma type at the
climax of crustal extension in the dyke swarm. Although many of the
Tertiary Hebridean rocks show isotopic evidence for crustal contamin-
ation, Moorbath and Thompson (1979) have found that the lowest initial
87sr/86sr ratios in both the SMLS and PMB lavas are identical,which
supports the single mantle source model. Clearly, a similar scenario
could be adapted to explain the genesis of the Mull low alkzli thol=~
eiites,

Other magma types.

The Skye Fairy Bridge basalts form a tight cluster on each of
the diagrams in figures 6-1 to 6-3. On the Pp05 - Zr and Ti - Zr
diagrams they fall between the SMLS and PMB; on the TiO, - Zr/P205
and Ti/100 - Zr - Sr/2 diagrams they overlap the SMLS but are totally
separate from the PMB; on the Ti/100 - Zr - ¥.3 plot they plot close
to the PMB and are completely distinct from the SMLS. M 58, the basalt
sample collected from the hill top knoll, south of Fishnish Peninsula
in Mull, plots close to the Skye FBT basalts in every case. SK 971,
the lava flow from the type FBT locality in Skye has a slightly LREE-
enriched chondrite-normalised pattern with Ce/Yby = 1.7 (Thompson et
al. 1979). ¥ 58 has a very similar REE pattern, also with a Ce/Yby
ratio of 1.7 (Appendix I-E). Dykes with similar trace and rare earth
element abundances to M 58 occur in the mainland extension of the Mull
regional dyke swarm (L.Nodes pers.comm, 1978). Nevertheless, these two

basalt types also show some compositional dissimilarities. The FBT

contain both ne- and hy- normative types and like the SMLS and MPG can
4

be described as transitional basalts. M 58 contains no modal olivine
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and has a distinctly tholeiitic major element composition (Appendix
I-E) .

The FBT have similar relative zbundances of the ultra-incompat=. . -
ible elements such as La/Ta to the SMLS and PMB lavas, as do M 58,
MS 133, the Mull low alkali tholeiite lava flow, and the MPG (Thomp-
son et al. 1979, Thompson 1979, Appendix I-E this study). A dynamic
or continuous melting model, of the type proposed by Thompson et al,
(1979) for the SMLS and PMB lavas, can also generate magmas with sim-
ilar incompatible element abundances to the FBT (and M 58): either by
a slightly higher degree of partial fusion and melt extraction during
the initial melting or, by the extraction of a smaller melt fraction
than that required to produce the PMB during a subsequent melting in-

crement,

Basalts with the distinctive major element chemistry of the PMB
magma type have been reported from Arran, Carlingford and Antrim
(Mattey et al. 1977) but no trace element data are available for these
rocks, Some low alkali tholeiite dykes have been found in the Arran
regional dyke swarm (L.Nodes pers. comm. 1978). Mitchell et al. (1976)
have reported analyses of eijght basalts dredged from the Blackstones
igneous centre. Four of these samples (72/7/18, 75/3/1, 75/5/8, 75/5/9)
have transitional major element compositions whilst the other four
have high Ca0 contents and are tholeiitic (72/7/1, 72/7/11, 75/3/2,
75/5/7). On the trace element diagrams of J.Pearce and Cann (1973)
these basalts show similar distributions to the FBT and PMB magma
types of Skye (Mitchell et al. Fig.3). Nevertheless, the absolute
trace element abundances and K>0 contents of these basalts do not fall
within the compositional range of the Skye basalt types., More data,
and particularlymore REE analyses, are needed in order to establish
whether or not the various basic magma types within these centres can
be considered comparable to those recognised in Skye as suggested by
Mattey et al. (1977).

2e Lateral heterogeneity in the Palaeocene

upper mantle beneath the Scottish Hebrides.

The overlapping chemistry of the various Skye, Mull and Arran
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basalt types demonstrates that these centres produced a series of com-
positionally similar (though not necessarily identical) basic magma
types. The Skye Main Lava Series, the Mull Plateau Group and the Arran
crinanites represent the early major products of vulcanicity at these
centres and can thus be used to monitor the composition and variability
of their Palaeocene upper mantle-source regions. Accordingly, these

basalts are compared in more detail in this section.

Differences between Tertiary Hebridean and world-wide alkali basalt

suites,

The early lavas of the British Tertiary Province have tradition-
ally been regarded as one of the world's most typical examples of an
alkali basalt suites (e.g. Kennedy 1933, Tilley 1950, Wager 1956,
Coombs and Wilkinson 1969, Carmichael et al. 1974). The SMLS and MPG
both contain ne- and hy-normative types and are possibly best class-
ified as transitional basalts. Nevertheless, it can be seen from fig.
6-1 that their trace element contents bear more resemblance to those
of olivine tholeiites., MS 209, the Arran crinanite sample, has the
major element composition of a typical nepheline-hawaiite .,(Appendix
I-E) and similar trace element abundances to the SMLS and MPG (figs.
6-1, 6-2,and 6-6). Durant (1978) noted a similar discrepancy between
the major and trace element compositions of Hebridean alkali basalts

in his study of the Islay and Jura dyke swarms.

The mégnitude of this incompatible-element depletion in the
Tertiary Hebridean basalts, relative to other alkali basalt suites
can be seen from figure 6-7. The rare-earth and other incompatible-
element contents of representative world-wide samples, taken from the
literature, are normalised on this diagram to their abundances in the
average composition of the SMLS less-magnesian basalts. Since MgQ is
linearly related to the liquidus temperatures of basalts (Thompson
1973), constant values of this oxide were used as a criterion to select
the other samples, so that only lavas at approximately comparable
stages of fractional crystallisation are shown on figure 6-7. By norm-
alising to an agverage SMLS composition, incorporating lavas with diff-

ering degrees of Si-saturation, the effects of variable partial melt-
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ing during their genesis was eliminated. The trace elements are plotted
from left to right along the abcissa in an empirical order of increas-
ing abundance difference, relative both to the SMLS and to each other,
The use of a vertical log—scale allows typical MORB basalts and ultra

alkalic lavas to be accompdated on the same diagram,

Other than the elements K, Rb and Sr which show no regular
behaviour, as noted by Kay and Gast (1973), Bougault et al. (1979) and
others, the other parts of the patterns on figure 6-7 are remarkably
consistent. These diverse magmas appear to be buffered to approxim-
ately constant values of ¥ and Yb, whilst showing systematically in-
creasing variability in the abundances of the progressively more-
incompatible elements - i.e. those with progressively lower bulk dist-
ribution coefficients between major upper-mantle minerals and basalt
melt (Bougault et al. 1979). The patterns of many other samples super-
impose on those plotted in figure 6-7 and are described in the legend.
This consistency is remarkable in view of the fact that this diagram
takes no account of differences in the mineralogy of the various
mantle source regions of these lavas and the presence or absence of

phases such as plagioclase or garnet.

The basalts with incompatible-element abundances most similar

to the SMLS on figure 6-7 (see also legend) are the olivine tholeiites

from Kilauea, injouan (Comores), E.Iceland znd the FiMOUS area. In

contrast, all thc alkcli basalts show progressive enrichment with in-

creasing incompatibility in their trace-element abundances, relative
to the SMLS. The abundances of Ta, La, P and Zr, in the 2lkali olivine
basalt from New South Vlales, for example, are greater than those in

the average Skye basalt by factors of 10, 4, 2 and 1.5, respectively.

Differences between the alkali-basalt suites of Skye, Mull and Arran,

The pattern for the Mull baszalts (a mean of the samples from
flows LA 7-11 znd M 51-55 that has a similar FMgO content to the SMLS
average) lies close to that of the E.Iceland lavas on figure 6-7 and
appears to show substantial depletions of the more-incomputible ele-

ments, relative to the Skye basclts. This is despite the fact, that
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the nearly-identical Si-saturation ranges in the SHLS and MPG suggest
they were produced by similar degrees of partial melting (see discuss=

ion above),.

In figure 6-8 selected trace elements are shown plotted against
F/F+M for individual SMLS and MPG basalts. Unlike figure 6-7 this dia-
gram takes no account of the effects of partial melting on the trace
element concentrations, but allows the magnesian basalts to be included
in the comparison. F/F+M was used for the zbcissa as this is the best
index of fractional crystallisation in these particular rocks (Thompson
et al. 1979). At similar values of F/F+M, the MPG show the following
differences, relative to the SMLS: markedly lower abundances of the
more-incompatible elements such as Nb and P; slightly lower Ti abund-
ances; similar abundances of less-incompatible elements such as Y.
These differences between the two groups are precisely those that would
be predicted from the differences between their mean less-magnesian
basalt compositions, shown on figure 6-7. Nevertheless, the Skye and
Mull bzsalts do not occupy separate fields on figure 6-8 but overlap,
with this overlap being greatest for the less-incompatible elements

and least for the more-incompatible elements.

Chondrite-normzlised rare-earth patterns for individuval Mull and
Skye basalts are shown in figure 6-9. All the REE patterns are sigmoid-
al, to varying extents., Both the SMLS and MPG contain basalts with re-
latively straight and strongly-curved pztterns. The majority of the
Skye baszlts have the former type of pattern, whilst =211 but one of
the Mull basalts have the latter type. Some of the variations in total
REE content between the individual Mull and Skye basalts can be attrib-
uted to the effects of fractional crystallisatioﬁfand/br hydrothermal
alteration., (Mull basalts from the greenschist-facies zones as well as
the zeolite-zones were included in figure 6-9 and figure 6-10 (below)
as the elements plotted in these diagrams were immobile during alter-
ation). These processes will produce parallel shifts of the rare-earth
element patterns but cannot be the cause of the variations in slopes
and curvature s of the patterns. Nelther can they be attributed to the

~vzriable degrees of partial melting that gave rise to the SHLS and MPG

* Q,Q“SS"\'G\UJ\;L-AQ ploses - clline ond Cr-spinel i Y mg-
basalle . olaine amd ploaedlass un’ da \ess-Mq bosarte
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b, Pp05, Ti0p and Y versus F/F+M

forjpalaeocene Hebridean basic rocks.

Symbols as in figure 6-1,
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magmas, since the bulk distribution coefficients for elements such as
La and Ce between major upper mantle minerals and basalt melt are so
similar. Instead, the mantle sources of these basalts must have shown

similar variations in the relative abundances of the REE,

The approximately constant slopes on figure 6~9 of the middle
rare earths for both basalt groups allows a straight line projection
to be made through the data to a point, designated Ce*, which is the
value of Cey that would be anticipated, if the patterns showed no
downwards curvature at their LREE ends. Ce*/Cey , is therefore an in-
dex of the depletion in the LREE relative to the MREE. Values of this
ratio were calculated for all the Skye and Mull basalts REE patterns
where Sm, Gd and Tb fit well to a straight line. Eu was not used as
some of the basalts show small positive Eu anomalies (Thompson et al.
1979). Figure 6-10 is a plot of Ce‘/CeN versus other ratios of more-
to less-incompatible elements. These parameters show moderately good
positive correlations indicating that the incompatible elements were
behaving coherently in all these magmas. . MS 209, the Arran
crinanite sample cannot be compared directly with the Skye and Mull
basalts on figure 6-7 because of its lower MgO content. In table 6-1
selected incompatible element concentrations in MS 209 are compared
with ne-normative Skye and Mull hawaiites with similar F/F+M ratios.
Ta, Nb and 'I‘iO2 were excluded from the comparison as these samples
contain titanomagnetite micro-phenocrysts and hence, these three ele-
ments cannot therefore be considered to havc becn behaving incompatibly
in these particular magmas. (Thompson et al. 1979). It is apparent
from Table 6-1 that MS 209 is depleted in all these elements relative
to the Skye and Mull hawaiites, and hence, strongly depleted relative
to world-wide nepheline hawaiites.,

Table 6-1 Comparison of incompatible element

concentrations in Skye/Mull/Arran hawaiites.
SK 907 is from Thompson et al.(1979).

P05 K0 Rb Ce Sr N 2r Hf Y 1Yo

Skye 907 0.45 0.70 6 50,35 724 38,94 279 7.82 45 3,41
ull M 7 0.30 0.27 3 30.57 560 29.69 230 6,07 35 2.37
hrran MS209| 0,26 0.36 6 21,57 416 12,59 175 4,39 31 2,21
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To summarise, the incompatible element voriations are interpreted
as demonstrating heterogeneity in the Palaeocene upper mantle beneath
Skye, Mull and Arran on two different scales:-

1. local heterogeneity beneath both Null and Skye, on the scale
of the mantle volumes involved in the production of individual
mzgma batches

2. lateral heterogeneity on a larger scale between these igneous
centres, Similar lateral heterogeneity also occurs in Hawaii
where the volcano spacings are similar to the distances between

the British Tertiary igneous centres (fig. 6-9).

The differences in incompatible element abundances between the
SMLS and MPG zre of the same type as those encountered between other
members of the world-wide spectrum of basic rocks (figure 6-7). Hence,
although it is not possible to prove that this variability was not
caused by some obscure mantle metasomatic event, the fluid phase in-
volved would have possessed relative abundances of the incompatible
elements typical of basic magmas. This suggests thet the upper mantle
beneath these centres achieved its pre-Palaeocene incompautible element

depletion by the extraction of a melt phase(s).



173

m 3. Provenance and pre-Palaeocene chemical history of

the upper mantle beneath the British Tertiary Igneous Province.

The three most plausible ways in which the volume of upper
mantle which gave rise to the Palaeocene basaltic magmatism could have

gained its distinctive chemistry are discussed below.

Asthenosphere with the requisite geochemical characteristics
which was previously decoupled from the sub-Scotland lithosphere, may
have penetrated diapirically upwards in the Palaeocene, in response
to tension associated with the opening of the North Atlantic. This
leads to the somewhat defeatist conclusion that the incompatible-
element depletion of this mantle volume took place at some unknown
place and time by means of an unspecified process. Further, the increas-
ing severity of this depletion with increasing distance from the in-
itial rift position (i.e. from Skye to Mull to Arran) is the opposite
relationship to that which would be predicted from published recon-
structions of tectonomagmatic events in the North Atlantic (e.g. C.
Brooks 1973).

Mantle accreted on to the sub-Moho lithosphere during the form-
ation of the Archaean Lewisian complex may have been thermally react-
ivated during the Palzeocene. Again, the trace~element composition of
this mantle volume would thus be residunl from unspecified mag-
matic and/or metasomatic processes which took place up to 3000Ma. ago
(Beckinsale et al. 1978). Moorbath and Thompson (1979) have shown that
this model is not substantiated by the Nd- and Sr-isotope character-
istics of the Hebridean Tertiary basalts. The complex and active Cale-
donian and post-Caledonian tectonomagmatic history of this region, dis-
cussed below, is difficult to reconcile with the concept of an inert
Archaean lithosphere persisting beneath western Scotlahd until the Pal-

aeocerle,

A third possibility is that the volume of upper mantle which
produced the Palzeocene magmas may have become coupled to the sub-
Scotland lithosphere during the Archaean-Cenozoic time interval, and

ééuired its distinctive trace-element characteristics through extraction
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of a melt(s) rich in the incompatible elements. The products of the
following episodes of post-Lewisian pre-Tertiary magmatism are pre-
served in the geological record of this area : Moine (Ross of Mull),
Dalradian (SW Highlands), Arenig (4rran and Southern Uplands), Devon-
ian (Widespread including Ross -and Loch Don in Mull), Garboniferous
(mainly in the Midland Valley but also dyke @ emplacement throughout
the SW Highlands). Finally, Permian basaltic and lamprophyric dykes
.are associated with numerous lavas and plugs of this age in SW Scot-
land, extending to within 30kms of Arran. Similar dykes are quite
abundant on the islands and Mainland around Mull whilst occuring more
sparsely on and around Skye (Richey 1939 fig.5, Speight and Mitchell
1979).

A consideration of the Tertiary igneous centres in western
Scotland and their relationship to the preceding tectonics and meta-
morphism of the Caledonian orogeny, is useful in evaluating the pre~
Tertiary history of the upper mantle in this region. Skye and Rhum
fall just on the foreland of the Caledonian mobile belt, whilst
Ardnamurchan, Mull and Arran are just within it. Mull and Arran have
areas of greenschist-facies Dalradian schists. Greenschist- and amphi-~
bolite-facies Moines outcrop on Ardnamurchan and highly metamorphésed
Moines occur in western Mull, The suture line of the Caledonian Iapetus
ocean may be the Highland Boundary Fault. (Lambert and Mackerrow 1976).
This is straddled by the Arran igneous centre thus setting a maximum
Caledonian age-limit to the sub-Arran upper mantle. Yet, the Airran
crinanite sample, MS 209, has similar incompatible~-element abundances
to the SMLS and MPG. If the suture line runs beneath the Solway Firth
(Phillips et al. 1976), this is only 130Okms south east of Arran and
300 kms from Skye. Even in this case the sites of subsequent western
Scotland Tertiary igneous activity were close to the Caledonian litho-
spheric plate margin, when seen on the structural scale of present-day

plate boundaries.

Subduction is commonly postulzated to have occurred along a north-

westerly inclined zone during the closure of the Izpetus ocean (e.g.
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Bhillips et al. 1976). The slab must therefore, have passed beneath
at least part of western Scotland. Toksoz and Hsui (1978) have given
detailed numerical modelling of how a subducting slab of oceanic
lithosphere induces convection in the asthenospheric upper-mantle
wedge above the subduction zone. This convecting upper mantle may in
turn erode and replace the overlying lithosphere so that a back-arc
basin forms. In other cases, such as the Cenozoic western USA (Scholz
et al. 1971, Thompson 1977) a combination of flow induced tension and
conductive heating of the stretched lithosphere leads to the formation

of a magmatically active, ensialic, extensional province,

The upper Palaeozoic rift valley in the Midland valley of Scot-
land is a clear demonstration of post-Caledonian lithospheric exten-
sion. The agbrupt change from Devonian tholeiite-rhyolite series to
lower Carboniferous alkalic magmatism in Scotland resembles the Tert-
iary shift from calc-alkaline to alkaline magmatism in the western USA,
(Christiansen and ILipman 1972). The relatively sparse occurrence of
the Permian basalt-lamprophyre suite in western Scotland, indicates
that the upper Palaeozoic tectomagnetic event diminished during
this period, and was followed by quiescence during the Mesozoic. It
therefore seems reasonable to investigate the chemistry of the Perm-

ian magmatism, the last before the Palaeocene in western Scotland,.

Permian-Tertiary basic magmatism in western Scotland.

The Permian dyke swarms that pass through western Séotland show
two main trends (Richey 1939). A west north west trending swarm runs
through the area surrounding Mull and Ardnamurchan., In the region of
Morvern and Lismore Island, immediately adjacent to the Great Glen
fault, the crustal extension associated with it amounts to 3% (Speight
and Mitchell 1979). A much less dense swarm trends east north east
through the northern Highlands, Skye and irisaig. Radiometric dates
for members of these swarms, range from 288 to 235 Ma., (Speight and
Mitchell 1979). Few chemical analyses of these dykes have been pub-
lished and in particular little is known about their incompatible-

trace element chemistry. A representative member of the basalt-
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damprophyre swarm which passes through Skye was therefore analysed.
The results are given in Appendix I-E, sample MS 1hk,

This metre-wide dyke is emplaced in lewisian gneiss on the road-
side cliff of the A 871 at Dornie, opposite Eilean Donan castle, beside
Loch Duich, about 8 kms east of Skye (Grid ref. NG 884-257). In thin
section, it closely resembles the camptonites from Lismore and Morvern,
described by Bailey et al. (1924), and those at the eastern end of the
Arisaig-Loch Duich swarm, south of Loch Monar, studied by Ramsey (1955).
The major element chemistry of MS 144 is very similar to that of the
Loch Monar dykes (op.cit., Table 1). The abundances of the rare earth
and other incompatible elements are similar to those of world-wide
nephelinites (fig.6-7, Kay and Gast, 1973). D.P.Mattey (pers.comm,
1978) has found camptonite-suite dykes in Arisaig and the Sleat Pen-
insula, Skye with similar incompatible element abundances. It is
apparent from figure 6-7 that MS 144 is enriched in the incompatible
elements in approximately the same order as the SMLS and MPG are de-
pleted, relative to the alkali olivine basalts.

The abundances of Th, Ta and Nb in the Eilean Donan Castle dyke,
MS 14k, suggest that the Permian and Palaeocene basic magmas of western
Scotland belong to the same geochemical cycle., Inspection of figure 6-7
shows that the SMLS are depleted in these elements by a factor of two
or three relative to the other incompztible elements. This results in
a sharp increase in the slopes of many of the patterns of the non-

Scottish rocks on the left hand side of the diagram, resulting in

an apparent enrichment of these samples in Th, Ta and Nb, relative to
La, Ce and Rb. The E.Iceland and FAMOUS basalts show this particularly
clearly, as they are enriched in Th, Ta and Nb relative to the SMLS
basalts, and depleted in all the other incompatible-elements. This

can be quantified by considering the ratio La/Ta. Bougault et al.
(1979) have shown that this ratio is close to Q in baszalts produced
during the last few Ma., along the entire segment of the Mid Atlantic
Ridge from Iceland to 36°y, This ratio ranges from 14-43 in the SHLS
averaging 31, MS 1hk, shows a similar impoverishment in Th, Ta and Nb
as the SHLS basalts. Compared to otner world-wide occurrences of

strongly alkalic basic rocks with similar kg0 and LREE
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sontents, this dyke has only about half its anticipated Th, Ta and Nb
(Kay and Gast 1973, Kesson 1973). The bulk distribution coefficients
of the element groups Th, Ta, Nb and La, Ce and Rb between major
upper-mantle mineral phases and basaltic melt are so low (< 0.01)
(Bougault et al. 1979) that the twofold difference in the relative

abundances of these groups in basic rocks from western Scotland must

reflect a pre-existing feature of the chemical composition of the
underlying mantle. Accordingly, this upper-mantle relative depletion
in Thy Ta and Nb appears to be a pre-Permian feature of the western

Scotland magmatic province,

Kay and Gast (1973) modelled the production of REE patterns
very similar to that of MS 144, by approximately 1% fusion of a garnet
lherzolite mantle with 4 times chondrite abundances and chondritic
relative abundances of the REE, with garnet and clinopyroxene entering
the melt in sub-equal proportions. The residuum was strongly deplete&
in the LREE. Langmuir et al. (1977) showed that the first and second
melt fractions extracted from a mantle with chondritic relative abund-
ances of the REE, had strongly LREE enriched and LREE depleted sigmoidal
shaped patterns, respectively (op.cit. fig.6). Pure incremental fusicn
cannot produce the observed absolute abundances of these elements in
the Palaeocene lavas s most of the incompatible elements would be con-
centrated in the first melt fraction. Langmuir et al.(1977) proposed
a dynamic or continuous melting model to overcome this problem, in
which a proportion of the melt was retained and contributed to the
next melting episode. A similar procecc was proposed by Thompson et
al. (1979) for the genesis of the SMLS and PMB magma types during the
Palaeocene. The PMB and FBT magma types of Skye and the low alkali
tholeiite lava, MS 133, and the tholeiitic basalt, M 58, from Mull
also have La/Ti ratios that lie within the range 14 to 43 shown by
the SMLS and MPG basalts. Hence, the process postulated for the gen-
eration of the Permian-Palaeocene basic magmas in western Scotland is
similar in principle to the dynamic melting model of Langmuir et al.
(1977)but with two important differences:-

1. Melting was not continuous. There were two main episodes of

fusion at approximately 260 Ma., and 60 Ma. respectively.



178

2o, During the first melting episode the ratio of extracted to
retained melt was high and hence, the residual material, was
strongly depleted in the more-incompatible elements. Variations
in this ratio would give rise to both the local and lateral hetero-
geneity in the residuum indicated by the variable relative
abundances of the incompatible elements in both the SMLS and
MPG. Significantly, Permian basalt-lamprophyre dykes are more
abundant in the region of Mull than Skye.

L, The relationship between the Tertiary igneous

‘activity in Britain and the N.Atlantic.

The North Atlantic Ocean began to open between Greenland and the
Rockall Plateau when a drastic reorientation of the rift axes occurred
at about the time of magnetic anomaly 24 (Laughton 1971), 60 Ma. ago
according to the time scale of Heirtzler et al., (1968). Prior to this,
separation of Greenland (as part of the Laurasian plate) was taking
place about a sprezding axis in the Labrador sea. Around the time of
anomaly 21, 53 Ma. ago on the Heirtzler et al. time scale, the rate of
separation decreased and there is some evidence (from the Charlie
fracture zone) suggesting a change in the relative motions of the

Eurasian and North American plates (Pitman and Talwani 1972),.

Recent studies of marine magnetic anomalies, and work on the
Cretaceous-Tertiary boundary have led to several modifications of the
magnetic reversal time scale of Heirtzler et al. (1968)., LaBrecque et
al. (1977) have published a new time-scale, incorporating most of these
revisions, which is in reasonable agreement with the biostratigraphic
ages obtained from D.S.D.P. drill holes. On this revised time scale
anomaly 24 is assigned an age of approximately 56 Ma. and anomaly 21
an age of 50 Ma, Most tectonomagmatic reconstructions of events in the
British Tertiary Igneous Province have been based on the apparent co-
rrelation of the major and minor phases of igneous activity in the
BTIP at approximately 59 and 52 Ma., respectively, with the incidence
and modification of sea-floor spreading during the early evolution of
the North Atlantic (e.g. Macintyre et al. 1975, M.Brooks 1973). On the

revised time-scale of LaBrecque et al. (1977) the episodes of magmatic
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gctivity in the BTIP preceded each of the changes in spreading axes

configuration.

The relationship between the BTIP centres and pre-existing
lines of crustal weakness is well known: Skye, Rhum, Ardnamurchan
and the Blackstones centre all lie close to the Casmasunary-Skerry-
vore fault; Mull lies on the Great Glen Fault; Arran lies on or close
to the Highland Boundary Fault and Lundy lies on the Sticklepath
fault, a Hercynian structure reactivated in Tertiary times. Many of
the structures show a close spatial relationship to areas of Permian

or Permo-Carboniferous igneous activity (Richey 1939)

Gass et al. (1972) have suggested the BTIP was an abortive
spreading axis, operative for a short time span. This interpresation
is based partly upon the N-S alignment of many of the central igneous
complexes (see fig, 1-1). Although significant tectomic activity occur-
red within the BTIP during the Cretaceous-Tertiary period,as George
(1965) observed '"the systematic form of a 'Hebridean rift' is not to
be discerned from the tectonic pattern.!" When allowance is made for
the offshore igneous centres and additional dyke-like bodies revealed
by recent geophysical studies (Bullerwell 1972a,5) it is difficult to
sustain a picture of a N-S alignment of the igneous centres. Instead,
the dyke swarms reveal a pattern of extension fracturing in response
to a regional tensile stress operating in a NE-SW direction; with the
most extensive fracturing and magma emplacement occurring & points of
long standing crustal weakness., Most of the basalt lavas have been ex-
truded onto a newly uplifted and eroded land surface that testifies to
a long period of late Cretaceous and early Tertiary emergence (George
1965). The approximately synchronous cessation of most of the magmatic
activity within a period of 1-2 Ma. over the whole province would in-
dicate that this stress was relieved by some major tectonic event -
presumably the initiation of the split between Greenland and the Farce

rise,

The geochemical results discussed in this chapter indicate that
the Palaeocene and Permian basic magmas were derived from the same

mantle volumes. Accordingly, it is proposed that the BTIP basic magmas
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eriginated from mantle diapirs emplaced as a result of the post-Calé-
donian lithospheric extension associated with the closure of the
Iapetus Oceanyand reactivated as a result of the uplift and extension
that preceded the opening of the North Atlantic,
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1 - A SOTLE LCCALITIES




Samples
IAl-5
LA7 - 11
LA 12
LA 13 - 15
LA 16 - 18
LA 19
LA 20

M1l

201

Locality
Small quarry immediately to west of pier, Loch Aline,
Morvern (NM 674 LL43). Margins of lava flow not exposed.
Sample heights above quarry floor : LAl 0.0m;
LA 3 3.4m; LAS L.6m; LA 2 5.5m3 LA 4 6.7m, Mesolite

20ne.

Cutting on west side A 884, 3km north of Loch Aline,
Morvern. (NM 692 474), Flow margins not exposed but
soil reddens above and below exposure and this is acc-
ompanied by step-like changes in the topography. Sample
heights above base of cutting : LA 7 0.0m; LA 8 1.33m;
LA 9 2.,18m; LA 10 3.68m; LA 11 6.28m. Mesolite/lau-

montite zones,

Roadside cutting on west side of A 884, 2km north of
Loch Aline, Morvern (NM 683 466). Two lava flows and
intervening red bole exposed. Samples LA 13, LA 14 and
LA 15 collected at heights of 1.0m, 3.35m and 4.85m
above junction respectively., LA 12 - sample from red
bole which contains debris from both flows and varies
from 1.0 to l.5m in thickness. Base of underlying lava
flow exposed in slope above north bank of Allt Achadh
Forsa, 2%m below red bole. Sample heights below bole :
LA 16 2m; LA 17 7m; LA 18 22m. LA 19 - amygdaloidal
sample from upper two metres of LA 16 - 18, Mesolite/

laumontite zones.

Cutting on west side A 884, 1lkm north of Loch Aline,
(NM 680 458). Mesolite zone.

Massive lava flow on which remains of Aros castle stand,
(N4 563 450). Laumontite zone, close to margin prehnite

Z0ne.
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M5-8 Lava flow and underlying red bole exposed in small
quarry on north side of Tobermory-Glengorm castle road
(NM 462 563). Sample heights above bole : M 5 1.05m;
M6 2.25m3 M7 3.3%m; M8 L4,16m, Laumontite zone.

M1l - 12 Small quarry on north side B 8073, l.7km west of
Tobermory (NM 487 545). M 11, M 12 collected
3+2 and 4.5m above red bole which is partially exposed

in floor of quarry. Mesolite/laumontite zones.

M 51 - 55,M 56 Quarry on south side of A 849, 1.6km east of Bunnessan,
(NM 395 223). Floor of quarry lies in red bole, Sample
heights above red bole : M 51 0.9m; M 52 1.82m;

M 53 2.55m; M 54 3.6m; M 55 4.8m; M 56 - sample from

bottom metre containing part of pipe-vesicle. Mesolite

ZONE,
M13 - 22 Large quarry on south side of A 849, 2.5km east of
M26 - 28 Salen and almost opposite Pennygown Chapel (NM 607 431).
M 24, M 64 Epidote zone. Two lava flows separated by thin air-fall
Drill core tuff exposed in quarry walls. Upper flow sampled at

following heights above tuff layer : M 26 0,73m;

M 27 1l.46m; M 28 2,00m, Lower flow sampled at follow-
ing heights below tuff layer : M 13 O.lm; M 14 0,75m;
M15 1.8m; M 16 2.2m; M 17 3,1lm; M 18 4.05m;

K19 5.25m; M 20 6.4m; M 21 6.9m; M 22 7.63m, See
figure 1-9 for relationship between lava flows and the
two vein samples M 24, M 64, and Appendix I-B for log

of drill core.

M29 - 32 Toll Doire quarry, l.2km south of Salen on south side
B 8035 and immediately to west of Allt na Searmoin,
(NM 571 418). Epidote zone. Toll Doire granophyre ring
dyke exposed in south east cormer of quarry, central
part of hydrothernally brecciated lava flow exposed in
north west part. Sample heights above floor of quarry :
M 29 0.0m; M 31 2.81m; M 32 3,61m,



M 34 - 36
M 37 - 28
M 39

M 45
ML - 46

M 47 - 50

M 59

M 58

M6

MS 183

2053

Cutting on south side A 849, lkm west of Fishnish Bay
(NM 627 429), Epidote zone. Two lava flows exposed the
lower one being underlain by bole that contains relict
red patches (M 39). Upper flow sampled at following
heights above junctions : M 34 O.2m; M 36 1.1lm;

M 35 2.35m. Lower flow is only 4m thick -= M 37 and M 38
collected 1.2 and 2.1lm above M 39, respectively.

Cutting on south side of A 849, lkm east of Pennygown
chapel. (NM 614 432), Epidote zone. Again two lava flows
exposed, M 45 collected form upper flow 0.9m above
junction., Lower flow sampled at following heights below
junction : M 46 0.5m; M 43 1.3m; M 42 2.75m; M 41
3.,95m; M 40 5.15.

Cutting on south side of A 849, lkm west of turn to -
Glenforsa Hotel and l.4km east of Salen (NM 533 423).
Granophyre - probably part of the Toll Doire ring dyke
- exposed to east of cutting. Samples collected at
following distances from granophyre exposure : M 49
10m; M 48 25m; M 47 49m; M 50 71m,

Lava exposed in stream one third of way down hill
behind Fishnish Bay, south of A 849, (NM 629 410).

Epidcte zone,

Hill top knoll, south of A 849, opposite Fishnish Bay.
(NM 402 278). Epidote zone.

Macullouch's tree lava, Ardmeanach Peninsula (NM402 278).

Laumontite zone.

West bank of Allt liolach, a few feet above stream, two
thirds of distance from new road (A 849) to Ishriff
farm (Nil 632 313).
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Ms 184 Cutting on new road (A 849). Top of first slope, west
of point where road crosses Allt Molach. South side of
road at first bend. (NM 628 312).

MS 185 Cutting on A 849 at head of pass in Glen More. North
side of road beneath intrusive sheet. May be agglom-
erate containing clasts of NPC lavas. (NM 619 304).
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1l - B DRILL COCRE ILOG

Ko attempt has been made to identify and draw every single
plece of the core in this log. Instead, the interval occupied
by each sample and the percentage recovery are shown in the
lef't hand column; the main rock types recovered and the -
mineralogical variations within them are depicted in the right
hand column., Rubble horizones and breaks in the section across.
which continuity could not be definitely established are

shown dlagrammatically.

CA-chemical analysis; TS-thin section; PS- polished section;
XRD- mineral separate taken for X-ray ditfraction studies
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1 - C MCDAL ANALYSES

Zeolite-facies levas. Phenocryst modes

M 1z-22.



210

Zeolite-facies lavas-phenocryst modes (2000 points).

: LAl LE2* 1a3 Lol IAS L& 20
olivine tr tr  0.35 0.35 0.35 12,40
plagioclase 2,00 1,55 1.65 1.90 2,00 -
titanomagnetite - - - - - -
groundmass 98,00 98.45 98.00 97.75 97.65 87.60

IA7 1A8 I1A9 ILal0 ILa1ll M1
olivine 0.15 tr tr tr tr k.15
rlagioclase 1.15 2.25 2,65 3,15 2.95 -
titenomzgnetite - - - - - -
groundmass 98.70 97.75 97.35 96.85 $7.05 9k.60

LA 12 141k 12215 Lt 16 L4 17 LA 18
clivine 6.75 92.30 17.00 10,00 10,28 14,48
plagiloclase - - - - - -
titanomecnetite - - - - - -
groundmass 93,25 90.70 82.85 50,00 89.62 85.52

M S M6 M 7 M8 M 11 M 12

olivine 2,50 2.20 32,30 2.4 5.20 7.10
rl-gioclase 5.00 6,05 7.25 5.65 0,40 0.60
titanomegnetite 0.20 tr 0.30 tr - -
sroundmass 92.30 91,75  89.15 91,95 92,60 92,20

MS51 M52 M53 MSh MS55
clivine L.l 3,20 3,20 L,35 3,50
rlagioclase 3.05 2,70 3,45 3,05 2,95
titonomagnetite o - - - -
roundnass 92,55 94,10 93.35 91.00 93.55

* centuins 0,55 unzltered glass
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M 13 - 22 (4000 points).

chlorite 43,00 43,83 31.15 37.12 28,59
feldspar 29.55 2k,95 36.63 27.41 36.26
pyroxene - 14.23 18.73 16,30 18.12
opaques - 2,95 3.48 4,62 7415
sphene 9.55 4,83 6.43 375 1.60
carbonate - 0.83 0.15 4,82 2032
amphibole 0.93 6.68 2.40 4,92 2.00
epidote 0.4o 0.10 0.10 0,05 3.25
quartz 16.15 1.15 0.18 0.50 0.79
other 0.47 0.48 0.75 0.50 -
M_18 M 19 M 20 M 21 M _2
chlorite 29.85 35.53 35.05 34,08 20.63
feldspar 30,98 24,20 25.30 28.63 36,00
pyroxene 19.25 21.83 23.68 19.50 16.45
opaques 9.53 11.73 11.83 12.85 9.20
sphene 3.15 3.83 ir 1.55 2.50
carbonate 0.23 0.35 ir - ir
amphibole 6.83 2.45 2.38 3.38 4,58
epidote 0.20 0.08 - ir ir
quartz - 0,03 1.53 0.08 0,53
other - - 0.20 - 0.35

These figures should be considered to be approximate only. The
groundmass phases have been replaced by aggregates of fine-grained
minerals that are difficult to identify and impossible to count sep-
arately. Feldspar refers to the altered plagioclases plus the inclu-
sions which are often numerous enough to cause the crystals to appear
brown in colour. All the analyses listed above were obtained by count-
ing more than one slide for each rock. Nevertheless, the presence of
secondary mineral pods in the thin sections of M 16, M 17 and M 18 has

caused the figures for these samples to be distorted,
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I - D MICROPROBE ANALISES.

Zeolite zone rocks.

IA 5 Baseltic hawaiite

LA 7 Less - magnesian basalt

LA 15 Magnesian basalt

IA 18  Magnesian basslt

M7 Hawaiite -

M 12 Less - magnesian basalt

M 55 Less -~ magnesian basz2lt

M 56 Altered vesicle surround from M 51 - 55,

Greenschist - facies zone rock.

Note

M 13, M 14, M 15, M 16, M 18, C 54, C 130, C 158,
M 69, all from olivine - rich flow Pennygown Quarry.

M 70 Secondary mineral pod ugper flow Pennygown Quarry.
D1 Pyritised dyke Pennygown Quarry

M 29, M 30 Toll Doire Quarry lava

MA4l, M46 Altered hawaiite

M 48, M49 Altered basalt and hydrothermal vein from
same lava flow

C 212, C 232a/b Plagioclase - rich lava from lower part
drill core, Pennygown Quarry

l. Subscripts a,b refer to core and rim analyses
same crystals.

2. Fe:Ti oxides recalculated using method of
Carmichael (1967).



1 2
si 35,58 35,63
ua - -
Cr203 - -
FeO* 34,72 38,18
MnO 46 +52
KgC  27.82 26,09
NiO - -
Ca0 RS 1 o3
Na;ﬂ - -
K0 - -
TiOa - 2
V05 - -
Total 99,99 100,86
1 2
Basis 0= 4 0=4
si 1,013 0,996
Al - -
cr - -
Fe c.804  0.893
Mn 0.011 0.012
Mg 1,148 1,087
Ni - -
Cz 0.012 0,010
Na - -
K - -
™ - 0,002
v - -
z 2,987 3,001
Fo 58.81 Fo 54,91 Fo
ob 10a
Si0p, S4.92  52.63
AL;05 25.99 0.1
Cr03 - -
Feﬁ‘ 2-1" 075
MnO - -
Kz0 «58 -
NiQ - -
Ca0 8.82 12,33
Nag0  5.52 4,16
K20 31 15
Ti0, .13 -
V203 - -
Totsl 98,41 200,13
9 10a
Basis 0 =18 0=38
st 2,530  2.386
Al 1.411 1,609
Cr - -
Fe 0,082 0,028
Mn - -
Mg 0,040 -
Ny - -
Ca 0-435 0'599
Na 0,493  0.366
K 0.018  0.009
™ 0,004 -
v - -
z 2.015  4.997
An 46,00 An 61,51 An
Ab 52,05 Ab 37.59 Ab
Or 1.95 0r 0,90 Or
1 -
6 -
n

12 -~ 15 Groundmass chlorites.
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1A S5 - Basaltic Hawaiite,

3 4 5 6a 6b 7a 70 8 9a
35.77 35,29  35.69 50,60 50.46 51.09 51.51 52.33 52
.28 - 22 29,96 30,16 28.66 28.89  29.93  29.69
- - - - - A1 J1 - -
38.03 L1 39.68 2,01 1,62 2.64 2.55 .87 1,00
82 15 .82 - - - - - -
2b,22 2h,00 23.64 0.66 0.5 1.06 0.84 - .- |
65 Jb2 Wb 12,68 1302 1.8 11,67 1245 12,08
- - - 3.76 3.3 3.43 3.83 4,3 4,01
- - - - O.U’ 0-09 -1? 010 010
- - - - - 11 - - -
99,77 100,32 200,49  99.67 99.09 99,16 29.55 100,04  99.53
Cation proportions
3 4 5 6a 6b 7a ™ 8 9
O=14 0O=4 0=4 0=8 0=38 0=8 0s=8 0=38 0=8
1.012  1.003 1.010 2.325 2.328 2.361 2.369  2.379 2.391
0.009 - 0.007 1,623 1,640 1.561 1.566 1,604 1,596
- - - - - 0.004% .00k - -
0,900 0.953 0,939 0,077 0.062 ©0.102 0.098 0,033 0,038
0.020 0.002 0,020 - - - - - -
1,022 1,017 0.997 0,045 0.021 0.073 0,057 - 0.015
0,020 0,013 0.013 o.gak 0.648 0.593 0.575  0.066 0.590
- - - 0.335 0.300 0,307 0,341 0.385 0.355
- - - - 0.00k  0.005 0.010 0.005 0.006
- - - - - 0.004 - - -
2. 2,997 2.986 5,030 5.00% 5,009 5,021 5,013 4,991
53,17 Fo 51,61 Fo 51,49 An 65.11 An 68,06 An 65.51 An 62.10 An 60.86 An 62.07
Ab 34,89 Ab 31.51 Ab 33,90 Ab 36.84 Ab 38.59 Ab 37.30
Or = Or OM430r 0.59 Or 1.06 Or 0.55 Or 0.63
10b n 12 13 14 15 16 17 18
52,86 52,40 340 32,09 3214 30.58 - 1.02 o51 ° 64
29.32 27,87 13.54 13,88 13.93  13.53 0.52 1.77 1.62
- - - - - - - - o1
1.7 2.86 26,49  25.52 2u4.62 25.87 4B8.24  67.98 66.65
- - A1 22 14 J1 «53 1,35 1.33
- 80 13.40 13,72 13,22 1422 . 3.27 - -
11.56 10,41 1.82.° 1.75 1.96 1:51 o33 - :09
4,50 4,50 - - - - - - -
.19 W23 - - - - - - -
.15 .15 - - - - 43,32 24,26 25,23
- - - - - - 0. .63 .62
99.89 99,32 B6.726 82,17 86,02 85,83 92,58 %6.49 96,32
Cation proportiona
10b 11 12 13 14 15 16 17 18
0=8 =8 0=28 0=28 0=28 0=28 Recalculated analysee.
2,406 2,413 6,706 6,778 6,847 6,605 FeO  33.40 52,68  53.53

1,573 1.514 3,413 3,456 3,500 3446 Fe03 16,50 17,00 1438

97.79

0.056  0.110 4,739  4.507 4,86 4,673
- - 0,021 0.037 0.026 0,020
0.055 4,270 4,320 4,197 4,578

0.564 0,524 0,418 0.396  0.448  0.350
0-}9’7 00593 - - - -
0.011  0.014 - - - -
0.005  0.005 - - - -
5,006 5,028 19,577 19,493 29.403 19.672
57.99 An 56.33

40,89 Ab 42,21

1.12 0r 1.46

5 Smoll anhedral clivines.
10  Feldspar 'phenocrysts's

Groundmues feldsparse

Exsolved ilmenite in host titanomagnetite.

17,18 Titanomagnetite.
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LA Less = e t

1. 2 3 4 5 6 7 8
st o8 49.53 Shol6 52.58 50.56 k7.3 48,91 48,54
u:zg 538.22 30.41 26.84 8.1 2.19 h.46 3.51 3.?3
Cr - - - - - - - o

. . 2, 2,08 11,46 1n.6 1,07 14.16
Mno 1.22 1.47 .07 - .16 .18 «18 -1
Mg0 21 0.23 «50 .86 14,12 12,17 12,62 13.53
MO - - - - - - - -
Ca0 13,02 13.30 10,54 11,07 18,66 19.56 19.82  16.26
Nag0 3,46 3.&? lo.?’; J.gg - 54 T N
KZ - . 2 - - - - -

- - 018 -15 1019 zon 1085 1039
noz - - - - .17 .12 -

V203 -
Total 98,62 28,22 6.92 28,91 © %, 8,42 98,57 8.9
° Cation proportions
1 2 3 4 5 6 ? 8
Basis 0 =8 0o=8 0=38 0=8 0=6 O=6 0eb 0=6

s4 2.334 2.306 2,479 2.420 1.926 1.822 1.870 1.860
A 1.647 1.669 1440 1.525 0.098 ° 0,203 0.158 g.égg

Y .0 0. 0.080 0,35  0.37%  0J35% 0.5
b 029 0-27 ke 0.005 0.006 0.006 0.008

Mz 0.0l 0,016  0.061  0.059  0.802  0.698  0.719  0.773

M - - - - - - - -

[ 0.64 0.563 0.51% 0.546 0.762 0.807 0,812 0.568

H: o.}lg 0.293 0.421 0,348 - 0.048 0,036 0,067
- 0.00 0.013 0.009 - - - -

K'n - - g 0,006 0.006 0,034 0.067 0,053 0.0%0

v - - - - - 0.005 0,004 -

b2 4,998 5,009 5,012 4,991 3,991 4,03 4,013 4,045

An 67.5% An 69.00 An 54,24 An 60,50 Wo 37,81 Wo U0.3 Wo 41.40 Wo 4.3
Ab 32,46 Ab 30,52 Ab 4439 ab 38,54 BEn 42,54 En 38.63 En 39.30 En 40.65
. Or 0,00 or 0.8 or 1.37 Or 0,95 Fo 19.65 Fs 21,01 Fs 19.66 Fs 18,05
9 10 1 12 13 14
SiOz .1’7 .33 l” 21 323 22
Al2°3 - 37 59 - - -
Cr 3 - - - - - -
FeO*” 43,86 b4y,57 73.59 12.63 11,47 11,14
MnO «£8 40 26 84 .78 1.3
Mgo 3.75 2,60 2.77 28450 25.38 26,64
NiQ - - - - - -
Cal - - - - - -
:aéo - - - 7.,43 13.15 10.76
M0, 49.00 47,0  13.84 - N -
VLez k2 «66 ob9 - - -

Total 98,17 96,34 92,04 149,70 51,01 50,13

Recalculated analyses

FeQ 37420 37.9? 28,90
Fe0p 7.0 735 B

1-4 Faldspar phenocrysts.

5=-8 Pyroxenen.

9,10 Ilmenite lamella in titanomagnetite. .
11 Titanomagnetite showing low temperature oxidation.
12 = 15 Carbonate infilling vesiclea.
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M 203
Cr 03
F »
¥nQ
Mg0
NiQ
c:0

Total

Banin
st

Cr
Fe
¥n
M3

Ca

™M <R7F
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LA 15 Marnesian basalt
le 1b 2a 2 3 4 5 6 ? 8 9
3735 37:.30 3732 37.40 37.07 3609} 36,55 36.71 37.17 49,78 51,80
- - - - - - - - e - .16  30.1%
2589 28,60 %71 2.22 8,66 291  N.35 206 3205 .51 .8
35 37 24 32 K"y 39 o i 43 - -
35.46 32,68 3486 3480 3375 33.63 M.,70 .42 30.61 - -
'19 - .15 119 -15 - - - - - -
«36 46 43 27 36 .3 <30 33 35 13.64 12.61
- - - - - - - - - 3.01 3'92
- - - - - - - - - .15 .18
- 13 - - - - - - - - 12
29,61 .52 29,70 100,20 100,40 100,8 9, 99,95 100,71 98,23  9.55
Cation proportions
1a 1 2a 2 3 4 5 6 7 8 9
o=5h O=4 o=5h 0=k 0=4 O=4 o=4 O=5 O= § 0=8 0=8
T 0.996 1,007 0,997  0.9%  0.993 0.992 1,003 1,004 1,007 2.306 2.3%6
- - - - - - - - - 1.702  1.623
0.577 0646 0,597 0.607  0.642 0,653 0720 0733 0.729 0,00  0.030
0.008 0,008 0,005 0.007 0.009 0,009 0,009 0.010 0,010 - -
1.409  1.314 1,388  1.382 1,348 1346 1,25 1.240 1,23 - -
0,004 - 0,003  0.004 0,003 - - - - - -
0.010  0.013 0.012 0,008 0.010 0,009 0,009 0.010 0.010 0,677 0.617
- - - - . - - - - - 0.270  0.347
- - - - - - - - - 0,009  0.011
- 0.003 - - - - - - - - 0.004
3,004 2,991 3,003 3,004 3,005 008 2,992 2:996 2,992 4,083 4,997
70493 Fo 67.06 Fo 69,93 Fo 69,50 Fo 67,73 Fo 67,3 Fo 63.57 Fo 62.84 Fo 62.91 An 70.81 An 63.3
Ab 28,25 Ab 35.60
Oor 0,93 Or 1.10
10 11 12 13 14 15 16 17 18 19 20
51.65  57.4h 56,96  51.05  49.69  50.71 49,89 o o34 3B «55
29.61 26 25479 2,77 4,34 3,16 3459 - 21 2,24 2.57
- - - .62 1.12 1.03 1,03 - - «25 -
o53 37 64 6.47 6.11 5.81 . 41.92 42,61 65,8  £5.61
- - - - - 14 - ok A2 1.84 1.75
- - - 15.3}’ .44 14,74 14,73 5,09 4,63 43 -
- - - 1 - - - - - - -
12,11 773 7.47 2,25 2.3 21,43 21,60 .10 - - -
442 6.04 6453 - - oih . - - - -
.20 .22 1.17 - - - - - - - -
.12 .18 13 .80 +92 .79 W93 50,59 49,79 22,94 22,58
- - - .19 17 15 - 52 53 1.73 135
o8,63 99.1% 98.68 98,59 98,18 98.40 98.58 99.06 98,52 9499  95.10
Cction proportiens Recelzculsated anelyres
10 1 12 13 14 15 16 17 18 19 20
0=28 =8 0=28 =6 0=6 0=6 0=6
2,279 2,600 2,599 1,911 1,869  1.902  1.875 Fe0 36.33 36.50 49.76  51l.7h4
1608  1.401 1,387 0,122 0,193 0,140 0,159 rezo;i,g?g 5.79 l?.lk l%-_ﬁé
- - - 0,018  0.033 0.030 0.03 99.57 99+20 96,7 56,39
0.020 0,014  C.02h Q.22  0.192 °°w§ 04197
- - - - - 0.00 -
- - - 0.854 0.810 0.824  0.825
- - - 0.004 - - -
0,598 0,375 0,265 0.853 0.862 0.862  0.870
0,395 0.530 0,577 - - 0.032 0.041
0.017  0.065 0,068 - - - -
0.004 0.005 0,004 0,023 0.226 0.022 0,026
- - - 0.006 0,905 - -
5,006 4,990 5,025 3,993 3,990 4,004 4,024
AR 59.53 An 38.67 An 36.14 Wo 42.44 Wo 42,79 Wo 43,94 Wo 43,77
Ab 39.71 Ab 54,64 b 57.12 En 46,57 En 46,23 En 45.70 En 45.40
Cr 1,16 Or 6.70 Or 6.74 Fs 10,99 Fs 10,98 Fa 10,36 Fa 10.83

1-5

7

8 - 12

13 - 16

17,18
19,20

Clivine phenocrysts.
1b - green gppurently altered rim of phenocryst,
" Groundmass olivinec. ) ’
Groundmass feldupiurs.

Dyroxeneg,
Ilmenite lamsllae in groundmass titanomapgnetites,

Grourdmass titanomegnetites,
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1 2 3 L] 5 6 7 8 9 10
810y 39,98 39.66 39,14 39,35 39.31 BA5 M6k 35,75 36.65 U9.h2
A,0 - - - - - - - - 146 :.66
ey - - - a5 - - - - .= -
Fed'> 13.04 13.26 17.09 17.42 18,68 2278 26,35 35,66 .02 .97
MnO 215 012 .18 22 . «23 .33 . . -
Mg0  45.79 46,20 42.69 42,87 h1.46  3P.94 34,92 26,07 24.28 -
NiO 35 2 .16 .18 22 - - - - -
Cad 22 «23 26 .32 .28 «26 35 45 72 k30
Na,0 - - - - - - - - - 2.6“
K20 - - - - - - - - - .
O, - - - - - - - - - -
vao} - - - - - - - - - -
Total 29,23 29.67 20,53 100,49 100,13 99,65 99,58 6,3 98,53 8.9

Cation proportions ’

1 2 3 L] 5 6 7 8 9 10
Basls O=4% O=k O=l4 O=sh Oalh O=«l O=2kh O=h O=zM Ox=8
51 1,001  0.993 0.999 0,996 1.004 1.006 1.004 1.01% 1,029 2,278
A - - - - - - - - 000‘08 1.7
cr - - - 0.003 - - - - - -
Fe 00273 0.2777 0.365 0.369 0.399 0.498 0,588 0.845 0,820 0,037
Mn 0,003 0.003 0.00k 0.005 0.004 0,005 0,007 0.011 0,012 -
Mg 1,709 1,724 1,623 1,617 1.578  1.478 1,387 1,102 1.016 -
N{ 0.007 0.004 0.003 0,004 0,004 - - - - -
Ca 0.006 0,006 0,007 0,009 0,008 0,007 0,010 0.0l4 0.022 0,706
Na - - - - - - - - - 0.2%
X - - - - - - - - - -
™ - - - - - - - - - -

v - - - - - - - - - -
T 2999 2007 3,001 3.002 2,996 2,99% 2,996 2,986 2,087 4,979

Yo 86,22 FoB6.13 FoBL.65 FoBl,43 Fo79.82 Fo7.80 FoP0.25 FoS6.59 Foss.3h

1n 12
“9'” ‘@.‘6
.62 3AN.01

75 1.60

- 060
24 13,19

2,84 3,38

211 12

o1k -
2.8 29,35

1n 12
08 0-=38
2.289 2,281
10707 1|686
0.629 0,862

- ook
0.69%  0.652
0,252 0,302
0,006 0,007
0,005 -
4,982 5,0m

An75,00 An72,84 An67.81
Ab25,00 Ab26.48 Ab31,46
or 0,68 or 0,73

23 24
2,17 1,09
2.56 1.95

61.92 63.12
2.38 2.83
27 -
o34 .16
z!otgh 25:09
1,00 1,02
5.8 95,26

Recalculated analyses

23 24
53.01 5114
2,80 133
96,84 96,59

Oor =
13 14 .15 16 17 18 19 2 a 22
$105 53.62 50.74 50.22 51,13 45,99 50,09  40.49 40,08 1,006 o1
Al 27.25 2.3 .46 311 3.64 2.6 28,76 29.15 <84 -
Cra03 - 32 23 et 1.13 - - - - -
Fe0* 1.66 7.85 8,48 6,13 6.3 9.53 b6 W17 52.28 43,21
Hn.O - .20 015 .15 516 .?.'I. - - 065 .‘65
Mg0 W88 1439 13.79 15.25 1k,64 13,55 - - 2.91 342
NiO - - - - - - - - - - -
Ca0 10,61 2.3 2,03 a,B 2,28 20,76 1,0 1.8 .19 -
NBQO ‘0.65 - . - - - 3092 3.99 - -
K20 .28 - - - - - - - - -
'1‘102 .18 1.01 1.65 079 -83 1.60 - - ”.M 50066
vzoj - ol" ou 013 tl} 0.11 - - 058 -%
Total 99,15 98,30 9%.15 8,78 98,19 98,30 84,72 84,66 97,49 R.49
Cetion proportions
13 1 15 16 17 18 21 22
Basls 0=8 0=6 0=6 0=6 0=6 0=6
si 2.458 1,918 1,882 1,907 1.383 1,907 FeO ~ 20,21 39,50
A 1.473 0,105 0.153 0.137 0,161 0,110 !‘9103 24,52 411
Cr - 0,010 0,007 0.0 0,03 - 99.9% 98.89
Fe 0.064 0,248 0,266 0.191 0,201 0,203
Mn - 0.006 0.005 0.005 0,005 0,007
Mg 0.060 0,811 0.770 0.818 0.822 0,763
Ni - - - - - -
Ca 0,521 0.863 0.84% 0.855 0.859 0.847
Na 0.414 - 0.028 - - -
K 0.016 - - - - -
™ 0.006 0,029 0,046 0.022 0,023 0.046
v - 0.00k 0.003 0.004% 0,004 0,003
z 5,014 3,994 4,004 3,990 3,994 3,991

1«7
8,9

10 - 13
14 - 18
19,20
21 - 24

An 54,77 Woh3.,05 Woli2,79 Wol2.63 Wok2,55 Woli2.30
Ab 42,53 En43,34 Enh2,34 Enhb6.60 EnliS.92 Entl.10
Or 1.70 Fsl13.61 Fslk.87 Fsl0,77 Fsl1,53 Ful6,.58

Olivine phenocrysts

1 - 4 8l1) enclosimg spinels,

7 "ultered" olivine appears to be chloritised.

Grourdmags olivines. Both green coloured appear chloritised.
Groundnass feldsparse

Fyrorenes,

Groundauss zeolites - probebly thomsomite,

Groundmacz Fe:Ti oxides,
21,72 recalculated n3 ilmenite,



8102
203
!‘ose 3
Mn0

O
Cal
Na.

K.
Ti0,
V203
Total

Basis

M<E=FORFEIGRE

Fo

8102
Al .0
Crgog
Fe0*
MnO
Mgl
Nio0
Cal

Nap0

Ti02
V203
Totel

Basis

M<R=FOEFEITEE

1 2
36429 3%.52
32,77 32.86

53 .
29.82 29.85

o34 «29
0.72 100,00

1 2
0= 4 0=4
0.999 1.002
0.755 0,754
0.012 0,011
1.224 1,221
0.010  0.009
3001 2,998
61.85 Yo 61.81 Yo

8 9
54,03 55.81
28485 .00

- 574
10.53 9.63
5.45 5,61

Jl ol

o1k -
99.48 29.54
Cation proportions

8 9
0= 8 0= 8
2,453 2,518
14544 1,40
0.015 0.014
0.512 0.465
0,479 0.490
0.006 0.008
°.m5 -

01

5,013 4,986
51.33 An «JO An

48,06 Ab 50,88 Ab
0.61 Or 0.82 oOr

Skeletal olivines.

Feldspar phenocrysts.
Groundmanss feldspar.
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S

53.08

29.26

«70

u.%
4,84
08

17

2

S
0=8
2.‘1’19
1,572

0.027

0.550
0.427
0.005
0,006

22002

10."6

- 5e15

«10
17

2.9

4
0=28
2.461
1,540

0,019

0,508
0.105}
0,006
0.006

4,992

Fo 61.43 An 5l.44 An 56.00 An 55.26 An 5&57
Ab 47,95 Ab 43,53 Ab 43,99 b U584

Or 0.61L Or 0,48 Or 0,75 Or

M7 - Eu'a.iitc.
3 b Sa
36.51 365434 53.58
- - 2!%
32,70 33.05 U5
05} .63 -
29,65 29453 -
015 - -
3 29 10,17
- - 5.2k
- - «10
- - o1l
99,86 99,84 98,05
Cation proportions
3 4 5a
0=4 0= 4 0=8
1,004 1.001 2,64
- - 1.538
0,752 0,761 0,018
0,012 0.015 -
1.215 1.213 -
0003 - -
0.009 0.009 0.501
- - 0.467
- - 0,006
- - 0.005
2:9% 2,999 4,999
61,78
10 11 12
53.92 «53 1,61
28.95 1.79 237
53 6B.ML 666k
- '55 l"s -
- 2.66 2.86
10,83 11 «16
4,93 - -
12 - -
- 22,01 22,36
- Oﬂ -ﬂ
99.27 6.7 96,76
10 n 12
0 =8 [Recalculated analyses.
2,452 Fe0 47,36 48,94
1.552 Fe02 23,40 19.66
0.520 Total 98.71 98,72
o.gea
0. 434
0.007

“‘

5‘0.27

44,81
0.72

Groundmass titanomagnetites,

0,58



1 2 3
810 37.48 37.34 37.3
A 3 - - -
Cr203 - - -
Fe0*” 25,25 26.36 27.80
MnO . .28 b0
Mg0 35,82 34,95 34,25
NO - - -
Cad 19 «23 23
Na 0 - - -
K0 . - - -
Ti0, - - -
V05 - - -
Total 99.04 99.16 99,99
1 2 3
Basis 0 =4 0=14 O=h
81 1,000 1,000 0,998
A - - -
Cr - - -
Fe 0.564 0.591 0.622
Mn 0,007 0.006 0.009
Mg 1424 1,795 1.366
N - - -
Ca 0,005 0,007 0,007
Ka - - -
K - - -
™ - - -
v - - -
3,000 3.000 3,002
Z Fo 71,65 Fo 70.26 Fo 68.71
10 11 12
8102 5107!* 52-85 5307’
AL D3 29.96 30.29 29.89
Cr203 - - -
Fe0* A1 A «53
Moo - - -
Mgo - - -
Mo - - -
CaC 11,71 12,22 11.56
Nax0 4,34 4,34 4,47
K0 o1k 0,26 19
™0, - «18 .13
V203 - - -
Total 98.%0 100,69 100,
10 n 12
Beais 0 =8 0=8 0=8
Si 2.384 2.382 2.118
A 1,627 1,510 1.585
Cr - - -
Fe 0.016 0,016 0,220
Mn - - -
g - - -
N - - -
Ca 0,578 0,590 0,557
Na 0.387 0.389 04390
K 0.008 0,015 0,011
™ - 0,006 0.005
v - - -
T 50 5,009 4,085
An 5233  An 59.33 An 58,14
Ab 39,77 Ab 38.16 AL 40470
Or 0,85 ©Or 1..50 Or 1..16
1 -4 Olivine phenncrysts.
5 Groundmass olivine.
A = 13 Feldspars
14 - 16 Pyrovenes.
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M 12 less - magnesian basalt,

b 5
37.22 36.05
27.61 34,60

37 o7
33.68 27.99

+29 ou8

- 27
29,18 275
Cation proportions

4 5
Ol O=bh
1.004 1,002
0.623  0.804
0,009 0,011
1,353 1.159
0.008 0.014

- 0.503
2,996 2,994

Fo 68,49 Fo 59,04

13 14
55425 48,81
28.58 3.63

75 8,94

- 13

«20 12.23

9,91 21,30

5.40 63

22 2,42

100,60 28.09
Cation pronortions

13 14
0=8 0=6
2,480 1.866
1.51° 0,164
0.028 0.286

- 0,00k
0,013 0.697
0.476  0.873
0.469 0,046
0,023 -
0,004 0.070
52006 4,006

Ap 49.19  Wo 45,20
&b 48,46  En 38,69
Or 2,3 Fs 1l5.11

17 Groundmass titanomagnetite.

6

52:37
30.62

:52

6
0=38

1.634
0.020

0.597
o. 355
0,010

OQM

l‘. 8

An 62,21
Ab 36,76
or 1.03

48,25
4,54

9.16
12,09
21.53
.62
2.59
13
8.2

15
0=6

1.833
0.203

0,291
0,685

0.576
0,046

0.074 .

0.004
4,012
¥o 4k,o8

En 38.61
Fs 16,41

0,039

0.593
0.352
0.013

8 9
52,19 51.56
30.16 29.05

97 1.97

- 064
12,08 n:26

4,02 3,94

17 27

cll' ozo
29,72 99,40

8 9
0=28 0=8
24377 2,383
1,619 1,571
0,037 0.076

- 0,044
0,589  0.544
0.355 0.320
0.010 0.016
0.005 0.010
4,901 5,004

An 61,79 an 60,19
Ab 37.20  Ab 8,09
or 1.01 Or 1.72
1?7
.73
1,04
66420
1.03

o4l

+16

)

25435

.26
95.66

17

Recalculated
anelysia
FeQ® 52,50
1"0203 15,23

22,19



1a
810, 40.16
a 3 -
Cr -
i‘eg(')3 11.17
Mno 17
Hg0 48,14
Nio o34
Cal 32
Na 0 -
K0 -
T10, -
Vo3 -
Total 100,29
a
Basis O =4
51 0.991
A -
Cr -
Fe 0,220
Mn 0.004
Mg 1.770
58 0.007
Ca 0.008
Na -
K -
™ -
v -
< 3,009
8
810, 61.89
A 23.50
Cr -
Fe0* 1.36
¥no -
Mgl -
Nio -
CaO lh‘06
Na 0 8.43
K20 72
Ti02 16
Lo -
Total 100,51
Basis O = 8
38 2,749
Al 1.231
Cr -
Fe 0.050
Ma -
Mg -
N -
Ca 0,212
Na 0.725
K 0.041
el 0.005
v -
bl 5.013

0.378
0.00h
1.606
0,003
0,007

2,99 3,003 4,986 S5.01%
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M 55 - Lesa-Magmesian basalt,

3 bn iy
39.04 46,76 48,85
- 33.77 29.51
18.56 «52 2,77
.26 - -
41,91 - 75
:31 16:99 12:72
- 1,44 2,91
100,07 22.'08 22,_6_9
Cation proportions
3 La 4b
Och 0=8 0=8
0,997 20159 2301
- 1.838 1.639
0.;97 0.;20 0.109
0,006 - -
10595 - 0.053
0.308 0.841  0.642
- 04128 04265
- 0.005

Sa
34.36
0.49

17.16
1.33

2.9

5
028
20142
1.862

0.019

0,845
ou118

10,986

5

55.19
28,13
.53
10.15
5,56
14
16

29,86

5b
0=8
2.492
1.497

0,020

0,491
0,486
0,008
0.006

2,001

Fo 80,95 Fo 80,09 An 86.75 An 70,37 An 87.74 An 49,83
Ab 13,25 Ab 29,09 Ab 12,26 Ab 49,33

or - Or 0.,530r =
ob 10 11 12 13
h8.olo "9-99 “6050 "8096 29Oﬂ

4,69 3.3 5.20 Lok 14,59

a5 .18 - <51 -
9.18 9.21 11,08 7.86 30425

W14 - - ‘- .19
12,57 13,88 11,49 13.42 9.69
20,92 19:59 0.3 21,51 1.90

. b9 «39 65 -

2.16 .93 2.7 1.73 -
- .20 .19 .13 -
98.53 972,78 97.86  99.23  85.92
Cation proportions
0-5 0=6 0=6 0=6 o0=28
1.83 1.904 1.800 1,843 6.496
0.211 0,149 0,237 0,198 3,812
0.004  0.006 - 0,015 -
0.302  0.293 0.359 0.248  5.605
0,004 - - - 0,035
0.714 0,788 0.622 0753 34199
o.gsln 0.599 0.842 0.868 0,450
0.036  0.0% 0.029 0,047 -
0.562 0.527 0.079  0.049 -

- 0.006 0.006  0.004 -
4,018 4.007 Loty  h,024  19.997
42,82 Wo 40.65 Wo 41,96 Wo 43,96

00 En 43,25 En 37,66 En 42,18
s 17.18 Fo 16,10 Fs 20,38 Fs 13.86

Olivine phenocrysts.
Feldspsr phenocrysts.

Or 0.84

.14
30.28
15.71
24,51

W13
11.9%6
3.03

-

4b - rim of phenocrysts showing incipient velning by chlorite and zeolites.

Groundnass feldspers.
Pyroxenes,
Interstizl groundmass chlorite,
Chlorite surrounding and partly replecing olivine.
DNr.enite lomelln in poartly oxidised titanom.gnetite,

2,170
1,788

0.58
0.3

h3.29
«S0
2.52

<11

51.7h
22

99.26

Recalculated
analysis

FeO0 42,09
F0203 1.33
Toted 99.39



H 56 Vesicle Surround

7
48.00
3673
11.35
1.06
2.08
50

2,56
.1"

28,0

7
0=6

2.850
0.169

0,366
0,636
0.871
0.937

0,074
0,004

4,007

8
48,76
3.42
1.63
.1“
1.05

a.oa
U2

2,48
.16

22.09

8
0=6

1.867
0,154

0.372
0.005
0,63

0.862
0.0m

0,071
0.005

2:98

Yo 43,92 wo L4,55 Wo 44,28
En 35,02 En 35,18 Em 34,87
20.28 Fs 20.85

b 2 b9 » 4 3 (3
sio, 47,75 48,62 48,80 48,36 48,89 48,05 48,15
A1205 “o“l “.O} "'.77 3050 2.80 5.10 30“6
CQO} W12 01} .60 01“ - .62 ol‘f
Fe0*" 10.90 9.66 7.93 12,23 12.61 7.84 11,53
MnO 24 17 .19 013 23 13 17
:183 11.50 12,24 13.15 10.77 10.56 12,70 10.92
Ca0d 20,56 21.32 21.62 20,69 20:57 a1:‘u 21:00
Nqo - . - .“1 . - -
o - - - - - - -
Ti0, 2,36 2.35 1.62 3.05 2,79 1.96 2.64
Vo035 o1k 7 2 13 . 2k -
Total 97,98 .27 98,88 2.4 29,99 98,05 28,01
Cation proportions
1 2 3a b 4 S 6
Basis 0= 6 0=6 0=6 0=6 0=6 0=6 0=6
11 1.840 1.845 1.842 1.851 1.879 1.829 1.862
A 0,200 0,180 0.212 0.158 0.127 0.229 0.158
Cr 0.004 0.004 0,018 0,004 - 0,019 0,004
Fe 0.351 0,306 0.250 0,392 0.405 0.250 0,373
Mn 0.005 0.005 0,006 0,004 0.007 0,004 0,006
:f 0.665 0.692 0,740 0.614 0.605 0,720 0,630
Ca  0.849 0,866  0.87%  0.848  0.84%  0.873  0.870
Na - 0.035 - 0,03 0.036 - -
K - - - - - - -
™ 0.068 0,067 0.0U6 0,088 0.081 0,056 0,077
v 0,004 0,008 0.006 0.004 0,005 0,007 -
& 3,988 4,010 3,994 3,993 3,992 3,982 3,980
Wo 42,21 Wo 44,11 Wo U3,26 Wo 43.66 wo L4, 09 Wwo 43,48
En 37.67 En 38,53 En 42,14 En 34,27 En 33.25 En 41,80
Fs 20,12 Fs 17,37 Fs 14,61 Fs 22,08 Fs 22,66 Fa 14,72 Fs 21.06 Fs
9 10 11 12 v 13 14
$i0; 47,58 39.19 38.83 46,13 39,92 Skel3
APz 24,81 30.23 30.65 10,48 29473 1.70
Cr03 - - - A2 - 21
Fe0* 14 .21 - 24 - 22
McC - - - - - -
Hg0 - - - oH1 - -
N3G - - - - - -
Ca0 793 12,22 12,52 28.55 11.50 33.25
Na 0 - 4,02 4,06 o s 423 -
KL 5.08 - - - - -
40, - - - - - -
V?} - - - - - -
Total 85,53 85.87 86,05 86,77 85,8 89,51
1-8 Traverse of pyroxenes acrosa 1,5 cm, wide altered zone around vesicle,
1 TFurthest from vesicle, 8 part of vesicle edge almost completely

surrounded by zeolites,
9 Groundmass zeolite adjacent to 3 - probably FPhillipaite,
10 Groundmass zeolite adjacent to 5 - probably Thomsonite.

12 - 14 Zeclites infilling vesicle,
11,13 probubly Thomsonite.

12 unknnwn mineral

14 gyrolite fills central part of vesicle,
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M 13

1 2 3 LY 5 [ 7 8
si 58.92 63,59 65.55 60,21 65,19 64,60 62.66 28,78
u% 2082 2005h 20,59  19.21 20,45 19.51  1B.73 7.8
cr - - - - - - - .
Fe0* 2.99 1. .70 2.26 0 +30 .80 20,31
HnD - - - - - - - .25
Mg0 1.46 0,70 .28 1.89 - - .5k 19.54
NiO - - - - - - - o1k
Ca0 3.39 1.35 1.13 1,01 «79 oh3 17 o14
Na,0 8.4 9.93 10,55 5,88 8.63 5.55 1.49 -
1(,5 «10 .23 - 4,98 3.39 7.25 12,79 -
130, - - - 13 - - .30 -
V05 - - - - - - -

Total 96,10  22.2% 98,80  95.72°  PB.87 9265 I8 8218
Cation proportions’

1 2 3 ) 5 6 ? 8
Basls 0 =8 0=8 0=8 O=8 O0=8 0=8 o:ug 0= 28
si 2.753 2.875 2.914 2.838 2.926 24963 2.9 5.929
A 1,147 1.095 1.079 1,068 1,082 1.055 1.028 b.gﬁ
cr - - - - - - - 0.
Fe 0,117 0,053 0.026 0,089 0.015 0.011 0.03 3,500
Mn - - - - - - - 0.0%9
Mg 0,102 0.047 0.019 0.132 - - 0.038 5.998
N - - - - - - - 0,023
Ca 0.170 0.066 0,054 0.051 0,038 0.021 0.009 0.03
Na 0.762 0.870 0.909 04537 0.751 0,494 0.1% -
K 0.006 0.013 - 0.299 0.194 0.h24 0,767 -
™ - - - 0,005 - - o.011 -
v - - - - - - - -
s 22952 24019 +001 20020 5,006 4,968 k76 19,887

An 18,11 An 6,91 An 5.61 An 5,73 An 3,88 An 2,26 aAn 0,95
Ab 81,25 Ab 91,69 Ab ©4,39 Ab 60,55 Ab 76,356 Ab 52.57 Ab 14,91

Or O0.64 oOr 1,40 Or - Or #3.72 0r 19,76 Or 45,17 Or 84,14

9 10 1n 12 13 14 S
5102  29.56 29,16 28.35 Zl.44 n,.8 . 32.49 ] .3h, 32
M503 18,69 18.41 2ha17 2,62 2.74 2.98 Fe 0.83
Cro0y - - - - - - Mn -
Fe0*” 19,77 20,24 11.10 1.70 1.58 o .71 Co «29
MnO 27 30 - - - - Cu 33.73
Mg0 20431 20,29 .28 - - - Zn -
110 - 14 - - - - Ni -
Ca0 .09 .13 23,19 27.22 28.09 22,43 Cr -
Na>0 - - - - - - ™ -
K>0 - - - - - - Mg -
T10> - - - 3306 3.3 32.27 sy o6
V.03 - - - +50 52 «51 Al -
Total £8,68 88,77 92.07 96 .54 97.9% 92.8 oo,.h3

Cation yproportions

o 1» 1 12 13 14
Hasis U = 23 = 28 0=13 0=20 0=20 0=2
St 5.942 5.989 3.2% 4,237 4212 be324
A 4,428 4,383 2,406 0.416 0.429 0,468
Cr - - - - - -
Fe 3,324 3,426 0.784 0,191 0.175 0.191
¥n 0.045 0.052 - - - -
Mg 6.083 6.108 0.035 - - -
Ni - 0.023 - - - -
C: 0,020 0,028 2,098 3.931 4,001 3.913
Na - - - - - -
K - - - - - -
™y - - - 3250 3.337 36232
v - - - 0.C5h 0.055 0.055
T 10.,8u4 19.519 8.561 12,178 12.209 12,182
l1-7 Clouded groundmiss feldspurs, all except 5 and 6 appear to have inclusions of chlorite/cchere

4 - analy:sis included G,21% P,O- = enclosed apntite 7

8 Crlarite pueudomerph after olivine,
9 ~-15 Al from secondury miner:l pods/vesicles.
2,10 Chlarite
11 Epidote coexisting with 9
17 - 14 3ihenye

15 Chalceryrite.
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1l - 2 Relict pyroxenes
3 Amphibole fringing pyroxene
4 Groundmass feldspar
5 Chlorite pseudomorph after olivine

6 Chlorite in secondary pod

7 Calcite in secondary pod
8 Chrome spinel inside olivine pseudomorph

M 14
1l 2 3 L 5 6 7 8
T 8102 49,12 51,24 50.68 64.94 27.99 29,60 .15 027
A105 331 1.64  3.29 18,82 15.84 17.10 - 33497
Cr 03 02? .33 - - - - - 25.40
Feo™>  8.97  8.83 12.98  JHL  17.86 18.07 .19 27.7h
MnO «20 Ak 036 - 017 022 - o34
Mg0 13,61 15,03 15,09 - 19.71 21,81 - 11,43
NiO - - - - 13 - - «19
CaO 20059 19.68 11068 .18 oal 020 57.42 -
Na 0 042 .""1 - 3011 - - - -
K - - - 11,28 - - - -
TioZ 1062 079 - - - - - 063
VZ03 013 n18 - - - - - 018
Total 98.23 98.26 94.08 98,72 81.91 87.01 57.76 100,15
Cation proportions
1 2 3 4 5 6 7 8
Basis 0=6 0=6 0=23 0=8 0=28 0=28 0= 32
si 1,872 1.939 7.602 2.988 6.087 6,029 0,064
A 0,149 0,073 0.581 1,021 4,059 4,107 9,664
Cr 0,008 0.010 - - - - 4,848
Fe 0,286 0,280 1.628 0,016 32.248 3,079 5,600
Mn 0.006 0,004 0.046 - 0.031 0,038 0,072
Mg 0.773 0847 3,373 - 6.286 64620 4,112
Ni - - - - 0.023 - 0,040
Ca 0.841 0,798 1.878 0.009 0,049 0,04h -
Na 00031 00030 - 00277 - - -
K - - - 0.662 - - -
Ti 0.046 0,022 - - - - 0.112
v 0.004 0,005 - - - - 0.032
p 4,016 4,009 15.108 4,971 19.883 19.917 2k, 5kl
Wo 42,20 Wok0,54 An 0,92
En 41,94 Enl4,S54 Ab29,.24
Fs 15.86 Fsl4,92 0r69.84
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M13
1 2 3 b 5 [ ? 8 9
810, 50.59 b5.36 61,53 59.45 30.23 28.47 65.25 67.05 66,16
31263 3.2 3.79 18,78 20.26 17.04 17.3% 2.03 20,50 20,41
o o «29 - - - - - - -
ngj 7-63 8017 2076 2080 16.76 16058 - - -
Mn0 «15 012 - - 26 13 - - -
;183 146k 13.99 2.99 3.2h 22,55 2.9 - - -
Cal 20:5? 20.?5 3:2’ 1.% 22 :” 1.“ 1.06 1.01
Na-0 - o51 8.91 9.00 - - 10.91 11,02 10,96
K - - 2 12 - - - . .09
0s 1,23 1.66 «53 - - - - - -
V503 - B - - - - - - - -
Total 98,55 98,93 ¥ %AW 86,95 8432 8.8 220 8,63
Cation proportiona
1 T2 3 4 5 [ 7 8 9
Basis O =6 0=6 0=8 0=8 o=28 0=28 0=8 0=8 0=8
8 1.902 1.861 2,795 2,761 6,108 5.952 2,900 2690k 2,938
A 0.137 0,168 1,006 1.110 4,059 h. 274 1.102 1,061 1,068
Cr 0.020 0.009 - - - - - - -
Fe 002‘00 0-& 0.105 00109 . 2.832 208” - - -
Mn 0,005 0,004 - - 0,028 0.024% - - -
Mg 0.820 0,786 0.203 0.22h 6.789 6.695 - - -
N - - - - - - - - -
Ca 0.828 0.839 0,159 0.072 0,046 0,067 0,078 0,050 0,048
Na - 0,038 0,784 0.810 - - 0,940 0.938 0,943
K - - 0,012 0.007 - - - 0.004 0.005
TL 0,035 0,047 0.018 - - - - - -
v - 0,008 - - - - - - -
L 3985 4,018 5,082 5,093 19,862 19,911 5,019 4,997 5,002
o wo An 16,64 an 8,07 An 7,68 An 5.02 An 4,82
I En Ab 82,10  Ab 91,12 Ab 92,32 Ab 94,55 Ab 94,67
Fs Fs Or 1.26 Or 0.81 Oor = Or 0,43 or 0.51
10 n 12 13 LY 15
Sigg 51,96 51,83 51,80 37.69 37.42 27
nks 2.6 2.58 2.30 22,43 .45 -
Cro0; = - - - o13 -
F ¢ 16.09 lﬁoﬁ 15.% 13"45 1'4.25 -
Mno o4l Ja «55 W12 - a3
Mg0 12,50 12,54 12.98 - - -
NiO - - - - - -
Ca0 12,26 12,38 12,14 22.51 23,33 55,01
Na,O - - . - - -
K - - - - - -
™0 - - - - 25 -
V203 - - - - - -
Total 95.69 95,13 95465 96,20 96,83 55,41
Cation proportions
10 n 12 13 14
Basis O r 23 0 =23 0=23 0=13 0=13
si ?7.768 7772 7.745 3.256 3,238
AL 0433 0.456 0.406 2,284 2,189
cr - - - - 0,009
Fe 24012 1.929 1.93 0.972 1,02
H.n 00052 00053 0-070 0. -
Mg 2.786 2,803 2.891 - -
Ni - - - - -
Ca 1.964 1.988 1.945 2,083 2,164
Na - - 0.127 - -
K - - - - -
™ - - - - 0,016
v - - - - -
2 15015 15000 15115 8,602 8,647
1,2 Relict pyroxenes.
34 Groundmass feldspara.

3 has inclusions of sphere and chlorite
4 has chlorite inclusions.

5 Chlerite pseudomorph after olivine.
6 = 15 All from same gecondary mineral pode.
6 Chlorite rim,

7-9 Albite,

10 = 12 Actinolite,

13,14  Epidote.

15 Calcite.
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M 16

1 2 3 y - [ 6 ? A 8
810, 149,86 57485 63,79 28,68 29,57 49,70 38,57 37.89
312235 3.?; 22,12 20,03 17.8£ 17.69 4,09 21.64 23,3
r . - ) - . . - - - -
Fob+> 7.84 1.23 o36 17.42 . 17,7 19.56 . 13.88 12,70
Hw la - - .27 018 082 ln -
;!ég 14,05 1.02 0.25 .77 22,8 10.20 72 -
C0 20,8 527 113 - .10 N2 1.6 22,7 23k
“E? - 7.34 3.70 - - - - -
K0 - «07 9003 |- - - - -
noz 1.52 . - .2'0 - - - .a -
vé’} 115 - - - 20 -

Totsl 98,42 95,04 91,_ 86,25 87,10 9523 0 wHm  9.03
. Cation proportions _
1 2 3 [ 5 . 6 7 8

.Basis 0 =6 o=8 0=8 o 28 o=28 0= 23 0=13 0 =13
sS4 1.883 2,715 2,929 5.885 5.985 74565 3.286 3.232
AL 0.156 14224 1,084 4,208 5,220 04733 2174 2,343
Cr 4013 - - 0.033 - - -
Fe 04248 0.048 0,004 2.990 2,923 2,490 o.989 0.906
Mn 0.005 - - 04047 0,030 0,106 0,008 -
"f 0.7 0.071 0,017 6,658 6.7 2.377 0.092 -

N - - - - - - - -
Ca 0.843 . 0,260 0,055 0,021 0,027 1..837 2,033 2,115
Na - 0,668 0,329 - - - . - -
X - 0.004 0,529 - - - - -
™ 0.0"3 0.009 - - - - 0.013 -
v 0.005 - - - - - 0.01% -
< %7 2,000 hoR® 20004 29,905 25,068 8,600 8,506

Wo 42,08 An 22,91 An 6.07
En 43.84 ab 71,61 b 36,03
Fs 14,08 or 0,48 oOr 57,9

9 10 n 12 13 14
5102 23 2080 cﬂ S 33015 19089 19-9"
u203 - 2 - Fo 29,26 67 51
Cr30 . - - - Mn - - -
Fel* - 89,60 90.65 Co 30 - -
Ha0 aq - - Cu  32.83 79.25 7960
¥gC - - .8 zn - - -
Nio - - - NL - - -
Ca0 5779 - - cr - - -
Nap0 - - - el - - -
x2° - - - Hg - - -
T102 - - - 38 X2 - Y-
V20} - - - Al - - -
Totrl 58,13 22,71 91, b 95,67 99,80 100,1
1 Relict clinopyroxene,
2 Groundmass plegloclase - with chlorite and sphere inclusiona.
3 Alkali feldspar rdjucent to secondary mineral pod.
L} Chlorite pseudomorph after olivine.
5 « 15 All from gccondary mineral pod.
5 Chlorite, - .
5 Actinolite,
748 Epidote, .
9 Calcite,
10,11 Fe-oxides being replaced by sulphides.

12 - 14 Sulphides replacing 10 and 11,
11,12,13 all from onc crystal.
11 centre
13 margin,



M 18

1 2 3 4 5 6 7 8 9 10 1

510, 51.97 49.83  48.90  62.99 56,77  S4e33  59.58  30.44% 2047 53.67  53.72
Al03 1,58 3.82 .44 22,53 2409 20,18  21.68 18.49  18.16 .12 2.43

Cx'203 -24 .89 - - - 2 - - -
FeO*  7.86 7,04 10,13 36 1.03 1.77 1.15 15.41  16.04 12,13 11.58
MnO . «15 19 - - - .- .19 «19 .19 29
Mg0 15.23 14,41 13,13 - «89 1.75 1.10 19.64% 20,81 15.55 16.50
NLO - - - - - - - - - - -
Ca0d 20,20 20.98 20.07 3.40 6.52 8.36 4.33 1.27 «99 12,45 - 11.73
Nﬂzo - - .% 8.17 5.83 1'35 7.24 - - - .43
K20 - - - 2-08 069 1036 010 - - - ' -
40, 82 1,08 2,08 - - -] - - - - -
VZ03 - .20 .21 - - - - - -

Total 98,05 98,40 98,73 99,53  95.81 89,73 95,17 85,56 86,65 9511 96,68
Cation proportions '

1 2 3 b 5 6 ? 8 9 10 Ll
Basis 0=6 O=6 O=6 ©0=8 0=8 o0=8 0=8 O0=28 0=28 0=23 0=23

si 1.957 © 1.877 1.862  2.815 2,650 2,717  2.77% 6,203 6,51  7.906  7.759
AL 0,070 0,70 0.15% 1,187  1.325 1,189 1,190  Lubh2 4,322 0,195 0.4k
Cr 0,007 0,02 - - - - - - - -

Fe 0.248  0.222 0.323 0,013 0,040 0.07% 0,045 2,626 2.708  1.49%  1.39%8

¥n 0.005 0.005  0.006 - - - 0,033 0,032 0.024 - 0,036
Mg 0.855 0,809  0.745 - 0.062 0,130 0,077 5,965 6.262 3.4 3,552
Ni - - - - - - - - - - -
Ca 0.815 0,847 0.819 0.163 0,326 0. U448 0.216 0.277 0.224 1,964  1.816
Na - - 0.0‘f} 01708 0.527 O-Im 0.654 - - - 0.119
K - - - 0.119 0.0101 00086 0.006 - - - -
™ 0,023 0,031 0,060 - - 0,010 - - - - -
V 0.006 0.006 - - - - - - - -

p 3,981  3.992 4,019 54005 4,972 4,787 4,961 19.566 19,688 14.997 15,094
Wo 41,22 Wo 41.96 Wo 41,54 An 16,47 An 36.44 An 67.34 An 24.67

En 45,37 En 45,34 En 40,56 Ab 71,54 Ab 58,95 Ab 19.66 Ab 74.68
Fa 13.41 Fs 12,70 F8 17,90 Or 12,00 Or 4.61 Or 13.00 Or 0.65

1 -3 Relict pyroxenes. 10 Actinoli
4 =« 7 Groundmass feldspars. 1 Acti:gli:: ::';nge ng alorite.

849  Chlorite pseudomorphs after olivine, olivine, lacing chlorite pseudomorph after

-

92?




5i0p
A1203
Cl‘203
FeO*

Hgo
NiQ
Ca0

Naz0

T10>

V203

Total

™M <ﬁ’!

1 Chlorite pseudomorph after olivine.

1
0=28

5.977
4,204
0.024
2.872
0,028
6.726
0.023
0,054

19,98

e

2 3 4
29.30 28.94 37.27
17.02 16.49 21,76

- - A2
15.96 16.26 14,65

lm .12 bl
22,13 21.79 o35

- o14 -

22 «26 22.47
84,80 84,01 96,62

Cation proportions

2 3 4
0=28 0=28 0=13
6.059 6.065  3.230
4149 4,074 2.224

- - 0.008
24760 2.850 1.062
0.032 0.022 -
6.820 6.805 0.045

- 0.024 -
0.046 0.058 2.086

19,866 19.898 8.655

243 Chlorite infilling vesicles.
4 Epidote replacing 1.
5,6 Epidote from centre vesicles,

0 =13

3331
2,147

°l9m
0,185
2.60}

37.63
23.20

12.79
.13

22,93

0=13

3.221
2.352

0.916
0.009

24

IIII§II

oo
2
n

1
310, 57
A 22
Crzgg -
Fe(* -
MnO o33
Hg0 -
NiO -
Cal 47,34
Na,O -
1’1(& -
0y -
V203 -

Total 48,46

6 ? 8
36,86 42,47  L2.53
245 20,95 2.4k

.05 16 3.1b
22,40 2495 25,14

12

98,62 95,02 24,89 92,53 92425

6 7 8

Oml3 0m13 Os13 O=1l3 0=256 0= 26

1-4 All from same vesicle.

1l Calcite
2=4 Epidote

5-8 All from same vesicle.

5,6 Epidote.
7,8 Pumpellyite.

3.206  7.25%  7.250
2,227 4,220 4,308

106}5 ol.”b o.m

2.;15 h.;68 k.;92

o.?ﬂ

cix
3 4 s
37,74 6,86 37,38
25,92 21.63 25.13
W60 13,23 10,07
22:58 22?&2 22:%

- K-
95,64

Cation proportiong

3 4 5
3,200 3,242 3.204
2591 2,24k 2,540
0.681 0.973. 0.722
2,035 2014 2,061

I oom -
8,504 8,604 8,526

8,632 16,63 16,598

lge



1 2 3 4 5
5i0p 31.85 2095 29454 29.12 56,56
Alzo; 16.41 17.25 17.74 18.08 18.04
Crp0z W11 - - - -
FeO'™ 17.31 17.75 19.39 18,82 49
MnO 018 013 -32 025 -
g0 22,86 22,03 21.54 22,01 «50
NiQ - - - - -
Ca0 0100 .ﬁ - 10 8 029
Nap0 - - - - -
K20 - - - - -
Ti0, - - - - -
VzO; - - - - -

Total 89.10 88.48 88.52 88.37 83.88
Cation proportions

Basis 0 = 28 0= 28 0= 28 0= 28
1 2 3 4

51 6,282 6,164 5.949 5,862

Al 3.815 4,051 4,212 4,292

cr  0.017 - - -

Feo  2.8% 2.956 3,265 3.169

Mn 0,03 0.023 0,054 0,042

N - - - -

Ca 0.084 0.080 - 0,021

Na - - - -

K - - - -

™ - - - -

v - - - -

£ 19,802 29,810  19,9% 19.991

i Chlorite pseudomorph after olivine.

2 Granular brown - green chlorite lining vesicle.

3,4 Green - brown chlorite fibres infilling vesicla.
Zeolite (probably stilbite) replacing chlorite in
olivine pseudomorph,

1
502 .22
MD3y 2.9
203 -
Fe0* 12.69
MnO «20
Mg0 11.57
NiO -
Ca0 19.98
Na203 =
K50 -
'rio‘2 2,12
V03 «25
Total 99.00
1
Basis O=6
81 1.885
A 0.135
cr -
Fe O-‘OO?
Ma 0,007
Mg 0.661
NL -
Ca 0.820
Na -
| 4 -
™ 0.061
v 0.008
z 3,983
wo 41.21

En 36,17 En 41,44
Fa 22,62 Ia 18,25

1,2
3:4 Chlorite liming vesicle/pod.
5+7  Andraditic hydrogroasulars froa centre vesicle/pod. -

8

Relict pyroxenes.

Calcite enclosed by garnet.

6

%nm

3.10
26,79
33.23

22,86

6

0= 24
6.463
0.651
3.691
04067

6.34%0

M 62
2 3 4 5
1‘81” 28'7“ 28093 37."8
3,98 17.61 17,31 12.29
21 - - -
10.08 16,26 15.87 13.47
W16 20 27 1.2
13.05 23.48 22.83 -
19.92 09 21 34,0k
2.08 - - -
.21 - - -
98,00 86,38 85,43 98,40
Cation proportiong
2 3 4 5
O=6 0=28 0=28 0= 24
1,850 5.852 5.946 6,187
0,180 4,228 4,195 2,392
0,006 - - -
0.323 2,770 2.728 1.8%9
0.005 0.034 0,047 0,157
0,745 7,128 6,994 -
0.818 0,020 0,047 6,022
0.060 - - -
0.007 - - -
3,993 20,033 19,957 _16.617 12,212
wo 40,31

1.191
0,024
3.169
0,051

6,290
0.516

22,022

922



D1

M 70 - Secondary mineral pod from upper flow Pennygown \uarry. Late pyritiged dyke in Pennygown Quarry

T 2 3 5 6 1 2 3 ba ®» s & 7

510z 30,55 38,08 28.21  31.10 2946 29.09 810,  65.54 65,54 29,81 B  50.3 52.17 51.16 50.97 51.88
A1503 2.89 olt3 18.44 18.75 17.13 17.22 :.1253 18,49 1B.69 16,87 Fe 46,93 U7.01 U46.22 46,40 46.63
Ccr50 - - - - - a1 Cro0 - - - - - - - -
Feb ° 1.61  10.3 22,0k 20,66 22,17  22.% Fe0* - - 2395 Co .66 O 0 .58 .55
Mn0 - .15 .l‘() -30 24 '33 HnO - - 22 Cu - - - - -
Mg0 .21 - 18.24 17.11 18,79 - 18.87 MgO - - 17.85 Zn - - 21 W2 -
NO - - - - - - NO - - - N - - -- - -
Cal 27.94 23,14 .19 1.55 17 o2l Ca0 - - 61 cr - - - - -
Na,0 - - - - - - Na - - - ™. L17 - - - -
X - - - - - - g 16,00 16,09 = Mg - - - - -
0, 4,94 - - - - - 0, W13 W8 = S .61 0 82 0 .55
VZO} .5“ - - - - - . V;_,O}' - - - Al - - - - -
Total B4 9226 82.52  83.42 82.95  88.22 Total 100,16 100.50 89,0 98,76 200420 29,11 28,90 99,61
Cation proportions : E.%ﬂ.;&’.!"’—_i.ig -
1 2 3 b 5 6 - 1 2 3
Baais 0= 20 0=13 0= 28 0=28 0= 28 0=28 Basis O=8 0=8 0=28
si 4,052 3.200 5.843 6.218 6.059 5.983 .
AL 051 2,519 k02 k20 k53 bazé B O 2 ek
cr - - - - - 0.017 - it -
Fe 0179  0.728  3.818 3.5k 3.813  3.846 o Tl hos
Mn - 00010 000?0 0.050 0.0‘01 00058 . Hn - - 0-038
Mg 0.041 - 5.631  5.097 54759  5.786 - - WL
N - - - - - - "MS Sohk2
Ca 3.971 2,084 0.042  0.333  0.038  0.054 Ca - < 0133
Na - - - - - - Na - - -
X - - - - - - X 0,938 0,940 =
o 3.486 - - - - - B -
v 0.0% = - - - - v O e -
z 12,216 8.541  19.906  19.522 19,864 19,920 b 4,05% 1,957 19,80
_ 1,2 Orthoclase in veins associated with pyrites.

! i g::‘;u;ziks:::;fi“.h adjacent to pod }' Chlorite associated with 2,

2 Epidote 4 = 7 Pyrites digseminated in dyke adjacent to veins.

3 Groundmass chlorite ba/b core and rim of large crystal which appears
4 - 6 Chlorite from pod patchy 1in reflected light.

4 Margin

6 Centre

627



8i0
Al Dz
01'203
FeO
MnO

Hgo

Ca0
Na 0

T10;
V03

Tosal

Basis

81

Cr

Mg
NL
Ca
Na

M <px

1

2 = 5 Altered groundmass feldspars

1,788
0.247
0,004
0.384
0.005
0.595

0-557
0.096
0.009
3985

230

Toll Doire Quarry lava,

1) ' - 5]

2 3 04 5 1 2 ‘3 b
55.92 50.61 53,84 52.48 28,12 8 3450 3436 349
2h.99 28,86  27.63 25.78 74 g X.89 20,74 30.93

o” -8" "|9 - . 22072 cc .35 on .”

- - - - -19 Cu 3‘003? 3‘*.% }".2‘0

- 22 - 12 . 18-“9 Zn - - -

- - - - 14 Ni - - -
8080 10-76 90” 8-53 -11 Cr - - -
6.41 2.09 5.95 2.46 - ™ - - -

07 4,29 - 3,76 - Mg - - -

1.70 - - .13 .13 si o15 .19 .18

- - - - - - Al - - -
28:25 92,62 97,20 93,24 88,65 100,24 100,04 100,22

Cation proportions

2 3 4 5 1
0=38 o=38 O=8 O=8 O=28

2.9%2 2,387 2.495 2,548 5767

1350 1.605 1.509 1,476 4,531
0,014 0,033  0.019  0.005 3,896

- - - - 0.033

- 0.016 - - 5.651

- - - - . 0.024
0.432  O.54h  0.462  O,L4k 0.025
0,569  0.191 0.5 0,23 -

0.004  0.258 - 04233 -
0.059 - - 0.005 0.020
4991 5,035 5.026  4.941 19.947

Wo 42,65 An 42,95 An 54.76 An 46.34 An 48,88
En 34,69 Ab 56.62 Ab 19.28 Ab 53.66 Ab 25,48
Fs 22.69 Or 0.43 Or 25.97 Or - Or Z4.6h

Relict pyroxene,.

1l Groundmass chlorite,
2 = 4 Chalcopyrite grains in groundmass,

2 plagioclase with sphene inclusions.
5 partially zeolitiged,



sice
Al203
Cr.
!-‘e%o3
MnO
Mg0
NoO
Ca0
NB%O
V203

Total

1

53.30
29.47

o56

11.67
463

W14

29.86

0=8
2.417
1.575

0.021

0.567
O.‘OO?
0,006
0.005

4997

T2
53.06
29.43

ls”

11.67
bokh

99.21

O=8

2,119
1.582

0.022

0.570
0.392
0.004

14988

3

53¢25
2.18

2.25
.33

99.04

3

0=8
2,452
1.476
0.087
0.022
0.542
0.405

0.008
0,013

-

2,004

L]
48475
26.99

6405
1.91
10, 2” :
3.29

A1
+15

22 .‘6

231

Altered hawaiite

] 6 1
n.65 1.08 53.61
11.69 1.00 29.79
2287 65.09 .84

15 .11 -
14,90 - -

'3" - 11.75

- - . he62

- - .u

- 27.87 17
86,61 96,51 100.8!

Cnti‘.on proportions

4

2.327
1.519
0.241
0,136
0.524
0e304
o.M
0.005

2006 2

An 57.88 An 58,98 An 56,79 An 62.79
Ab 41,56 Ab 40,57 Ab 42,37 Ab 36.44

Cr 0.56 C-

c.k5 Oor 0,83 Or 0,77

Small plagioclase phenocrysts.
Clouded groundmass f{eldspars.

4 has chlorite veins and inclusions,
Chlorite pseudomorph after olivine,
Groundmasa titanomagnetite,

5
0= 38

6.817
2.969
5.021
0,028
h,784

0.079

19.698

1

6u8

" 2,810

1.578

Recalculated 0,032
Analysis -

FeO 56467 66
FOZO 03 0.

3 ﬂ.gz 0.403

0.006

0.006

2,000

2
53.43

29.70 .

«80

1144

'0.97
«12
«17

1m.6 !

2
‘O=8

2,409
1,578

0.020

0553
0. 434
0,007
o.m

5,017

M 46
3 & 5
Shob3 32,06 0,720
29,07  13.78 0.87
.55  25.60  64a13
- - 2.23
- 15,18 -
10,720 . 0.24
wes %
«10 - .
- - 27.70
99178 82,40 2%6.21
3 4
O= 8 0= 28
2,460 6,732
1.548 3,411
O.aa 4,495 Recalculated
- - hnalysis
- 4,748
0 ;18 0 ;7“ FeO 5‘0.21
. L] Fe 10. E
O-‘DZ - 203 22.
0,006 -
Wols 19,562

An 58,05 An 55,61 An 54,19
Ab 41,29 Ab 43,70 &b 45.20
Or 0,65 Or 0,69 Or 0.61

1-3

Samall plagioclase phenocrysts,
4 Chlorite infilling small vesicle.
5 Groundmass titanomagnetite,



Total

Baais
51

MEREREXEYOR

2

60,04
25.64
.33
6.67
7.63

=
&

3

60.71
25.01

39

99.41 100.31 100.13 99.83

1
0=8

2,624
1.388

0.011

04353
0.613

h.989

2
0=8

2.665
1,342

0.012

0.217
0.657

4.992

3
0=8
2.695
1.209

0.014

0.29%
0.675

4.%8

Cation proportions

4
0=38
2.638
1,369

0.010

0:3105
0.631

".99}

An 36.52 An32.55 An30,32 An35.35
Ab 63,48 AL67.44 AV69.68 AbGH.65

or

- Or =-

or -

or -

= Altered Basalt.

0=28
6.348
3.743

b, 25k
0.035
5e322

0.080

19,781

1 - 4 5lightly clouded groundmass feldspars

5 Chlorite infilling vesicle/pod

6,7 Fe = Cu sulphides inside vesicle/pod

Cu

?

30.12
172.25

51.90

5102
A1205
Cr203
Fa0
¥nd
Hg0
NiO
Ca0
Na20
X20
Ti02
V203

Total

1-4 Zeolites probably stilbite
5 -8 Calcite

58.10 57.90 58.33 58.59
15,04 14,73 14,68 1470

-3
.

E "

M ﬁ = Hydrothermal vein from

brecciated part of same lava

8

80,4

3

80,81 81,16 58,68 52427 55.41 55.08

83 7.77 7.81 7.87 58.68 57

v ON

&

227 55.23 54.82

gge
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C 212 ~ Centre of plagioclage phyric flow

in lower half of drill core,

h § 2 3 & 5 6 ? 8 9
By 7,75 47.67 63.12 62.62 8.8 27.82 26.89 27.2 26.91
P 0y 403 hl>  19.29 2.56  17.48 18,16  18.85  17.96  18.85
2y - - - - . - - - - -
mzr} - 135 12,02 «28 «15 20 24,50 24.86 24,1 2b.45
Hn0 - . - - - .ﬁ ."03 uﬁ .”
",éo 10.81 10.33 - - - 16,18 16.08 16.55 16.18
0 - - - - - - - - -
Cad .20 20,82 +64 4,33 8.09 20 18 - 14
“B@ 059 - 062 073 8.0‘. -~ - - - -
x$ ’ - - . 1‘.057 - .m - - - -
O, ‘2.8% 276 . .17 - - - - - -
V203 - . . - - - - ’ - -

Totsl 98,9 98,69 B8 960 B3 8215 8.8 860 86,9
: Cation proportions ’

. 1 2 3 LY 5 .6 7 8 9
Basis 0=6 0=6 O=8 0=8 . 0=28 o0=28 o0s=s28 o0=x=28
s1 1.8%9 1.8% 2,944 2.848 - 5.865 5.685 5.790 57200
an 0,183 0.188 1,061 1.156 4,512 4,698 4, 4,708
Cr - - - - - . - - -
Fe 0.366 0.338 0.011 0,006 4,302 h.39? 4343 4,33
¥n - 0,006 - - 0,069 0.077 0,069 0,069
:: 0.53. 0.59" - - 5.&"’ 5.%8 5.2“8 5.1&
Ca 0,875 0,861 0,032 0.211 0,046 0,040 - 0,03
Na 0,0h4 0,046 0.066 0.709 - - - -
X - - 0,867 - - - - -
po | 0.082 0,080 0.006 - - - - -
v - 0.005 - - - - - -
z 4,009 4,007 4,986 5,929 19,878 19,965 19.956 19,94
Yo 4496 Wo bbb An 3.0 A 22.5%
En 34,64 En 33.41 Ab 6.B1 b 77.06
Fs 20,41 Fs 22,15 Or 89.88 or -
10 1 12 13 14 15 16 17 18
84 62.93 64,58 54,98 48.63 54,45 48,38 7.7 .38 45,66
puc o a.38 1826 8.7 2545 2306 2k 24 - 14,08
T - - - - - - - - -
FeO* .22 A1 24 40 - - 1.25 - b2
Mn0 - - - - - - - - -
Mgo - - - - - - - - -
NSO - - - - - - - - -
Cal 3.09 - 10.12 16.10 10.12 14,86 23.34 Shal2 16.65
Nay0 1.27 51 S.hl 5.10 1.49 - - - 1,11
K20 11.09 15.65 .22 20 69 27 - - 59
Ti0; W12 »18 - - - - - - 13,06
vzoj - - - - - - «15 - -

Total 100,10 9.79 99.26 95.82 89,78 84,99 96,86 54,80 91,57
Cation proportions '

10 n 12 13 16
Basis 0=8 0=38 0:=8 0=28 0=13
si 2.866 2,983 2,494 2,359 -
31 ) 1.148 1.022 1.5 1.455 FRTY
T - - - - -
:‘; 0.008 0,004 0,009 0.016 ‘ 0.799
¥g - - - - -
Ni - - - - -
Ca 0,151 - 0.492 0.837 2,123
Na c.112 0.045 0.478 0.479 -
X 0.645 0.923 0,013 0.012 -
Ti 0,004 0,006 - - -
v - - - - 0.010
bW 4,934 h,0B4 k997 5.159 8,574
in 16,62 Aan - S0.04% An 62.99
Ab 12,34 Ab 4,70 Ab 42,66 Ab 36,08
Or 72.05 Or 95.30 Or 1..30 Or 0.93 1,2 Relict pyroxenes.
» 3_5 Altered groundm:as feldSP“"’

3 - orthoclase,
L - partially zeolitised albite,
§ - Ca - zeolite probably stilbite,
6,7 Chlorjte pseudomorpha after olivine.
8,9 Groundmass chlorite. .
10 - 18 All from same altered feldspar phenocryst.
10,11 - alkali feldspar,
12 plagioclase

R bt 13,14 partly zeolitised plagloclase.
15 laurontite,
16 epidote,
17 calcite,



Biop

Total

M <=E

1
243
N
5
6
?

234

€ 232 o/b Hydrotharmally brecciated lava from lower flow in drill core
2 3 ) 5 6 - T 7 . 8
2688 27,76 27,38 27,50 36 8 52,75 52.85
180% 18.“} 17.89 18,58 - b ] .22 46,99
- - - - - Hn - -
26,3 26,19 26,57 26,81 017 Co «50 .50
27 -32 033 . .80 Cu ! - -
15.29 15,91  14.65 14,85 - Zn 3 -
- - - - - T8 .- -
21 «09 «18 .17 56,88 cr - -
- - - - - ™ - -
- - - - - Ms - -
- - - .12 - 51 - -
- - - - - Al - -
87,24 88,20 86,09 88,33 8,21 100,84 100,34

Cation »roportiona

2
0=28

5.723
b.61%

1,684
0,048
4,852

0,047

3

0=23

5797
bho537
4,573
0.057
h.951

0,021

I\

0=28
. 5.855

h.512
h,752
0,060
4,669

0,040

10,99 10,93 19,888

0= 28
5.788
4,611
4,719
0.056
4,658
0.037

0,019

19,887

Clouded groundmass feldspar altered to laumonitee
Chlorite pseudomorphs after olivine.

Groundmass chlorite.
Chlorite from discornent vein 7illing hydrofracture.
Calcite from same ve'n aa 5.

48,9 Large euhedral iron pyrites within groundmass.
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l-E CHEMICAL ANALYSES AND C.I.P.W. NORMS

Zeolitised lavas
Hydrothermally altered lavas
Alterstion products

Cther Mull z2nd Hebridean rocks

Zr values used for Skye - Mull comparison

Note : n.d. is used as an zbbreviation

for not detected in these tables.
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LAY A3 LAS 42 A4 147 LAS 49 1410 LAY 1A12
Maroe xLomer (wt, %) ]
8102 46.25 46.45 46,08 45.94 46,16 46.41 46,18 46.29 46.08 46.09 44.14
7102 2.09 2,08 2.04 2.09 2.04 1.87 1.82 1.82 1.81 1,86 © 1,53
A1203 16,54 17.10 16.51 16.93 16.5% 17.09 16.67 16.85 17.20 16.73 12.29
Fe203 4.72 3.96 3.36 3.34 3.57 6.38 3.9 7-92 8.89 4.85 12,93
Fe0 9.5 9.93 10.56 10.67 10,36 6.65 8.86 5.62 4.65 8.4 -
"o .23 22 2 2 21 o7 .19 .19 A7 .20 A7
%go 6.% 6.65 6.4 €.82 6,45 5.94 6,98 6.9 6.60 1.10 9.04
Ca0 0.4 8.43 8.7 8.6 8.73 9.25 8.62 0.8% 8.95 8.08 7.5¢
a20 3.17 3.00 2.93 3.06 3.08 2.93 2,83 .M 2.76 2,86 4.54
20 «30 .34 .29 s3] .29 24 +26 .26 «23 -24 18
H20+ 2.54 2.2 2.61 1.87 2,34 2.53 2.61 2.4 2.50 2.92 $.92
P205 .16 A7 .16 HT +16 .15 .15 J4 R 4 .12
co2 .13 K. ] .08 .08 .03 .43 .2 BT 19 .09 .08
TOTAL  100.26  100.58 99.96 101,10 99.75  100.04 99.5%6 100,14  100.17  100.57 98.46
TRACE ELDGENT (ppm)
2 14 14 m "7 12 102 96 96 100 103 ]
b 4 30 N 2 28 26 26 27 25 28 25 31
kb 1 3 3 3 3 3 3 1 1 2 9
n 6 3 € 8 6 4 5. 3 5 5 -
sr 323 31 319 316 316 344 310 334 325 323 280 ,
In 74 70 76 75 b 0 102 19 138 i) -
-3 32 38 8 52 38 5 9 141 148 44 -
Be - - - - - 13 58 74 63 ” -
cr 2 8 H [} 7 3] 24 20 19 24 -
" 44 43 a 35 41 51 47 4 45 47 -
Ts - - - - - - 260 -7 - - -
B - - - - - - 3.13 - - - -
™ - - - - - - 32 - - - -
la - - - - - - 4.80 - - - -
Ce - - - - - - 15.07 - - - -
B - - - - - - 14.69 - - - -
sa - - - - - - 4.50 - - - -
1.9 - - - - - - 1.68 - - - -
ca - - - - - - 5,19 - - - -
™ - - - - - - .82 - - - -
™ - - - - - - .35 - - - -
™ - - - - - - 2.19 - - - -
In - - - - - - .34 - - - -
CIPY VEIGHT BORMS, (Standard State Fe203)
[ - - - - - - - - - - -
or .7 2,01 - M 1.83 .M 1.42 1.54 1.5¢ 1.3 1.42 1,06
a0 26.82 25,39 24.79 25.89 25.81 24.719 23.95 22.93 23.35 24.20 25.78
in 30,02 32.19 31.04 31.54 20,61 2.77 32,01 33.04 33,86 32.10 12,62
Lol - - - - - - - - - - 6.85
vo 497 3.43 4.43 4.13 4.T9 5.93 3.5% 3.78 5.52 4.57 9.06
™ En 1.91 1.62 2.0% 1.96 2.24 1.85 .77 1.87 L 2.18 5.91
Ts 2.23% .77 2,34 2.12 2.49 2.04 1.68 1.85 1.75 2.10 3.44
By B 2.83% 3.79 3.77 3.42 2.69 5.66 6.23 6.28 5.71 4.07 -
Ts 3.30 4.13 4.29 5.70 2,99 6.23 5.90 6.21 5.84 3.92 -
a 1.76 7.82 7.16 8.13 7.82 5.11 6,58 6.36 6.32 8.01 11.64
ra 9.87 9.40 8.97 9.68 9.58 6.18 6.87 6.94 7.4 8,51 7.49
n 3.97 5.89 3.e71 3.97 3.87 3.55 3.46 3.46 3.44 3.53 2.9
Mt 2.18 2,18 2.18 2,18 2.18 2.18 2,18 2,18 2,18 2,18 2.90
Ap .37 -3 324 39 37 35 «35 .52 .32 32 .28
B20 2.5¢4 2.20 2.61 1.07 .34 2,53 2.8 2.44 2.50 2.92 5.92
Ce 30 o1 .18 N .01 .98 48 .52 43 21 4
TOTAL 99.94  100.33 99.77  100.92 99.56 99.55 99.31 99.50 99.4% 100,03 96,79
p.I.* 28.60 27.39 26.51 .72 27.52 26,21 25.48 24.47 2.1 25,62 33.69
F/Fam® 686 672 .681 .670 677 679 ° 643 1651 .660 627 554

%D.I. = Thornton Tuttle Differentistion Index,
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LA13 LAY LA1S 1416 a7 LA18 2o n " .3 7

MAJOR ELEMEWT (Wt %)
8102 45.48 46.08 46.42 45.96 46.26 46.18 45.54 45.76 46.63 46.67 46.94
T102 1.54 1.54 1.56 1.65 1.70 1.61 1.60 1.81 3.05 3.06 3.07
41203 13.45 14.00 13,80 18,97 14.05 13.94 "N 16.49 16.89 16.61 16.53
Fe203 5.76 2,43 2,20 3.60 .21 2.% 1.40 21 4.23 3.04 4.08
Te0 1.7 ' 9,02 9.20 7.90 a.39 9.02 10,27 9.25 9.86 112 10.18
M0 .18 .19 .19 .18 .19 .19 .18 .18 .19 .19 19
g0 11.49 12.30 12,06 10.33 10.26 12.35 11.50 (R ]] 5.47 5.22 5.42
Ca0 9.715 9.75 10.19 9.39 9.70 9.99 10.55 10.17 7.45 7.52 7.5
¥a20 2,08 1.99 2.34 2.40 2.7 2.0% 2.60 2.94 4.0 4.20 4.18
=0 .26 .25 21 .36 57 .29 .24 .20 .23 24 .21
H20+ 3.33 2.97 2.35 3.70 2.85 2,65 2.36 2.58 1.97 1.62 1.38
P205 R R} o4 .18 .18 AT 4 Tou14 .28 27 .30
co2 .24 .08 04 «05 <07 02 oM .05 .12 0 .05
TOTAL 99.45 100,74  100.76 99.67 99.94 100,77  100.80  101.09  100.18 99.83  100.10
TRIACE ELRDOENT (ppm)
zZr 90 ) 88 ] 102 92 102 9 202 194 b4
4 2 23 2 2% 24 21 25 4] 2 20 5
mn 4 1 2 4 3 4 nd 1 od 3 3
»n 6 1 4 4 6 4 3 3 L 8 []
8r 25 2 293 332 309 296 292 2% sTs 589 560
Zn "2 108 110 \44 159 97 " b ] 19 128.
Ca 195 194 189 23 - 264 159 "y 9% 45 a7 148
Ba 101 63 121 - - - - - 20 90 “
cr 785 738 783 517 501 720 T47 68 12 9 1
n 354 b1 328 234 223 292 304 124 42 38 40
Ta - «19 - - .24 - - .29 - - 51
14 - 2,72 - - 3.04 - 3.22 3.23 - 6.07
™ - 4 - - - - - - - - 61
la - 5.41 - - - - - - - - 8,23
Ce - 15.31 - - 20,01 - 15.06 15.09 - - 30.57
] - 13.97 - - - - 14.89 - - - 29.69
Sa - 3.78 - - - - 4.69 - - - 8.44
.Y - 1.45 - - 1.62 - 1.60 1.69 - - 2.82
= - 4.60 - - 4.50 - 5.06 5.42 - - 8,53
™ - 13 - - .73 - .82 .86 - - 1.1§
™ - .2 - - .32 - .33 .39 - - .30
™ - 1.99 - - 2.00 - 1.99 2.85 - - .57
1 - 36 - - - - .33 - - - 39
CIPV VEIGHT WORMS (Standard State Fe203)
s - - - - - - - - - - -
or .54 1.48 1.60 2.13% 2.19 .M 1.42 1,18 1.% 1.42 1.60
iy 17.60 16.84 19.680 20,31 22.93 17.18 18.00 22,17 33.93 34.54 35.10
An 26.60 20.5% 26,35 26,28 25.08 28.07 26,67 3,21 26.86 25.92 25.54
He - - - - - - 2.17 1.4 - 54 A5

Yo 8,16 1.69 9.62 1.85 8.95 8.54 10,05 7.52 3.14 3.99 3.94
Di En 5.10 4.87 6.07 4.76 5.40 5.44 6.19 4.10 1,45 1.79 1.80

Fs 2,57 2.33 2,95 2,66 3.07 2.55 3.1 3.18 1,65 2.18 2.1
B2 6.56 6.73 1.52 5.18 .82 4.98 - - 1.42 - -

L im .23 74 2.89 47 2.34 - - 1.61 - -
o P 11.88 13.34 15.73 11.06 13.55 14.25 15.78% 11.63 7.5% 7.86 8.20

s 6,61 . T.04 8.42 6.81 8.5 7.5 9.17 9.86 9.42 10.52 10,54
n T 2,92 2.92 2.96 3,13 3.23 3.06 - 3.04 348 0 5.79 5.81 5.03
Mt 2.18 2.18 2.18 2.18 2.18 2,18 2.18 2.18 2,90 2,90 2,90
ip .32 .32 .32 42 42 .32 .32 .32 65 .63 .70
B20 3.33 2.97 2,35 5.70 2.85 2.65 2.% 2.58 1.97 1.62 1.38
Co .55 .18 .09 K1 .16 05 .25 N 21 02 K1
TOTAL 99.22  100.65  100.69 99.47 99.77  100.68  100.81  100.92 99.96 99,73 99.89
D.I. 19.14 18.32 21.40 22.44 25.12 18.89 21.58 24.82 35.29 36.50 36.84
F/Fen .534 -538 -526 -546 <541 531 +525 -547 S 99 72

YP/FeM = (FeO + Fe203)/Te0 + F0203 + Mg0,

Standard state Pe203
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s M1t n2 w51 w52 N33 M54 ns5
MAJOR ELEMENT (wt. X)
s102 46.00 4526 45.19 45.18 45.05 45.02 44.84 45.44
Ti02 3.06 2.73 2.68 2,05 2.03 2,04 2.00 2.05
AL203 16.70 15.59  15.22 15.66 14.99 15.00 14.93 15.63
4203 3.58 3.¢9 3.94 3.%0 1.97 2.% 2.3 3.18
260 10.67 10.79 9.93 8.44 9.79 9.20 9.44 9.18
"o .19 19 .19 .18 .19 .18 .18 .19
Mg0 5.40 7.94 1.7 8.3% 8.53 8.35 8.86 .29
Cal 1.6% 8.39  8.53 1,31 11.45 11.42 1.9 11.61
Wa20 4.04 2.9F 295 2.% 2.16 © 2,32 2.16 2.9
o .23 3% 514 .18 A7 7 .15 .16
20+ 1.79 2.76 2.8 2.%9 2.90 3.04 3.28 3.20
P205 .27 29 .25 .16 -7 R .16 .16
co2 .01 12 .15 .09 .06 .06 .05 .23
TOTAL 100.%9 100,85 100.37  100.08 99.46 99.53 99.%0  101.71
TRACE KLDENT (ppm) !
zr 204 183 172 108 13 12 106 12
h § 30 23 26 7 2 26 2 2%
o ] 3 5 o nd nd nd nd
o 7 13 15 4 6 4 4 4
sr L1 544 582 s 320 % 253 289
2a 226 122 173 (3 70 67 87 64
(=" 308 146 27 167 151 158 133 us
Za 35 - - 9 2 12 nd 9“
cr 1 - - a 74 253 260 mn
n 39 100 9 145 149 140 165 %1
Ta - - - 21 - .20 - -
Bf - - - 3.23 - 3.31 - -
™ - - - .29 - .27 - -
7 - - - - - 4.80 - -
Ce - - - 16.98 - 16.5¢ - -
™ - - - 14.62 - 14.89 - -
Sa - - - 4.91 - 4T - -
o - - - 1.63 - 1.71 - -
ca - - - 5.60 - 5,14 - -
™ - - - .79 - .82 - -
™ - - - - - 81l - -
™ - - - 1.9 - 2.12 - -
In - - - .32 - .37 - -
CIPV VEIGHT NORMS, (Standard State Fe203)
@ - To- - - - - - -
or 1,36 2.9 2.19 1.06 1,01 1.01 .89 .95
i 33,19 253 24.96 20.22 18.28 19.63 18.28 20.22
in 26.75 2g4) 27.20 31.47 30,71 30.01 30.60 31.45
He - - - - - - - -
Vo 3.91 £.60 6.01 9.61 10.28 10.50 9.73 9.88
Dt Bn 1.78 2-52 3.4 5043 5.84 5.95 5.61 5.45
s 2.10 29 2.76 3.79 3.9 4N 3.68 4.05
B .35 55 1.02 .02 2,07 +59 2.3 .01
¥ -4 6 -90 .0t L4 41 1.52 .0
Yo . 1.93 10.80 10.64 10.76 9.34 9.9 9.91 10.64
01 4, 10.30 11.3%  10.28 8.27 7.03 7.61 7.16 8.72
n 5.81 5.18 5.09 3.89 3.86 3.67 3.00 3.89
.33 2.90 2,18 2,18 2.18 2.18 2.18 2.18 2.18
Ap -63 65 .58 37 .39 39 .5 .37
H20 1.79 2.76 2.80 2.59 2.90 3.04 3.28 3.20
Ce .02 .27 34 21 R o4 o1 .52
TOTAL 100, 23 100,85  100.13 99.88 99.41 99.42 99.42 101,54
D.I. 35.54 27.32 27.1% 21.2% 19.28 20.64 19.16 21.17
F/ren 223 633 .63 .564 .515 .583 568 .595




BYDROTHEERMALLY ALTERED LAVAS

N3

L3

MAJOR ELDUNT (Wt. %)

810" 47.73
7102 1,59
41203, 16,41
79203 1.92
N 10.01
0 .20
g0 10,32
Cad 2.1
20 5.21
2o .24
B20+ 6.51
205 .10
co2 .03
TOTAL  100.38

TRACE XLRMENT (ppm)

119
28
S
7
247
78
79
€1
745
an
.25
3.15
1.13
8.16
25.64
17.32
4.7
1.90
5.02
.80
.32
2.29
.43

2paveR

2%

FRosPRROFPRPE

[ 1.98
or 1.42
Y 27.16
in 9.63
Be -
Yo -
1 B -
s -
= 25.70
LA 14.54
Fo -
0, -
n 5.02
nt 2.78
Ap .23
B20 6.51
Ce 07
Cor 7.34
TOTAL 100,38

817
1.52
14.38
a5
9.01
19
11.06
&84
543
o7
.57
17
1.59

100. 31

108

0 -

T4
67

634

365
.28
3.
1.23

22,53
16.72
4.49
1.56
5.08
.78
29
2.0%
M3

5.57
3.62
.52

100. 34

N5

46.72
1.43
3.2
2.87
8.5
.18
1.9
6.91
5.33
R
5.28
.16
3%

102.04

3.22
.27
7.22
23.28
16.9¢
4.50
1.63
5.4

.32
2.08
.30

.85
28.18
23.69

3.04
2.03

7.57
2.87
14.04
5.86
2,712
4.16

ns

45.03
1.38
13.60
2.87
8.5
.18
1.5
8.20
2.46
7
5.38
15
.62

100.45

-7
3.05
1.23
6.99

22.56

15.96
4.43
1.51.
4.49

R4

.30
1.99

3

3.7
20.62
24.38

4.76
.16
1.2%
8.14
3.22
12.15
5.29
2.62
4.16
35
5.38
1.40

100.45

239

m7

45.28
1.3
13.64
3.54
1.78
7
10.96
9.13
191

$.50
4
.28

100.13

m

3.90
16.16
26.70

€.65
4.53
1.60
12.11
4.7
T.47
2 90
2,55
4.4

.52
5.50

.64

100.13

ne

45.93
.38
135.71
3.86
73
.18
10.59
9.60
1.9
-6,
s.67
.16

27 -

101.30

3

b
76
91

164

378
«23
2.76
1,02

19.96
14.94
4.23
1.41
3.97
.65
-2
1.73

4.08
16,16
26,80

7.55
5.26
1.67
13.33
4.23
5.46
1.91
2.62
5.60
37
5.67

101,30

Nty

45.08
1.32
135.27
3.44
T.45
7
10.49
9.67
1,69
53
$.92
5
20

100,38

7.86
20.20
4.1

4.05

1.40

3.08

.63
.28
1.69
28

3.13
15.99
26,16

8.17
5.60
1.92
14.20
4.68
4.4
1.68
2.51
4.99
35
5.92
46

100,38

46.19
1.%
14.25
5.90
7.48
.18
1.92
9.3
1.05
.10
4.02
.5
.09

100.93

15.65
30.28

6.10
4.32
.24

17.57
5.05
5.46
1.73
2.58

35

4.02
.21

100,93

45.80
.38
14.30
4.03
7-62
.18
11.76
9.32
1.97
3
4.28
.15
07

101.2%

- I

10

101.25

46.20
1.38
14.10
5.58
7.38
.18
10.60
9.47
1.97
.68
429
15

100.50

P8

294
it
93

316

610

383

.23
2.75
1.05

19.5
4.9
4.04
1.43
4.35
.67
-0
1.80
24

4.02
16.17
27.62

. 6.83

4.69
1.60
13.15
4.49
6.01
2.26
2.62
5.19
.35
4.25
.73

100,50

' 44.20

3.9
16.53
5.87
7.67

4.84
6.20
5.99

51
4.45

218
3

13
619

3.01
33.76
25.69

.93
.66

6.6%
2.48
3.33
1.1
3.87
8. 51
.88
4.45



HYIROTHERMALLY ALTERED LAVAS

MAJOR ELEMENT (wt. %)

8102

sk
s 38
¥ IR

-
(-]

EELEETE:

g

AL

TRICE ZLRGENTS (ppe)

2r
Y

)]
n
Sr
Zn

FoRWIRPRESFPRYRERKE?

*Er9€ g
§
4
i

e

FeepIRCT

TOTAL

w27 -]
44.82 45.43
3.09 3.04
16.%0 16,62
4.9 “»n
8.2 e.70
.16 .10
5.11 475
7.98 8.06
3.57 - 366
20 43
3.46 2.87
s> .38
0 .01
98.52 98,52
216 213
» 33
3 10
16 15
514 585
186 102
203 105
14 13
S0 48
.80 -
5.7 -
1.0 -
12.19 -
36.93 -
29.2) -
1.97 -
2.13 -
8.10 -
1.4 -
i) -
2.75 -
45 -
1.18 2.54
30.21 30.97
8.4 27.65
.50 .9
2.26 2.5
1,10 1.56
1.3 4.54
3.59 J.02
2.18 347
1,17 2.54
5.87 5.1
7.23 6,25
.90 .88
3.46 2,87
.02 <02
98.52 98.52

Cgtandard State Fe203

4.9
1,68
16.18
2.08
9.17
.18
7.63
8.92
3.20
%0
4.38
o7
48

99.96

1.1
27.08
28,90

4.68
2.61
.89
.63
-45
11.05
8.83
3.19
3.02
39
4.38
1.09

99.96

43.95
1.80
15.32
2,80
9.65%
.19
T1.57
8.15
375
«25
“n
16

98,57

3.01

(%]
15.91
14.0%

4.29

1.60

4.8)

.78
34
2.00
.32

n32

44.3%6
1.62
15.11
1.95
9.68
.18
e.73
9.08
2.96
.29
4.92
17

99.36

BE..n2

1.7
24.73
27.09
a7
6.22
3.62
2.30

12.70
8,90
3.00
2.83

-39
4.92

246

n34

4.57
1.01
15.66
5.73
7.17
.19
8.65
8.67
2.63
21
3.84
.16
.06

99.35

1.24
22,25
30.30

47
3.38
-9
10.98
2.95
5.04
1.49
J.44
a3

3.80
<14

99.35

W35

44.62
1.74
15.25
2.3
9.97
.18
9.02
9.06
2.34
21
417
.16

99.17

1.24
19.80
30.49

5.44
3.2
.97
6.72
4.13
8.79
5.95
3.0
3.47

37
4.17

B/

99.17

136

“u.6
1,80
15.47
3.57
9.03
.18
8.1
9.46
2.60
°23
4.02
.16
-0

99.38

1.48
22,00
29.80

6.53
4.00
2.16
4.75
2.57
8.1
4.84
J.42
5.18

“.24
1.52
15.09
5.24
.61
19
9.18
9.60
2.18
27
5.23
a4
-0

99.56

1.60
10.45
30.59

6.55
4.16
1.1¢8
11,55
2,8%
4.59
1.25
2.89
1.60
32
5.23
.16

99.56

43.56

1.49
15.21
[
T1.22
A7
9.60
9.3
2.01
.2
5.31
15
+10

98.65

1.24
17.01
31.86

5.29
"69
1.16
1.66
3.68
6.00
2.09
2.83
6.26
35
5.31
.23

98,65

39

42.78

1.26
15.49
1.1

6.15
15.40
.97
.13
5.48
.15
.23

100.35

7.43
33.04
5.01
17.09
8.99
1.59

4.4
4.13
2.39
2.18

+35
5.48

52

99.3°




BYDROTERRMALLY ALTERED LAVAS (wt. X)

om0 n 2
MAJOR ELEMENT ANALYERS
5102 “w.9 45.03  45.%
102 3.00 2.9 2.9
41203 16.60 16,30 16.59
Te203 4.16 3.68 4.98
o0 9.86 9.86 8,96
™0 R .18 22
"o 5.39 5.1% 5.34
Ca0 7.55 1.65 7.58
Ke20 3.60  3.40 3.43
=20 29 33 30
B0+ 3.46 3.50 J.28
P205 33 .32 .33
(-] .06 .08 +03
TOTAL 99.39 9a.39 99.17

TRACE BLIMENT ARALYSES (ppm)

Ir 195 109 193
T 32 3 32
.Y 2 L 1
n 12 " "
8r 532 533 851
2 €9 134 59
Ca 32 49 ]
h - - -
cr ol nd od
n 24 26 26
a - - .63
- Bf - - s.18
™ - - .90
la - - 10.29
Ce - - 30,21
o - - 25.06
oa - - €.94
b - - 2.5
cd - - 7.28
~n - - 1.071
™ - - 44
™ - - 2,65
n - - 41
CIPV VEIGHT NORE
. - - -
or 1.7M 1.95 .77
a0 30.46 28.77  29.02
in 20,20 26.24  28.99
e - - -
Yo 2.17 2.97 2.62
M E 1.53 1.58 1.57
e 1.14 1.30 .92
- 4.66 6.64 8.62
g ™ 3.49 5.49 5.06
Yo 5.07 5.23 2.19
0 4 4.8 2.94 1.41
n 5.70 5.53 5.68
nt 6.03 5.34 7.22
» R R7] R (]
B20 3.46 3.50 J.28
Co 4 .18 .01
Cor - - -

TOTAL 99.39 98.39 95.17

K43

44.09
3.00
16.36
6.49
1.3
a7
4.65
7.93
3.66
«30
3.00
32
+02

98.14

1.7
20.97
27433

4.09
2.88

.87
8.7
2.63

5.70
9.41

<74
3.00

98.14

|||||||||||||3-131'§=-‘6§

241

ué

45.23
2.97
16.20
4.69
9.07
19
5.24
7.67
3.5
.25
3.
3

98,41

1.48
27.92
20.65

3.0
1'17
1.1
10,33
6.52
-67
«46
5.64
6.80
.12
3.7

98,41

s

43.66
37
15.04
8.16
0.06

3.95
3.50
5.01
.16
4.26
33
21

ST

.95
42,39
10.08

2,39
1,66
54
1.53
.50
4.66
1.67
6,02
11.03
<T7
4.26

7

45.96
2.40
16.19
5.14
10.04
.20
7.7
9.35
2.16
32
2.32
24

99.58

132

b}

L 88,838,

1.09
18.28
33.54

4.53

2.57

1.76
3.3

9.13

1.39

1.05

4.55

4.55

.56

2.32

.16

99.58

“.4
.34
15.87
4.20
8,87
.20
7.23
8.42
2.94
.33
4.09

1.9%
24.88
29.13

.44

2,75

1.43

5.36

2.78

6.93

3.96

4.4

6.09

.51

44,56
2.45
17.00
2.%0
11.19
.32
W81
1.9
2.1

2.9
24
<02

99.59

2.48
17.85
35.70

<50
«49
38
1.20

8.65

S.44

4.64

4.65

3.62

+56

w59

47.14
2.6%
14.68
6.35
T.04
.26
3.28
6.99
4.69
1.49
2.49
1.68
<09

96.81

8.81
39.69
14.60

3.56
2,27
1.06
4.37
2.04
107

55
4.99
9.2
3.09
2.49

.2t

98.081

43.09
1.4
14.75
.34
7.70
.20
.06
1.73
.7
-28
3.33
.18
09

99.68

1.66
23.02
7.1

3.92
.74
+86
5.40
1.69
13.60
4.68
2.68
6.29
42
5.33
«21

99.60

46.10
1,43
13.90
3.83
8.03
.18
10.31
8.1%
3.06
-40
4.79
.16
«16

100,50

13

242

65
146

2.36
25.09
23.01

6.42
4.52
1,61
.19
1.93
11.33
4.64
an
5.55
37
47
36

100.50




\Y]

HYIROTHERMALLY ALTERED LAVAS

©90 c1%0
MAJR XLEMENT (wt. X)
8402 44.59 46.20
102 1.48 .34
41203 13.95% 14.01
Y9203 3.08 5.54
) 5 8.3 7.53
"o 49 »16
Kg0 11.09 9.51
(-] 6.59 0.2%
Na20 s.a7 3.36
K20 .23 41
B20. 5.20 49N
P205 .19 .18
€02 o .08
oML 99.17 99.60
TRACE XLOENT (ppa)
zr 14 102
T 26 20
¢ ] 6 12
n 7 2
8r 229 174
2n 3 78
76 67
108 196
cr 644 m
| £ 369 3%
Ta - -
B - -
™ - -
1a - -
Ce - -
M - -
Ba - -
) Y - -
ca - -
»n - -
™ - -
n - -
i - -
CIPW WVEIGHT NORMS
[+ 3 - -
or 1.48 2.78
an 21.67 26.43
An 22.68 21,76
} M - -
o 3.39 7.30
DL En 2.29 4.90
Yo KT} 1.8%
B 4.25 1.60
By ) 1.56 .60
o 14.17 12,15
%y 596 5.0
n 2.81 2,58
nt 5.63 5.13
Ap 44 42
220 .20 49
Co .25 .18
Cor - -
T0TAL 99.17 99.60

ci36

“.5
1.40
13.67
4.42
7.9
«16
9.88
9-46
2.90
04
4.63
19
.16

98.06

.2
24.54
24,74

8.34
5.84
1.79
3.57
1,09
10.65
3.59
2.66
6.41

4.63
-3

90,86

c142

47.73
1.46
12.74
3.38
[ B}
<17
10.32
71.86
.77
1.2
4.60
2
+06

100.76

1.2
3.4
18.73

173
5.1%
2.04
7.28
2.90
9.32
4.09
2.1
4.90

-49
4.60

4

100.76

ci45

43.53
1.5
13.73

3.43

7.8
17
1114
8.76
1.51
1.03
6.95
.18
Bl

99.72

2L 8

6.09
12.78
77.64

5.62
5.97
1.40
10.04
3.5
9.63
5.75
2.49
4.97
A2
6.93
.25

99.72

c149

46.05
1.3
13.48
3.65
7.59
17
10.93
9.08
.7

1.68
14.98
28.01

8,02
5.54
1.82

16.47
5.42
3.69
1.34
2.58
5.29

3.95
«23

99.40

c153

44.62
1.9
3.7
3.89
T7-49
.17
10.80
9.12
1.96

4.08
<19
<18

98.72

1.54
16,59
28,01

6.20
4.32
137
14.30
4.55
5.80
2.04
2.64
5.64
4
4.08
41

968,72

13

4a7.21
1.67
1.4
3.08
8.41
«20
10.90
9.29
.11
80
4.23

.15
100,18

4.73
17.85
20.47

9.73
6.49
2.5
12.98
5.03
5.38
2.30
3.7
4.67
49
4.25
34

100. 18

C154

44.57
1.40
13.96
3.97
7.61
.18
1.2
9.65
1.78
12
4.57
.18
.13

9.2

.M
15.06
29.75

6.73
4.69
1.48
13.74
4.33
é.70
2.3
2,66
3.76
42
4.57

C159

42.97
1.46
14.34
3.73
828
.18
11,66
8,03
1.90
.10
5.571
.19
<09

99.30

16.08
30,30

4.08
334
1.16
9.74
357
11.19
4.26
n
5.41

5.57



21

NYTROTHERMALLY ALTERED LAVAS

c176 c191
MUIOR ELEBMES (vt. %)
8102 40.74 43.62
2102 2.%6 2,65
41203 16.39 16,60
Pe203 6.28 0.82
YeO 8.66 6.38
"o .27 .10
neo 1.06 4.18
Ca0 6.11 6.99
¥a20 1.87 5.33
20 47 28
20+ 0.67 4.19
208 38 43
coz RIN 43
TOTAL 99.T7 100,12
TRACE ELDOONTS (ppe)
2 151 213
Y 38 43
m 10 6
»n 6 "
8r 523 427
za "7 125
[ 48 26
e 367 226
cr » 16
n ‘69 3
e - .80
ur - 5.78
k- - .07
1a - -
Ce - 51.48
| 7 - 37.16
Sa - 6.8
) - 3.07
ca - 10.44
™ - 1.38
™ - -
™ - 5.19
P - A8
CIPV VEIGET NORCY
Qs 2.64 o
or 2.78 1.66
Iy 15,62 57.89
in 77.13 20.45
| 3 - 4.00
Yo - 3.58
N M - 3.51
re - K1l
%) 17.58 -
Bor 6.99 -
Yo - 5.19
L - 21
n 4.06 5.03
13 9.10 12.79
i .88 1.04
B20 0.8 4.19
Co .25 .90
Cor 2.86 -
TOTAL 99.77  100.12

€193

37.33
2.85
15.73
7.06
9.00
.24
6.28
9.75
«40
-2
10.28
«49
4

100,07

223
45

"

14

.84
1.48
3.39
40.39

o
.25
15.04
6.19

5.41
10.24
1.14
10,28
93

100.07

c199

2.2
.81
15.50
1.1
.68

$.91
1.29
5.47
+68
5.50
47
.60

100,62

4.02
29.36
2.7

1.92
1.28
+50
4.05
1.57
€.58
2.81
5.34
10.54
1.09
5.50
1.5

100,62

“u.7
2.65
16,02
6.58
8.65
.2
5.29
1.23
3.47
63
.43
o4
.19

100,09

194

10
"
554
15

3.72
29.36
26.20

2.30
1.45

.M
1.59
3.73
2.90
1.57
5.03
9.54
1.02
4.45

.43

100,09

b=y

c12

“u.5
2.62
15.42
7.76
7.3
.20
5,12
6.29
3.84
95
4.52
43
45

99.33

193

18
10

19

5.61
32.49
22,03

1.47
1.01
26
9.03
2,23
1.86
51
4.9
1.25
1,00
4.52
1.02

99.53

c219

4.4
2.68
15.86
.90
8,35
21
5.33
6.84
3.38

4.
43
g2

100,04

"7

4.61
28.60
35.77

3
.22
«09
12.87
5.43
.13

5.09
10.00
1.00
4.14
.64

100.04

c225  C23aAp
5.3 35.90
2.64 2.72
15.41 13.59
6.56 5.04
[ N7.] 10.38
2 2
5.10 5.00
6.51 7.64
3.18 4.05
67 57
4.45 4.78
44 43
T 3.90
99.73 98.23
199 216
8 [+
12 1
10 10
Ly 207
109 118
55 33
383 1835
10 10
Q2 [Y)
.62 .61
5.01 5.41
.87 19
4.26 49.33
32.76 36.43
8,07 9.26
2.73 3.01
8.3 1.871
1.1% 1.57
2,82 3.24
45 54
3.2% -
3.96 3.57
26.91 .27
24.55 10.31
12,70 7.10
6.18 6.15
- 3.75
- 3.59
5.01 5.17
9.51 7.3
1,02 1,04
4.45 4,78
1.7% e.87
«46 2,53
99.73 96.23

55.15
1.74
12.20
6.09
8.07
.23
2.29
3.85
.51
3,02
3.10
.58
.10

98.93

lllllllllllllllllwlgaz'dgl

16.24
17.85
21.24
13.10

29
-5
5.42
6.97

3.30
p.83
1.4
5.10

.23

96.93
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ALTERATION PRODUCTS

wsér wséza wez?!  Logm R

IR xomns (vt. X)

8102 42,20 41.73 81,32 45.00 46.40
02 2.09 2.7 04 1.72 2.20
41203 14.03 13.57 3.36 14.36 13.36
Te203 4.85 3.48 .16 4.98 S.71
70 s.68 8.49 .09 7.08 6.23
o A7 .18 «01 .17 .23
ngo 9.01 9.32 . 80 9.68 0.80
Ca0 10.11 10.32 29.85 9.60 9.05
a20 2.13 1.90 .83 2.3% 3.10
20 o2 .11 ot .35 66
220+ 6.38 $.90 11.96 3.68 3.06
P205 .2 .23 .01 .20 -
€02 A1 L33 2.06 .15 2
TORML  100.11 99,63 100.80  99.53 100,20
spucy XOgT (ppe)
zr [EN “w 3 m nt
T 2 3R nd o a7
n 1 od (] 3 9
»n 4 4 2 3 1
sr 230 201 2 21 241
on [ 3 93 - 84 a4
ca (i1 128 - 66 95
Ba m nd - - -
Cr 316 2 543 347
| {1 185 176 - a4 180
Ta - A4 - - -
LT - 5.95 - - -
™ - - - - -
la - - - - -
Ce - 19.80 - - -
| - 10,07 - - -
Sa - 5.8% - - -
| - 1.9% - - -
G4 - 5.40 - - -
™ - 1.02 - - -
™ - 45 - - -
™ - 2.% - - -
Ia - 39 - - -
CIPV WEIGHT WOEMS (Standard State Pe203)
L - - - -
or T .65 2.07 3.90
o 18.19 16.08 19.97 26,23
An 28.20 28,17 27.% 20.%9
| 3 .01 - - -
Yo 0.7 8.12 7.85 8.5
i 4.53 4.46 4.61 47
T 3.45 3.3 2.6 5.52
B - 1.82 2.%8 ° +06
¥on - 1.38 1.85 .05
Yo 12.55 11.e7 11.58 12,02
Ty t0.54 9.8 7.9 9.9
n 3.97 4.5 X 418
nt 2.18 2,18 2.18 2.18
Ap -49 .53 .45 +90
520 6.38 5.90 3.68 3.8
Co 25 15 B B |
oL 9.71  99.43 99.18 101,13
b.1. 18.90 16.73 22.04 30.13

dhder elemenits snalymed ¥y P. Vatkins.
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.02
.03

100.20



OTYER MULL AMD EEBRITEAN ROCKS

] 3] R8O ms183 RS184 R3105 m209®  M5144

oo xomer (vi, %)
8102 8.1 50.74 47.57 81.44 50.78 54.29 43.97 44.04
102 1.54 1.74 1.61 1.91 1.97 1.4 2,03 3.49
21203 14.82 15,18 14.60 . 14.00 13.94 16.52 15.71 15.21
203 3.20 3.90 12,06 3.06 3.57 4.00 13.14 3.5
Pe0 8.96 7.49 .00 9.57 9.8¢ 6.23 .00 .12
Mo .21 .19 .20 22 .26 .15 o7 .16
Fg0 6.28 8.38 7.43 3.08 4.43 3.14 5.70 7.68
Cs0 10.%5 - 9.90 11,90 0.3 2.5 7.53 7.9 9.43
M2 2.29 3.24 2.3 296 3% 2.9% 8,14 1.48
x20 K] X)) 7 73 .38 1.70 36 2.4
x20+ 2.43 2.09 2,18 4.80 2.86 214 5N 3.9
] 4 25 1 .18 o4 93 o2 .26 94
oo .01 06 J06 .05 .04 .05 76 1.52
TOTAL 99.17 100,96 100,61 101,13 100.08  101.24 99.86  100.2%
TRACE KLDGNT (ppe) )
2 106 125 " 108 225 191 178 5 362
b 4 54 b 23 61 56 36 3 »
mn 3 1 2 2 9 50 6 43
»n [ 7 2 19 13 10 4 67
[ an 45 %0 294 u8 72 416 1293
In 120 9 ” - - - - -
cu - »n 3 - - - - -
e - 523 - - - - - 1005
Cr - 40 175 - - - - -
n - 29 316 - - - - -
T 40 - - - - - - 5.22
) i 3.2 4.05 - - - - - 9.30
™ 2.84 2.2 - - - - - 8.22
1a 04 - - - - - - -
Ce 25,58  40.%2 - - - - - 150,51
. 15.64 26.51 - - - - - 01,32
oa 4.41 6.84 - - - - - 16.12
Y 1.58 2.16 - - - - - 4.53
[ 5.56 6.22 - - - - - 9.61
™ 1.01 1.12 - - - - - 1.5%
™ 59 -49 - - - - - 41
™ 3.72 3.% - - - - - 2.5¢
la 56 .53 - - - - - .30
CIPV VEIGHT WORE (Standard State Fe203)
& - - - 5.20 1.33 6.08 - -
or 5.84 4.79 2.60 431 2.2% 10.05 2.13 u.mn
n 19.38 27.42 19.97 5.2 28.09 2.79 28.96 12,52
in 28,24 24.40 .94 22.67 22.01 26.90 18,73 22.21
Be - - - - - - 7.87 -

w0 v.24 9.70 12.33 6.48 9.25 3.63 5.02 421
M b 449 4.08 6.79 2.% 3.67 1.42 2.%0 2.44

Tv 4.5 4.60 5.09 4.00 5.69 2,26 2,42 1.57

™ 8.66 7.41 3.83 7.17 7.3 6.40 - 10.12
Yo 9.06 7.05 2.7 172 1140  10.22 - 6.52

Yo 1.61 0.74 5.57 - - - 8.20 4.60
o p 1.81 0.17 4.60 - - - 8.72 5.21
n 2.92 3.% 3.06 5.63 3.4 2.74 3.86 6.63
Mt 2,18 2.90 2,18 2.18 2.18 2.90 2.90 2,18
ap .52 .53 .42 .95 7 .51 .60 2.18
H20 2.43 2.9 2.18 4.8 2,86 2.14 5.11 3.91
Co .02 14 4 11 09 K1 1.73 3.00
TOTAL 98.99  100.77 99.55 100.99  100.69  100.95  98.74 100.07
r.1.* 3.2 32,20 22,57 34.73 31.67 on.r2 38.96 27.24
Y/Feu® .658 615 .596 .759 746 75 .678

®Irace slements by G. Mariner
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Zeralues determined at Bedford College and used for

Sample Zr
LAl 128
LA 3 119
LA S 121
1A 2 19
LA 4 118
LA 7 112
LA 8 11
LA 9 108
LA 10 117
LA 11 108
L& 13 103
LA 14 97
L. 15 92
LA 16 112
Li 17 110
L4 18 96
LA 20 ok
M1 97
M5 210
M6 204

Skye - Mull comparisons in chapter 6.

Sample Zr
M7 220
M8 210
M1l 201
M 12 176
M 51 121
M52 126
M 53 120
M 54 118
M 55 12
M 13 129
M 14 120
M 15 105
M 16 100
M 17 105
M 18 12
M 19 104
M 20 96
M 21 12
M 22 99
M 26 215

Sample Zr
M 27 222
M 28 220
M 29 109
M %0 109
M 32 97
M 34 101
M 35 103
M 26 105
M 37 929
M 3B 105
M 40 197
M 41 192
M 42 190
M 43 200
M 46 196
M 45 187
M 47 135
M 48 135
M 50 145
M 61 123



I-F Density data

247



Sple density Sple density
LA 13 2.96 M 13 2,76
LA 14 2.92 M 14 2.83
LA 15 2.97 M 15 2.88
LA 16 2.87 M 16 2.88
LA 17 2.91 M 17 2.86
LA 18 2,96 M 18 2,80

M 19  2.83
LA 20 2,94 M 20 2.87

M 21 2.84

M 22 2.90
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APPENDIX IT

ANALYTICAL TECHNIGUES.



Sampling and sample preparation. )

In order to investigate various scales of element mobility a
wide variety of different sized samples were crushed for geochemical
work, Initially, 2 - 3 kg specimens were collected from all the
outcrops sampled. No attempt was made to geparate small secondary
mineral pods or the light and dark patches within the mottled lavas
from the epidote zone, instead 2 Kg portions of these rocks were
crushed to homogenise all such features and assess any bulk changes
in composition across the lava flows, Similar sized pieces of the

zeolitised lavas were crushed to ensure comparability of the data.

This collection was supplemented by the drill core (2.5 cms
diameter) which was obtained using a N.E.R.C. petroleum powered dia-
mond drill shown in fig. 1 - 11, The drill string consisted of a dia-
mond drill bit followed by a reaming shell to maintain the gauge of
the hole, a steel core barrel and lightweight magnesium-zirconium drill
rods. The base plate of the machine was anchored to the rock surface
using a 10 inch split belt so as to be able to maintain a downwards
leverage on the bit which was ceoled by pumping water down the drill
string at a pressure ¢f 200 psi. The top few metres of rock transected
by the drilling were intensely shattered as a result of quarrying
and water less occurred threugh the sides of the hele meking it nec-
essary te grease the drill rods to prevent sticking and abrasion.

Cere recovery from this part of the hele was low as small shattered
lava pieces tend to meve inte it and block the cere barrel, causing
grinding of the ccre. Below the quarry floor the rccks sppeared to be
unfractured sand relatively impermeable, A constant flow of water back
up the drill hole was maintained and core recovery of nearly 1l00% was

achieved.

Pieces of the drill core 4 cms in length were removed for geo-
chemical work and thin sections made of the material on either side
of these. The pesiticns of these are indicated on the leg of the drill
core. They were selected s¢ as to be able to relate any chemical
variaticn between them to features such as marked changes in coleur
and texture and the presence or absence of vesicles, secondary mineral

pods ¢r veins,
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The altered vesicle surrounds from the zeolitised lavas (LA 19,
M 56) were removed by sawing these two samples across perpendicular
to the vesicle margins; Thin sections that transected the amygdale/
lava boundary were taken from these slices which were sawn into centi-
metre - wide strips parallel to the vesicle margin, The concentric
zones of the secondary mineral pods in the Upper lava flow from Penny-
gown Quarry were similarly removed by sawing them into thin strips
parallel to the pod margins., The material obtained was used only for
XRD studies as it was insufficient for chemical work. Only the smaller
pods 3 = L4 cms. in dismeter could be treated in this way as the larger
zeolite and calcite - filled ones were extremely frisble and tended
to disintegrate on collection,.

All the veln and vesicle samples were crushed by hand using an
agate pestle and mortar; the other specimens were treated as follows,
A steel rock splitter was used to remove any weathered surfaces and
split them into approximately one inch cubes. These were then reduced
to a grain size of 1200 mesh or less with a steel jaw crusher. 40 gm
splits of this material were then ground to a 200 mesh grain size in
a tema using 20 second grinding times. Approximately half of the
samples were done in an agate tema and half in a tungsten - carbide
one and no meaningful chemical differences between these two groups
in ratios such as Ta/Nb (see fig.AII - 1) could be detected, indicat-
ing that the use of small sample portions and low grinding times
prevented significant Ta contamination of the powders. Similarly, the
adherence of both the hammer collected and drill - core samples from
the same lava flow in Pennygown quarry to the seme geochemical trends,
demonstrites that contamination during drilling was insignificant for

the elements considered in this study.
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‘Major element analyses

LHZO_was not determined as replicate measurements of this on
several samples produced results that varied considerably; by up to
50% in some cases. No correlation could be found between mineralogy
end HyO o« The values of H,0 for zeolite - rich samples showed the
same range as samples virtually devoid of secondary minerals, suggest-
ing that most of the water determined as HZO- was atmospheric water
adsorbed by the rock powders. Accordingly, all the samples were dried
at 110°C for 24 hours before analysis. Zeolite - rich samples were
dried by raising the oven temperature to 100°C over a period of sev-

eral hours,

The major element oxides 510, TiO,, Aly0sz, Fep03, MnO, MgO,
CaC, K50 and P205 were obtained using the Phillips 1212 X-ray spect-
rometer at Imperial College. The powders were ignited to constant
weight at 850°C and then fused with lithium tetraborate ina 1 : 7
ratio at 1100°C in platinum crucibles. After quenching, the resulting
glass was ground and pressed into briguettes using polyvinyl alcohol
solution as an internal binder. A two - in - three duplication ratio
was used and both sides of the non - duplicated sample briquettes
were analysed. Various aspects of this method have been discussed by
Borley (1977) and Parker (1S77a). The major potential source of error
is differential wazter absorption by the standard and semple briquettes
end to eliminste this they were dried together at 110°C for 24 hours

and stored in a dessicator immediately before analysis.

M1 XRF dz=ta was corrected for dead - time and machine drift.
The sample concentrations were calculated from ealibration lines,
erected from standards run both before and after the samples, using
the procedures of Parker and Willis (1977) and Parker (1977b). U.5.G.S.
stendard rocks and I.C. internal standards covering the compositional
range 38%< 310 €60% were used ond the results checked by running stan-
dard briquettes as 'unknowns' withk the samples (Table AII - 1), In
cdédition, replicate znclyses of some of the samples were made by wet-
cremiczl techniques and two oilier XRF methods (Table AII - 2),

NepC was deterrzined by flame photometry using o radiation buffer
soluticn with both the samples znd the standards (Moxwell 1968). FeO
wos determined titrimefriczlly and subtracted from the totsl Fe203

volue obtained by XiF, assuming that FeyO3 - (FeO x 1.1113) = Fe 03,
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The samples were decomposed in the presence of NH&. VO3 and excess Fe
determined by titrating against ferrous ammonium sulphate (Whipple
1974).

Table A II - 1 Anzlyses of U.S.G.S. Standard rocks

on a volatile - free basis.

AGY recommended BCR recommended
velue value
(Abbey 1973) (Abbey 1973)
Si0; | 60437 60,30 6Q.21 54,88 54,85
TiO, 1,06 1.05 1,06 2.23 2,22
£1503 [ 17.37  17.39 17.36 13.65 13.68
Feol5 | 6,87 6,92 6.94 13.60 13,54
¥nO .10 .10 .10 .19 .19
Mg0 1,44 1.59 1.56 3465 3.49
CaC L, 96 4,98 5.04 6.98 €.98
Na0 b, b2 Lok2 h,31 3429 3.29
K50 3,02 3.01 2,95 . 1.7k 1.68
P05 50 ~50 050 37 o33
Total [1C0.,11 100.26 100,08 100,58 100,25
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Table AII - 2 Replicate major analyses of samples by different

analytical methods

M 72 M 7P M 7¢ M 7d M8a  M8c
510, L6.94 46,63 46,93 L6, 46 46,80 46,48
Ti0 3,07 3,09 3.19 3.03 3,06 3.17
A1503 16.53 16,50 17.12 16,54 16.70 17.11
Fe 05 15.39 15.39 15.85  15.k0 15.4%  15.71
Mno .19 .19 .18 .18 .19 .18
Mg0 5.42 5.32 5.34 5.52 5.40 5.40
Ca0 7251 7.51 7.49 7.59 765 7450
Nay0 4,18 h.33 4.69 4,18 4,04 k4o
K>0 .27 o2k .28 .26 23 .23
P,05 .30 030 «31 o34 027 .28

M 37 M37° | Ms592 M59b
5i0p Lh, 24 Lb, 61 47,14 k7,75
Ti0, 1,52 1,52 2.63 2,68
M 05 15.09 15.29 14,68 14,78
Fe 04" 12.59 12.90 14,17 14,05
MnO .19 .19 .26 27
Mg0 9.18 9.52 3.28 3.32
Cal 9,60 9.68 6.99 7.09
Nz 0 2.18 2.27 4,69 4,70
K0 .27 .28 1.49 1.49
P;0g o1h .15 1,68 1.34
a - this study
b - wet chemical an=lysis by H.lloyd, Bedford College

- anzlyst R.Parker, Imperial College

XRF determination at Bedford College using mixed lithium
tetraborate and lithium carbonate flux (Wood 1977)
d - XRF analysis using flux mixture of Norrish and Hutton (1969)




Table ATT -~ 3 Multiple analyses for major element oxides of sample M 39

510,
TiO2
AlZO3
Fe203*’
MnO

MgO
Ca0
NaZO(a)
K
H§g+(b)
| P05
o, (b)

Total

k2,78
1.26
15.63
11.14
<20
6.09
15.44
1.97
Qb
5,48
015
023

100.51

(a) Nay0O average
(b) CHN analysis

42,72
1.26
15.52
11,18
.20
6.19
15,40
1.97
ol3
5,48
15
23

3

42,78
1.26
15,64
1124
.20
5.21
15.50
1,97
014
5.48
o15
023

42,61
1,26
15,11
11,00
.20
6426
15.30
1.97
14
5.48
.15
23

100,43 100.80 100,01

of flame photometry values table AII - 5

k2,60
1.27
15.41
11.05
.19
6.05
15.39
1.97
o1k
5.48
.15
023

99.93

h2,77
1.25
15.53
11.05
19
6.09
15.28
1.97
o1h
5.48
.15
.23

k2,76
1.25
15,34
11.10
.20
6,09
15,40
1,97
.13
5.48
<15
o23

100,13 100,10

42,88
1.25
15.42
11,06
.19
5.19
15,33
1.97
ol5
5,48
o15
.23

9

L2,74
1,26
15.44
11.15
«20
6.11
15,46
1,97
W13
5,48
.16
23

10

43,16
1.27
15.51
11,15
«20
6.27
15.45
1,97
o1k
5.48
.15
23

100,30 100.33 100,98

'Mean

Lo,78
1.26
15.49
11.11
«20
6.16
15.40

14

15

Standard
Deviation

o157
007
099
073
L4 055
078
072
+006

2003

GGe
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Table AII - 4 FeQ, Naao Determinations Stsndard Rocks.

" this - recommended . this recommended
study Abbey(1973) study Abbey(1973)
NIMN 7.34 : 7.44 2.39 2,47
7+36 2,39
2.46
o1 1.32 1,38 - -
DR - - 2. 87 3 [ 00

Teble AII - 5 Multiple determinations of Nap0 in M39.

1 2 2 L 5 6 7

1099 1.94 1.90 2.04 1099 1.99 1.99

8 9 10 . Mean Standard
Deviation

1.94 1,99 1.94 1.97 Nolle)
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Nolatile determinations,

Loss on ignition was determined for all the samples to give an
estimate of the total volatile content.The powders were weighed into
previously dried crucibles and ignited to constant weight at 850°C.
The percent weight loss, corrected for the oxidation of FeQ to Fe203,
was then. calculated. Eight samples (LA 8, LA 14, M 7, M 51, M 53, M 13,
M 24, M 27) were analysed for F and Cl using the method of Sen Gupta
(1968) but no detectable amoﬁnts of these elements could be found.
H,0* and CO, were determined using a Perkin and Elmer model 240 CEN
analyser. All the analyses were done in duplicate. Spec - pure organic
compounds containing known amounts of hydrogen and carbon were used to
check the sensitivity as standard rocks with a similar range of H,0
and CO, contents to the Mull lavas were not available. H20+ was also
determined in duplicate for several samples using the rapid method of
Shapiro and Branmock (1975) for comparison (Table AII - 6).

Table A II - 6 Volatile determinations.

Sample. Loss on 10" CHN analysis,
ignition -

H,0 €O, Total
LA 2 2.21 1.86 1.87 .05 1.93
LA 3 2,31 2.14 2.22 05 227
LA 15 2.12 1.78 2,35 oOh 2,39
M5 1.78 1.61 .97 .12 2,09
M6 1,67 1.14 1.62 01 1,63
M7 1.3 91 1.28 .05 1l.43
M8 1,67 1,19 1.79 .01 1.80
M 51 2,51 2,58 2.59 .09 2.68
M13 6.12 5.48 6.51 403 6,54
M 14 6.47 4,79 5¢57 159 7,16
M 17 5469 S.11 5.50 .28 5.78
M 18 5.73 5.19 5.67 .27  5.9%
M 28 2.85 2.73 2.87 .01  2.88
M 42 2e32 2.99 3.28 ,05 3633
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The values determined with the CHN analyser agree well with the

LOI velues for most of the samples whilst, the H,0% values determined
by the method of Shapiro and Brannock tended to be lower than the
values obtained by both the other methods. This discrepancy is most
marked for the extensively altered samples (e.g. M 13) and the Hao+

values measured for these rocks using the CHN analyser were higher
than those obtained by both the other methods. This is almost cert-
ainly due to the fact that contained water is not released from min-
erals such as epidote and amphibole on heating in air until tempera-

tures in excess of 1000°C are reached, The ignition of the powders in

a stream of pure oxygen in the CHN analyser avoids this problem and

ensures that more complete dehydration is achieved. Hence, the slight--
ly higher totals obtained with the CHN analyser were used in this

studyo

Ta
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Pigure AII-1,
Ta versus Nb in
the Mull lavas,
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Trace element analyses.

The elements 2r, Y, Rb, Nb, Sr, Zn, Cu; Cr, Niand Ba were
determined using XRF methods. Two different procedures were used.
In chapter 6 the Mull lavas are compared with lavas and dykes from
the other Tertiary centres. The Skye Main Lava Series (Thomﬁsdn et.
al, 1979), Skye and Mull dykes (Mattey et.al. 1977) and the samples
" from the Blackstones centre (Mitchell et.al. 1976) were all analysed
at Bedford College., Accordingly, Zr, ¥, Rb, Nb, Sr and Zn for the
Mull lavas were determined by the same method at Bedford College, to
ensure that any differences detected between these groups were real
and not a function of anelytical procedure., The Skye and Mull lavas
were analysed at the sezme time using the same calibration lines and
so the accuracy and precision datg listed in Tables AII - 7 and 8
apply to both these groups.

The analyses were made on presséd powder pellets made from
6 gn of rock powder end 1 gm of binding resin. The pellets were
strengthened by bzking in an oven at 108°¢ for 20 minutes., The
elements were analysed as a group using the silver X-ray tube.
Calibrations were erected using international and internal standard
rocks. The intensity of reflected silver X-rays were recorded during
the analyses, from which the Sr mass absorption of each sample could
be calculated using the calibration of the U.S.G.S. standards.Fuller
descriptions of the analytical and computing procedures are given
by Wood (1977).

zr, Y, Rb, Nb, Sr and Zn for the drill core samples (C 54 -
C 246), the vesicle surrounds (LA 19, M 56) and the veins (M 24,
M 64), and Ba, Cu, Cr and Ni on 211 the samples were determined at
Imperial College. Pressed powder pellets were made from 5 gmrock
powder mixed with 10 drops of polyvinyl alcohol sclution as an
internal binder. These were backed with boric acid and pressed in a
steel die at a pressure of 6 tons/sqe inch. Standard trace element
discs were run with the samples and the results determined by com-
parison with & spiked reference sample. Blanks were run to enable
tube bzckground factors to be measured and mass absorption corrections,
czlculated from the major element aznalyses, were applied, The results
were calculated using an Imperizl College programme described by

Parker (1679) who also gives details of the analytical methods.



Standard rock analyses and precision data are given in tables AIT -
9 and 10,

Zr, Y, Rb, Nb, Sr and Zn were also redetermined at Imperial
College on several of the samples analysed at Bedford College. No
significant differences between the results obtained using these
two different methods were detected, other than fb;.ng A 5% rela-
tive difference existed between the two data sets for this element.
Both accuracy and precision were better for the Imperial College
data and so Zr was redetermined for all the samples. The difference
is probably due to the choice of X-ray peak., The Bedford College Zr
analyses were made using the Kp peak whilst, the Imperial College
determinations vere made using the K, peak and corrected for Sr
interference. The use of the Kg peak avoids the problem of Sr inter-
ference but results in lower count rates and a reduction in accuraey
and precision for samples with relatively low concentrations. Since
absolute accuracy is less important than relative accuracy in this
particular study, the Imperial College Zr determinations were used
in the studies of intra - leva variation described in chapters 2 and 3
whilst the Bedford College data was used in chapter 6 for the reasons
described above., Both sets of Zr data are listed in Appendix I.

Instumental Neutron Activation Analysis (I.N.A.A.)

The trace elements Ta, Th, Hf and the REE (Ce, Nd, Sm, Eu, Gd,
Tb, Tm, Yb and Lu) were determined by this method (Gordon et.al. 1968)
using a Ge(Li) 1 cm® low energy photon detector with a resolution of
approximately 640 eV at 122 keV. La was determined using a Ge(Li) 30
em® (large volume) detector with high resolution in the 1000 teo 2000
keV energy range. The gamma spectra were recorded on a 1024 channel
multi - channel analyser and the data reduced using the photopeak
method of Routi. (1969). All the analyses were performed at Bedford
College and the sample preparation, counting procedures and computer
programmes used were the same as those described by Wood (1977) with
one exception- longer count times were used., All the samples were
counted for a minimum of twelve hours and those collected from the’
same lava flows were counted for a minimum of 24 hours, In addition
these samples (M 13 - 22, M 51, M 53, M 56 Zr, C 191 - C232 a/b) were
packed for irradiation in 2 random order so that they occupied differ-

ent positions in the reactor core., They were similarly counted in a
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rondom crder rather than in any particular sequence so z2s to elim-
inate systematic errors during znalysis. The results cbtained on
U.S.G.S. standard rocks at Bedford College by this method are list-
ed in Table AII - 12 and again the accuracy an& precision data apply
to both the Mull lavas and the Skye lavas discussed in chapter6 .

Table ATI - 7 Trace element analyses of U.S.G.S. Standard rocks
nade at Bedford College.

G=-2 GSP AGV W-1 BCR
1 309,314 500,495 208,205 79,89 171,164
Zr 2 300 500 225 105 190
3 300 500 220 105 185
1 10 29 22 19 38
Y 2 12 20 21 25 37
3 12 32 26 25 46
1 168 247 64 19 3
Fb 2 168 254 67 21 37
z 170 250 67 21 L6
1 490 239,230 652,641 187,180 37,318
Sr 2 479 233 657 120 330
480 230 660 190 330
12 20 13 8 14
Nb 2 13.5 29 15 9.5 13.5
14 29 15 9.5 14
76 100 81 75 102
Zn 2 85 98 84 86 120
85 98 84 86 120
1 - measured vzlues
2 - recommended values Flanagan (1973, 1976)
3 - recommended values Aibbey (1973, 1975)
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Table AII - § Multiple trace element analyses of sample M 17
made at Bedford College
Zr Y Rb Nb Sr ‘Zn
1 107 peal 16 L 333 70
2 102 19 15 ) 322 74
3 109 23 1% 5 228 72
L 109 18 13 6 334 74
5 100 18 15 € 33 74
6 105 17 16 ? 329 74
7 112 21 12 6 338 73
8 g9 21 12 6 332 73
9 ol 17 16 6 332 75
10 112 22 13 6 226 75
Meen 10k9 19,7 14,1 5.8 33005 7304
Standard 6.01 2,16 1.66 079 4,48 1.51
daviation




205

Tatle AII -~ & Trace element analyses of stendard rocks made

-

=t Imperial College. 1, 2, 3 as for Table AII - 7.

r Y Rb Nb Sr
Gl 1| 22%,22% ik,13 216,216 23,23 253,255
2 210 13 220 23,5 250
3 - - - - -
@-2 1| 322,320 11,8 168,169  1b 460,478
2 300 12 168 13.5 479
2 200 12 170 14 480
asp 1| 514,511 29,29 254,257 26,23 230,236
2 500 20 254 29 233
> 500 32 250 29 230
NS 1) 10,9 4ynd £21,539 nd,nd 62,62
21 30 5 250 > 76
3 - - 560 - 76
AGV 1{ 216,216 2h4,22 69,67 16,16 683,663
2 225 21 67 15 €57
5 220 26 €7 15 660
=1 1} 91,91 27425 21,21 6,7 185,188
2 105 25 21 9.5 190
3 105 25 21 9.5 190
BCR 1 187,186 L5, 4= 51,48 12,14. 242,344
2 190 3 47 13.5 230
3 185 Lg L7 14 3
Cr Ni Cu zn Ba
2 - - 1z b5 -
3 - - - - -
G-2 1 - 6,5 15,15 85 1842
2 - 5 12 85 1870
3 - 6 n 85 1850
GSP 1 17 11,13 33,37 100 1259
2 13 13 >3 98 1200
3 13 9 35 98 1300
NIMS 3 - 6,3 22420 - 2500 .
2 - 8 23 - 2590
3 - 8 19 - 2400
AGV 1 9 18,17 56,455 83 1214
2 12 19 60 84 1208
3 12 17 63 84 1200
w-1 31 | 117 74,66 104,104 82 -
2 | 114 76 110 86 -
3 | 120 78 110 86 -
BCR 1 14 15,12 19,19 123 720
2 18 16 18 120 675
3 16 13 19 120 68c
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Table AII - 10 Repeat truce element anclyses on Li 18

made 2t Impericl College.

1 2 3 b 5 Mean Standard
deviation
Zn 11 119 105 106 112  110.6 5.59
Cr 713 73 71k 725 718 72062 7.56
b b 5 1 b 5 3.8 1.64
Ni 294 295 288 297 286 292 bok
Cu 161 155 161 152 165 158.8 5.22
Zr 90 ik 92 93 93 91.8 1.20

Table AIT -~ 11 Comp:rison of trzce element determinztions on the
same szmples made a2t Imperizl College(l) =nd Bedford College(2).

1A 18 M7 M 54 M 55 . M 17 M 24

zr 1| 92 227 106 112 97 nd
96 230 118 112 105 nd

Y 1| 24 32 23 29 2 nd
21 35 22 24 20 nd

Rb 1 4 2 nd nd 14 2
21 4 3 nd nd 14 2

Nb 1 4 3 5 3 6 1
2 4 8 4 4 7 1l

Sr 1298 554 250 295 335 169
2] 296 560 253 289 331 163




Table AII - 12 Neutron Activation analysis, Bedford College figures for accuracy and precision,

E S F &8

Ta

HE

2.58 2,60 259

BCR - 1 W-1
Standard
Devi- No., of Flanagan Flanagan
o4,05 11,3.,08 15.3.01 20,1.07 21,2.08 Mean ation Samples 1973 Sels07 243,08 Mean 1973
25.04 - 23,80 - 23,80 24,21 0,716 3 26 11.55 - 11.55 9.8
| 50,92 50,92  57.78 52,82 52,05 52,90 2.845 5 5349 22,57 22,69 22,63 ' 23
28.62 28.60 30.06 29.67 30,01 ' 29,39 0,720 5 29 13.32 14,06 13,59 15
722 - 733 - 7.30 " 7.28 0,057 3 6.61 3.67 3e71 3.69 3.6
2,08 | 2,05 2,17 2,07 2.10 2,09 0,046 5 1.94 1,18 . 1.19 1.19 l.11
- 6.86 - 6057 6.82 6075 06,157 3 6.6 3.67 3475 3,72 b
1,07 1.03 1.14 1.05 0.96  1.05 0.065 5 1.0 0.63 0,65  0.64  0.65
0.54 0.58 0.52 0054 0.52 0,54 0.026 5 0.6 0.36 0.32 0034 0630
3.51 3044 3460 3450 3.42 3.49 0,071 5 3636 2,14 2.18 2.16 2.1
0.54 0.52 0.56 0,42 0.52  0.51 0,540 5 0.55 0.34 0.34 0.3k 0.35
0,92 0.85 0.87 0.81 0.87  0.86 0.040 5 0.91 0,53 0,48 0,51  0.50
6445 6.48 7.02 6¢33 7.02  6.66 04333 5 6.0 2,50  2.54% 2,53  2.h42
4,90 4,69 5019 bo77 4,92 4,89 0,191 5 b7 2,67

¢ac
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Microrrobe analyses,

Mineral analyses were made using the Microprobe at the
Department of Mineralegy and Petrelogy, Cambridge University which
iz fitted with an energy - dispersive X-ray spectrometer (St atham
1976), Analytical precision, detection limits and comparison of the
method with that of the conventional 'Bragg angle' microprobe
spectrometry have been given by Reed and Ware (1975). The operating
conditions used were: accelerating voltage 20 kv, spebimen current
OuBpi., counting times 80 secs.,beam focused to minimum spot. No
measureable loss of Na during analysis of feldspars was detected.
Zeolites and carbonates did nevertheless lose volatiles (and
possibly élkalis) during analysis and the minerzls could be seen to
contain large pits caused by the surface loss of material under the

beam., A defocussed beam znd reduced count times were both tried in

an attempt to reduce the effects of this but some surface disintegrat-

ion could zlways be subseguently observed in reflected light.

When analysing the secondary minerasls, or the altered plagio-
clases in the greenschist -~ facies lavas, either olivine or jadeite
ctandards were determined every fifth analysis. Only those analyses
tracketed by good standard determinztions with totals close to 100%
were accepted. As a further cleck Dr.N.J.Charnley 2lso made seversl

analyses of the altered minerzls in the semples and produced similar

low totzls and 'mixed' analyses for the Fe:Ti oxides in the zeolitised

levas and altered primary minerals in the greenschist - facies lavas.
Hence, these are thought to be the result of oxidation, hydration

and secondary minerzl growth as discussed in chapters 2 and 3.



Table AITI - 13 Analyses of olivine probe Standard.

1 2 3 4 5 6 7 8 9 10
8i0, 40,30 40,16 39475 Lo 43 L0.03 Lo.48 40,83 - Lo.21 L0460 Lo, 24
FeO 9.75 9.72 9.62 9.59 9.64 9.81 9.72 9.79 9.62 9.74
MnoO O.14 - - 0.15 - 0.12 0.16 - 0.12 -
Mg0 . 49.51 48,80 49,13 48 .89 49,43 49,70 k9,49 48,96 49,83 49,20
NiO 0.31 0.27 0.26 0.34 0.22 0.30 ° 0.28 0.33 032 0,34
Total 100,01 98.95 98.76 99.39 99.32 100.41 100.49 99,28 100.49 99.52
. 1 12 13 14 15 16 17 18 19 20
5i0p 40e33 40,68 40,08 Lo,51 40,99 Lo,32 4o .84 40,51 Lo, 57 Lo, 42
FeO 9o 4kt 9.69 9.64 9.56 9.65 9457 9.45 9.77 9,46 9.40
MnO - 0.12 0.11 0.12 - - 0.15 0.12 - 0.14
MgO 49.09 49.89 49,38 49,34 49,46 49,28 50.09 49,58 49,39' 49,43
NiO 0.2 0.23 0.25 0.26 0.26 0.32 0.%0 0.31 0.28 0.19
Total 99.09  100.61  99.46  99.80  100.36  99.48  100.81 . 100,30  99.70  99.59
Standard Recommended
21 22 23 24 25 Mean Deviation value
5102 4o.41 40,50 40.67 40,56 40.53 Lo, b4 04274 40,82
FeO 9476 9.62 9.74 9.62 9.78 9.65 0.117 . 9.55
MnO 0.11 O.1l4 O¢lh 0.15 - .08 0.067 .12
Mg0 49,56 49.66 49,66 49,70 49,52 49,43 0.311 49,20
NiO 0¢31 0.32 0.25 0.24 0.22 .28 0.042 .30
Total 100,15 100.23  100.45 100,27 100.06 99.88 99.99
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Table AII - 14 Analyses of Jadeite probe standard.

1 2 3 4 5 6 7 8 9
. 510, 59.22 59450 58.90 59.40 58.53 59.17 58.58 59466 59.57
AL05 26,02 26,15 | 25.99 25.80 25.59 25.71 25.79 25.98 ' 25.89
FeO - - - - - - 0.12 - -
€a0 - - - - - 0,09 - - -
Nep0 15,20 15.21 15.28 14,75 14,95 14.77 14,71 15.11 15.37
Total 100,44 100,85 100,17 99.95 99.07 99.74 99.21  100.75  100.83 °
10 1 12 13 1h 15 16 17 18
5102 58495 59.70 58.93 58,86 59.17 59406 58.82 59.87 58,87
A0y 25,82 25,88 25,67 25.59 254,79 25,70 25.55 24,78 25.65
FeO - - - 0.16 0.15 - 0.13 0.53 -
Ca0 - 0.28 - - - - 0.09 0.23 -
Na 0 454 1486 14,57 15.18 14.97 14,97 15.15 14,63 15.04
Total 99.32 10073  99.17 99.81 100,07 99.73 99.73 100,03 99.56
Standard Recommended .
19 20 2 22 Mean Deviation value
si0,  58.49 58.61 59405 58,87 59408 04396 59443
Mm0, 25.61 25453 25.39 25.46 25.70 0,281 25.00
FeO 0.23 - - - 0.06 0.127 0.22
ca0 - - o.11 - 0.08 0.217 -
Naj0 14,97 14,98 15,17 Lh,74 14,96 0.237 15.29
Total 99.30 99.'11 99.72 99.07 99.88 99.94
Table AII - 15 Analyses of Elba pyrite probe standard,
' Standard  Recommended
1 2 3 4 5 6 Mean Deviation value
s 52,25 52.70 51.84 52.09 52450 51,93 52422 0,333 53.48
Fe 46, by 46.95 46.29 46,56 46,83 46.33 46.57 0.270 46,53
Co 0.54 0.36 0.52 0.56 0.55 0.46 0.50 0.077 -
Cu 0.45 0,32 0.32 0.51 0.26 0.45 0.39 0.098 -
Zn 0,32 0.39 0.52 0.51 0.46 0.51 0.5 0.081 -
Total 100,00 100,73 99.49  100.23  100.58 99.64. 100,13 100,01
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Density determinations

The density measurements were made using a 50 cm’ density-
bottle. The weight of rock powder used was between 0.8 and 1.0
gm.,and the weight of fluid of known density (detergent solution)
that was displaced, was measured.

The standard used was pure quartz and the values obtained
given in Table AII - 16. The low precision is due to the small

volume changes involved.

Table AITI - 16 Density determinations on pure gquartz.

1 2 3 b 5 6

)
o]

2.639 2,642 2.623 2.633 2.657 2.529 2,639 2.574

Mean 2.642

Standard deviation 0.016

Recommended vzlue 2.65
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THE USE OF “IMMOBILE"” TRACE ELEMENTS TO DISTINGUISI! THE PALAEOTECTONIC AFFINITIES
OF METABASALTS: AUPLICATIONS TO TIHE PALEOCENE BASALTS OF MULL AND SKYE,
NORTHWEST SCOTLAND

M. ANN MORRISON
Department of Geology, Imperial Collcge of Science and Technalogy, London, SI¥W7 28P (Great Britein)

Reecived Scpleber 34, 1977
Reviscd versiun geceived February 13, 1978

The regional zeolitisation In the Dritish Teetlary Volcanic Province causes litile change In K and St In transi
. tional basalts but mobltises these clements in tne thoiiites. In contrast, locel greemschist-faclkes hyd ruthermat

altcration affects K and St in both bawlt types and aiso P in thalelites, Titanium, Nb, Zr and Y appear to be
unaffecied by low-prade metaniorphism in all the basults Plots involving these elements cannal dlstingulsh
between Hebridean tholviitic and alkalic basalts but demensirate the ocvunence of several distinet basaltic
nIARMa types on 3 regional seale within the Tertisry Proviace. Such magma types ase nol imerely a featiee of
Individual centres. Similar spatial chemical varistion appeans 10 ocour within other extensional fpncous provinces,

Attempls te deduce phe palacotectonic regime of thie ritish Testlary Volcanic Province from puhlished
“diagnostfc™ Jiapraing produce conflicting results, even for the sanie magina type, The rapge of settings derived
for the area as 2 wholv is clearly at vanance with its known retation to the opening of tlie Nurth Atlantic. The
results supgest hat the use of trave elenients alane to disgnose the tectonle selting of anvient inciabasic

sequenves could lead tu erruncous resufts,

1. Introduction

Several classifications relating basic volcanis 1o
thelr magma type and tectonic scithug by means of
trace clement content have recently heen proposed,
Camn [H and VA Peared ant Cunn [2,3] suggested a
schienoe Basedd o Dy Zo oo Y aml, for lessy altered
rocks, 11, 2 ad S, T Pemee et ol |1 disiloe
guished between ueeanic and non-aceanic basshls
using Ti0;, K0 andd P05, Uinyil and Winchester [5]
propused a scheme based on T, Nb, Y, Pand Zrio
discriminate between thuleiitic and alkalic basalts but
"obtained no meaningful separation between con.
tinenlal and veeanic analopuces of any one type™.

The nature and diversity of (he igneous activity
withiz the British Tepiary Provinee is well docu.
meated, Three Jistinet busaliie magma types have
been recognised in Skye; (1) the Skye Main Lava
Series, (2) low-alkali tholeiites, now renamed the

Preshal Mhor type, and (3) a third Fairy Bridge
Magna Iype [6.7]. Equlvalents of the first two have
been noted elsewhere In the Frovince, in Autrin [8]
and Moll [9]. The exact refationship between the
different magma types b unt clear, tut in Skye they
cannot be linked by the accumulation of fizcticna.
tion of any of the cbscrved phenaceysi phiases,
Maticy ot al, {6] suggested that other Tertiaty Ipnes
ous centres might contain a simikar range of hasahi
magma types to that obscrved In Skye. Huoyd and
Winchester ]3] clussified the Britlsih Terlinny nocks as
continental thulelites, The same view was Liken by
Carmichacl et al. [10] wha snunatised peavioty
work In the reglon and describial it as a mixed tholels
{te and atkali continenta) basalt pravince,

In this paper analyses of Moll basalis and hew
trace element analyses of the Shye Muin Lava Series
are combined with publishicd daty fu assess huth the
persistence of the different mayma types within tte

’

~

"
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province and the effectiveness of the various “diag-
nostic™ trace element diagrams.

2. Analytical procedure

Samples of the Mull lavas 2 kg in weight were
crished for analysis to climinate small-scale varls
ations. Major clement compaositions were determined
using a Philips 1212 X.ray spectrometer with lithlum
tetraborate fusions [11). Na,0,Fe0, 11,0° and H,0°
were determined using flame photometrie, tilration
and gravimetric methods respectively. A two-in-three
duplication ratio was used and the results further
checked against wet chemical analyses of six of the
samiples. The trace clements Nb, Y, Rb, Srand Zr
were also determined by X-ray fluorescence methods
[12]. As data obtained in three different laboralories
are combined in this paper, repeat analyscs were
made of several of these rocks to ensure thal any dif-
ferences in trace clement content are not a functlon
of laboratory procedure.

3. Geological sctiing and pelrography

Faurteen of the lavas analysed (Tahle 1) belong
to the Mull Platcau Group of Bailey et al. [13], These

. ' e
[ESURRM VO VTS DO U SOV Y

form the tower half of the lava pile In Mull. Individual
flows contain phenocrysts of olivine and less common
plagioclase in a matsix of olivine, plaginclase, titanif-
erous augite, titanomagnetite, traces of biotile, apa-
tite, chlordte and zeolites, They are transitional

basalts aad chemlieally very similar to the Skye Mann
Lava Series of Thowpson et al. [7,14], wha pive a
fuller description of this type,

Tee tepresentatives of the Noow Parpliyatile ¢eq-
tral type are Inchnded (Table 10 MSIRI, NS,

MS 185). These tholciites occur mainly in the down-
faulted central calderas of Mull [13]. The analysed
samples conlain very rare phenociysts of plagioclase,
augite and magnetite in a fine groundinass of
abundant plagioclases, granules of aupite, magnctite
and chioritic material, Bailey et al. [13] found these
lavas to be causily recognisable, both in thin scction
and hand speciinen, und estimated a total thickness
for the group even greater than that of the Plateau
Group.

The lava cnclosing Macculloch's tree (Table 1: M61)
belongs to the Staffa type, a sub-group of the Non-
Porphyritic Central type [13]. Basalts of this lype
occur in limiled numbers al the base of the lava pile,
interdigitated with the Plateau Group lavas, M6 con-
slsks of plagioclase and augite phenucrysts in a
groundmass of plagioclase, augite, minor olivine and
magnetite. An originally glassy matrix Is now repre-

TANLY }

Specimen No. TiO; (wl.%) K10 (wt.%) P05 (wt%)  Nb{ppm) Y {ppm) St (ppm) Zr (ppr)
Zeolitised lavas

LA7 186 0.24 0.13 4 26 344 128
LAS 1.82 0.26 ) 0.18 ] 27 318 127
LA9 t.81 0.26 0.14 3 28 334 123
Lata 1.719 0.23 0.14 5 28 32 133
LAl 186 0.24, 0.14 ] H7) 323 123
LAl 1.53 0.26 0.14 6 Iy 231 117
LA 1.54 0.28 0.14 1 b3} 241 It
LALS 1.56 0.27 0.t4 4 21 293 108
Mst 2.03 0.18 0.16 4 K kK] 138
MS2 2.02 0.17 0.17 § 24 320 144
\s3 203 017 0.17 4 26 287 t3?
M54 t.99 [N K] 0.1 4 22 253 138
M55 205 0.16 0.16 4 24 289 128
Hydrothermally altered lava flow

AU R] 1.6 0.24 0.to 7 28 247 147
Mg 1.54 0.07 0.17 9 24 an 148

——————

P R LU

409
TARLE 1 (continucd)
Specimen Ko, Ti0z (wt.%) K30 (wt.%) P30 (w.%)  Nb{ppm) Y (ppm) St {ppm) Zt {ppm)
ALS 145 0.} 0.16 [ 1 22 :;.6, :fg
M6 1.39 0.58 0.)5 s 20 2 I~
M7 1M 0.66 0.14 6 20 o I
M8 ) 0.69 0.16 ? bJ| 2;‘ 1
M2 1.34 0.54 , 013 ? 2) u n
R 1.8 010 0.5 6 21 275 109
et 1.8 0.39 0.8 6 21 iy e
M22 1.40 0.69 0.13 7 u
Mull Platesn Group
LA (D) ’ 2.07 0.31 0.17 [ z: ;s; :g;
LAI? (D) 1.68 0.37 0.18 6 2 293 1
we i g‘gg g:: ; gg 276 107
M [£3 1.81 R .
.\I:Z u: 266 0.37 0.28 15 26 53%; ::fl:
M32 ) 1.64 0.28 0.16 4 20 308 n
A6 thy 1.8) " 0.25 0.16 3 23 o i
M3 () 1.50 0.27 - 0.4 4 2? 8 '
M7 (h) 2.9 0.32 ©0.24 s 23 .
Othier Mull basalts
Mét (2) 1.74 0.81 0.23 ? 30 ;;: ;:(7)
MS183 (h) 1.90 0.73 041 14 61 b 247
MSIR4 [h) 1.97 © 0JR 0.3 [} 56 Ny s
NS 188 (b)) 1.44 1.70° 0.22 10 16 2 2 u
MSt33 (2) 1.25 0.14 0.12 s 46 l§9 "
AVe (@) 0.87 0.43 0.07 H 26 1
Skye Main Lava Serics .
SKHO4 (2) 142 0.5 0.19 7. 15 ):: ,z:
11286 (2) 2.07 0.39 0.26 9 20 ‘u 136
SK9I18 (n) 2.15 0.52 0.26 6 25 359 1
SK901 (2) 1.56 0.94 0.22 [} 22 k) ’;9
SK947 () 1.68 0.65 0.25 4 24 58: phid
15278 (2) 2.30 . 0.42 0.27 6 2: sgn n
1F29t (2) 1.73 0.3 0.20 3 n s it
SK961 (2] 1.42 043 0.18 [3 35 17: 19
SK906 (2) 2.5 0.18 0.2§ 10 n 44 I3
SN0 () 249 029 0.27 8 28 583 o
SX956 () 1.39 058 0.22 ? 27 418 n
SK976 (2) 1.66 047 .18 4 b]] 304 s
SK925 (2) 203 0.37 0.22 9 21 348 by
SK82 (2) 1.65 040 0.19 3 18 9 s
SK921 (2) 218 03§ 0.23 8 19 443. "
5K949 (o) 2.63 04) 028 10 n 395 15
5K892 (z2) 1.27 0.62 0.17 [ 23 )58
SK928 (2) 1.60 0.34 0.16 [3 k3] 508 H(‘J
SK929 (1) 1.44 0.44 0.17 -9 20 1210 l:
SX9J2 (1) 2.05 0.22 0.20 § 26 332 122
bk v holeiite pilow
oes mml.ll 0.3 0.09 6 18 29 119

5K965 (2)

* AV # averape of sivteen low-atkalf tholelite dykes {9].
2 3 replitised, b » hydethermally aliered. .
TiO;, K30, 1305 fur Sky¢ Main Lava Suries from Thonipson el al. {71,

iv
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sented by chlorite-rich material. Far comparison
SKY05, a petrographivally similar pillow lava from
the base of 1the Skye lava pile is Included. Chemi.
cally, they aze both alivine tholeiites [15).

Aboincluded in Table 1 is a low-alkali tholciite
Lava from Mull (MS133), an average of sixteen low-
alkali theleitte Mull dykes [9] and new trace element
data for the Skye Man Lava Series [14]. Data for the
Shye Preshal Mior and Fairy Bridge magma lypes
were provided by D.P. Mattey.

4. Effects of hydrothermal altcration

Two distinet types of low-grade melamorpliism
aeent i both Skye and Mull. Flat-dying regional
zeolite-facies zones lie ontside '*0-depleted reglons
of steeply dipping greenschist-facies zones that constie
tute hydsothermal aurendes around the central intru-
sive complenes [16-18]. With the exceplion of tome
of the Skye dykes from the northern and southern
extremities of that regional swarm, alf of the basails
discriased here huve been subjected 1o one or other of
these metamuorphisims,

Tuo estitnate the metasomaltic elfects of these pro-
cesses. four lvas from the Mull Plateau Group were
studied in detail. All ol them appear to have been
adiginally homogencous in compositlon and texiure.
Three(Table §: LA7~HE, LA13-15, M51-.55) come

s frant the highest-grade reolite zone of Walker [16).
Thie thin sections of these Mows show little petro.
graphic evidence of zeolitisation, other than some
serpentinisation of the olivines and the growth of
material sich in serpeutine, chlorite and zeolites in the
croundmass, The fourth lava (Table 1: M{3-22)isa
hyvdrotheamally altered Now from the epidote zone.
In the least-altered past of the seetion only olivine has
decompasad, with 1he consequent formation of ser-
peatine, chlorite and iron oxides. As the alteration
procecded, plagioclases were albitised and patches of
calcite andfor epidote formed. The titanomagnctites
are replaced by Fe-Ti oxides and sphene, Only at the
iargins of the flow has pyroxenc complelely broken
down and a quartz-chlorite-ajbite-amphibole-sjlicne-
epulule assemblage (M13) has been fonned in which
nung af the original igneous mincralogy is preserved.
Titanium, Zr, Nb and Y preserve constant ratios
in wlhrhelavae studied and therefore appear to have

Ti/100

Ir Ser2

Flg. 1. Ti/100-Zr-Sr/2 dlagrain of J.A. Pearee and Cann 131
showing effecis of low-grade alleration on basalt composl
tons. Ficlds: a = low-alkali tholeiites, b » cale-atkali basalts,

¢ = accan-loor basalte Symbals: o= LA7-i1, ¢ = LAII-]S5,
asM5|-55, 0= N13-22, & = gpjlitised Deccan busalt 19

been unaffected durlng alteration. The zeolitised
lavas show slight variability in Se content but not in
K10 or P04 as sliown by the clustering of the data
for each of thesc Java flows in Fig. 2. Flows M51-55,
and LAI3~15 exhidit internal differenves of 60 ppin
In Sr, causing variutions of up to 7% in the Sr compo-
acnt in Fig. 1. M13-22, the hydrothermally altercd

Tio,

X,0 P,05

Flg. 2. Ti03-K30-P; O5 diagram of T.11. Pearce et al. [4)
showing effects of low-grade alieratlon on bassit composls
tlons, Symbols as t'ig. 1.

I S P

flow, shows 18% and 26% variation in the Sr and
K,0 companents in Figs, 1 and 2, respectively, This
is just sufficicnt to cause the points to plot across the
dividing line hetween the aceanic and nm:-uccamc
regions of the Ti03-K,0-P305 diagram (Fig. 2), M13
is the only specimen in this Mow to show luss of
1,05, Hueever, as this s also the anly sample in
whil b the [pneons mineralogy has been totally
destroyed, fos ol 504 Is not thight to oceur n

other less-altered rocks of this chemical type, King

[17] found similar pattemms of alteration #oncs within
the Skye Lavas, amtl also comparabic chemical ch‘ungcs
within single zeolitised java flows., The Skye Main
Lava Series shuuld therefore show a similar degree of |
clemeat mohility 1o e Mull Plateaw Group,

No fusther results concerning the effects of these
alterstiun processes an the other Scoltish Tertisry
iagma types are available, There is, however, a wealth

- of puiished data describing the chentistry ol low-grade

metamorphic processes affecting lhnlclilgs. \\'o({d et
al. [12] demonstrated in castern Teclandic tholeiftes
that a lower grale of zeolitisation than that ]
encountered in tie Hebrides caused significant mobil-
fsatlun of St and K, 0, but not Ti, Ze. Kb, Y or P,
throughout the luva pile, Valluace [19] has dc.s'cribed
whie transformation of a Deccan tholgilte to spilite
which, fron his description, is analogous to the prod-
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Flg. 3. Disiribution of the various Skye/Mull basalt l!pcl on
Ahe P3Qg-Zr diagram of Floyd and Winclester {$]. lv}gidx:
8y = continenial atkali bacalis, by = contineatal tholeiites,
@3 ® oceanic alkali baslts, by ® oceanic tholeiites, Symbols,
Skye baults: & = i'reshal Mhor type, o ® Shye Main Laa
Scrics, * = Fairy Beidge type, 03 SK965; Mull busalis; a =
Tow-alkali thokiitcs, @ = Mull Plateau Group, X = None
Porphyritle Centrat type, » = M6 1,
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Flg. 4. Distribution of the vatious Skye/Muli basall on the

Ti03+21/Py O dlagram of Floyd and Winchestes [5). Flelds
and symbols as tig. 3.

ucts of hydrothermal alteration around central
intrusive complexes seen in the lchrides. In the
Deccan flaw St varics from 55 to 600 ppm, K,0 fraun
0.34 to 2.22 wi.% and P, Og from 0.10 10 0.75 wt.%.
The Ti-Zr-Y ratios for bath spilite and tholedite are
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Fig. 5. Distribution of the various Skye¢/Mult basalts on the
TiZ1 dlagram of J.A. Pearce and Cann 3], Ficidsi a ¢ &'s,

low-alkalj thokiltes, ¢ + b = cale-atkall basalls, d ¢ b = ocesn- )

floot basatis. Symbols as Flg. 3,
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Uiz, 6. Mistribution of 1he varions Skye/Mull basatts on the
T/ LW-Le-¥.3 diagram of J.A. Pearce and Cana 3], Ficlds:
@ + b = lowalkali Hinleijies, ¢ + b = calc-alkall basatys, d »
within-plate basali< Symbalta gs Fig, 3

constant, Tholciites thus, appear to be far mote sus.
ceptible 1o low-grade mesamorphisnt than transitional
basalts (see also Smith and Smith [20]), They can be
expucted 1o show a wider spread of results on diagrams
imulving Sr, K30 or %05, both within single lava
flows (Ligs. 1, 2) and for ihe gronps as a whale (Figs,
7.9), than the other Shye/Mull basalts, This is prob.

Ti00

Hy Srr2

“ig. 7. Disieibution of the various Skye/Mull basalts on the
"/ LO0-Zr-8¢/2 disgram of LA, Pearce and Cann [3], Ticids
s Fig, 2, symbols as Fig, 3, !

R T - ce o -

ably due to the location of incompatible clements in
interstitial glasses [21).

5. Distribution of the magma types on trace clement
diagrams

Recent stndles in Yeelamd [ 22 2], Toowlog | 25],
Shye fo] amd fom the Deep Ses Dilling Prasje, 1
[20], suggest that many basalile pravitces condaln 3
varicty of magma types. Gibson et al, [27] suggested
that this mdy be a general feature of extensional tee-
tonle situasions. In this section, plats of the Skye and
Mull basalts on the different trace clement disgrams
proposed by various authors {1--5] are used 10
assess whether or not the basic magmas swpplying
these two centres were identical.

S&r Main Lava Scries aud Mull Platcau Group,
‘These are jadistinguishable from cach other on ali the
diagrams. In cach of Figs. 3--7 they occupy different
regions front the low-alkali tholeiites. Fhe Mull
Plateau Group show a smalier scatter than the Skye
lavas. This Is thought to be 3 function nf the larger
hand spectmen size taken for the furmer; eliminating
small-scale inhonmgencitics. The petratectonic inter
pretation of these Javas, as desived from the diagrans,
Is confuscd, They plnt in the “ocean-foor®, “within.
plare* and stradule all three ficlds of Figs. 5-7
respectively,

Skye Preshal Allior type and Mull low-alkall
tholciites, Again identical distributions are shown by
the Mult and Skye rocks in Figs, 3--7. They lie in the
“Jow-alkali tholesite" region of the Tif100-2r-Y.3 dia-
gram (Fig. 6) and between the “fow-alkali tholetite®
and “ocean-floor™ fields of Figs. 5 and 7. The greater
degree of elemental mobility shown by slightly meta-
morphosed tholeiites Is demonstrated by thelr spread
in Figs. 7and 9.

Skye Fairy lirtdge type. These form a tight cluster
on cach of Figs, 3~7. On the Ti-Zr diagiam (Fig. §)
they full within the “occan-flonr” field, but the
within-group variation on this and the I',04-Zr dla-
gram (Fig. 3) eahibits a greater stupe than is seen in
any of the other basalt types, cmphasising their dis-
tinctive chiemistry. On the Ti/100-Zr-Y.3 (Vig. 6),
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they fall mainly within the *ocean-floor™ field, avers
Lapping the Preshial Mior and low-alkali hasalis but
tntatly separate from the Skye Main Lava Series and
Mull Plateau Gronp. On the TH/100-Z6-50/2 diagram
(Fig. 7) they [all in the “Inw-alkali tholeiite® ficld,
conpletely distinet finm the Preshal Mhor type. The
tight cinstering of the dats for this group in Fig. 9
wiprersbs it these partienlar basalts have been relu-
ively unatlected by alteravimt.

Mull Nou-Porphyritic Central lavas. These agaln
form a distinct graup and they pint In totally differ.
entarcas of Figs. 3, S, 6 and 7 frn any of the other
basult types. On the Ti-Zs diagrams (Fig. §) they .
oceupy none of the fields delincated by J.A. Pearce
and Cann. On the Ti/100-Zr-Y.3 and Tif100-Zr-Sr/2
diagrams (Figs. 6, 7) they fall in she “cale-atkali”
regians. Mo 1 belongs ta the group proposed by Bailey
ctab, [ 13] as suitabile pacental maginia or the Central
suite of lavas in Mull, This pluts well away from the
Centeal bavas n all the diagrams except Fig. 4 and s
clearly unrefated to thent, The Na-Parphyritic Cen-
tral favas would thus appear from these diagrams to
beloug to yet another distinet Hebridean magia
type.

M6l and SK96S. MG is inscparable from the Skye
Main Lava Series and the Mull Platesnt Group on all
the diagrams, despite its thelciitic nature. SK965 plots
close tu these in Figs, 3+ 6 and separate rom all the
proups in Figs, 7 amd 9. Bath these lavas have the
mujor element chemistry of typical ocean-lloor
tholeiitic basalts and the trace clement chemistry,
excepting 04, of more alkalic types. It appears that
in bowh Mull and Skye slightly anomainus favus were
produced a1 the base of the lava piles, during the
inltiation of the mantle melting cycles.

6. Discussion

The combined use of the various trace element dla-
grams, exvept the TiO;-K;0-P 0g and Nb/Y-Ze/Py 0y
pints [Figs. 8, 9), will successfully separate most
Uebridean ntagma types. The immobility of 14, Zr,
Nb and Y daring law-grade metamorphisim suggests
that these clemctits can be used with a high degree of
confidence to similarly distinguish between mela.
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2r/Py0g »10 4
Flg. 8. Nb/Y-21/P;3 Qg dlugram of Floyd and Winchester [$],

Flelds as Fie. 3. AN the baalis plot in the shaded toglin wlth
the exception of SKI6S (o).

basalt varictics. It should be stressed that this conclue
sion Is contingent upan the use of hand specimens
large enongh to climinate small-scale metasmnatically.
produced inhiomogencities (cf. Smith.and Smith
[20]).

The overlapping chemistry of the Skye Mol Lava
Serieseand the Mull Platean Growp, and also of the
Preshial Mbor magma type In Shy e with the low-alkall
tholeiites in Mull, shows that the generation of hoh
mugma types is a mafor regional feature af igneous
activity within the Dritish Tertiury Province. The sime
ilarity between these two cendres Iy eniphasised by
the presence at the hase af bith Liva piles af limired
amounts of tholeiite with anamaious trace element
cuncentratlons (Mot and SK9GS).

The tholeiite/alkali basalt discriminant diagrams of
Floyd and Winchesier {5] fail to separate these hasalt
typesin the Helrides. 1t should be emphasised how-
ever, that the Skye Main Lava Scries, the Mull Plateau
Group and the Skye Fairy Bridge basalts all contaln
both nepheline- and hypersthenc-narmutive sarictics
and are beat descrilred as transitsonal hasalis. A slight
repositioning of the fietd hanndaries in Figs."3 and 4
would biing many of thew into the “alkaline” region,
This would, huwever, cause a similar reclassificatloys
of the Nun-Porphyritic Centzal type (quartz-norma.

J I
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tive) and M61 (14% normative hypersthene). This dis-
crepancy between the normative and trace-element.-
based classitications of magma types cannot be attrib-
wied to law-grade metamorphie processes as, with the
exception of possibly Sr, the compositions of ali The
transitional basalts alfeeted by the regional zeolitisa-
Hon appear to be pyrogenic [ 28], In Fig. 8 the basalts
ali hieve fow NB/Y ratios and none of them plot in the
“ulhadine field. As Thampson {29] points aut,
Tertiary Hebridean alhaliv lavas possess lower incom.
Pauble-clement abundances than those from many
other regions, although the reasons for this are not
yet Tully understood. Otlier alkaline basalt suites with
siilar “anontatously low®” trace element contents
hase been teported in the literasure [30,31),
Tie trage clement contents of busaltic magmas are
3 funcuion of initial mantle concentration, the melt
fraction and subsequent crysiallisation processes. In
contrast, the position of the normative join O1-Cpx-
Plaz in cempositional space is a function of pressure
ard henee depth of erigin [32]. Thus chemical cri-
teria used to distinguish batween hypersthene- and
nepheling-nunnative varicties wili vary, not only from
rezion to region bt probably between different
mazia types within the same provinee, In mieta.
busalts the inunobile elements can undergo changes in
cencentration, due to the addition of leaching of
more easily mobifised elemnents (see M13--22, Table
F). Despite the minor effects of this process, relative
ta the differences between basalt magma types, it witl
augient the problem of uniquely assigning altered
basuity to one ur uther variety. The diagrams in Figs,
3,4 and 8 ¢uuld be improved, il a similar procedure
wus acopted to that of Schwarzer and Rogers [33)
who Jefined un area on their alkali-silica diagram
which represented the houndary between the alkall
olivine basalt series und the subalkaline series.

Ali the diagrams purpurting to distinguish palaco-
tectonic relutionships (Figs. S, 6. 7 and 9) lurgely fail
ta conlinm the known setting of lebridzan Tertiary
igncous rocks. The Skye Main Lava Scries and the
Mull Plutezu Group platin three distinct ficlds of
Figs. 5 7. The duta as a whole give results sequiring
the pustuiatinn of every single type of tectonic
setiing distinguishued by the authors of the various
diagrams {1--5], The interpretution of the Non.
Parphyutic Central lavas in Figs. 6 and 7 require an
island are situation, which is totally at variance with

all that is known of the repion, The transitional
basalts and SK965 and M6 aiso transgress this bound-
ary i1 Fig, 7.

Te season the Non-Porphyrltlc Central lavas plot
i the “caic-aikali™ fietds Is they pussess higher Z¢ and
only sightly higher TiO, contents than the other
Hebridean mugma types. A high Zr/TiO, ratio s
often an indicator of magmatic differentiation. These
lavas do possess oceasional Hitanumagnetite phenu.
crysts and their inclusion in Figs. 5-7 imay be criti-
cised on such grounds, Nevertheless, all previous
wurkers, notably Wager who atlawed for the cffects
of fractional crystallisation on their chenmistry, classi-
ficd the Mull Non-Porphysitic Central lavas us basalrs
[13,34-36). This highlights an inhierent weakness in
such dingranis: us crystal-liquid processes cun canse
data te plot in the “wrong ficld. Floyd snd Win-
chester [ 5] allowed for the effects of differentistion
when formulating their diagrams. LA, Pearce and
Cann [3] used oniy 1ocks with 207 > MgO + Ca0 >
12%. T 1. Pearce et al. [4] confined thelr attention
to analyses wilh total alkulis below 20%. on a MgO-
(N2, 0+K,0)(FeO#Fe,0,) diagram. These chemival
sereens use clements which are easily mobilised
during alteration processes, making them unreliable In
melabasalts,

Like the llebrides, the Deccan basalts were
erupted in an extensional regiine, related (o an active
mid-veeanic ridge. Vidlance [19] noted that rocks
from Bhoiwada and anuther Deccun basalt, on the
basis of their Ti-Zt.Y cuntents, i) into the suite of
island urc andesites, a suite to which they manifestly
do not belung,” Decean busalt types include
tholeiites und transitional alkali busalts [37]. This
range of trace clement distributions may nnt there-
fore be u univue feature of the Briyish Tertiny tit
general to other regivns of similar tectonle setting
(27}.

Tae prtrotectonic status of the British Tenlary
Province has already presented problems to the com-
pilers of ihe “diagnostic™ tsace clement diagrams dis-
cussed in this paper. Only Floyd and Winchester [5)
used data for the region when formulating their dia-
grams. They clussifled both the Bihish Testiary and
Deccan rocks as continental tholeiites. J.A. Mearce
and Cana {3] stated that it was not possible to distin.
guish between ocean island and continental basalts by
means of thelr trace element compositlons alone, and
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iz, 9. Distribution of the varlous Skye/Mull basalis on the
Ti0;+K30-P305 dlagram of T.L. Pearce ct at, (4]~
Prechal Mhor mapma type,«»® Skye Main Lava Serles and
Mull Plateau Group, = Skye Valry tirldge magma type,o=
SKOGS, & = Mull fow-alkali thotciites, X = Mull Non-Porphyr

jlic Central type, @ = M6 1,

placed the Decvan rocks in their “within-plate’ divi-
sion. T.11. Pearce et al, [4] In their compilation stated
that the Deccan rocks shuw a “strougly oceanic char-
actes”.

In Fig. 9 all the groups straddle the occanic/non-
occanle dlvision, with 89% af the duta lying in the |
“occanic” ficld. The failure of the Ti02-K40-P305
disgram to separate twa major basalt provinees crupted
uponcontinentaicrust from the lavas ofocean basins casts
doubts on its validity. Alsv, the varying tesponses of
K;0 and P5Qy in different basall types ta low-grade
et phic procesies sggest that tus diagram may
unly be appdled with fimpanity to fresh basalts: in which
case their provensnce is rarely In doubt, T.H. Pearce et
al. [38] have alsu devised a dlagram, based on miajor
clements, to relate basic and intennediate rocks to 1e¢-
tonie setting. This plot uses only rocks with 51-56
wt.% Si0;. All except two of the 75 analyscsused In
the present study have 5i0; < 51 wi.%, this diagram
therefore cannot be applied to the ebridean province,

Mattey et al. |6] compared the Preshal Mhor
magma type of Skye with Mid-Ovean Ridge and Ice-
landic basalts and suggested that the British Terdary -
Province may represent an abortlve constructive plate
niargin. Thompson et al, [14] have shown that the
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short-time-span mantle meiting cycle beneath Skye Is
analogous to the long-time-span process proposed {n
recent models for ocean tldge basalt genesls, Future
regloral metamorphism of a Hebridean (or Decean)
type of igncous province wauld lead to the formation
of a complex with many of the features of currently
exposed amphibolite complexes, grecastune belis or
ophlollte suites. After Incurring added compiicaiions
Jdue to deformation, alteration and erasion, the trace.
clement petrutectonic analysis of such a cumiplex, If
faken In isolation from other geolugicat data, cauld
clearly fead ta any one of a number of possible plate.
tectonle interpretations. For these reasans, it is sug-
gested that pluts such as Figs, 1--9 be treated mc_u-ly
as a specles of variativa disgram: vsefol In identity.
ng magna types and their evolutionary trends, but
nut as indicators of pulaeotectonic environment.
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ABSTRACT

Humphris, S.E., Morrison, M.A. and Thompson, R.N., 1978. Influence of rock crystalli-
sation history upon subsequent lanthanide mobility during hydrothermal alteration
of basalts. Chem. Geol., 23: 125—137.

Rare-earth element (REE) distributions in individual eruptive basaltic units from east-
ern Iceland, Mull and the Mid-Atlantic Ridge are presented in order to determine the
mobility of these elements during hydrothermal alteration. The factors that cause the
light REE (La, Ce and Nd) to be mobile in some cases and not in others are considered.

- It is postulated that the main control on potential lanthanide mobility is the igneous

crystallisation history of the individual lavas, because this affects the sites of concentra-
tion, and hence availability, of the REE during hydrothermal alteration. The subsequent
importance of the nature of the secondary minerals which form in determining which
elements remain in the system is also discussed.

INTRODUCTION

The high geothermal gradients and permeabilities which characterise active
eruptive centres provide ideal conditions for the circulation of hot fluids
through fresh basalts. Such a process results in metamorphism of the lavas
shortly after eruption, and the circulating solutions provide optimum condi-
tions for element transport. Examples of interaction between basalts and hot
fluids have been described from mid-ocean ridges (e.g., Miyashiro et al.,
1971; Humphris and G. Thompson, 1978 a, b), ophiolites (e.g., Gass and
Smewing, 1973; Spooner and Fyfe, 1973), fissure-erupted subaerial lava
fields (e.g., Walker, 1970, 1974), and volcanoes (e.g., Fujishima and Fan,
1977). The mineral assemblages developed are, in most cases, typical of the

*Presented at Symposium V6 ‘“New Concepts in Volcanology’’ of the IASPEI/IAVCEI
Joint General Assemblies in Durham, August 15, 1977.
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zeolite and greenschist metamorphic facies. Data from currently active geo-
thermal areas indicate that alteration takes place at temperatures of up to
about 300°C. (e.g., White and Sigvaldason, 1962; Brown and Ellis, 1970;
Tomasson and Kristmannsdottir, 1972), which is consistent with the reaction
temperatures obtained from metamorphosed oceanic rocks (Muehlenbachs
and Clayton, 1972; Wenner and Taylor, 1973). The fluid/rock ratios in these
geothermal systems are extremely variable (e.g., Mottl et al., 1975; Spooner
et al., 1977 a, b), but intense hydration and carbonation of the rocks is
generally observed.

In recent years, the chemical changes in basaltic rocks subjected to hydro-
thermal metamorphism have been much studied. Interest has focussed upon
element mobility and its role in geochemical mass balances (e.g., Humphris
and G. Thompson, 1978a) and ore genesis (e.g., Graf, 1977), and on at-
tempts to decipher the pre-metamorphic chemistry of the basalts (e.g., Con-
die and Baragar, 1974). Certain elements, such as Ti, P, Zr, Hf, Nb, Taand Y
have been shown to be comparatively immobile, except during extreme
metasomatism (e.g., Herrmann et al., 1974; Smith and Smith, 1976). Other
elements, such as Li, K, Rb, Sr, Ba and U appear to be mobile (e.g., Vallance,
1974; Gunn and Roobol, 1976; Wood et al., 1976).

In this paper we concentrate on the rare-earth elements (REE) for which
evidence of mobility during hydrothermal alteration is controversial (e.g.,
Herrmann and Wedepohl, 1970; Haskin et al., 1971; Frey et al., 1974; Tanaka,
1975; Ferrara et al., 1976; Menzies, 1976; Wood et al., 1976; Floyd, 1977;
Hellman and Henderson, 1977). Using the published results of Wood et al.
(1976) for eastern Iceland, and new data, obtained by the same method
(Wood et al., 1976, p. 242), for Mid-Atlantic Ridge pillow basalts and Mull
lavas, we shall compare the REE mobility in these three hydrothermal sys-
tems, and attempt to elucidate the reasons why the light REE (La, Ce and
Nd) are mobile in some instances and not in others.

It is essential to emphasize that the three examples to be discussed are all
concerned with chemical changes within individual eruptive units (flows or
pillows) of basalt. Recent geochemical studies of unmetamorphosed basaltic
suites, which are based on abundant analytical data, show considerable unit-
by-unit diversity in chondrite-normalised REE pattern slopes (Sun and Han-
son, 1975; O’Nions et al., 1976; Puchelt and Emmermann, 1977). It there-
fore seems improbable that attempts to study possible large-scale lanthanide
mobility by comparing sets of analyses from unmetamorphosed and meta-
morphosed lava successions will be able to separate pyrogenic from subse-
quent variation.

EASTERN ICELAND

A 10 km thickness of predominantly basaltic flows is exposed in eastern
Iceland. These have formed mainly by subaerial fissure eruptions during the
separation of the European and North American lithospheric plates since
approximately 14 Ma. The flows dip gently westwards and are cross-cut by
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sub-horizontal zeolite facies metamorphic zones. Local greenschist hydro-
thermal aureoles surround several buried Tertiary centres of abundant acid/
intermediate volcanism — analogues of the currently active central volcanoes
in the Neovolcanic Zone (Walker, 1974). Wood et al. (1976) studied element
mobility resulting from the zeolite facies regional metamorphism. They com-
pared chemical variations across a post-glacial basalt on the Reykjanes penin-
sula, SW Iceland, with a zeolitised Tertiary flow from Reydarfjordur, eastern
Iceland,

Reykjanes flow

This 4.5 m thick basalt flow lacks a soil cover and is therefore probably no
more than a few hundred years old. It contains several percent of subhedral
olivine, augite and plagioclase phenocrysts with variable distributions. The
groundmass consists mainly of equant granular augite intergrown with pla-
gioclase laths, sparse subhedral Fe—Ti oxides, and rare olivine. The abundant
spaces between the groundmass grains are filled with pale brown glass, which
contains numerous, indeterminate < 2 ym opaque and translucent crystals.

Chemically, this lava is a typical Icelandic hy-normative olivine tholeiite -
with 7.6—8.0% MgO. A suite of twelve specimens from a vertical section
through the flow revealed little variability for any elements (Wood et al.,
1976, table 3). Moreover, such variation as was observed could be attributed
entirely to varying concentrations of the three phenocryst phases. REE data
are summarised in Fig. 1, which shows the chondrite-normalised patterns
with the highest and lowest values of TREE and (Ce/Yb)y ratios. It is ap-
parent that the light rare-earth elements (LREE) display no greater varia-
bility than the heavy rare-earth elements (HREE).
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Fig. 1, Chondrite-normalised REE patterns for basalts from a Recent flow from the Reyk-
janes peninsula, and from a zeolitised flow, Reydarfjordur, eastern Iceland. (Data from
Wood et al., 1976.)
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Reydarfjordur flow

This 20.5 m thick basalt flow is about 12 Ma old. It lies within the meso-
lite zeolite zone of Walker (1974) and contains this mineral, together with abun-
dant stilbite, infilling prominent vesicles at the top and bottom of the flow. Zeo-
lites and submicroscopic green and brown ferromagnesian minerals also fill
the small vesicles throughout the lava and are disseminated within the rock.
Sufficient of the pre-metamorphic mineralogy of the lava is preserved to
see that it closely resembled the Reykjanes basalt petrographically. A few
percent olivine, augite and plagioclase phenocrysts were present, with abun-
dances varying little throughout the flow. The groundmass is rich in granular
augite but the interstitial glass patches have all been converted to fine-grain-
ed assemblages of zeolites and hydrated ferromagnesian minerals.

The intensity of hydrothermal alteration depends on the original vesicu-
larity of the lava. Thus it is greatest at the flow margins but also varies con-
siderably in the interior. Zones with maximum alteration show, in addition
to recrystallisation of the glass, complete replacement of olivine and incipi-
ent conversion of plagioclase to hydrous minerals. The augite, however, re-
mains intact.

Chemically, this lava is a hy-normative olivine tholeiite with 6.0—7.2%
MgO. Wood et al. (1976) compared the chemical variation of twelve samples
from a vertical section through this flow with that of the Reykjanes lava.
Variability greater than could be explained by phenocryst distribution or
analytical error was recorded for Si, Mg, K, Rb, Sr and the LREE. As most
of this variation occurred near the vesicular margins of the flow, Wood et al.
(1976) attributed it to different elemental mobility during zeolite facies
metamorphism. REE data, represented by the patterns with highest and low-
est values of ZREE and (Ce/Yb)y ratios, are summarised in Fig. 1.

MULL, NW SCOTLAND

In Mull, Tertiary lavas reaching a thickness of up to 1850 m cover an
area of about 840 km?. The lower part of the pile consists mainly of basalts
which are chemically and petrographically similar to the Skye Main Lava
Series (R.N. Thompson et al., 1972; Morrison, 1978). They are transitional
basalts that straddle the critical plane of silica saturation — the normative
“join”’ olivine—clinopyroxene—plagioclase — and vary from nepheline to
hypersthene normative varieties.

Two distinct types of alteration occur in the basalts. A hydrothermal
aureole, consisting of an inner epidote and outer prehnite zone, surrounds
the central intrusive complex in south and east Mull. Everywhere within
this region, §'®* O whole-rock values decrease radially towards the intrusive
complex (from about +5%/, to about - 5%/, ) demonstrating that interac-
tion with heated meteoric water has occurred at temperatures up to about
300°C (Forrester and Taylor, 1976). Outside the central aureole. flat-lying
zeolite facies zones, that essentially parallel the base of the lava pile, occur.
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Most of the basalts lie in the laumontite zone, only the top 200 m of which
is exposed in Iceland (Walker, 1970). These Mull basalts have “normal”
igneous §'* O values (+9% o to +5/40 ), indicating temperatures sufficiently
low for the water to have §'® O values required for isotopic equilibrium be-
tween plagioclase and water — between 100 and 150°C (Forrester and Tay-
lor, 1976).

To estimate the metasomatic effects of these two types of alteration on
the REE contents, two lava flows have been studied — one from the laumon-
tite zone, and one from the epidote zone within the central aureole.

Zeolitised lava

This lava is exposed in a quarry in SW Mull and contains olivine, large poi-
kilitic titanaugites, subpoikilitic titanomagnetites, chlorite, and zeolites. Rare
apatites are enclosed in the pyroxenes. The secondary alteration is concen-
trated mainly at the base of the flow where an amygdaloidal layer lies imme-
diately above the bole, and zeolite-filled vesicle pipes, up to 1 m in length,
penetrate vertically into the flow. Petrographically, these can be seen to
cause some serpentinisation of the olivine, partial replacement of plagioclase
by hydrous minerals and the growth of small patches of chlorite and zeolites
in the groundmass.

Little chemical change is seen across this flow, other than slight variations
in Sr content and variable ferrous/ferric ratios. REE patterns for two ex-
amples are shown in Fig. 2. Sample M53 is from the non-vesicular flow cen-
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Fig. 2. Chondrite-normalised REE patterns for altered basalts from Mull. (M53 and M51
are from the zeolitised lava; M13, M15, M18 and M21 are from a flow in the epidote
zZone.)
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tre, and M51 is from the pipe vesicle zone. These two patterns are virtually
indistinguishable.

Epidote zone

This lava flow is exposed in a quarry 3.5 km E of Salem, and shows a gradual
transition for dark rock in the centre of the flow to green “spilitic” rock at
the margin. Originally, it consisted of olivine phenocrysts in a matrix of
olivine, plagioclase, titanomagnetite and poikilitic augite. In the dark centre
of the flow, only olivine has broken down. This is pseudomorphed by chlo-
rite and Fe-oxides, and the groundmass is rich in chlorite. As the margin of
the flow is approached, plagioclase is albitised and growth of calcite and
epidote occurs. Only at the margin of the flow is pyroxene broken down
and an assemblage of chlorite, albite, quartz, carbonate, epidote, Fe-oxides,
and amphibole has formed. Within this flow, Ti, Zr, Y, Nb and P preserve
constant ratios, except at the margin where slight loss of P occurs (Morrison,
1978). This is accompanied by variations in Na, 0, K, 0, MgO, SiO,, Rb,
and Sr, and drastic leaching of CaO as the margin is approached.

Four REE patterns from the flow are shown in Fig. 2, and summarised
data are given in Table I. Sample M13 is from the green flow margin, and
samples M19—M21 are from the dark flow interior. The slopes of the pat-
terns, as expressed by (Ce/Yb)y, are constant, and there is no change in
abundance of the LREE relative to the HREE, except in sample M13. There
is, however, an apparent increase in total abundance of most of the REE
progressively from the least altered to the most altered parts of the flow.

TABLE I

Selected rare-earth and trace element data from the altered lava flow in the epidote zone,
Mull

Sample®  Ce Yb (Ce/Yb)y Tio, Y
(ppm) (ppm) (wt.%) (ppm)
Mi13 23.64 2.29 263:0.11 161 28
Mi4 2253 2.01 2.86:0.07 154 24
M15 23.28 208 283:006 145 22
M16 2256 1.99 2.87:0.07 1.39 20
M17 19.93 171 295+ 006 1.34 20
M18 19.96 1.73 2.92:0.07 1.39 21
Mi19 20.20 1.69 3.02:0.06 1.34 21
M20 20.23 1.88 2.72:0.08 135 21
M21 20.25 1.71  3.00:0.09 1.38 21
M22 1951 1.80 276:0.09 1.40 24

*Sample numbers increase progressively towards the dark flow interior (M19-M21), M22
shows the beginning of changes approaching the lower margin, which lies below the quarry
floor, as has been proved by drilling.
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MID-ATLANTIC RIDGE BASALTS

The basalts analysed in this study were dredged from the median valley of
the Mid-Atlantic Ridge at 22°8. The four samples discussed here are pillow
basalts that show zoning due to partial greenschist facies metamorphism of
the outer pillow margins during reaction with a circulating, seawater-derived
fluid. The distinct zoning displayed by these rocks allowed portions of the
altered rims and the relatively fresh interiors of the same pillows to be sep-
arated for analysis.

The mineralogy and the mineral conversions during alteration of these
basalts have been extensively discussed previously (Humphris and G. Thomp-
son, 1978a). The interiors of these pillows have the typical mineralogy and
textures of oceanic tholeiites. Briefly, they are composed dominantly of
glass (generally 60—70% by modal analysis) containing microphenocrysts
and microlites of plagioclase (Angg_r7q), and rare olivine. Fe-oxides are ex-
tremely fine-grained and are scattered throughout the groundmass. The al-
tered rims show the characteristic greenschist facies mineralogy of albite—ac-
tinolite—chlorite—epidote, with the dominant mineral being a ripidolitic
chlorite (up to 60% by modal analysis). However, the outer rim of the most
highly altered sample (AII-42 1-96) is composed dominantly of quartz and
chlorite with no actinolite and only 15% modal albite. In all the samples, the
glass is replaced by chlorite which is sometimes intergrown with actinolite.
Chlorite also forms pseudomorphs after olivine, which are commonly asso-
ciated with euhedral pyrite. The plagioclase is albitised and, in some cases,
altered to chlorite. The vesicles are generally filled with chlorite although,
in the more altered samples, they are lined with quartz and then subsequent-
ly filled with chlorite.

Considerable mobility of many of the major and trace elements during
hydrothermal alteration has been observed (Humphris and G. Thompson,
1978a, b). In particular, Ca, Si, Cu, and Sr are leached from the rock, while
Mg and H, O are taken up. Mobilisation of Fe, Mn, B, Li, Ba, Ni, and Co is
also indicated, but Ti, V, Y, Zr and Cr do not appear to be affected by hy-
drothermal alteration.

REE data for the fresh and altered zones of each pillow are summarised
in Table II, and the chondrite-normalised patterns are shown in Fig. 3. With-
in the analytical error, the HREE display no variability during alteration.
However, some small, but significant, variation is observed in the concentra-
tions of the LREE. In particular, higher concentrations of La are observed in
the altered zones of AII-42 1-96.

DISCUSSION
In discussing the variation in REE abundance within individual eruptive

units, it is necessary to distinguish between real changes in concentration
and epparent differences due to leaching or addition of other elements.
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TABLE II

Selected rare-earth and trace element data from partially altered pillow basalts from the
Mid-Atlantic Ridge (22°S).

Sample® Ce Yb (CelYb)y TiO, Y
(ppm) (ppm) (wt.%) (ppm)

All-42  1-96A 8.77 3.27 0.68 £ 0.03 1.40 35
1-96B 8.02 2.89 071+ 003 1.33 30
1-96C 8.57 2.96 0.73: 0.02 1.26 39

All-42 1-97A 1047 38.568 0.76 + 0.03 1.46 40
1-97B 9.568 38.34 0.73z 0.04 1.37 35

All-42 1-108A 8.88 3.42 0.66+ 004 198 45
1-108B  9.88 3.02 0.83+0.04 1.43 39

All-42 1-118A 8.61 3.21 0.68+0.04 1.53 39
1-118B 8.60 291 0.75+ 0.04 1.86 38

*A, B, C: zones from a single pillow basalt, from the altered rim (A) towards the relatively
fresh interior (B or C).
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Fig. 3. Chondrite-normalised REE patterns for four partially hydrothermally altered pil-
low basalts from the Mid-Atlantic Ridge. [A, B, C: zones from a single pillow basalt, from
the altered rim (A) towards the relatively fresh interior (B or C).]

Tables I and II illustrate the proportionality between the changes in REE
abundances and those of other immobile elements. This suggests that the
parallel shifts of the REE patterns that can be seen in Fig. 2, and of the
HREE patterns in Fig. 3, can be ascribed to such leaching processes, which
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will result in apparent enrichments of the immobile elements. However,
taking this into account, we wish to emphasize that the maximum relative
LREE movement recorded in the examples of hydrothermal metamorphism
considered in this paper is small. This contrasts with the very large alter-
ations to basaltic REE distributions postulated to occur during spilitisation
by Hellman and Henderson (1977). Furthermore, it is apparent that the
degree of mobility or immobility shown by the REE cannot be related to
metamorphic grade.

Solution chemistry also seem unlikely to be the key to the problem. The
three areas of study include interaction of basalt with either meteoric or sea-
water, and yet no obvious distinction in the REE behaviour that can be attri-
buted to solution chemistry can be observed.

We postulate that the main control on potential lanthanide mobility is the
igneous crystallisation history of the individual lavas, insofar as this affects
the sites of concentration and relative distribution of the REE before subse-
quent metamorphism.

The Iceland and Mull lavas may first be contrasted. The presence of augite
among the sparse phenocrysts in the Iceland basalts used in this study indi-
cates that this phase precipitated at liquidus or near-liquidus temperatures.
In a basalt devoid of hydrous minerals, all the early-crystallising phases —
olivine, plagioclase, and pyroxene — have partition coefficients for the REE
of <1.0. Of these phases, augite has the highest partition coefficients [aver- -
aging 0.62 for Yb (Arth, 1976)] for the HREE, but low coefTicients [aver-
aging 0.15 (Arth, 1976)] for the LREE. An eastern Icelandic basalt crystal-
lising abundant augite throughout its consolidation will therefore contain a
residuum, chilled to glass, which is rich in total REE, and has a high LREE/
HREE ratio. The two Icelandic basalts that we have discussed are both com-
paratively empoverished in P and Zr (Wood et al., 1976), so that the REE-
rich phases, apatite and zircon, would, if at all, precipitate very late in their
consolidation. We can find no apatite or zircon within the groundmass
minerals or interstitial glass patches of these flows. The composition of the
interstitial glass patches is, in most cases, rhyolitic (D.A. Wood, pers. com-
mun., 1977) but they are too small to extract for REE analysis. O’Nions and
Gronvold (1973) have, however, analysed several Recent Icelandic acid lavas
and found them to have (Ce/Yb)y from 3.2 to 7.4, compared with 0.9—1.9
for associated basalts. The phase in the eastern Icelandic basalts most readily
attacked by circulating fluids during hydrothermal metamorphism is the
interstitial glass; hence the preferential mobilisation of the LREE.

The zeolitised transitional basalts of Mull and Morvern never contain au-
gite phenocrysts. It occurs only as a comparatively late-stage groundmass
phase, usually in relatively large poikilitic crystals enclosing large numbers of
small plagioclase subhedra. The restricted precipitation of augite during
consolidation greatly reduces the potential of this phase to fractionate the
REE in the residuum. Furthermore, the comparatively small number of large
augite and occasional Ti-magnetite poikilocrysts in the groundmass of a
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given volume of ophitic basalt leave fewer intergranular spaces where residual
glass pools can collect than occur in a comparable volume of typical Iceland-
ic basalt. Fresh glass is not uncommon in acid intrusions, basaltic hyaloclas-
tites and dyke selvages in the Hebridean Province (e.g., Bailey et al., 1924).
Nevertheless, we know of no examples of fresh interstitial glass within the
transitional basalts, and from petrographic studies of the least metamor-
phosed basalts (H,O < 1.0%), it appears that these lavas were almost entire-
ly holocrystalline. In the absence of abundant glass, the hydrothermal fluids
attacked first the olivine and then the plagioclase;hence the REE immobility.
In sample M13 the breakdown of the poikilitic augite allowed alteration of
the enclosed apatite, as is indicated by loss of P (Morrison, 1978), which
results in a slight decrease in the LREE abundances.

In contrast to this, the oceanic pillow basalts discussed contain no augite
and are composed of up to 80% glass with a very high glass/crystal ratio. The
microphenocrysts are dominantly plagioclase, with rare olivine. In compari-
son with Iceland, this glass is therefore basaltic and will not have been rela-
tively enriched in the LREE during its crystallisation history. Hydrothermal
alteration of the pillow basalts has resulted in almost complete replacement
of the original mineralogy, and hence any variation in the overall REE pat-
tern will be dominantly controlled by the secondary mineralogy.

This leads into our final point which is that, although rock crystallisation
history may largely control relative REE availability during hydrothermal
metamorphism, the nature of the metamorphic minerals that form must also in-
fluence the extent to which the elements, once in solution, are reprecipita-
ted nearby or pass out of the system. Wood et al. (1976) gave chemical data
for thirteen minerals common in the amygdales of zeolite facies metamor-
phosed eastern Iceland lavas. They comprised nine zeolites, plus apophyllite,
aragonite, celadonite, and chalcedony. Only the celadonite contained detect-
able La (>1.0 ppm) and even in this phase the REE were in concentrations
too low to be measured accurately by the techniques available to these au-
thors. In addition, one of us (M.A.M.) has attempted to measure the REE
contents of Mull secondary calcite, but 2.5-day counts resulted in no resolv-
able peaks. _

In contrast, there are suggestions in the literature that albite, epidote,
and chlorite, which are all characteristic products of greenschist facies meta-
morphism, can affect the distribution of selected REE. The conditions under
which alteration occurred may affect the distribution of Eu, since it is the
only REE that will be stabilised in the divalent state if conditions are mildly
reducing. The extent of alteration of the plagioclase may also affect the Eu
abundance. Weill and Drake (1973) observed a positive correlation between
the Eu concentration and the Ab content of the plagioclase. The Eu contents
of the altered rims of the oceanic pillows show small variations relative to
the interiors, some of which may be due to variations in the original distri-
bution of plagioclase within the pillow. However, these rocks all contain
pyrite, indicating that reducing conditions were prevalent at some time dur-
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ing alteration, and this, together with the variable degree of albitisation of
the plagioclase, may result in changes in the Eu content of the altered rims
relative to the interiors. Similarly, the margin of the Mull flow from the
epidote zone (sample M13), which is highly reduced, shows a small change
in the Eu content.

Although not found in basaltic rocks, the existence of allanite indicates
that LREE can enter the Ca®* sites in members of the epidote group. The
uptake of substantial amounts of La by adsorption has been described in
Quaternary clay—chlorite mixtures of Norway (Roaldset and Rosenquist,
1971). There is a suggestion that this process may have operated during al-
teration of the ocean-floor basalts. The outer margin of sample AII-42 1-96
contains the most chlorite (60%) and also shows enrichment of La relative
to its concentration in the interior (Fig. 3). The REE abundances in chlorites
from greenschist facies metabasalts are currently being investigated (M.A.M.).
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A reduction in
87Sr/*Sr during basalt alteration

HYDROTHERMAL alteration of basalts on the ocean floor has
been reported to cause a general increase in the *’Sr/**Sr ratio of
the basalts'2. Results are presented here from Mull in the
British Tertiary province which suggest strongly that hydro-
thermal alteration in such discrete magmatic centres may actu-
ally cause a reduction in the *’Sr/®*Sr ratios of some basalts.
Preliminary data indicate that the '*Nd/'**Nd ratios are
unaffected.

Oxygen isotope studies®® of Tertiary igneous rocks from
Skye, Mull and Ardnamurchan have demonstrated that large
scale hydrothermal systems were established in these areas at
the time of igneous intrusion. On both Skye and Mull hydro-
thermal aureoles extend for up to 6 km from the central
intrusive complexes into the surrounding basalts. Within these
regions greenschist-facies mineral assemblages have been
formed and the rocks are depleted in **O due to interaction with
hot meteoric waters.

The samples selected for this study are from a quarry 3.5 km
east of Salen, which lies within the epidote zone of the central
aureole on Mull. A hydrothermally altered lava flow is exposed
which shows a gradual transition from dark basalt in the massive
flow interior to green ‘spilitic’ material at the margin. In the
centre of the flow only olivine has broken down; it is pseudo-
morphed by chlorite and oxides and the groundmass is rich in
chlorite. With increasing alteration plagioclase and the
titanomagnetites are replaced by albite, sphene, and calcite
and/or epidote. Only at the margin of the flow is pyroxene
completely broken down (Fig. 1) and an assemblage of chlorite,
albite, quartz, amphibole, epidote, and sphene occurs in which
none of the original mineralogy is preserved. Within this flow Al,
Ti, Zr, Nb, Y, P, and the rare earth elements preserve almost
constant ratios except at the margin where slight loss of P and
the light rare earths (La, Ce) is observed®™". This is accompanied
by variations in the other major and trace elements; particularly,
drastic leaching of Ca. Srisotope analyses were carried outon 10
whole rock samples across the lava flow and on leached
pyroxene separated from the flow centre. A secondary mineral
pod consisting of zeolite, calcite, and albite surrounded by

N"Nd"""‘Nd

Samples

*7Sr, "Sr,,

0.7052

Fe, 04 FeO

02 04
T L.

Sr(p.p.m.)

FM13

0.7048
7 v

\

300400

0-51265:3
M4 e”

Mottled zone Spilite

SVICE 3 : :

051265:20 e
M20e"”

Dark flow centre

‘le 7 o '.\ ’,. .‘.'
M2 20 o ; :
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7.5 m of an individual lava flow, near Salen, Mull. The degree of

hydrothermal alteration is illustrated and M22 shows the onset of

increased alteration approaching the base of the flow. Open

symbols denote samples leached in 6M HCI; O, pyroxene; O,
whole rock.

chlorite which formed immediately above the base of the over-
lying lava flow, and two discordant veins were also analysed to
determine the *’Sr/®Sr ratio of at least some of the hydr-
othermal fluids.

The results are presented in Table 1. Within the lava flow the
age-corrected initial *’Sr/**Sr ratios range from 0.70467 near
the top of the flow to 0.70519 at the base of the sampled section
(Fig. 1). The decrease in *’Sr/**Sr towards the top of the flow is
accompanied by an increase in the degree of visible alteration
and a decrease in Fe**/Fe®*, Sr contents range between 270 and
440 p.p.m. in the more altered samples but seem to be much less
variable near the centre of the flow,

13Nd/'**Nd ratios were determined on two samples using the
technique described in ref. 8. The two samples show very

Table 1 Rb-Sr results

Sample Lithology/mineralogy Rb*
M13 Altered basalt, chl-plag-qtz-sph 7.17
Ml4 Altered basalt, some relict cpx 1.76
M15 Altered basalt, increasing growth of 2.51
M16 secondary minerals 16-19% relict cpx 11.8
M17 Similar to M15, M16 14.5
M18 Less altered basalt; mainly chl 15.4
pseudomorphs after ol
M19 Some growth of sphene and albite 11.6
M20 Similar to M18 2.62
M20 Pyroxene (0.26)
M21 Similar to M18 9.08
M22 Similar to M15, M16 14.6
(11.6)
M24 Calcite and laumontite vein 2%
M64 Laumontite vein 2%
M65 Altered basalt adjacent to M64
M75A Alteration pod: chl-laumontite-cc
M75B Alteration pod: cc, laumontite

Sr* Rb/Sr A78r /858t (*7sr/%sr)0t
271 0.026 0.70486 +3 0.70479
375 0.005 0.70489+3 0.70488
279 0.009 0.70469£3 0.70467
443 0.027 0.70482+3 0.70475
338 0.043 0.70496 +3 0.70485
310 0.050 0.70506+4 0.70494
(0.70519+2)
274 0.042 0.70505+5 0.70495
(0.70514 £ 4)
340 0.008 0.70515+2 0.70513
(0.70525+6)
(51.9) (0.005 {0.70520+2) (0.70519)
299 0.030 0.70519+3 0.70511
311 0.047 0.70531+3 0.70519
(129) (0.090) (0.70538+4) (0.70516)
169* 0.012 0.70521+6 0.70519
359* 0.006 0.70467+3 0.70466
0.70505+4
0.70421+6
0.70427+4

Rb and Sr contents determined by isotope dilution (£1%) unless postscripted* which denotes XRF analysis. chl, chlorite; plag, plagioclase; qtz,
quartz; sph, shene; cpx, clinopyroxene; cc, calcerous; ol, olivine.
t present day 87Sr/%Sr ratio £2 s.e.m. E-A =0.70807 3 and NBS 987=0.71029+3 during this study.
1 Initial Sr composition calculated assuming an age of 60 Myr and A =1.39x 107" yr™" for “'Rb decay.
Results in brackets indicate that they were determined on samples which had been leached in 6M HCp(see text).



different degrees of alteration but in sharp contrast to their
variable *’Sr/*Sr ratios (Fig. 1) their Nd compositions are
indistinguishable analytically (M14, 0.51265+3; M?20,
0.51265+2; 20 errors).

To investigate further the Sr isotope geochemistry, pyroxene
was separated from M20 and it and some whole rock powders
were subjected to leaching experiments. Leaching was carried
out with 6M HCl in sealed Teflon bombs for 14 h at 130°C (ref.
9). X-ray analysis of the whole rock powders before and after
leaching showed a marked increase in the concentration of
pyroxene and to a lesser extent plagioclase, due to the dis-
solution of secondary minerals such as chlorite. Analysis of the
residue after leaching should therefore provide *’Sr/*Sr ratios
close to the pre-alteration composition of the lava flow.

The pyroxene has an age-corrected initial *’Sr/**Sr ratio of
0.70519 while that of the leached whole rock sample M22 is
0.70516 (Fig. 1). Rb and Sr concentrations for the leached
residues from M 18, M19, and M20 are not available but they all
have significantly higher present-day *’Sr/®°Sr ratios than the
unleached samples. This indicates that the altered material tends
to have lower #’Sr/"¢Sr ratios than the fresh basalts,

The leaching experiments and the observed decrease of
8751 /%S with increasing bulk rock alteration and decreasing
Fe**/Fe?* (Fig. 1), all suggest that hydrothermal alteration of
this lava flow resulted in a general reduction in *’Sr/%Sr. The
composition of the separated leached pyroxene provides the
best estimate of the primary composition of the magma
(~0.7052). The two ***Nd/'**Nd results, however, indicate that
the lava was isotopically homogene ous when it crystallised, and
that Nd was not affected significantly by the hydrothermal
alteration (see also ref. 7).

Evidence that the fluids responsible for the hydrothermal
alteration did have low *’Sr/"*Sr ratios is provided by the results
on secondary minerals (Table 1). The secondary pod from the
overlying flow gave values of 0,70421 and 0.70427. The two
vein samples M64 and M24 which cut the flow and therefore
represent later stage fluids have *’Sr/*Sr ratios of 0.70467 and
0.70521. This may also indicate a rise in the value of the
878r/*Sr ratio of the fluids with time at this locality.

Forester and Taylor* have suggested that the alteration within
the hydrothermal aureole on Mull was caused by interaction
with fluids having 'O values of about —11 to —12. Such
depleted oxygen compositions are suggestive of meteoric water
in high latitudes, but at least in the area of this study the fluids are
also apparently characterised by low *’Sr/*%Sr ratios (< 0.7048).
This clearly rules out interaction with Moinian basement', or
Tertiary intrusives such as the Glen Cannel and Loch Usig

granophyres which have initial *’Sr/%°Sr ratios of 0.7094 + 3 and
0.7135-0.7162 (refs 11 and 10) respectively. Sources of the
unradiogenic Sr in the fluids are either unconfirmed but possible
granulite facies basement, or, much more likely, the basalts
themselves.

We envisage that interaction of meteoric water with hot
volcanic rocks caused the chemistry of the resultant fluids to be
buffered by that of the basalts. As 70% of the fresh volcanic
rocks from Mull analysed by Beckinsale er al.'' have *’Sr/®**Sr
ratios <0.7043, the fluids in this area are likely to have similar
¥Sr/*Sr ratios. Their interaction with basalt of Sr composition
0.7052 will therefore result in a reduction in *’Sr/**Sr in the
more altered material (see Fig. 1). Moreover as no systematic
variation in Sr content in the altered rocks was observed (Fig. 1)
it seems that Sr isotope exchange took place without net addi-
tion or removal of Sr. Finally these results may provide some
constraints on our models for the size of water circulation ‘cells’.
They suggest that the Sr composition of the fluids in this area was
not affected significantly by interaction with either ‘old’ base-
ment (perhaps 0.5 km beneath the present erosion surface) or
Tertiary intrusive rocks which crop out only 1.5 km to the south.
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