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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. 



ABSTRACT 

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, Zr, Nb, Y, Ta, Hf and the HREE appear to have been immobile. 

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

The hydrothermal fluids appear to have had low 87Srj86Sr ratios 

(A: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 Null 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 (G1%?) 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 requisite geochemical characteristics to have caused this depletion. 

Such dykes are more abundant in the region of Mull than Skye. 
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P 	 G EN.L  c::. ~.:-T~ oris 	«~. ~~t1:L  

The Tertiary igneous rocks of Britain have been the subject 

of systematic geological investigation since the nineteenth century. 

The lavas of Mull are probably the most renō ned, 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 considerable 

obstacle to their chemical study for some time. Subsequent workers 

described the lavas in terms of the two main basalt types recognised 

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 arisen as a result of improved analytical methods and recognition 

that the widespread volcanism was related to the opening of the 

North Atlantic between the Faroe 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) and the relationships between 

the igneous and tectonic, activity have been reviewed by Macintyre et. 

al. (1975) and Bell (1976). 

1. Geological summary of area and previous research.  

Pre - Tertiary geology 

Mull lies astride the Great Glen fault and 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 Outer Roag centres 

discovered by geophysical studies. (Bullerwell 1972). 
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Mull. The Great Glen fault represents a line of crustal weakness 

that almost certainly played a part in controlling the position of 

the Mull igneous 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 Bailey 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. These 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 Morvern, 

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 main-

land to the southeast of Mull. 

The Mesozoic rocks of Mull and Morvern outcrop around the mar-

gins of the lava pile. The sequence is drastically curtailed 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 less 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 

sparse Permian basalt - lamprophyre dyke swarms of the Scottish 

Highlands runs through the area surrounding Mull. The greatest con-

centration of these dykes, described by Bailey et al. (1924) as 

camptonites and related types, occurs in southeast Morvern and 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 Mull, Coll and Orkney (Beckinsale and 

Obradovich. 1973, Brown 1975). 

The Tertiary lava pile  

Tertiary lavas outcrop over an area of some 830 km2  on Mull and 

Morvern. The total thickness of the succession is estimc:ted at 1830m, 

although the maximum exposed in any one section (on Ben More at 970m, 
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the highest peak in the area) is little more than half this. The 

lava sequence is summarised in Table 1 - 1, details of the strati-

graphy are given in the Mull Memoir (Bailey et al. 1924, pp.92-135). 

Table 1 - 1 Generalised Mull lava succession  

(after Bailey et al. 1924) 

Tertiary lavas  

  

Overlie Plateau Group in central and south-

east Mull. Mainly preserved in subsidence 

caldera where three concentric zones have 

been recognised, pillow lavas are found in 

the outer and middle zones. 

f. Interior zone. The predominating Iron - Por-

phyritic Central lavas 

e. Middle zone. Feldspar - phyric basalts 

d. Outer zone. Sparsly feldspar - phyric and 

aphyric lavas 

'c. The Pale Suite of Ben More. 475m. in Ben More. 
Alkali olivine basalts with, near the base, a 

mugearite and feldspar - phyric basalt 

b. Main Suite. 475m. in Ben More. Mainly alkali 

olivine basalt types with some picritic and 

feldspar - phyric varieties 

a. Staffa Group. Olivine poor, often columnar 

basalts of very limited occurence 

2. Central group 

915m+. mainly 

of - poor 

tholeiitic 

types 

 

 

 

1. Plateau group 

915m. mainly < 

01 - rich lavas 

  

   

Terti _ry sediments  

2. Intercalations 

between flows 

Red boles due to subaerial weathering, rare 

pyroclastics, plant beds, lignites and con-

glomerates of SW Mull 

b. Basal mudstone - probably a leteritic ash- 

underlain in SE Mull by flint conglomerate 

a. Desert sands penetrating fis-;ores in Ch<-2k 

in W Mull 

1. Basal Doi o ,-its 
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Structurally the lava pile can be divided into two sections 

(fig. 1 - 2) s- 

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 1969). 

The dip in the outer areas is variable and the base of the lava 

rile is probably a gently undulating surface, with two large shallow 

basins; one in north-west Mull, the axis of which is coincident with 

that of the dyke swarm, and the other on either side of Loch Scridain. 

The dips indicate 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 Scridnin the lavas thin away from Mull. By combining the observ-

ed thinning rates with the thicknesses deduced from the zeolite zones, 

Walker (1970) made a reconstruction of the 'Mull volcano' which 

suggests that the lavas extended for several kilometres beyond their 

present dray erosional remnant. 

The lavas are thought to be the result of fissure eruptions 

from the abundant dykes. The majority of the dykes belong to the 

northwest - southeast trending swarm, which extends from the outer 

Hebrides through Mull 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 subsidiary branch of the 

regional swarm extends into Morvern where the dykes trend north - 

south. 

Seccndary alteration of the lavas 

The hydrothormal alteration of the Mull laves was first de-

scribed by Palley et al. (1924). They delineated a zone of pneu-

natolysis +:bout the central complex within which no lavas with fresh 

elivine aper- found. Although the limit would appear to be based on 

the preseu~ ci olivine, several other criteria were al ,=o used : 

"Outside tl:e li.mi t (of rneumatolysis)... the plateau types of basalt 
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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 amygdale 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.1 

3 and their assemblages listed below: 
1. 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. 

4. Prehnite assemblage: prehnite present, together with the min-

erals of the laumontite assemblage, or with quartz, feldspar, 

carbonate and chlorite. 

5. Epidote assemblage: epidote present, commonly associated with 

quartz, feldspar, chlorite, prehnite, laumontite and sporadic 

scolecite and lime - garnet. 

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, hydrothermal 

aureole enveloping it. The outer limit of the epidote zone 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 basalt piles such as Iceland or Antrim, largely due to 

lack of relief, but their assemblages are almost identical. They occupy 

the areas of low dips and tend to be flat - lying, approximately para-

llel 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 and 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 massive chemical ex-

change with heated circulating groundwaters and that similar meteoric-

hydrothermal systems were established about the Tertiary intrusive 

centres of Skye and Ardnamurchan. (Taylor and Forester 1971, Forester 

and Taylor 1976). The Mull lavas exhibit systematic isotopic variation, 

with 8180 decreasing radially inwards as the central complex is app-

roached (fig.]. - 4). The limit of pneumatolysis coincides well with an 
approximate boundary between "normal" and 180_  depleted rocks, all the 

basalts outside this limit having S 180 > +4.9. 

The central intrusive complex: 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 a 

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 was observed 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. 

Over 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 ofV180 with age amongst 

the intrusive rocks. It can be seen from fig.l - 5 that, if their late-

stage dyke sample (which was collected outside the central aureole) is 

discounted there is little evidence for the proposed trend. 

One feature of the zeolite - zone distributions that is difficult 

to reconcile with a burial metamorphism model is that the higher - 

temperature zone, the laumontite zone, frequently lies some distance 

above the base of the lava pile sandwiched between two separate 
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1 - 4 A semilogaritbr4c plot of 5180 vs. distance from the 

intrusive complex. The points shown indicate basaltic country 

rocks lying outside the Mull plutonic complex. The curves 

labelled shales, sandstones and basalts represent generalised 

average profiles for the £ X80 values of these rock types 

around the Skye plutons, 

1 - 5 
S 
18 0 vs. age of intrusion for the Mull plutonic centres, 

Also shown are &180 for the basaltic country rocks. 8 is the 

N.',' - SE late stage dyke sample collected from outside the 

central aureole. 

Both di~crams from Forester and Taylor (1976). 
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mesolite zones, (see fig.1 - 6). Walker (1970) took no account of the 
relative abundance 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 Walker. 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 lava pile on the movement of the hydrothermal fluids. 

(c.f. figs.1 - 2 and 1 - 3). Significantly the region of abundant 

laumontite shown in fig.l - 6 is elongated along the axis of the dyke 
swarm which could have provided additional 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 initial S180 values of -11 to 

-12. At temperatures below 150°C not only are reaction rates slow but, 

these fluids would already possess the S180 values required for equi-

librium with plagioclase (Taylor and Forester 1971) and hence little 

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, Walker's reconstruction of the lava pile, based on the 

assumption that the laumontite zone formed as a result of burial meta-

morphism and lay approximately 1600m. below the top of the lava pile, 

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

Timing of igneous and metamorphic events in Mull  

Beckinsale (1974) obtained an Rb-Sr isochron for the Glen Cannel 

granophyre .which yielded an age of 60.4 ± 1.4 Ma. This date could 

reflect either, the age of the intrusion or, if interaction with 

heated ,aters caused a rehomogenisation of the 87Sr/86Sr ratios of the 

pluton, the time at which such circulation ceased. This granophyre is 

related to the third and youngest of the three intrusive centres of 
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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. 54 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) came to similar conclusions from a 

critical assessment of the available radiometric data for the British 

Tertiary Province. Using only data for which a high degree of analyt-

ical precision could be demonstrated and which were obtained on 

samples for which petrographic descriptions were available, allowing 

the elimination of any affected by secondary 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 Mao 

Their general geological timetable is reproduced below:. 

Major 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 geochemical studies.  

The compositions of the Mull igneous rocks were first set down 

in quantitative terms by Bailey et al. (1924). They recognised nine 

main magma types, linking those that appeared to be genetically 

related into magma series. Their predominating Mull Normal series 

comprised: firstly, the Plateau magma type; secondly, the Non - Por-

phyritic Central type; thirdly, the Intermediate-to-Subacid magma 

type (mainly minor intrusions) and fourthly, the Acid magma type 

(forming the granitic rocks of the central complex). The Plateau magma 
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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 magma 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 al. 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 and 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 "oxide proportions in the 

published averages doubtless differ from those in the original magmas. 

Small as these differences may 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 lavas 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 suggested 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 demonstrated that un-

altered pyroxene separated from a serpentinised Mull basalt was 

ne - normative and compositionally similar to pyroxenes in world-

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

l2% 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 	- 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 la - 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 hr. or quartz - normative. They divided 

these into three groups on the basis of major and trace - element 

compositions and 87Sr/86Sr ratios. Group 1 is an alkaline series 

(basalt-hawaiite-mugearite) with low initial 87Sr/86Sr ratios < 0.7030; 

Group 11 is a tholeiitic series with high (87Sr/86Sr)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 al. considered that the Group 1 and Group 11 magmas arose by the 

melting of a garnet lherzolite and a shallower plagioclase lherzolite 

source respectively. 
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Studies of the Small Isles (Ridley 1973) and Skye (Thompson et 
al. 1972) have revealed the presence of both ne- and a  - 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 a - normative basalts'_~ 
via a suite of previously undiscovered Si - rich, Fe - poor inter- 

mediates. Thompson (1974) suggested as a result of high pressure 
(SnLS) 

melting experiments that the Skye Main Lava Series Amagnesian 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 LC - 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 magma types have been identified in Skye. A few 

flows of Ca - rich, alkali - poor olivine tholeiites occur at the top 

of the lava pile remnant intercalated with the SMLS (Thompson et al. 

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 

amont 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 basalts are known. 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 Arran. Accordingly, Mattey et al. suggested that other Tertiary 

centres would contain 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 overall 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.g., O'Nions`et al. 1976, 

Puchelt and EMnermann1977) 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 unable 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 lavas means that the margins of the flows which 

might be most affected by secondary alteration are rarely exposed. 

This problem is accentuated in the epidote zone as a result of tect-

onic and metamorphic events. The samples used in this study were 

obtained mainly from new roadcuttings and quarries. The localities 

and their relation to the secondary mineral zones are shown in fig. 

1-3. Most of the lavas sampled belong to the Plateau Group of Bailey 

et al.(1924) as the poor and discontinuous exposure of the other lavas 

makes themmenable to detailed investigation. Most of them appeared 

to be basalts or hawaiites, with the exception of one (M 59) which is 

clearly a more evolved type. 

Zeolite - facies lavas  

Nine lavas from the zeolite zones were sampled, and multiple 

samples were collected from seven of these. At all except two of the 

exposures (LA 1-5, LA 7-11)1 a red bole could be found enabling the 

samples to be related to their position within the flows. A distinct 

reddening of the soil above and below LA 7-11 coupled with step 

like changes in the topography suggests that this section is virtually 

complete. Most of the exposures were of massive, non-vesicular rock, 

though amygdales were more freeuer_t near the margins. Only two of 

the lavas possessed what might be termed an amygdaloidal layer in 

which infilled vesicles make up several percent or more of the rock 

surface. One of these (M 51 - 55) had s: amygdaloidal layer neer 

the b_ se from which zeolite - filled vesicle pipes penetrate vertically ll;; 

upwards into the flow centre for distaces averaging  
     

_ 	

a metre in 

length. .~_mp
,
e. 	:e t-,k°r from both these flows (N 56, L.. 19)  in 

order to investig. te, the cher:i ..l ch__nges Ld,cen_t to the vesicles. 
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Greenschist - facies lavas 

Within the greenschist - facies zones the degree of alter-

ation could everywhere be related to the permeability of the rocks. 

In Pennygown Quarry, 3.5 hns. east of Salen, two lava flows and an 
interflow pyrocl'astic deposit are exposed. In, the lower flow, 

originally an olivine - rich basalt, the top two metres are now 

formed of a green chlorite - rich rock which passes down into a green 

and grey mottled zone (figs.1 - 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 

point around the walls of the quarry the vertical sequence - dark 

plagioclase - phyric rock, mottled zone, grey - green rock, thin tuff 

deposit, green chlorite - rich rock, mottled zone, dark lava - could 

be traced. A vertical section through the lower flow (N 13 - 22) and 

one across the transition zone of the upper flow (M 26 - 28) were 

collected. 

Secondary mineral pods commonly occur in the mottled zones of 

both these lava flows. In the lower basalt their diameters never 

exceed a few centimetres and they are composed mainly of chlorite. In 

the upper lava they achieve 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 

smaller pods, ranging from 1 - 2 mm. to 4 or 5 cm. in diameter, 
appeared to consist solely of dark chlorite surrounding light chlorite, 

whilst the larger ones have cores of calcite and zeolites and could 

frequently be seen to be connected to the flow margin by thin veins of 

the same material. Pods at every stage of growth between these two 

types could 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 

to have affected the lavas in Pennygown v,uarry, most of which post-

dated the alteration described above. Hydrothermal veins and a dyke 

th-..t cut across the nearly horizontal zones in the upper lava flow 

stop t,bru~,tly at the base of this lava. The dyke could be seen in two 

oito:ite corners of the quarry but no similar intrusion in the lower 

lava was found. The thin tuff between the two lavas contained 



'Figure 1 - 7 Transition zone in the upper margin of the olivine-

rich lava Pennygown ,uarry. Intensely altered chlorite-rich rock 

passes downwards into mottled rock with small dark patches of less 

altered rock that gradually increase in size. Discordant calcite 

veins cut the lava but these do not appear to have affected the 

rock immedietely adjacent to them. 

Fire 1 - 8, 	1.1tered lava from the centre of the mottled zone in 

• the olivine-rich lava. Pennygown ,u rry. 
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Fig. 1 - 9 Plan of Pennygown Quarry 
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numerous slickenslides and shear zones and considerable lateral 

movement must have taken place along this horizon. Other 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 - 30owith 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 across the darker patches in 

the mottled zones in the lavas, and in the dykes, some of which 

display similar but more subdued mottling, these appear completely 

unaffected by them (fig.l - 7). Thin zones of soft, intensly altered 

and breccisted lava debris occur around the larger veins many of which 

lie along the dyke/lava contacts, but the largest of these is consid-

erably less than a metre wide. No evidence for shearing or crushing 

of the 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 frequent penetration 

and brecciation of these lavas by hydrothermal veins suggests that 

spasmodic heating 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 fluids was suddenly raised, Pfluid might locally 

have exceeded Ptctal, causing hydrofracturing and the formation of 	• 

veins and hydrothermal breccias. Samples of the veins were collected 

in order to investigate changes in the solution chemistry with time 

(M 24, M 64). 

Five other lava flows were sampled in roadcuttings along the A 

849 from Salen to Craignure, and one in Toll Doire quarry /2 km. 

south of Salen. Wherever the flow margins were exposed they could 

be seen to be more intensly altered and greener in colour than the 

rest of the lava. In one case an amygdaleidal bole with relict red 

patches vas found (M 39), and a 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 hydro fracturing 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 Quarry 

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 11. 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 

Hydrothermally 

brecciated lava, 

Toll Doire Quarry. 

Figure 1 - 11 

Drilling in Penny-

gown Quarry. The 

'milky' colour tion 

of the water is due 

to suzIencled rock 

flour c:rriPc3. 

u; from the drill 



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.]. - 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 exact 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 lh m. thick composed of 

lava debris (fig.1 - 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. Alternatively, auto - intrusion and brecciation cf the lower 

flow could have 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 only 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 was found in two instances both related to hydrothermal veins 

and to minor intrusions. Disseminated sulphides are abundant in a 

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 seen to post-

postdate several of the other veins and other intrusions in the quarry 

and is itself a multiple intrusion containing several chilled margins. 

Smaller amounts of pyrite were also found in the hydrothermally 

brecciated lava from the base of the drill core (C 232 a/b). Local 

concentrations of sulphides have been found adjacent to some of the 

caldera ring - fractures (īt.D.Bec::inzale pers. comm. 1977) indicating 
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Figure 1 - 12 Mottled lavas from different flows. .he block is 

from the _ 1L -2 cclase-r hyric flow exposed in the upper :art of 

Fennyltcan quarry, The three drill core oar_lp les arc from to to 

bottom :- olivine-rich flow in tor part of drill core; thin pl^rgio-

clase-:hyric layer immediately above breccia; lo".er plagicc1 se-

;h ric lava. The drill core has a diameter of 2.5 cm. 

Fi~vr: 1 - 1 	Ic ocus 	'-:r.irot cr*?_1 1-.reccias from the tor 
°,/ 	,f th' - 1 V; ~ r,l_ =-0-i h`'ric lava in the drill core. 



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

Other Samples 

Five lavas not belonging to the Plateau Group were also sampled. 

One was the flow enclosing Macculloch's Tree (11 61) and 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 relatively 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 a1. ( 1924) as it was collected from a hill-top knoll 

south of Fishnish Peninsulas  and may be a minor intrusion. 

Figure 1 - 1L! 	. ___er:iru ted i;;rite surrounding a thin .potā s. ic 

fel:;; _ r vcin cutting _. dyke in Pennygovin cuarry. 
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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. 

All the mineralogical 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 including its 

initial magmatic composition and the thickness of the flow. Hence, 

each individual 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 

- a primary or deuteric alteration (2) those affecting the lavas after 
029 

cooling - a secondary alteration (Sederhoim̀). This notation is used 

throughout this study. 

The existence of several processes that can 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 

alteration 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 'freshness' 

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 almost entirely holocryst-

alline. 

Individual flows contain olivine and/or plagioclase phenocrysts 

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



Table 2-1 Classification of the zeolitised lavas, after Thompson et al. (1972). 

Sample 
Numbers LA 20 LA 13-15 LA 16-18 M 1 M 51-55 LA 7-11 M 11-12 'LA 1-5 M 5-8 

Thorton- 
Tuttle 
Index 

21.6 18.3 - 
21.4 

18.9 - 
25.1 

24.8 19.2 - 
21.3 

24.5 - 
26.2 

27.2 - 
27.7 

26.5 - 
28.6 

35.3 -  
36.8 

Normative 
Plagio-
clase  

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 

F/F+M 0.525 0.526 - 
0.538 

0.531 - 
0.546 

0.547 0.568 - 
0.595 

0.627 - 
0.679 

0.636 - 
0.653 

0.670 - 
0.686 

0.717 - 
0.729 

Si- 
Saturation 

Ne Hy Hy Ne Hy Hy Hy Hy Both Ne-.- and 
Hy- norm-• - 

ative 

phases 
' Phenocryst  

olivine enclosing sparse 
Cr-spinels 

1 

olivine and 
plagioclase 

almost 
aphyric 
plagioclase 
and a trace 
of olivine 

olivine and 
plagioclase 

almost 
..aphyric 
olivine, 
plagioclase 
and titano- 
magnetite 

olivine, 
plagio-
clase and 
titano-
magnetite 

Type magnesian basalt less-magnesian basalt basaltic 
hawaiite 

hawaiite 
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poikilitic titaniferous magnetite, traces of biotite and apatite, 

chlorite and zeolites. With the exception of the Staffa group and 

Non-Porphyritic central lavas, described in a later section, pyroxene 

never occurs as a phenocryst phase in these lavash 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 the Small Isles 

(Ridley 1973). 

For descriptive and comparative purposes these lavas were sub-

divided using the classification procedure of Thompson et al. (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 Na20 + 

K204:4, and at 2.0% , if Na20 + K20;:4. This standardisation procedure 

was used by Thompson et al. (1D72) for the Skye Main Lava Series; by 

Mitchell et al. (1976) for basalts dredged from the Blackstones centre 

and by Mattey et al. (1977) in their study of the Skye regional dyke 

swarm. Since many of these published analyses do not contain measured 

Fe203  values, the same procedure was adopted in this study for compara-

tive purposes. The basalts were further divided into magnesian and 

less-magnesian varieties using their F/F + H ratios and phenocryst 

assemblages. (F/F + M = (Fe0 + Fe20)e0 + Fe203  + Mg0),using standard 

values Fe203  as defined above). The magnesian basalts have F/F + M 

4:0.55  and contain olivine and Cr-spinel. The less-magnesian basalts 

contain olivine and plagioclase phenocrysts and have values of F/F + M 

0.55. The phenocryst phases 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. 

Macnesiar_-basalts LA 13-15, LA 16-17, LA 20  

These  lavas are petrographically similar. Their only phenocrysts 

are olivines enclosing sparse brown spinels (see fig 2-1). Al and Cr 

peaks were observed in the spectra obtained from the spinels with 

the IDS microprobe but complete analyses were not obtained, as the 

sections were all partially enveloped by olivine. An apparently un-

altered crystal within an olivine pseudomorph in one of the green 

schist-facies lavas (Appendix 1-D, M 14 no.8) is an aluminous chromite, 

,'ith 34% A1203  and 24.5; Cr203. Similar Al-rich Cr spinels have been 
described from the lavas of Skye and the Small Isles (Thompson 1974, 

Ridley 1977). 
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The majority of the olivine phenocrysts are subhedral or rounded 

crystals up to 4mm in length and 2mm wide. Average grains are more 

equidimensional and between 1 and 0.5mm in diameter. In addition, 

skeletal or amoeboid 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 0.5mm in diameter, plagioclase laths up to 0.4mm in length, 

small irregularly shaped titanomagnetites and poikilitic to intergran-

ular pyroxenes. A distinct phosphorus peak 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 3mm 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 

formation was observed but this is usually restricted to cracks within 

the crystals and at their margins. 

M 51-55,1ess-mar-nesian basalt  

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, 0.5mm in diameter, that are difficult to distinguish from 

groundmass phases. Plagioclase occurs both as isolated phenocrysts, up 

to 3mm in length and 0.5mm wide, and as clusters of smaller crystals 

averag ing 0.7mm by 0.3mm in size. Zoning in the ranges Fo58_78 and 

An37_50 were detected in olivine and plagioclase, respectively. The 

compositional range 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 and show an intense purple colouration at their 

margins. Many of the pyroxenes could be seen to enclose small apatite 

needles. 

M 1 Less-magnesian basalt  

The phenocrysts in this lava show a tendency to form small 

glomerophyric clusters, although isolated crystals also occur. They 

consist of subhedral olivines, up to 0.6mm in length and 0.2mm wide, 

and euhedral plagioclases showing a complete range in size from crys-

tals measuring 0.8mm by 0.1mm to small groundmass laths, 0.2mm in 

length. Skeletal 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 laumontite 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 4cm 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 sections 

of this basalt, which are almost aphyric. The sections contained up to 

of plagioclase phenocrysts, showing a complete range of sizes from 

euhedral and subhedral crystals (2mm by 0.2mm) to the small groundmass 

laths. Many contain inclusions of olivine and opaques and in one case 

broom 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 

0.3mm in diameter, which may be microphenocrysts and as rare skeletal 

or amoeboid crystals with diameters of up to 0.5mm. 
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The groundmass contains small randomly orientated feldspars, 

equidimensional olivine grains, large pyroxene poikilocrysts up to 

4mm in diameter, subpoikilitic titanomagnetites, rare biotite and 

occasional minute sulphide blebs. The titanomagnetites tend 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 the 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 appear to be associated with, or related to,an_y particular 

primary or secondary minerals. 

M 11-12 Less-magnesian basalt  

Like M 1, this lava shows little evidence for secondary alter-

ation and contains relict patches of interstitial glass rimmed by 

chlorite. It contains subhedral to rounded olivines, up to 1.5mm in 

diameter, and sparse plagioclase euhedra. The groundmass consists of 

granular olivines, plagioclase laths, titanomagnetite, large titan-

augites averag ing, imm in diameter, traces of biotite and very 

occasional minute sulphide blebs. 

LA 1-5 Basaltic hawaiite  

Like LA 7-11, rare plagioclase megacrysts were observed in the 

walls of the small quarry in which this lava is exposed. Nevertheless, 

the thin sections appeared to be almost aphyric 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. Sparse anhedral and skeletal olivines 

up to 0.3mm in diameter also occur. 

The groundmass contains poikilocrysts of both clinopyroxene, up 

to 4mm in diameter, and titanomagnetite. The latter occur both as small 

crystals scattered throughout the groundmass and as larger isolated 

crystals, up to 0.5mm in diameter (see fig 2-2), which in reflected 
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Figure 2 - 1 Eagnesian basalt, LA 15. The clivinec 	w a wide 

range of morphologies end sizes and show little evidcc for .- 

alteration. Field cf view : 5mm by 3.5mm. 

7, centf_tnc tit jtite 
pc1::ilocrysts. Beth 4.1],7, :,:hcr.ccryst L -1:1 :1-cundst 

rresh. Field cf view : 3r7m by 2.lmr-, 



Figure 2 - 3 Hawaiite, M 7, containing fresh skeletal olivines, 

plagioclase phenocrysts and titanomagnetite micropfier_ocrysts in 

a microcrystalline groundmass. Field of view : 4.3mm by 3mm. 

F-;;ur. e 2 - 4 Vccicle margin in the bas71tic hzw«iite LA 1-5. 

Elongte plagioclases project into the vesicle which is surrounded 

by 8 thin zone of intensely altered lava. 

Field of view : 11mm 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 dominant 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 lmm in length, and isolated crystals of 

olivine also 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 and 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 Dreyer and Johnston (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-
poverishment 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 smite of alkalic to transitional basalts from the Pinnacate 

volcanic field, Mexico, with similar textures and phenocryst assembl-

ages to the Mull lavas discussed here. He proposed a petrogenetic model 

of near-surface cqstallition in rising magmas for the Pinnacate lavas. 

Evolution of water from the melts promoted supersaturation and con-

sequent nucleation L nd rapid growth of the phenocrysts. Anderson and 
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'Wright (1972) calculated that the loss of 0.8 wt% H2O from Kilauean 
lavas would induce the crystallisation of about 20% of crystals. The 

lavas studied by Anderson and Wright also showed a decrease in oxid-

ation state which they related to loss of sulphur and water from the 

magmas prior to,and duringj 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 LA 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 13-15 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 Fo71-62°  Cr-

spinels are enclosed by many of the subhedral phenocrysts in LA 18 

(14.5°% olivine phenocrysts). These have compositions of Fo86 whilst 

the other phenocrysts analysed range from Fog' to Fo70. These min-

eralogical variations can be compared with the chemical data and 

densities of these samples, listed in Table 2-2. Only the apparent 

abundance of olivine shows any significant 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 assemblage. It therefore appears that olivine 

accumulation occured within this flow. 

Table 2-2 Intra-lava variation in two magnesian basalt flows.  

Major element analyses were recalculated to 100% for 

comparative purposes. Trace elements in ppm. 

LA 13 LA 14 LA 15 LA 16 LA 17 LA 18 
% olivine 
phenocrysts 6.75 9.30  17.00 10.00 10.38 14.48 
density 2.96 2.92 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 
Si02  45.73 45.74 46.07 46.11 46.29 45.83 
Ti02  1.55 1.53 1.55 1.66 1.70 1.60 
K20 .26 .25 .27 .36 .37 .29 
Zr 90 88 88 101 102 92 

Filter pressing of residual liquids 

Evidence for intra-lava migration of the residual 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 gas-filled cavities, the shapes 

of which were fixed by incipient crystallisation, prior to the magma 

migration. 
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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 0.5mm across), which contain numerous apatite 

needles, acicular and aubhedral Fe:Ti oxides, abundaiit analcite, 

thomsonite, arikerite and chlorite. The contact (LA 19 R) between this 

vein and the surrounding basalt is narrow but appears to be slightly 

gradational, indicating that it was formed before the margin of the 

lava was completely crystallised. LA 19 ZR contains twice as much K20, 

P205$  Zr, Y,  Rb and Nb as samples LA 16-18. It is also poor in MgO, 

CaO, Cr, Ni and Sr and enriched in TiO2  and Na20. The chemical changes 

within LA 16-18 are not cli strictly proportional to the variations 

in olivine content. LA 17 has a higher Na20 and slightly higher T20 

content than LA 16. Migration of the residual melt phase at varying 

stages after the onset of groundmass crystallisation could have given 

rise to this difference. Accordingly intra-lava variations similar to 
those in LA 16-18 that cannot be directly related to the phenocryst 

distributions may not necessarily indicate eleme_:t mobility during 
:-econd: ry alteration. 

Segregation veins and vesicles have been described from several 

other ha:altic lava suites. Glassy vesicle infillings have been des-
cribe from t}'e Non-y sr+'hyr_t_c Central lavas of Mull (Bailey et al. 

1924), a recent lay.^ acre on Reunion (Upton and Wadsworth 1971) and 

from the Crdevician_ Cliefden lavas of New South Wales, natra1ia 

(Smith 1967). Pegmatitic segregations of the type seen in Mull have 

been described from the dykes and lavas of Skye (Harker 1904, Anderson 

rid Junha i 1966) and from the Makaopuhi lava lat=e, Hawaii (Moore and 

Lv_..ns 1967). :1though some reduction in the volume of the gas ;.!::.se 

occur,ing the vesicles must occur during cooling, Smith (1967) demon-

strated that this is not sufficient to explain the arsunt of melt 

mi gr..t o . observed. ire cuLgected that since the Clic :den lave.; sore 

erur t d it tc a shelv_.ng marine environment, a doamslol e increase in 
the ccrfin _.ng i- _._saber could have occurred, causing th' necessary re- 
.,'.'.0 „__G__ _n_ the Ū .s volume. This mechwn' sm cannot tià t. in7okcg for sub- 
aerial 1i;V; 	"he e:.am+.1e described by IT:ton :ad .;a0,--.worth (1971) 

alTeared tc h:.ve crysta?lised under a. high i.:__ t'_1 r ;L'.rf o cxy 	• 
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Figure 2 - 5 Altered vesicle surround M 56. 

The positions of the portions removed for analysis are indicated. 

LA 19 was sampled in a similar manner. The microprobe traverse 

discussed in the text was made across the central part of the 

section, shown by the arrows. Note the olivine phenocryst in the 

lower right which shows marginal chlorite growth only. 

Field cf view . 13mm by 9mm. 
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They proposed that water present in the vesicles dissolved in the 

surrounding magma, causing migration of residual silicate liquid by 

suction to the relatively lower pressure sites. 

The groundmass titanomao etites 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 Makāopuhi lava lake shows the 

same association as LA 16-18, namely olivine-free, vesicular, pegrna-

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 minerals  

A clear alteration sequence can be identified in the zeolitised 

Mull Plateau lavas. The rare interstitial glass patches appear to have 

been attacked first by the hydrothermal fluids, followed by olivine 

and titanomagnetite and finally the plagioclases. In all the lavas 

extensive replacement of the primary phases was restricted to the thin 

zones, usually up to a centimetre across, surrounding the sparse amyg-

dales. (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 

have been partially replaced, leaving isolated feldspar fragments 

inside the vesicle completely surrounded by secondary minerals. 

The pyroxenes in all the lavas appear to be unaltered 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 outside 

the central zones of pneumatolycis. Nevertheless, he noted that when-

ever chlorite and pyroxene were adjacent tie contact was sharp. The 

identification during the present study of small patches of inter-

stitial glass being replaced by chlorite in some laves suggests an 

alternative origin for these chlorite '13oikilocrysts'. Since the glass 

was initially present in small amounts in these lavas (usuclly4a%), 

alteration of this alone is unlikely to produce significant changes in 

the chemistry of the lavas.In the less-magnesias basalt LA 7-11 the 

textural combination of large pyroxene poikilocrysts and narrow zones 
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between them containing glass clearly charelled 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 phenomenon. 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 7) 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 lining of radiating crystals to the amygdales in the lavas (figs. 

2-4, 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 Al/Si ratios, typical of those found in alkalic 

rocks and Si-deficient environments (Coombes et al. 1959),  as are most 
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of the zeolite specibs described from these lavas by Waller (1970). 

In contrast, the two amygdales separated for analysis (LA 19Z and 

1: 

 

56Z) are filled almost entirely by the hydrated calcium-silicate 

gyrolite (Tx:ble 2-3).,The same mineral appears to occur in the centre 

of some of•the other vesicles in the margins of the lavas. The other 

secondary minerals observed in the vesicles are chlorite and ankerite 

and calcite (fig 2-4), which ar.e usually associated with the zeolites 

lining their margins. 

In all the 1a-vas, except the hawaiite M 5-8, some secondary 

oxic ticn of the Fe:Ti oxides was observed. The chances observed 

during this study are similar to those described by tale-H:11 et r-.1.  

(1971) who documented the effects of hydrothermd _=_lten:tien or a 
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Table 2-3 X-ray diffraction data for vesicle infillinōs 

in LA 19 and M 56. 

LA 19Z and M 56z 
0 

d Spacing(A) Intensity 

gyrolite 
(Mackay+Taylor 1953) 

d Spacing(Ā) Intensity 

Principal 
contributing 
reflections 

21.4 	vs 22 	vs 0006 only 

10.99 	s 11.0 	5  000.12 only 

8.36- 
1 

8.4-7.4 	mld 	band 
7.5 	w,d 7.4-5.4 	w,d 101 1 
4.76-4.67 	w,d 4.75 	w 11? 1 

4.20 	m,s 4.20 	s 20 	1 

3.72-3.55 w,d 3.72-3.45 	wId band 202 1 

3.68 s 3.65 	ms 000.36 

3.20-3.02 
} 

w, d 3.21-3.02 	m,6 1 band 215.1 

3.16 $ 3.12 	vs 000.42 

2.8-2.6 	w,d 2.80-2.61 	m,c. band 213 1 
2.77 	} 	m 2.80 	m,s  

2.42 	w 224 1,202 1 

2.31-2.03 	vw,d 

	

2.31 	w 

	

2.17 	w 
band 2151 

314 1 
2.06 	w 

1.90 	w 3251 
1.80-1.70 	w,d 1.82-1.73 	vw,d 

1.83 	m 1.82  4131 

s = strong 	v = very 

m = moderate 	d = diffuse 

w = weak 

The relti ve intensities of the peaks were estim--.ted by eye. 
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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 

(c.f. Ade-Hall et al. figs. 3a and 4a). In flow LA 7-11, the Fe:Ti 

oxides were never enclosed by pyroxene and are considerably altered. 

Many of the small crystals are extensively granulated and replaced by 

titanohematite or maghemite 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 basis 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 obtained from the hawaiite M 7, in which 
little oxidation was observed, and that in each case the ilmenite 

lamellae gave higher totals than the titanomagnetites. 

4. Intra-lava chemical variation 

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 above) shows variations in all the 

major and trace elements. Flows LA 13-15 and M 51-55 show changes of 

up to 60 rpm in their Sr contents and all the F'1Fū lavas have variable 

Fe 2J3(Fe0 ratios but constant values of total iron. The largest vari-

ations in this ratio occur within the less-magnesian basalt LA 7-11, 

in which extensive alteration of the Fe:Ti oxides was observed. In 

addition, LA 7, which was collected from close to the upper margin of 
this lava, is enriched in Ca and depleted in ::g relative to LA 8-11. 

Figure 2-7 shows that there is no correlation between Fe203/Fe0 

ratio and H2O content in these lavas due to the fact that the princ-

ipal reaction involved is oxidation rather than hydration. In the two 

rsagnesian basalts LA 13-15, LA 16-18 both Fe203/Fe0 and H2O increase 

towards the margins. Similarly, no overall correlation between Sr and 
H2O contents could be found, but coml:z.ri son of figures 2-7 and 2-8 

s 'oac thL.t the ceri.._._ increase in iron oxidatic. _,nd w -ter content 
in L:. 13-15 is cccCmp,:i ied by a slight decrease in Ca and Sr content, 
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whilst Sr and Ca also vary together in M 51-55. The only trace element 
detected in significant quantities in the amygdale samples LA 19Z and 

M 56Z was Sr, suggesting that these variations are due to hydrothermal 

alteration. In each of these two lavas the changes in Ca0 content are 

slight and only just exceed the analytical uncertainties (see 

Appendix 11). Figures 2-7 and 2-8 also show a crude positive correl-

ation between Mg0 and Ca0 content and H2O 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 basalt 

LA 7-11 are mainly filled with Mg-rich ankerite. LA 7 is enriched in 
CO2 (.43%), relative to the other samples from this lava (.21-.09% 

CO2). Extensive alteration of the olivines surrounding the vesicles 

in LA 7 was observed, suggesting that some Mg was removed by the 
hydrothermal fluids during alteration. Although the groundmass feld-

spars in this lava are cut by small chlorite veins, the feldspars are 

less extensively altered than the associated olivines. Accordingly, 

the slightly higher CaO content of LA 7, relative to LA 8-11, might be 
due to the addition of calcium 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 basalt zone surrounding 

the studied vesicle in the LA 16-18 magnesian basalt flow (LA 19R and 

ZR) cannot be used to gain information on element mobility, as it is 

mainly composed of a segregation-vein. In contrast,flow M 51-55 prov-
ides suitable material for this 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 

contained olivine, now pseudomorphed by chlorite (fig 2-5). A micro-

probe traverse was made across M 56 and the pyroxenes analysed. These 

are plotted in figure 2-9, together with those of the other zeolitised 

lavas. It can be seen that they show a similar range of compositions 

to these determined in sample M 55 which was collected well outside 
the pipe-vesicle zone. It is therefore legitimate to compare the chem-

loci composition of M 56R and ZR Ath that of other pd.rtc of the M 51- 

.55 flc•, in. order to assess the chemical effects of small-scale 
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severe, zeolite-facies alteration. 

Relative to M 51-55, samples N 56R and N 56ZR are slightly 

depleted in Si02, A1203, CaO, Na20 and K20 and enriched in all the 

other elements. Figure 2-10 shows the chondrite-normalised rare-

earth patterns of 11 56ZR, and M 51 and N 53, collected from the margin 

and centre of the lava, respectively, The REE patterns 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 of the REE in M 56ZR is proportional to the in-

creases in the other elements. Ratios between an average composition 

for N 51-55 and N 56ZR (i.e. N 56ZR/ni 51-55) give values of 1.17, 

1.13, 1.19, 1.15, 1.18, 1.17, and 1.15 for Ce, Yb, Hf, Ti02, Ni, Cr 

;:ne., i•;g0 respectively. The decreases in SiO2, A1203, Na2C, CaO and K20 

are also proportional to each other, giving ratios of between 0.93 and 

0.95 for N 56ZR,'H 51-55. This indicates that leaching of these ele-

ments during hydrothermal alteration resulted in an apparent enrichment 

of the vesicle surround in less-mobile elements. The proportional k: 

between the REE elements, TiC2  and Mg and Ni supports the petrographic 

and mineralogical evidence that residual melt migration did not occur 

in this particular case. 

The conversion of olivine to serpentine is usually expressed by 

a re= ction of the type e :- 

3 Mg2SiO4 + 4H2O + Si02  = 2Mg35i205(CH)4 

131 cc 	220 cc 

If constant volumes are preserved during elterEtion then the 

following reaction, which does not imply the addition of extra 3102, 

probably applies :- 

5Mg2Sio4 + 4H20 = 2Mg3Si205(0l)4 + 4Mg0 + 3102  

219 cc 	220 cc 

The conversion of olivine to chlorite involves addition of Al, but 

petrographic evidence for this reaction was ,Lnly observed in lavas in 

which associated :-roundmass feldspar was also altered, and up to 3% 

C 0 was detected in chlorite replacing olivine pherocrysts(Ayr.endix 

1-D, N 55). The presence of minute chlorite veins cutting the ground-

mass feldcp rs clearly demonstr7_tes that some of the olivine constit-

uents were lost duriaj alteration and chemical exchange betaecn the 

ì 'neouc 	occa Ā d. nevertheless, t'. c0'!_ t''n t , lk 
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Fig. 2 - 10 Chondrite-normalised REE patterns for 

samples from flow M 51-55.1-M 51, oM 53,A M 56ZR. 
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chemical compositions of these lavas suggests thF.t this redistribution 

occurred on a scale smaller than that of the individual samples 

(approximately 2kgm wt.) crushed for analysis. 

In contrast, the depletion in Si02, A1203, CaO, Na20 and K20 

in M 56ZR, relative to Id 51-55, suggests that the volume changes 
during intense alteration of this small volume of rock were accommod-

ated by preferential migration of the feldspar constituents into the 

vesicle. The zeolites lining the vesicle have relative proportions 

of these elements similar to feldspar; the formation of thomsonite 

from anorthite, for example, can be expressed by a simple hydration 

reaction (Coombes et al. 1959). If the elements released during alt-
eration of these relatively small basalt volumes (figs 2-4, 2-5) were 
consumed during the formation of zeolites linin  the vesicles, then an 
additional source of both Ca and Si is required fcr the formation of 

the gyrolite occupying their centres. 

To investigate the possibility that material may have been 

added to some of these lavas during alteration, Sr isotope deter-

minations were made on some of the samples. Despite the large vari-

ations in Sr content in the magnesian basalt LA 13-15, initial 

87Sr/86Sr ratios of 0.70423 ± 7 and 0.70426 ± 7 were obtained on LA 13 
and LA 15, respectively. In the LA 7-11 flow LA 7, the Ca-enriched 

marginal sample, had (87Sr/86Sr)i = 0.70433 *- 7, thus showing a small 
but significant difference from LA 9, at the centre of this flow, which 

has (87Sr/86Sr)i = 0.70414 ± 7. In contrast, M 56ZR and M 56Z have 

(87Sr/86Sr)i ratios of 0.70297 ± 5 and 0.70424 ± 6, respectively. The 

value for M 56ZR agrees well with that of 0.7046 ' 4 obtained for 
this particular lava by Beckinsale et al. (1978, Table 4 sample M 168) 
and supports the hypothesis that the bulk of the amygdale minerals in 

these lavas were not derived frcm the lavas in which they occur. 

5. 
 

Copper and zinc distribution 

In contrast to the minor chemical changes discussed above, 

large differences in the abundance of Cu and Zn were detected within 

several of the seolitised lavas. The largest variations occur in the 

hawaiite M 5-8, in r,hich Cu varied from 508 to 45 ppm and Zn from 226 

to SO p .m. No correlations could be found between t'-,e Cu and Zn con_t-

en_ts End. any of the other major and trace ele:ent ah'mthnces or ratios, 
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in the MGP lavas suggesting they are due to the irregular distrib-

ution of sulphide 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 magnesian 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 both phenocryst 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 variable Cu and Zn contents in the other lavas 

is less clear. In each case the Zn/Cu ratio increases, but the overall 

Cu and Zn contents decrease towards the margins of the flows. Relative 

to LA 16-18, the altered vesicle surrounds from this flow have both 

higher Zn/Cu ratios and lower Zn and Cu contents. M 56R and M 56ZR 

are enriched in Zn, but not Cu, relative to M 51-55. Taken at face 
value, these data suggest that Cu and Zn were leached from the lavas 

during zeolitisation, with Cu being more easily mobilised than Zn. 

Against this must be set the fact that the largest variations occur 

in the hawaiite) M 5-8, and the less-magnesian basalt, M 11-12, which show 

virtually no petrographic alteration, whilst LA 13-15 and V 51-55 show 
little or no variation. 

Primary groundmass sulphides are com'ion in Tertiary Hebridean 

dykes but virtually unknown in lavas of similar composition (Ade-

Hall and Lawley 1970). Ridley (19?3) found primary pyrite and chalco-

p;;rite in several of the Small Isles dykes, but not in any of the 

"obvious lava flows" (op.cit. page 3). He attributed this difference 

to diffusion of sulphur out of the lavas into the air. Sulphur loss 

from subaerial basalts is a well documented process ::nd :.nderson and 

(1'72) a!^.o';ed that in K lauean lavas it caused a reduction of 

1 _:zinc r,f  the . c•:2i oxide cr; c3tals. The formation of :eco idz'.ry 

maghemite in the I•.ull lavas . r,,cluies any ^' filed ;tuc' e,s of the 

states of the t t-,no: ,titec, 	the r 	0"  

fcir deuteric sxii:.'.t? on. 	 Cu 
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and Zn contents of the lava centres could also be explained, 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 of the Fe:Ti oxides in these lavas 

causes Fe203  to vary between a maximum value of 9% in less-magnesian 

basalt)  LA 7-11)  and 1.46 in LA 20. This range can be contrasted with 

the Fe203  values found in fresh basalt glasses (Table 2-4). CIPW 

norms were calculated 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 

nepheline listed in Table 2-5. 

Table 2-4 Fe203 contents of basalt glasses. 

1 	2 	3 	4 	5 	6 	7 	8 	9 
1.59 1.42 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) 
9 	Smithsonian Institute Standard MORB glass 

USNM 113716 (Staudigel 1979) 

Tilley and Muir (1962) proposed that oxidation and selective 

leaching caused 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 Fè 03  are ne-normative and they show variations in the degreeof'Si= 

saturation within individual lava flows. Calculation of the norms on 



a CO2-free basis reduced both the degree of Si-saturation and the 

within-flow variation. The addition of CO2  in the form of carbonate 

during zeolitisation clearly affects the CIPW norm. The uncertainty 

as to whether or not small amounts Ca0 have been added or removed 

makes the effect of this difficult to assess. LA 7-11 is the most 

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

also less calcic than those of the other laves (fig 2-9) suggesting 

this is a magmatic not a metasomatic feature. 

Table 2-5 Si-saturation in the zeolitised lavas expressed as % 

nomr.tive nepheline or hypersthene or quartz. 

1- measured Fe203  values 

2- Standard values Fe,03  after Thompson et al. (1972) 

3- CO2-free basis using standard values Fe203  . 

Sample 	1 2 3 Sample 	1 2 3 

LA 1 

LA 3 

LA 5 
LA 4 

LA 2 

12.6 by 

12.9 hy 

11.8 hy 

10.9 by 

9.5 by 

6.1 hy 

7.9 hY 
801. hy 

7.1 hy 

5.7 by 

5.1 hy 

7.5 hy 

7.4 hy 

6.7 hy 

5.4 hy 

M 1 0.3 ne 1.5 ne - 

M 5 

M 6 
N  7 

M 8 

7.6 by 

0.5 by 

3.9 hy 

4.1 hy 

3.0 hy 

0.5 ne 

0.2 ne 

0.8 hy 

2.1 hy 

0.6 ne 

0.3 ne 

0.7 hy 

LA 7 

LA 8 

LA 9 
LA 10 

LA 11 

1.5 qtz 

16.9 hy 

2.4 qtz 

2.9 qtz 

14.5 hy 

11.9 hy 

12.1 hy 

12.5 hy 

11.6 hy 

8.0 hy 

8.5 hy 

10.5 hy 

11.4 hy 

10.1 hy 

7.3 hy 

M 11 

M 12 

4.4 hy 

6.9 hy 

1.2 hy 

1.9 hy 

0.3 ne 

0.8 hy 

M 51 

M 52 

M 53 
M  54  

M 55 

4.1 hy 

4.4 hy 

3.2  hy 
5.5 hy 

3.5 hy 

0.04 hy 

3-5 hy 

1.0 hy 
3.8  hy 

0.02 hy 

0.2 ne 

3.0 hy 

0.5 hy 

3.5 hy 

0.6 hy 

LA 13 

LA 14 

LA 15 

11.1 hy 

11.8 by 

317 by 

9.9 hy 

10.0 hy 

2.5 hy 

8.1 hy 

9.4 hy 

2.0 hy 
LA 19R 

LA 19ZR 

M 56 

rq 56zR 

11.5 hy 

10.3 hy 

6.8 hy 

11.0 hy 

4.8 by 

0.1 hy 

0.01 ne 

3.2 hy 

- 

- 

- 

LA 16 

LA 17 

LA 18 

12.1 by 

4.7 by 

9.0 by 

8.1 hy 

1.3 hy 

7.3 hy 

7.7 hY 
0.8 hy 

7.2 hy 

LA 20 2.2 ne 2.2 ne - 
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The hollow symbols in figure 2-12c shorn the effect of adding 

and subtracting 0.05% Na20 to the analysis of one of the lavas and 

shows that most of the observed intra-lava variation in Si-saturation 

is due to very small differences in alkali content. M 56ZR is no more 

la-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 residual melt occurred, 

suggesting that much of the observed intra-lava variation is primary 

in origin. 

Beckinsale et al. (1978) proposed that the zeolite-facies Mull 

lavas were essentially "unaltered" and that all the basalts were h2.-
noru_:tive. The Fe203 vc.lues recorded by Beckinsale et al. range 

bat;weer_ 1.6 and 5085':; and hence may indicate secondary oxid .tion. In 

contrast, Tilley and Muir (1962) suggested that the basalts were orig-

inally all ne-normative. The results obtained in this study suggest 

that the effects of secondary. alteration were under-estimited and 

ever-estimated by these authors, respectivelyy and that the Null Plat-

eau Group contains both ne- and la- normative basalts. 

Conclusions to chapter two.  

1. 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, Fo86_$5, 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. 

2. 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. I se '4'‘ (>>^` s prr ba-b4,  
cti-Wcl-S of A,. L;ct N:.sLU.Q_ L,.~LI,. d~ lZ.~o,,;~d. W1,, c~-~ o(+x2ō a.-k- a 

41LuL  
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3. The formation and distribution of secondary minerals within the 

lavas was controlled by the compositions and crystallisation 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. Hore substantial changes are confined to within 

only a few mm of vesicles, where the volume changes associated with 

secondary mineral growth were accomōdated 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 19Z 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. 

4. Although secondary oxidation of the lavas caused an increase in 

the degree of Si-saturation, the most ham-normative flow contains the 

least calcic-pyroxenes and some of the variation in Si-saturation is 

primary in origin. The Mull Plateau Group contains both ne- and hz-
normative basalts. 
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CHAP ER THREE : GREENSCHIST-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 Table 3-la No attempt at chemical class-

ification was made, but they have been divided into three main types 

on the basis of their phenocryst assemblages which may correspond to 

the divisions into magnesian basalt, less-magnesias basalt and l,awal-

ite made for the zeolite-facies lavas. Type A contains olivine and Cr-

spinel, tgpe B is plagioclase and olivine-phyric and type C contained 

phenocrysts of titanomagnetite in addition to olivine and plagioclase. 

In three cases plagioclase phenocrysts only were identified. 

Cne of these (M 59) arrears to be an evolved lava type whilst, the 

other two (M 47-50 and C 176) are extensively altered. In many samples 

from the other lava flows 'ghost' plagioclase crystals can be recog-

nised, even when _il the igneous phases have been replaced by second-

ary minerals. Hence, I. 47-50 and C 176 may have originally contained 

other ; ienccryct phases in addition to l i oc1se• 

1. Ein..ral transformations during rreenscr st-fa,ies alteration 

n similar alteration sequence could be identified in the green-
schist-facies to that in the zeolite-facies lavas. Fresh olivine was 

found only as small'relict patches in one sample, M 35. Cne lava 
(M 41-46) contained unaltered plagioclases and slightly oxidised 
titarcmagnetites but in all the other flows these two minerals have 

been completely or partially replaced. Unaltered pyroxene occurs in 

several samples and this mineral is only completely replaced in some 

flow margins or in highly vesicular or hydrethermally brecciated 

samples. The reactions appear to have been similar in most of the 

la.vas and the chemical differences between the flows can be related to 

the reltive abundances c  the primary minerals and their alteration 
rroducts. The principal mineralogical changes are cumin_ ri iced diagram-

_.tically in figure 3-l. These reactions rarely appear to have reached 
equili':riva and ccnc_ ~ ensble differences in the cem, iti on of the 
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Table 3-1 Mineralogy and textures of greenachist-facies laves.  

Phenocryet assemblage Lava flow Deecriptioa 

A 	olivine and 
Cr-spinel 

M 13-22 & 
C 54-158 

olivine-rich 
lava Pennygown 

Quarry. 

Contained both skeletal and eubhedral olivine, up to imm 
diameter, the latter enclosing Al-rich chromitea. Spinals 
and pyroxene: show little alteration throughout most of 
section, other phases ahoy variable degrees replacement. 
Upper margin of flow ham rare segregation-veins 2-3cma 
wide, similar but narrower 1.0-0.5cm wide structures 
associated with vesicles at base of flow. 

B 	olivine and 
plagioclase 

M 
TollDoire 

quarry lava 

Olivines varied from 2-0.5mm diameter, plagioclases up to 
2 min 61 0.5mm. All samples intensely altered,: olivine 
pseudomorphs only recognisable in M 29, pyroxene completely 
replaced in H 30. 

M 34-36 Altered olivine phenocryats up to 201 diameter, plagioclases 
up to imm by 0.5mm. Large groundmass pyroxene poikilocryata 
up to 3mm across. Titaaomagnetites granulated and oxidised 
but aphene formation limited, consist mainly of titanohamet-
ite, maghemite, etc. One or two of the olivinea in M 35 
have unaltered cores. 

H 37-38 

olivine, 
C 	plagioclase & 

titanomagnetite 

H 41-46 Fine-grained lava with plagioclases varying in size from ir-
regular phenocryats 0.6 by 0.1 mm to small groundmase lathe. 
Contains email chlorite pseudomorphs after olivine micro-
phenocrysts and oxidised titanomagnetite phenocryats. Only 
slightly altered, both centre and margin of flow containing 
some unaltered plagioclases (An58_54). 

M 45 Intensely altered, nose emall relict patches pyroxene. 
Olivine and titanomagnetite phenocryats barely recog-
niaable. 

C 191-232a/b 

plagioclase- 
phyric lava 
in drill core 

Rare, rounded plagioclase phenocryats 4m by lmm, other 
plagioclases vary from euhedral to anhedral and are up to 
2mm in diameter.,eome had inclusions of olivine and titan-
magnetite. Had microphenocryata of titanomagnetite (now 
mixtures of aphene and Fe:Ti oxides) and olivine (now chlor-
ite). Extent alteration variable, 9 out of 14 slides ex-
examined contain relict pyroxenea. 

H 26-28 

Very fine-grained and similarly texturallyto M 5-8(fig.2-3)., 
but had fewer phenocryats and contained occasional rounded 
plagiocla:,aa up to 3mm in diameter. Relict pyroxene re-
cognisable in all thin sections but shows extensive alter, 
ation and contains numerous secondary mineral pods (fig 3-15) 

Plagioclase 
and 9  

H 47-50 Intensely altered lava, hydrofractured and brecciated by 
calcite-atilbite vein (H 49). All samples contain "ghost" 
plagioclases, H 47 and H 50 have relict pyroxene,. 

C 176 thin, 
plagioclase 
phyric layer 
above breccia 
in drill core 

Texturally similar to C 191-232e/b, but only "ghost" 
plagioclases identifiable. 

M 59 Contains occasional feldspar phenocrfste up to 0.6ma in 
diameter. Groundmasa rich in Fe:Ti oxides, many of which 
may be microphenocryata, also numerous small feldspar 
lathe and pyroxene poikilocryata. Was either, very poor in 
olivine or, olivine-free. 
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FE:TI OXI DES-SPHENE 

PLAGIOCLASE .Na ALBITE 	
+H20->ZEOLITES 

+K ORTHOCLASE 

OLIVINE 	CHLORITE 
-Ca 	-Ca 

PYROXENE 	'ACTIINOLITE 

• 

Figure 3-1 Principle mineral transformations during greenschist-

facies alteration. 

secondary products, even within the same thin-section, were detected 

by microprobe analysis. 

Olivine 

The dominant alteration product of olivine is chlorite but the 

phases actinolite, epidote, quartz, calcite and stilbite were occ-

asionally observed within olivine pseudomorphs, Within the least alt-

ered parts of the lava flows the olivine pseudomorphs are clearly 

recognisable. As alteration proceeded fringes of chlorite formed 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 

which the pyroxenes were also altered, pseudomorphs of olivine could 

only be recognised in one or two samples. Skeletal olivines were 

rarely identified in any of the lava flows but this probably reflects 

tLe greater susceptibility to alteration of crystals with a high sur-

face area/volume ratio. Figures 3-2 to 3-6 show a sequence from the 
centre to the margin of the Pennygown quarry lava flow M 13-22, 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 191-232a/b) in which the growth of large 

patches of chlorite has completely disguised the originni olivines. 

Within individual lava flows chlorites with a wide range of 

MgO/Fe0 ratios.occur, but no distinct compositional difference could 

be detected between pseudomorphs of phenocrysts 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 Mg0/Fe0 ratios. With the exception of the extensively altered 

marginal samples, M 13 and M 14, chlorites in the olivine and Cr-

spinel bearing lava from Pennygown quarry (M 13-22, C 54-158) have 

Mg0/Fe0 ratios greater than 1.2. The olivine and plagioclase-phyric 

lavas have chlorites with MgO/Fe0 ratios which vary from 0.81 to 0.70. 

The chlorites in the secondary mineral pods in the base of the flow 

N 26-28 overlying M 13-22 have Mg0/Fe0 ratios of 0.86 to 0.83 but the 

values of this ratio lie between 0.68 and 0.53 in all the other lavas 

which contain titanomagnetite phenocrysts. These values may be con-

trasted with the Mg%eC ratios of the olivines in the zeolite-facies 

l.~.ves which v^ryr from 3.51 to 0.70 in the magnesian basalts and from 

0.91 `.. r'/C in th» hcv.c_~.tea. Clearly, not only did the greenschist-

facies alteration cause one or both of these elements to be mobilised 

within the lava flows but either Mg0 was lost or Fee was gained by 

cost cf the samples. 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 chemical exchange occurred between -the's■L4wo q(oLzs 

P1 	ocl~.se and titarncmaLneti to  

These two minerals appear to have been stable over a similar 

range of conditions in most of the greenschist-facies lavas. In flow, 

M 4146, many of the plagioclases are unaltered and the titanoma.G et- . 

ices shcv 'artial maghematisation. In the centre of the Pennygown 

cu: rr'? lave, N 13-22, and in the two olivine and plagioclase-phyric 

-36 	37-38, many of the feldspars exhibit twinning but lc V^.:; 1'i ~4 	and D~ ^7.-~ ?:I 	C 	p 	a' 	n g 
	

~ 

t they all shot: rose rely cement by Na- or K- rich phases. The titar_o-

m-g-nct_te;, in these particular samples are also granul ted and re- 
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Figure 3 - 2 M 21 - Dark flow centre Pennygown cuarry lava. 
The olivines have been replaced by chlorite but the individual 

pseudomorphs are still recognisable. Field of view : 3mm by 2.1mm. 

Figure 3 - 3 M 18 - Pennycown cu= lava. 
Tha ::roxenes chov; little evidcnce for caten-tion but thin over-

rowth of chlorite h:,ve terracd on the olivine pc?udemorphs. 

Field of vie : 5mm by ..7.5rara. 
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Figure 3 - 4 M 16 - Mottled Zone, Pennygown Qbarry lava. 

In the centre is a skeletal olivine crystal replaced by calcite 

with directly below it a chlorite pseudomorph after olivine, 

indicating non-equilibrium conditions. 
Field of view : 5mm by 3.5mm. 

Figure - 5 M 14 - Pennygown Quarry lava. 

The chlorite ovcr:rov:ths on the olivines have coalesced and the 

criginL1 phenocrysts ire no longer recognisable, but some small 

relict pyroxenes ;till persist. Field of view : 3.4mm by 2.4mm. 
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Figure 3 — 6 M 13 — Penn_ycown ',uarry lave., contains no igneous 

phases but 'ghost' Fle oclE ses are still recognisable. The dis-

rpernce of the Ayroxenes coincides with the appearance of 
abundant secondary quartz. Field of view : 6.5mm by 4.5mm. 

Figure 3 — 7 	Intensely Lltered bsaltic sample, N 29, containing 

relict pyrexer_es, 'ghost' rl..gicclases and irregular p& tches of 

chlorite but no recognisable olivine pseudomorphs. 
Field of viev : 5mm by 3.5mm. 
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placed by a mixture of oxides, predominantly titanomagnetite and 

maghemite. In the other samples from the greenschist-facies lavas 

the feldspars never show twinning and contain numerous small inclusions 

giving them a speckled or dusty appearance (figs.3-2 to 3-8). The 

inclusions, which appear to be mainly chlorite or sphene, occur in 

both phenocryst and groundmass feldspars and are not restricted soleXy 

to those phenocrysts that enveloped groundmass phases during their 

crystallisation. 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 Fe0, Mg0 and occasionally Ti02 (Appendix I-D; M 13 nos. 1-7, 

M 29 nos.2-5). The titanomagnetite in the same samples show partial 

or complete replacement by sphene. The highest amounts of Fe0 and Mg0 

detected in plagioclase in the zeolite-facies were 2.77% and 1.06%, 

respectively (Appendix I-D, LA 5 no.7a, M 55 no.4b), and these can be 
related to the presence of thin chlorite veins, In most of the feld-

spars in the zeolite-facies lavas, Fe0 rarely exceeded 1.0%, Mg0 was 

not detected and TiO2 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 

samples from the bottom of the drill core (fig 3-8) but the dominant 

alteration products of plagioclase are Na- and K- rich feldspars. A 

wide range of K: Na: Ca ratios was detected in the feldspars, even 

within the same thin section (e.g. Appendix I-D, M 13 nos.l-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 191-232a/b). Only in the phenocrysts could the in-

dividual secondary mineral species be recognised. Six different 

minerals - labradorite, orthoclase, epidote (aiparently pseudomorphing 

olivine enclosed by the phenocryst), sphene(replacing oxide inclusions), 

laumontite and calcite - were all detected within one altered feldspar 



Figure 3 - 8 Calcite replacing felspar in the hydrothermally 

brecci-.ted sample C 232a/b. The speckled appearance of the feldspars 

is due to sphene and chlorite inclusions. Pyroxene has been completely 

replaced. Field of view : 5mm by 3.5mm. 

Figure 3 - 9 m 45 - vesicle v:ith sedimentary layers of chlorite 

cut by thin veins. The upper pest is filled by el i dote F.nd chlorite 

and conte lnc l  ro jootirn ; o 	l tered bs s It - in'_c;.'tin' that some 
enlr r;:er..er.t occurred?. Field of view : 11.3mm by 7.8mm. 

76 
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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 and 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 rarely 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 Fe0 content could reflect 

marginal zoning of the poikilocrysts, (Appendix I-D, M 14 nos.1-3, 

M 18 nos.1-3, 10). In many of the flows pyroxene has been replaced 

by chlorite, not amphibole. When amphibole did form it appears to have 

been less stable than chlorite. M 14 which was close to the margin 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, 

some amphibole was present in most of the samples in which the pyrox-

enes had been altered. 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 

outcropped within a short distance, M 47 being collected only 10 m 

from one of these exposures. Both these lava flows are extensively 

altered and contain needles of amphibole and 'vesicle-like' struct-

ures rich in quartz and amphibole. In M 13-22 and C 54-158, the two 

sections through the Pennygown quarry lava, amphibole occurs in all 

the samples as the alteration product of pyroxene but appears to be 

replaced by chlorite. In the only other lava flow in which extensive 
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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 formation/indicating 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 mineral pods (Appendix I-D, M 13 no.15, 

M 16 nos.12-15, M 30 nos.2-4, M 48 nos.6,7). These were nucleated on 

and replacing 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 a dyke in Pennygown quarry (Appendix I-D, C 232a/b nos.7-9, 

D 1 nos.4-7). Those appeared to be nucleated on titanomagnetite crys-

tals. All these sulphides contained little or no zinc. 

The alteration products of Cr-spinel could not be identified. 

No spinel phase occurs in the altered margin (M 13) of the Pennygown 

quarry lava I: 	The spinels in the other samples from this lava, 

including M 14, directly below M 13, appeared to be relatively un-

altered , showing only a marginal decrease in reflectivity. 

All the lovas discussed in this chapter lie in the epidote 

zone of Walker (1970). 4,s in the zeolite-facies lavas, index minerals 

are rare in the flow interiors and occur mainly in the vesicles. The 

groundmass of ;several of the greenschist-facies lavas contain isolated 

crystals of epidote, but these did not appear to be related to any 

preexisting mineral phase. With the exception of the hydrothermally 

brecciated lava C 191-232a/b, calcite is also rare in the flow in-

teriors being restricted mainly to vesicles and veins. The ground-

mass minerals in the greenschist-facies lavas appear to consist mainly 

of chlorite, some feldspars, numerous small grains of sphene and 

'dirty mixtures' of amorphous oxides and chlorite. The mottled zones 

in the lavas consist of dark patches in which some Fe:Ti oxides 

still persist and light areas in which the oxides have been com-

pletely destroyed and replaced by aphene. 
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2. Vesicles, Secondary mineral pods and Veins.  

The vesicles in the greenschist-facies lavas contain a wide 

variety of secondary minerals though chlorite is the most common. In 

the bottom of some of the vesicles thin 'sediment' layers 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 contained layers of chlorite which were all 

aligned parallel with the flow top. Those layers may have been 

formed from debris collapsing from the top of the vesicles or re-

present particulate material that was carried by the hydrothermal 

fluids. :although they are generally restricted to the flow margins, 

similar vesicle infillings can be found in the flow interiors. 

Many of the vesicles are concentrically zoned, but the minerals 

within the zones and the sequence in which they were deposited varies 

considerably, even within the saine lava flow. The following sequence 

of vesicle infillings was observed in the upper flow transected by the 

drill core :- 

0 - 5m : chlorite surrounding epidote and/or albite, minor 

calcite (Appendix I-D, C 54) 

5 - 6m : scarce vesicles with chlorite infillings 
6 - 7m : chlorite surrounding albite and epidote, minor quartz 

and amphibole 

7 - 9m : scarce vesicles v:i th'sedi mentary' layers usually 

chlorite (fig. 3-10) 

9 -llm : epidote surrounding albite; epidote surrounding pum-
pellyite; chlorite surrounding epidote (fig. 3-10; 

Appendix I-D, C 130) 

11-14+m : scarce chlorite filled vesicles except at 13m where 

vertical train small vesicles containing quartz, epi-

dote, amphibole and hydrogarnet occur in a pipe-like 
structure. 

The greenschist-facies 1:vas tend to be intensely altered ad-

jacent to the ve_icle^ Frequently, tl,e surrcunding minerlz have been 

cc'a:letel.y reicced :rd the vesicles have been  enl:rged by solution or 

breco5i'atiOn .:t the on e"se of t}'c adL:cent i vom.. Cr.e such structure 

car he seen in the jx_l1 core segme,' t chn:':n in the ce..tre  of figure 



Figure 3 - 10 Types of vesicle infillings. 

C 95 - sedimentary layers of epidote, chlorite and calcite, 
C 130 - albite surrounding epidote; C 137 - mainly chlorite, blbite 

and epidote; C 205 - chlorite-filled, vesicle-like structures. 

The drill core diameter is 2.5cm. 

Figure 	- 11 C 153 - smF.l1 vesicle lined by albite rd filled 

with qu-,rtz, epidote _ad _...phibole. Field of view : 4.3mm by imm. 
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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' iii 

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 basalt within them. Figures 3-12 and 3-13 show secondary min-

eral pods from M 15 and M 16, respectively in the mottled zone of the 

Pennygown quarry lava M 13-22. The pod in M 15 contains chlorite sur-

rounding albite plates which in turn enclose calcite, epidote and a 

single irregularly shaped hydrogarnet crystal. The pod in M 16 consists 

mainly of chlorite and calcite. 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, 

the centre of the pod contains unaltered pyroxene crystals fringed by 

amphibole. The skeletal olivine crystal pseudomorphed by calcite, 

shown in figure 3-4 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 shaped segregations which contain altered basalt 

fragments and the same mineral assemblage - quartz, albite, calcite 

and amphibole - as the veins, suggesting that these apparent vesicles 

are also 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, and the upper floe: of Pennygown 
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Figure 3 - 12 Secondary mineral pod in tt 15. 
clbite enclosing calcite which in turn encloses epidote 

and a single irregularly shaped hydrogrossular crystal. 

Field of - view : 4.3mm by 3mm. 

Fi Eurc 3 - 13 Chlorite, calcite secondary mineral pod in M 16. 
The centre of the pod contains amphibole-fringed, relict pyronenes. 

im11•__r crystals project into the pod along the riLht hand margin. 
Field of view : 4.3mm by 3mm. 
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Figure 3 - 14 C 199 - chlorite-filled secondary mineral pod 

surrounded by dark halo of altered rock. In the upper right corner 

is an altered plagioclase phenocryst containing numerous small 

inclusions of chlorite and sphene. Field of view : 7mm by 4.9mm. 

1 
	 2 

.a 

4 

= 5 

4 

• 

1 
	 2 

Figure 3 - 15 N 26 - chlorite filled second: ry ,m neral pod. See 
text for explanation of numbers. Field of view : 10mm by 7mm. 
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quarry, 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 

identified in the larger pods in H 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 
4 - chlorite frequently associated with small blebs of secondary 

magnetite 

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 calcite-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 surface area/volume ratios rendering them susceptible to 

alteration. These pods could thus be replacement structures produced 

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

In contrast to the thin veins connected to the secondary min-

eral pods, the large hydrothermal veins which have frequently fract-

ured and brecciated the green .schist-facies lave; 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 monomineralic veins of 

czlcite or zeolite also occur, one example being the laumontite/leon-

hardite vein, from Pennygown quarry(M64. 

Investigations of natural geothermal systems and experimental 

studies have demonstrated that, in addition to temperature and 

pressure, the CO2 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 H2O-0O2 fluid phase bearing the components for calcite, 

zeolite et cetera, it would be expected that at any X002, either 

calcite or zeolite could precipitate. Stable calcite-zeolite ass-

emblages are formed only if the XCO2 of the associated fluids is low 

or, finder univariant conditions. Neither of these situations is in-

dicated by the widespread deposition of calcite in the vesicles and 

secondary mineral pods and univariant conditions are only likely to 

approached in closed systems. Little 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 rnontmorillonite at T = 3270C,pf = 3000 

bars with X002 = M0l. Analyses of natural waters from zeolite ter-

rains (Ellis 1959, 1963) indicates that X002 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 that in order to precipitate 

both phases from the same fluid it is essential that the carbonate is 

precipitated first. This would lower PCO2 to the equilibrium value 

so that zeolite could force. If the zeolite were precipitated first, 

this would probably be converted to carbonate plus an uluminous--phase 

by reaction with the H20-0O2 fluid. Evidence for both these sequences 

can be observed in the Mull hydrothermal veins. 

Figure 3-16 shows part of a calcite-stilbite vein from a hydro-

thermal breccia in the flow M 47-50 (Appendix I-D, M 49). The stilbite 

crystals are restricted co the centre of the vein, indicating later 

deposition. In many of the Mull hydrothermal veins, such as M 49, 

calcite precipitation and carbon dioxide loss will have been promoted 

by boiling of the fluids following hydrofracturing. In contrast, 

figure 3-17 shows a launontite-calcite-quartz vein, h 24, from Penny-

gown quarry in which the zeolite crystals were deposited first. The 

vein contains numerous small shear planes along which the calcite 

crystals tend to occur, suggesting they were deposited from later 

influxes cf fluid. The calcite crystals shown in figure 3-17 are 

	

proud `3 by fringe of small radiating, 	crystals which sa ., n.,.c.. 	a fringe 	 ~ 	ga 	 s 	~ y 

appear 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 : 4.5mm by 3.1mm. 

Figure 3 - 17 	L__umontitc-calcite-cuartz vein, M 24. The calcite 
is fringed by sa:l1 r-:c'i:'tinC micaceous crystals which have a reaction 

rcl .tions? iy ^i tb ';Le la.ur.ontite crystals. 
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identification of these radiating crystals could be made as all 

attempts to isolate or concentrate them for X-ray diffraction work, 

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 show evidence for more than one phase of fluid injection, 

including the hydrothermally brecciated sample C 232a,/b)  from the base 
of the drill core. 

j. Intra-lava chemical variation 
The similar textures of the zeolite- and greerschist-facies 

lavas indicate that the hydrothermal alteration of the latter involved 

little change in total volume. The extensive growth of secondary min-

erals in the gree^schist-facies lavas must, therefore, have been accomw

odated by considerable elemental mobility and consequent compositional. 

changes. ,c11 the lavas show variations in oxidation state but the bulk 

compositional changes within several of them are small - reflecting 

the fact that the samples from these lava flows show similar degree of 

alteration. Flows 2•i 34-36, M 37-38 and M 41-46 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 thus provide limited information 

only on element mobilities during alteration. In contrast, the two 

sections through the Pennygown 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 relatively unaltered lava to green 'spilitic' mat-

erial devoid of igneous minerals. These three lava sections show vari-

ations in all the major and trace elements and the mineralogical and 

chemical chances across them are summarised in figures 3-18 to 3-21 

Itu_ould be stressed that none of the ;reenschist-facies lavas cont-

ain fresh olivine (other than a trace in M 35) and in most of them 

some alteration of the feldspars has occurred. Hence, the nature of 

the chemicall changes during the initia,.l stages  of the alteration can-

not be established by studies of intra-lava variation alone. 

oc_le and immobile elements  

Comparison of figures 3-18 to 3-21 demonstrates that the c?hem-

iccl effects of :wlter_.ti on vary from flow to flew. :'ever theles.:, 



M13 	No igneous phases- chlorite, a lbite,orthoclase, quartz, sphene, amphibole 
epidote, carbonate, 

} 

some relict pyroxene 

secondary mineral pods - chlorite, albite, 
calcite, epidote, amphibole, rare garnet 

} 

Fe:Ti oxides 
and feldspars 
extensively 
replaced 

M14 

M15 
M16 

M1.7 

M18 

olivine replaced by chlorite 

plagioclase and titanomagnetite partially replaced 

by Na: K feldspars and sphene 

thin amphibole fringes on pyroxene 

M19 

M20 

M21 

M22 

Figure 3-18 Mineralogical variation across the section M 13-22, 

through the Pennygown Quarry lava. 
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Figure 3-19 Chemical variation across M 13-22. 
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Within each lava section Ti02, 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 191e/1D the abundances of this 

element group increase in the most intensely altered samples indicat-

ing that leaching of more easily mobilised elements has caused them 

to be concentrated in the residual material. 

In M 13-22 the only secondary mineral 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 Na20. The disappear-

ance of pyroxene from the flow margin is accompanied by a sharp drop 

in CaO - 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/Fe0 ratios 

of the chlorites also decrease in the margin of the flow suggesting 

some leaching of Mg occurred during the alteration of the pyroxenes. 

Drastic loss of 9205 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 altered sarples are C 54-142 from the upper vesicular part of 

the flow. Relative to C 145-158, they are depleted in Ca0 and enriched 

in Na20. The variations in C 54-158 are considerably smaller than in 

M 13-22, the lowest value of Ca0 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 191-232a/b has 

caused loss of K20, Na20,and Si02 and enrichment in CaO, MgO, Mn0 and 

Fe203*. Loss of A1,03 has also occurred in the hydrothermally brec-

ciated sample C 232a/b. This lava flow has been affected by more than 

one episode of hydrothermal alteration. The plagioclases were first 

partially altered to Na- and K-rich felspars and then, in all the 

samples except C 191, replaced bar variable amounts of calcic zeolites 

and calcite as a result of interaction with late-stage fluids - hence 
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the decrease in Na20 and K
2
O. The decrease in SiO2  coincides with the 

conversion of pyroxene to chlorite (fig 3-21.App.I-B).The increase in 

Mg0 and Fe203' and the limited variations in A1203  content in these 

samples suggests that the formation of chlorite was accompanied by 

leaching of Si02. Some silica will also have been lost during alter-

ation of the alkali feldspars. In C 232a/b,which shows loss of A1203, 

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 XCO2  - resulting 

in preferential mobilisation of A1203  and Si02. 

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. Ti02, 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, Ti02, P205, Zr and Y 

also behave coherently, but in this particular flow they correlate 

negatively with the mobile elements Si02, K20, 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, Ce and Th will enter apatite the coincidences of these 

changes with the marginal decrease in P205  clearly demonstrates that 



Table 3-2 Correlation aatris for fifteen major and trace .1aents in M 13-22.  

The two •alas for P,0 were calculated as follows i (1) including M 13; (2) ',colliding M 13. 

Cs0 sr p205 P205 T10 Zr i Mb Ta If Th Ca Nd S. iK ib 

Ca0 1.000 

Sr 0.145 1.020 

P205(i) 0.673 0.447 1.000 

P205(11) -0.651 0.720 --- 1.000 . 

1102 -0.923 .0.054 -0.439 0.859 1.000 

Zr -0.921 -0.195 .0.596 0.716 0.947 1.000 

i -o.827 -0.354  -0.587 0.606 0.872 0.923 1.000 

Nb -0.484 -0.049 -0.177 o.681 0.493 0.538 0.532 1.000 

Ta -0.506 -0.543 0.195 . 	0.671 0.591 0.371 0.278 0.188 1.000 

If -0.771 0.111 -0.123 0.636 0.733 0.616 0.492 0.178 0.892 1.000 

Th \-0.484 0.481 0.172 0.552 0.523 0.293 0.207 0.365 0.967 0.891 1.000 

C. -0.835 0.220 -0.276 0.564 0.771 0.633 0.503 0.071 0.529 0.974 0.469 1.030 

Nd -0.821 0.121 -0.226 0.702 0.838 0.693 0.639 0.218 0.859 0.926 0.8,3 0.909 1.000 

5. -0.861 0.235 -0.342 0.672 0.836 0.764 0.627 0.244 0.705 0.899 0.556 0.908 0.837 1.000 

Ma -0.957 -0.112 -0.590 0.626 0.865 0.849 0.804 0.210 0.590 0.817 0.659 0.850 0.890 0.870 1.030 

Tb -0.914 -0.029 -0.461 0.563 0.858 0.758 0.710 0.111 0.251 0.888 0.832 0.919 0.963 0.951 0.814 1.030 



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

Ca0 Sr K20 Rb Na20 Si02  A1203  Mg0 Fe203 P205  Ti02  Zr Y 

Ca0 1.000 

Sr -0.554 1.000 

K20 -0.709 0.541 1.000 

Rb -0.750 0.471 0.983 1.000 

Na20 -0.767 0.135 0.238 0.329 1.000 

Si02 -0.748 0.753 0.606 -0.069 0.611 1.000 

A1203 -0.073 0.494 -0.688 -0.740 0.027 0.369 1.000 

Mg0 0.631 -0.027 0.002 -0.106 -0.874 -0.543 -0.985 1.000 

Fe203• 0.784 -0.492 -0.365 -0.418 -0.663 -0.976 -0.290 0.815 1.000 

P205 0.873 -0.479 -0.702 -0.307 -0.624 -0.839 -0.006 0.623 0.865 1.000 

TiO2 0.830 -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 0.792 -0.615 -0.762 -0.703 -0.334 -0.844 0.012 0.216 0.582 0.761 0.668 0.894 1.000 
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La Ce Nd SmEu Gd Tb 
	

Tm Yb Lu 

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 
(ppm) 

`Yb 
(Ppm) 

Th 
(ppm) 

(Ce/YON Th/Yb 

M 13 23.64 2.29 1.13 2.630.11 0.49 

M 14 22.53 2.01 1.23 2.86±0.07 0.61 

M 15 23.28 2.08 1.27 2.8310.06 0.61 

M 16 22.56 1.99 1.23 2.87±0.07 0.62 

M 17 19.93 1.71 1.02 2.9510.06 0.60 

M 18 19.96 1.73 1.02 2.9210.07 0.59 

M 19 20.20 1.69 0.99 3.0210.06 0.59 

M 20 20.23 1.88 1.10 2.7210.08 0.59 

H 21 20.25 1.71 1.04 3.0010.09 0.61 

.H 22 19.51 1.80 1.05 2.7610.09 0.58 
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La Ce Nd Sm Eu Gd Tb 
	

Tm Yb Lu 

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 
(ppm) 

Yb 
(ppm) 

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

C 191 51.48 3.19 4.1010.08 0.34 0.25 0.33 

C 193 50.88 3.48 3.72±0008 0.28 0.21 0.31 

C 205 45.99 2.99 3.91±0.08 0.32 0.23 0.28 

C 225 44.26 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 
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they can be attributed to the breakdown of this phase in H 13. In 

contrast, in C 191-232a/b there is little change in (Ce/Yb)N or the 

Th/Yb ratio despite the alteration of pyroxenes in the margins of this 

flow (figure 3-23, table 3-5). P205  also behaves as an immobile 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 0.5 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. 

Spheno, 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 never 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-

ular 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 ratio 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 flow 

LA 16-18, which does show olivine accumulation, Ti/Cr varies between 

13 and 20 and rises to 38 in the segregation vein, LA 19ZR. Any vari-

ations in the phenocryst distribution within the Pennygown 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 

entirely from amygdale 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  

H2O 
Figure 3-24 Fe203/Fe0 versus H20 in the greenschist-facies lavas. 

o M 13-22, C 54-158, ci M 26-28, ■ M 29-32, x M 34-36, + M 37-38 
A M 41-46, o M 45, • 1 47-50, • C 176, A C 191-232a/b. 
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The oxidation states and/or the H2O contents are frequently 

used as an index of the degree of alteration in low-grade meta-

basalts. Figure 3-24 shows that there is no overall correlation bet-

ween these two parameters in the Mull greenschist-facies lavas, al-

though limited covariance of Fe203/Fe0 ratio and H2O content does 

occur within some of the lava flows. Significantly, comparison of 

figures 3-24 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 Fe203/Fe0 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 extensively 

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 Fe203/Fe0 

ratio and H2O 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 Pennygown Quarry lava, C 54-158, shows little 

overall change in Fe203/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/Fe0 
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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 Fe203/Fe0 ratios of H 47-50 reflects the pres-

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

The H2O 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 H2O contents than two of the samples from M 47-50 

in which most of the igneous minerals have been altered. Figures 3-18 

to 3-21 show that neither H2O nor total volatile contents vary direct 

ly with the visible degree of alteration within individual lava flows. 

Zeolites can contain up to 20 wt% H2O whilst chlorite contains 

up to 13 wt% H20. In contrast, epidote and amphibole typically have no 

more than 3 wt% H20. 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 1120 content of 4.2% whilst, C 193 contains chlorite and zeolites 

and has a H2O content of 10.3%. The higher H2O 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 chloAte, 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. 
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Effects of hydrothermal alteration on 87Sr/86Sr ratios 

Recent studies have demonstrated that the 87Sr/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 laves 

will also exhibit a range of 87Sr/86Sr 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 87Sr/86Sr 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/86Sr 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 87Sr/86Sr corresponds with the increase 

in the degree of visible alteration and decrease in oxidation state to-

wards the flow margin. 1431;4/144  Nd 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 t 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 HC1 in 

sealed teflon bombs for 14 hours at 1300C (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/86Sr ratios closer to the pre-alteration composition 

of the lava flow. 
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Sample 'Rba 

Table 3-5 	Rb-Sr results. 

(87Sr/86Sr)oc :bra 	Rb/Sr 87Sr/86Srb 

M 13 7.17 271 	0.026 J470486 = 3 0.70479 

M 14 1.76 375 	0.005 0.70489 ± 3 0.70488 

M 15 2.51 279 	0.009 0.70469 t 3 0.70467 

M 16 11.8 443 	0.027 0.70482 ± 3 0.70475 
M 17 14.5 338 	0.043 0.70496 ± 3 0.7ō485 
M 18 15.4 310 	0.050 0.70506 ± 4 0.70494 

(0.70519 t 2) 

M 19 u.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 t 6) 

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

M 21 9.08 299 	0.030 0.70519 ± 3 0.70511 
M 22 14.6 311 	0.047 0.70531 ± 3 0.70519 

(u.6) (129) (0.090) (0.70538 ± 4) (0.70516) 

M 24 2x 169x 	0.012 0.70521 t 6 0.70519 

M 64 2x 359x 	0.006 0.70467 ± 3 0.70466 

M 65 0.70505 ± 4 

M 75A 0.70421 t 6 

M 75B 0.70427 ± 4 

a Rb and Sr contents determined by isotope dilution (t1%) unless 

postscripted x  which denotes XRF analysis 

b present day 87Sr/86Sr ratio i two standard errors on the mean. 

E-A, = 0.70807 ± 3 and NBS 987 = 0.71029 ± 3 during the course of 

this study 

c Initial Sr composition calculated assuming an age of 60 m.y. and 
= 1.39 x 10-11 y l for 87Rb 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 87Sr/86Sr 

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 1e, 

H 19 and M 20 are not available but they all have significantly high-

er present day 87Sr/86Sr ratios than the unleached samples. This 

indicates that the altered material tends to have lower 87Sr/86Sr 

ratios than the fresh basalt. The leaching experiments and decrease 

in 87Sr/86Sr with increasing bulk rock alteration all suggest that 

hydrothermal alteration of this particular lava flow caused a general 

reduction in 87Sr/86Sr. 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 87Sr/86Sr ratios. (e.g. Spooner,l977, 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 

144Nd/143Nd 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 responsible for the alteration had low 87Sr/86Sr 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 
87Sr/86Sr ratios of 0.70519 and 0.70467 ± 3, respectively. H 65, from 
the intensely altered basalt surround to this vein where it cuts the 

Pennygown Quarry lava, has an87Sr/86Sr ratio of 0.70505, again signif-

icantly lower 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 87Sr/86Sr ratios of the fluids with time at this locality. 

The low 87Sr/86Sr 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 0.7094 t 3 and 0.7135 - 0.7162, 
respectively (Parkhurst 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. 
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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/86Sr 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 87Sr/86Sr ratios. 

Interaction of these fluids with basalt of Sr isotope composition 

0.7052 will therefore result in a reduction in 87Sr/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 Ti02:P205:Zr:Y 
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ratios of sample C 176 and the lower flow in the drill core, C 191-. 

232a/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 

H 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 mbar 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 

3-30. 

Figure 3-26 shows that the greenschist-facies lavas tend to be 

depleted in Si02, 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 

A1203 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 Si02  cont-

ents. 

In figure 3-27 the two 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 = A1203 + Fe203 - (Na20 + K20); 	C = CaO; 	F = Fc0 + MgO; 

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 1975). It clearly shows that nearly all 

of the greenschist-facies lavas are depleted in CaO 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 (Na20 + K20) - (Fe203 + Fe0) - Mg0 

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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Figure 3-26 Si02 versus A1203  for the Plateau lavas. Zeolite- 

facies lavas plot in outlined fields, symbols refer to greenschist-

facies lavas : A, • - magnesian basalts; B, A - less-magnesian 
basalts; C, a - sparsely plagioclase-phyric lavas; D, o - hawaiites. 

type. The mean content of the different types of greenschist-facies 

lavas are not however significantly different from the zeolite-facies 

flows. 

The immobility of TiO2  and P205  during hydrothermal alteration 

is clearly demonstrated in figure 3-28 in which samples from individ-

ual lava flows lie along lines of constant Ti02/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 

K20, relative to the zeolite-facies lavas, whilst none of them show 

evidence for significant depletion. Rb and Ba show similar distrib- 

utions to K20 in the altered lavas (figs.3-19 to 3-21, 	); K20 - Rb 

and K20 - Ba having correlation coefficients of 0.97 and 0.83 respect-

ively, in the Pennygown Quarry lava. The higher K20, 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 required. 

One possible source is the Non-Porphyritic Central lavas which 

have higher K20 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 K20 contents occur 

in the mainland extension of the Mull regional swarm demonstrating 

that their high K20 contents may be primary. (L.Nodes pers.Comm). 

Nevertheless, the flow C 191-232a/b shows no K20 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/86Sr, ratio of the Pennygown Quarry lava was 

reduced during alteration. The three mugearite flows analysed by Beck-

insale et al. (1978) have higher K20, Rb and Ba contents but lower 

87Sr/86Sr 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 K20 etc. in the greenschist-facies lavas could be explained if the 
in 

evolved lava types were more abundant the 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 and 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 100cm3of 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 

the 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 H2O and highest Ca0 and modal pyroxene contents. 

The solid line shows the results obtained assuming constant TiO2 
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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 3-18, 3-19 and 3-29 discloses that the 

alteration of plagioclase and pyroxene did result in drastic leaching 

of Ca0 and some enrichment in Na20. 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 Si02, MgO 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 CaO, Na20 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 accon dated by preferential mobilisation of the feldspar 

components. The only oxides in which lava flow shows a net gain are 

K20, Na20, H2O and CO2. Little corresponding increase in Na20 occurs 

at the base of this lava flow (c.f.figs.3-19 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 3-27 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 Si02, but that A1203, Fe203' 

and Mg0 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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Figure 3-30 

Normative quartz-diopside-hypersthene-olivine-nepheline-corundum 

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 TiO2  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 fig.3-21). 
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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 net loss of Ca0 has caused the norms of the green-

schist-facies lavas to be poor in di and rich in of and hz relative 

to the zeolite-facies lavas, and the extremely Ca-depleted samples 

have become corundum-normative. 

Trace elements 

The behaviour of TiO2, P205, Zr, Nb, Y, Ta, Th, Hf and the REED  

which were relatively immobile, and Rb, Ba and Sr)which were mobile 

during alteration have all been 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 Mg0 in most of the lava flows 

but not in the'Pennygown Quarry flow in which Mg0 was clearly mobilised. 

(c.f. figures 3-19 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-D, 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 13-22, 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.  

1. 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. 

2. The ratio of CO2/H20 in the fluid phase was low and was cont-

rolled by the mineral reactions. Additional evidence for a low partial 

pressure of CO2 is furnished by the presence of sphene, rather than 

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

3. K, Rb, Ba, Na, Sr, Al, Mg and, to a 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. 

4. Ti, P, 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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5. 	The greenschist-facies lavas provide a source for the Ca and Si 

deposited in the vesicular margins of the zeolite-facies lavas. The 

deduced 87Sr/86Sr ratios of the hydrothermal fluids (4: 0.7048) is sim-

ilar to that of the vesicle infilling, M 56Z, discussed in chapter two 

(87Sr/86Sr = 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 0 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 0-isotope studies  

The i80-variation in the igneous rocks of Skye has been invest-

igated in more detail than in Mull. Nevertheless, the generalised 

average profiles for the 5180 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 X80-depletion is approximately 500km2* 

(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 similar 5180 values in both regions. 
D/li analysis of altered rocks from both Skye and Mull have yielded sim-

ilar SD values (Forester and Taylor 1977, Taylor and Epstein 1968) 

which give an estimated 81801/20 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 X80 

shown by the lavas surrounding these two igneous complexes probably 

indicates interaction over a similar range of temperatures and water/ 

rock ratios. 

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 assumptions which may not be entirely realistic :- 

1. The hydrothermal fluids and the rocks are assumed to have been 

in isotopic equilibrium. It is clear from the compositional 

variations detected during this study that the 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 

SI-80 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 180- 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 exchange between plagioclase (An50) 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 tote resolved. 

In terrestrial geothermal systems the thermal gradient is con-

strained by the boiling point curve for water; which permits a maximum 

temperature of 310°C to occur at a depth of lkm 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 h20zj/3 P  load. 

Studies of active geothermal systems have shown that boiling of 

the hydrothermal fluids causes rapid changes in pH and loss of CO2) 
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Calculated temperatures (°C)• of oxygen isotope exchange between 
H:O 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 Wilt ratios must increase 

inward; a realistic gradient might be given by the values 
enclosed by the dashed lines). 
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Figure 4 - 2 Alteration zones in the high-temperature 

geotherfn al areas of Iceland (from Kristmannsdottir, 1975). 

Vertical section through the modern geothermal 
system at 1Vairakei. New Zealand. showing actual measured 
(solid lines) and estimated (dashed lines) isotherms down to 
a depth of 5 km beneath the surface (modified after Banwell. 
1961. and Elder. 1965). The approximate flow lines of the 
IluetrHriC %mir are -howls with .arrow. 

Fig. 4 - 3 from Taylor (1974). 
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promoting the precipitation of first calcite then silicates. (Brown 

and F11is 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 0-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 19 0-depletion would 

be. 

Evidence from mineral stability relationships.  

0-isotope studies can yield little, or no, information os the 

thermal gradients that prevailed in the zeolite-zones, since all the 

lavas outside the prehnite and epidote zones have 'normal' 8 1110 

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 laves 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). 

Furthermore1  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.g. 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 :- 

Heulandite - laumontite + quartz + water 	1 
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Analcite + quartz - albite + water 	2 

Reaction (1) has been investigated by Coombs et al. (1959) and 

Winkler (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 4kb. 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, 4.5 - 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 H2O 

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 

PH20 = Ptotal, whereas in meteoric hydrothermal systems PH2O % y3Pload• 

For the analcite-albite reaction considered above, Coombs et al. (1959) 

calculated that analcite stability would be lowered from about 2800C 

where PH20 = Ptota1 = 1000 bars to only 100°C at PH20 = 344Ftota1 = 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.e. PH20 N Y'Ptotal' 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 

feldsparr confirming that conditions during the alteration were osmotic. 

Studies of contemporary geothermal 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) : 

to - 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 of four distinct zeolite 

zones; in order of increasing temperature: the chabazite, 

(mesolite), stilbite and laimontite zones. 

These two types of geothermal area can be considered analogous 

to the 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 4-2. 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 230°C. The two flows which 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 300°C. Comparison with table 4-1 suggests that 

the water/rock ratios varied from 3.0 or more, adjacent to the central 

intrusive complexj to 0.5 or less in the zeolite-zones. 

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

In terrestrial geothermal systems convective recirculation of 



127 

aS 
the water occurs4a 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 

4-3 which shows the measured, present-day temperature distributions 

in the Wairakei 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 isotherm 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 

burial metamorphism model, can thus be explained by the radial inflow 

of cooler water at the base of the lava pile above the relatively 

impermeable Moine 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; 

Arnorsson et al. 1975, Tomasson et al. 1975, Naboko and Flip, 1961). 

In these systems the main upward 	movement of water is localised 

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 

180_ 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 Mull. 

The low 876r/86Sr ratios of the hydrothermal fluids circulating 



128 

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 (Amason and Tomasson, 1970) indicate that 

these areas constitute separate circulation systems. The boundaries 

between the systems are 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 

numerous 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,interf1ow breccia 

zones, arygdaloidal flow margins and occasional pyroclastic deposits 

will have behaved as aquifers. The partially Altered red bole sample, 

H 39, for example contains more than 15* CaO, 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 diameter for the area 

affected by hydrothermal activity of 25km,kif the effects originally 

extended over a vertical distance of 2kmsAthen up to 4000km3 of rock 

h:_ve been affected by interaction with meteoric fluids, and a similar 

volume of :water must have passed through the system. This quantity of 

water can be accounted for by normal amounts of rainfall. If only 10 

per cent of an annual rainfall of 75cm is added to the circulation 



129 

system, then given a catchment area of 2000km2, it would require only 

104  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 aureole 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. 1-3)I  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 

300°C, requiring an addition of 65 cal/g of heat throughout the alter-

ation zone, using a specific heat of 0.25 cal/g/°C. dith water/rock 

ratios= 0.6 at least 3g of Ii20 must be heated with every gram of rock, 

demanding an additional 85 cal/g and at least 150 cal/g for the alter-

ation'process. 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 hydration reactions 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 tovhi gh since it is un-

likely that temperatures at any point in the system significantly ex-

ceeded 300°C. 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 Pennygown quarry contain numerous minor intrusions 

the surface outcrops of which could not be traced across the 

adjacent slopes. It seems likely that the volume of intrusions 

within the lava pile may thus be considerably greater than their 

presently mapped areal expressions indicate. 

3. r:lteration of the lavas was confined predominantly to the flow 
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margins. Even 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 

proceedprovided 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 zone wer6 	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), 
M 

and growth of the secondary mineral phases was accomodated 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 volume1 of lavas within the hydrothermal aureole. 

The sporadic nature of the intrusive activity in the central 

complex means that the hydrothermal activity must also 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. The presence of numerous discordant hydrothermal veins 

and hydrobreccias indicates that at a later stage the hydrothermal 

activity must have become increasingly restricted and explosive in 

nature. This will have probably been caused by local sealing of the 
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escape routes for the 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 duarry. 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. 

The intrusive rocks in the central complex are less 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 noted in chapter 

one, local concentrations of sulphides have been found adjacent to 

some of the caldera-ring fractures indicating tht ore-forming elements 

were carried by the hydrothermal fluids in the central parts of the 

s:stem. 
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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 

focused on element mobility and its role in geochemical mass balances 

(e.g. 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.g. J.Pearce and Cann 1973, Herrmann et al. 1974, this study). 

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. 

1. Eastern Iceland.  

A 10km thickness of predominantly basaltic flows is exposed in 

Eastern 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, SW 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 Jim opaque and translucent crystals. 

Chemically the lava is a typical l-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 5-1. Only the 

chondrite-normalised patterns with the highest and lowest values of 

BEE 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 olivine 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 olivinejin addition to the glass, and incipient alteration 

of plagioclase. The pyroxenes are unaffected by secondary alteration. 

Chemically this lava is a u-normative olivine tholeiite with 

6.0 - 7. Mg0. 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 error indicating mobility of these elements 

during alteration. 

2. 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;o by modal analysis) containing microphenocrysts and microlites 

of plagioclase (An - 70) and rare olivine (Fo80 _ 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,E 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. 

Considerable 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 

Mg and H2O were taken up from the circulating fluids (fig.5-2). Na, K, 
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Fe, Mn, B, Li, 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 contro-

versial. 
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Sampler Ce 
(PPm) 

Yb 
(pPm) 

(Ce/Yb)pt 110, 
(wt.%) 

Y 
(Ppm) 

A11•42 1.96A 8.77 3.27 0.68 t 0.03 1.40 35 
I-96B 8.02 2.89 0.71 t 0.03 1.33 30 
1-96C 8.57 2.96 0.73 t 0.02 1.26 39 

411-42 1-97A 10.47 3.53 0.76 t 0.03 1.46 40 
1.97E 9.58 3.34 0.73 t 0.04 1.37 36 

A11-42 1-108A 8.88 3.42 0.66 t 0.04 1.98 45 
1-108B 9.88 3.02 0.83 t 0.04 1.43 39 

A11.42 1-118A 8.61 3.21 0.68 t 0.04 1.53 39 
1 .118B 8.60 2.91 0.75 t 0.04 1.35 38 

*A. B, C: sones from • single pillow built, from the altered rim (A) towards the relatively 
fresh interior (B or C). 

Figure 5-3 and Table 5-l. 

Chondrite-normalised REE patterns and selected REE 

and trace elements for four partially hydrotherrnally 

altered pillow b.salts from the Mid Atlantic Ridge. 

(from .iumphri c 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 pact 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 alteration. 

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 Flloyd'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 5-4a. Patterns 1 and 2 are from the tholeiitic portion, patterns 

3, 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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figure 5-4 

a) Chondrite normalised RE patterns from Bhoirrada, Zones 1-5 

(Hellman and Henderson 1977) 

b) Selected REE patterns from the Cliefden Outcrop, NS Wales 

(from Hellman' et al. 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 f02 

causes oxidation of Ce to Cel, which will then be discriminated from 

incorporation into mineral lattices becausets small ionic radius; on 

the other hand a negative Eu anomaly can only be explained by the occur-

rence of Eu 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 Outcrop 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 Eu 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 csstallising 

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-

idation 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 Zr 

(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 small 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 only of these phases occurred during zeolite-facies 

alteration, hence the lack of any significant chemical changes and the 

REE immobility. 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 lavase 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 trace of interstitial glass. 

The spilitic part of the section 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 (> 1.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 oppears 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. 5-4a). 

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 

interiors  (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 Eu, 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. 5-4a, 

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 (Masuda and Nagasawa, 1975). Studies of the fluids eman-

ating from the Galapagos hydrothermal 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-fqcies 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, Hf and the HREE  appeared to be immobile. It should be emphasised 

that all the basalts have been altered by fluids (meteoric or seawater) 

that have low CO2 contents. Interaction with a CO2-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, that 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 alteration. 

The above discussion has been concerned mainly with the incom-

patible trace elements because of their petrogenetic importance. T. 

Pearce et al. (1977) have suggested that Fe, Mg and Al in basaltic and 

intermediate rocks are also little affected by alteration processes. In 

the eastern Icelandic basalts Mg was mobile, though only to a limited 

extent. Both Mg and Fe were mobile in the greenschist-facies basalts 

from Null and the Mid-Atlantic ridge. In these lavas the replacement 

of the Al-poor phases olivine and pyroxene by chlorite (and to a lesser 

extent by amphibole) resulted in the uptake of any Al released during 

alteration of the feldspars. Nevertheless, the results obtained in this 

study show that the chemical changes during alteration were dependant 

on the relative proportions of felsic and mafic phases in the lavas,and 

that Al is mobile in more evolved lava types. The frequent 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. 

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 bihor 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 (1d 61) and the Staffa lava (M 80). Unlike the Plat-

eau laves, 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. An 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 (?) 

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 Maccuboch's tree flow occur at the base of the Skye-lava pile. 

(Anderson and Dunham, 1966; Thompson et al. 1979). 

Figure 5 - 5. M 61, Macculloch's tree lava. The irregularly 

shaped grey crystals on the centre-left are augite phenocrysts. 

Field of view 5mm by 3mm. 

These lavas may be compared with the Tertiary lavas of the east-

ern Iceland described by 'i;ood 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 LREE by augite crystallisation. Preferential 
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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 samples 

from one of the'Staffa lavas (op. cit. Table 2, nos. R 68, R 69) 
indicates that mobility of .these 'suspect' 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 wearance 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 in addition to Ti, Nb, Zr, s, Ta and Hfd  the REE 

are likely to have been immobile during alteration. 

Chemical analyses of three representatives of the Non Porphyrit-

ic Central lavas of Mull are given in Appendix I-E (MS 183, FIS 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 

groundnasses 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 outcrops of these lavas 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 IGNEOUS 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 from Britain to the Faroes, Iceland, Jan Mayen and Green-

land, and that fragmentation and subsidence of this province led to 

the formation of the North Atlantic (e.g. Tyrell 1937). Subsequent 

reconstructions 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 Faroes 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 alone 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, Bott and 

Tuson 1973, McQuillan et al. 1975).  Localised, northwest trending dyke 

swarms, consisting mainly of basaltic rocks, pass through the individ.- 

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 

magma 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 identical. In addition to the data presented in this 

study published analyses 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) 

(Mattey 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 initially 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 Ri.dl.ey (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 SINS and MPG lavas (figs. 6-1, 6-2). Comparison of figures 6-1 to 

6-4 also shows that the basal "Staffa-type" lavas from both Mull and 

Skye (M 61, I.1 80, SK 965, and the Group II lavas of Beckinsale et al. 

(1968)) have similar trace element abundances to the SIE S and MPG 

basalts but 	substantially different major-element compositions. 

beckinsale et al. (1978) claimed that their Group I and II lavas are 

the chemical equivalents on Mull of the ne- and l-normative sub- 
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. Figure 6-3. 

Distribution of the various basalt types on the TiO2 - K20 - P205  
diagram of T.Pearce et al. (1975). O Preshal Mhor magma type; O 

Skye Main Lava Series and Mull Plateau Group; C  _ 7,  

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

divisions, respectively, of the SMT basalts. This is clearly incorrect. 

The Groups I and III basalts of Beckinsale et al. plōt within the out-

lined field of figure 6-4 and hence fall within the overall composit-
ional range of the SMLS and MPG basalts. The major- and trace-element 

distributions discussed above 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 

Dunham 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/86Sr)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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01 
Figure 6-4+. 
	Hy 

Normative diopside-hypersthene-olivine-nepheline/quartz in basic 
A-n-on 

lavas and pyroclastics from Mull and Skye. All the norms calculated 

with Fe203  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, NW Skye (ibid); filled triangle = basal pillow lava (SK 965), 

NW Skye (Thompson et al. 1979). 

Mull 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 (Moorbath and 

Welke, 1968, Carter et al. 1978, Moorbath and Thompson 1979). The Sr 
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- deduced initial composition of Pennygown Quarry lava (this study). 

and (87Sr/86Sr); 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 SMLS 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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'urther, Moorbath and Thompson (1979) could find no correlation between 

either Si02 content or Si-saturation and (87Sr/86Sr)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 ha--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 chromite§ 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 analysed 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 Arran crinanite 

sample, MS 209, plot close to the Skye hawaiites along the fractionation 

trend for the SMLS lavas on the Y-Zr diagram shown in figure 6-6. The 
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+free low-Y lavas of Beckinsale et al. (1978) plot in the lower right 

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 crystallisation. No basic magmas with very low-Y 

contents have been reported from the British Tertiary Province. 

Thompson et al. (1979) showed that the SMIS benmorites and low-Fe 

intermediate and trachyte lavas have low Y, 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 al so)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 SMS 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. 

3. 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/86Sr 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 SELS and 

1,TG 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 SMIS 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 87Sr/86Sr environment of the amphibolite-

facies Lewisian gneisses of the upper crust (Carter et al. 1978) will 

possess higher values of these parame hers 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/P205 plot (fig. 6-1), they occupy different regions to the 

SMIS and MPG lavas. The Skye Preshal Mhor basalts are characterised by 

high Ca0 contents (11-13%), low total alkali contents, low abundances 

of the large-ion lithophile elements and a light rare earth depleted 

chondrite-normalised pattern (Ce/YbN < 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. 19?7). 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 intercalated with the SMLS at the top of the 
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cava 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 

must 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 Buie 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/P205 plot. On the Ti/100 - Zr - 

Y.3 and Ti./100 - Zr - Sr/2 diagrams of J.Pearce and Cann (1973) 

(fig. 6-2) they lie in the 'calc-alkali' fields. The NPC lavas3though 

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 'caic-alkali' fields 

is they possess distinctly higher Zr, and only slightly higher TiO2 

contents to the other magma types (Appendix I-E). A high Zr/Ti02 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. Aether or not these belong to 

the MLAT magma type cannot yet be determined without further 



163 

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 SMIS basalts (with inefficient 

melt extraction); leaving a final harzburgitic residuum. Other pos-

sible models fail to explain the interstratification of the SMIS 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 alkali 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 P205 - Zr and Ti - Zr 

diagrams they fall between the SMLS and PMB; on the TiO2 - Zr/P205 

and Ti/100 - Zr - Sr/2 diagrams they overlap the SMIS but are totally 

separate from the PMB; on the Ti/100 - Zr - Y.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/YbN = 1.7 (Thompson et 

al. 1979). M 58 has a very similar REE pattern, also with a Ce/YbN 

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 - normative types and like the SMLS and MPG can 
G 

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 abundances 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 eight 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 K20 contents of these basalts do not fall 

within the compositional range of the Skye basalt types. More data, 

and particularly more 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). 

2. 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 	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 SMIS 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 magnitude 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 Mg0 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 average 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 SMIS and to each other. 

The use of a vertical log-scale allows typical MORB basalts and ultra 

alkalic lavas to be accomRdated 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 Y 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 SMIS on figure 6-7 (see also legend) are the olivine tholeiites 

from Kilauea, Anjouan (Comores), E.Iceland and the FAMOUS area. In 

contrast, all thz alkali 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 alkali olivine 

basalt from New South Wales, 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 basalts (a mean of the samples from 

flows LA 7-11 and M 51-55 that has a similar Mg0 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-incompatible ele-

ments, relative to the Skye basalts. This is despite the fact, that 
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the nearly-identical Si-saturation ranges in the SMLS 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 abcissa 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 basalts 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-normalised rare-earth patterns for individual 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 patterns. The majority of the 

Skye basalts have the former type of pattern, whilst all 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 crystallisatioriand/or 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 curvatures of the patterns. Neither czan they be attributed to the 

variable degrees of partial melting that gave rise to the SNLS and MPG 

e ~-~~ho.utis Cen 1,1,-.41.,s es - cata.:j 	a-•,)4 ec- c  rel t, 	M 
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F/F+M 
figure 6-8 

Idb, P205, TiO2 and Y versus F/F+M 

for'oalaeocene 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 CeN that would be anticipated, if the patterns showed no 

downwards curvature at their LREE ends. Ce*/CeN , 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 Mg0 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 TiO2  were excluded from the comparison as these samples 

contain titanotuagnetite micro-phenocrysts and hence, these three ele-

ments cannot therefore be considered to hale been 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).  

P205 K20 Rb Ce Sr Nd Zr Hf Y Yb 

Skye 907 0.45 0.70 6 50.35 724 38.94 279 7.82 45 3.41 
I-Iull M 7 0.30 0.27 3 30.57 560 29.69 230 6.07 35 2.37 
Arran MS209 0.26 0.36 6 21.57 416 12.59 175 4.39 31 2.21 
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Ce'/CeN versus Hf/La, Zr/Nb and Z`i.02/P205  for SMLS(o)and MPG(o) basalts. 

To summarise, the incompatible element variations are interpreted 

as demonstrating heterogeneity in the Palaeocene upper mantle beneath 

Skye, Mull and Arran on two different scales:- 

1. local heterogeneity beneath both Mull and Skye, on the scale 

of the mantle volumes involved in the production of individual 

magma 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 

SMIS and MPG are 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 that the upper mantle 

beneath these centres achieved its pre-Palaeocene incompatible element 

depletion by the extraction of a melt phase(s). 
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P^ 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 Palaeocene. Again, the trace-element composition of 

this mantle volume would thus 	be residual 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 Scotland until the Pal-

aeocene. 

A third possibility is that the volume of upper mantle which 

produced the Palaeocene magmas may have become coupled to the sub-

Scotland lithosphere during the Archaean-Cenozoic time interval, and 

auired its distinctive trace-element characteristics through extraction 



174 

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 (Arran and Southern Uplands), Devon-

ian (Widespread including Ross -and Loch Don in Mull), Carboniferous 

(mainly in the Midland Valley but also dytte 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 metamorphosed 

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 Arran 

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 130kms 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 postulated to have occurred along a north-

westerly inclined zone during the closure of the Iapetus ocean (e.g. 
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Phillips 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 abrupt 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 Lipman 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 Scotland 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 Arisaig. 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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lamprophyre swarm which passes through Skye was therefore analysed. 

The results are given in Appendix I-E, sample MS 144. 

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 144, 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 SITS are depleted in these elements by a factor of two 

or three relative to the other incompatible 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 9 in basalts produced 

during the last few Ma. along the entire segment of the Mid Atlantic 

Ridge from Iceland to ° g 	36 Id. This ratio ranges from 14-43 in the SMLS 

averaging 31. MS 144, shows a similar impoverishment in Th, Ta and Nb 

as the SMLS basalts. Compared to other world-wide occurrences of 

strongly alkafic basic rocks with similar Eg0 and LPEE 



177 

Contents, 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 (.1:0.01) 

(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 .he chemical composition of the 

underlying mantle. Accordingly, this upper-mantle relative depletion 

in Th, 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 depleted 

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 fusion 

cannot produce the observed absolute abundances of these elements in 

the Palaeocene lavas a most of the incompatible elements would be con-

centrated in the first melt fraction. Langmuir et al.(19?7) 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 process 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. 
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2. 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. 

4. 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 spreading 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 

STIP at approximately 59 and 52 Ma., respectively1 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 TnRrecque et al. (1977) the episodes of magmatic 
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activity  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, Ardnaorurchan 

and the Blackstones centre all lie close to the Casmasunary-Skerry-

yore 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 interpretation 

is based partly upon the N-S alignment of many of the central igneous 

complexes (see fig. 1-1). Although significant tectonic activity occur-

red within the BTIP during the Cretaceous-Tertiary periodtas 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,b) 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 Faroe 

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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originated from mantle diapirs emplaced as a result of the post-Cale-

donian lithospheric extension associated with the closure of the 

Iapetus Ocean,and reactivated as a result of the uplift and extension 

that preceded the opening of the North Atlantic. 
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Samples 	Locality 

LA 1 - 5 

LA 7 - 11 

LA 12 

LA 13 - 15 

LA 16 - 18 

LA 19 

Small quarry immediately to west of pier, Loch Aline, 

Morvern (NM 674 443). Margins of lava flow not exposed. 

Sample heights above quarry floor : LA 1 0.0m; 

LA 3 3.4m; LA 5 4.6m; LA 2 5.5m; LA 4 6.7m. Mesolite 
zone. 

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 O.Om; 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 1.5m in thickness. Base of underlying lava 

flow exposed in slope above north bank of Allt Achadh 

Forsa, 23m below red bole. Sample heights below bole : 

LA 16 2m; LA 17 7m; LA 18 22m. LA 19 - amygdal.oidal 

sample from upper two metres of LA 16 - 18. Mesolite/ 

laumontite zones. 

LA 20 	Cutting on west side A 884, lkm north of Loch Aline, 
(NM 680 458). Mesolite zone. 

M 1 	Massive lava flow on which remains of Aros castle stand, 

(NM 563 450). Laumontite zone, close to margin prehnite 
zone. 
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M5 -8 

M 11 - 12 

Lava flow and underlying red bole exposed in small 

quarry on north side of Tobermory-Glengorrr castle road 

(NM 462 563). Sample heights above bole : M 5 1.05m; 

M 6 2.25m; M 7 3.33m;  M 8 4.16m, Laumontite zone. 

Small quarry on north side B 8073, 1.7km 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. 

M 13 - 22 

M 26 - 28 

M 24, M 64 

Drill core 

Large quarry on south side of A 849, 2.5km east of 

Salen and almost opposite Pennygown Chapel (NM 607 431). 

Epidote zone. Two lava flows separated by thin air-fall 

tuff exposed in quarry walls. Upper flow sampled at 

following heights above tuff layer : M 26 0.73m; 

M 27 1.46m; M 28 2.00m. Lower flow sampled at follow-

ing heights below tuff layer : M 13 0.1m; M 14 0.75m; 

M 15 1.8m; M 16 2.2m; M 17 3.1m; M 18 4.05m; 

M 19 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. 

M 29 - 32 Toll Doire quarry, 1.2km 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 corner 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. 
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M 34 - 36 
M 37  - 38 

M 39 

M 45 
M 40 - 46 

M47-50 

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 0.2m; M 36 1.1m; 

M 35 2.35m. Lower flow is only 4m thick - M 37 and M 38 

collected 1.2 and 2.1m 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 1.4km east of Salen (NM 583 428). 

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. 

M 59 	Lava exposed in stream one third of way down hill 

behind Fishnish Bay, south of A 849. (NM 629 410). 

Epidotc zone. 

M 58 	Hill top knoll, south of A 849, opposite Fishnish Bay. 

(NM 402 278). Epidote zone. 

M 6 	I;cjoullouch's tree lava, Ardmeanach Peninsula (NM402 278). 

Laumontite zone. 

~Jest bank of Allt Molach, a few feet above stream, two 

thirds of distance from new road (A 849) to Ishriff 

farm (NM 632 313) . 

Ms 183 
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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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3. - B DRLT,L CORE LOG 

No attempt has been made to identify and draw every single 

piece of the core in this log. Instead, the interval occupied 
by each sample and the percentage recovery are shown in the 

left hand column; the main rock types recovered and the 

mineralogical variations within them are depicted in the right 

hand column. Rubble horizons and breaks in'the section across. 

which continuity could not be definitely established are 

shown diagrammatically. 

CA-chemical analysis; TS-thin section; PS- polished section; 

XRD- mineral separate taken for X-ray diffraction studies 
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1 — C MODAL ANALYSES  

Zeolite—facies levas. Phenocryst modes 

M1-22. 
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Zeolite-facies lavas-phenocryst modes (2000 points).  

olivine 

plagioclase 

titanomagnetite 

LA 1 LĀ 2' IA 3 LA 4 I l 5 . LA 20 

tr 
2.00 

- 

tr 
1.55 

- 

0.35 
1.65 

- 

0.35 
1.90 

- 

0.35 
2.00 

- 

12.40 

- 

- 
groundmass 98.00 98.45 98.00 97.75 97.65 87.60 

LA 7 LA 8 LA 9 LA10 LA11 M1 

olivine 0.15 tr tr tr tr 4015 
plagioclase 1.15 2.25 2,65 3.15 2.95 - 
titenomagnetite - - - - - - 
groundmass 98.70 97.75 97.35 96.85 97.05 94.60 

LA 13 LA 14 LA 15 LA 16 LA 17 LA 18 

olivine 6.75 9.30 17.00 10.00 10.38 14.48 
plagioclase - - - - - -  
titanoma;; petite - - - - - - 
broundmass 93.25 90.70 82.85 90.00 89.62 85.52 

MS M6 M7 M8 N 11 N 12 

olivine 2.50 2.20 3.30 2.40 5.80 7.10 

l,.~iocl se 5.00 6.05 7.25 5.65 0,60 0.60 

titanomao otite 0.20 tr 0.30 tr 
groundmass 92.30 91.75. 89.15 91.95 93.60 92.3o 

M 51 N 52 M53 M 54 M 55 
olivine 4.40 3.20 3.20 4.35 3.50 
rlagioclase 3.05 2.70 3.45 3.05 2.95 
titanomagnetite - - - 

Lroun_dms 92.55 94.10 93.35 91.00 93.55 

* cont Ans 0.55, unaltered slass 
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M 13 -  22 (4000 points). 

M 13 M 14 M 15 'M 	16 M 17 

chlorite 43.00 43.83 31.15 37.12 28.59 

feldspar 29.55 24.95 36.63 27.41 36.26 

pyroxene - 14.23 18.73 16.30 18.12 

opaques - 2.95 3.48 4.62 7.15 

sphene 9.55 4.83 6.43 3.75 1.60 

carbonate - 0.83 0.15 4.82 2.32 
amphibole 0.93 6.68 2.40 4.92 2.00 

epidote 0.40 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 	22 

chlorite 29.85 35.53 35.05 34.08 30.63 

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 71.83 12.85 9.20 
sphene 3.15 3.83 -Er 1.55 2.50 

carbonate 0.23 0.35 -Er - lr 
amphibole 6.83 2.45 2.38 3.38 4.58 

epidote 0.20 0.08 - -fir 4r 

quartz - 0.08 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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- D MICROPROBE ANALYSES. 

Zeolite zone rocks.  

LA 5 	Basaltic hawaiite 

LA 7 	Less - magnesian basalt 

LA 15 Magnesian basalt 

LA 18 MagnesietA basalt 
M 7 	Hawaiite 

M 12 	Less - magnesian basalt 

M 55 	Less - magnesian basalt 

M 56 	Altered vesicle surround from M 51 - 55. 

Greenschist - facies zone rock.  

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 upper flow Pennygown Quarry. 

D 1 	Pyritised dyke Pennygown Quarry 

M 29, M 30 Toll Doire Quarry lava 

M 41, M 46 Altered hawaiite 

M 48, M 49 Altered basalt and hydrothermal vein from 
same lava flow 

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

Note 1. Subscripts a,b refer to core and rim analyses 
same crystals. 

2. Fe:Ti oxides recalculated using method of 
Carmichael (1967). 
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LA 5 - Basaltic Rawaiite. 

1 2 3 4 5 6a 6b 7a 7b 8 9a 
Si02 36.58 35.63 35.77 35.29 35.69 50.60 50.46 51.09 51.51 52.33 52.44 
A1203 - - .28 - .22 29.96 30.16 28.66 28.89 29.93 29.69 
Cr203 - - - - - - - .11 .11 - - 
Fe0' 34.72  38.18 38.03 40.11 39.68 2.01 1.62 2.64 2.55 .87 1.00 
MnO .46 .52 .82 .49 .82 - - - - - - 
KgC 27.82 26.09 24.22 24.01 23.64 0.66 0.31 1.06 0.84 ' .21 
NiO - - - - - - - - - - 
Cao .41 .34 .65 .42 .44 12.68 13.12 11.98 11.67 12.45 12.08 
Na20 - - - - - 3.76 3.36 3.43 3.83 4.36 4.01 
K20 - - - 0.07 0.09 .17 .10 .10 
1102 - .12 - - .11 - - - 

V203 - - - - - 
Total 22:22 100.86 99.77 100.32 100.49 99.6Z 99.09 2246 99.55 10044 99.53 

Cation proportions 

1 2 3 4 5 6a 6b 7s 7b 8 9 
Basis 0=4 0=4 0=4 0=4 0=4 0=8 0=8 0=8 0=8 0=8 0=8 
Si 1.013 0.996 1.012 1.003 1.010 2.325 2.328 2.361 2.369 2.379 2.391 
Al - - 0.009 - 0.007 1.623 1.640 1.561 1.566 1.604 1.596 
Cr - - - - 0.004 0.004 - - 
Fe 0.804 0.893 0.900 0.953 0.939 0.077 0.062 0.102 0.098  0.033 0.038 
Mn 0.011 0.012 0.020 0.012 0.020 - - - - - - 
Mg 1.148 1.087 1.022 1.017 0.997 0.045 0.021 0.073 0.057 - 0.015 
Ni - - - - - - - - - - 
Ce 0.012 0.010 0.020 0.013 0.013 0.624 0.648 0.593 0.575 0.066 0.590 
Na - - - - - 0.335 0.300 0.307 0.341 0.385 0.355 
K - 0.004 0.005 0.010 0.005 0.006 
Ti - 0.002 - 0.004 - - -  
V - - - - - 

3.(x1 2.983 2.997. 2.986  5.030 5.004 5.009 5.021  5.013 4.991 

Fo 58.81 Fo 54.91 Fo 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 

9b 10a 10b 11 12 

Or 	- 

13 

Or 0.43 Or 

14 

0.59 Or 

15 

1.06 Or 

16 

0.55 Or 

17 

0.63 

18 
Si02 54.92 52.63 52.86 52.40 31.40 32.09 32.14 30.58 • 1.02 .51 .64 
A1303  25.99 30.11 29.32 27.87 13.54 13.88 13.93 13.53 0.52 1.77 1.60 
Cr,03 - - - - - - - - - .16 
Feō• 2.14 .75 1.31 2.86 26.49 25.52 24.62 25.87 48.24 67.98 66.65 
Mn0 - - - - .11 .21 .14 .11 .53 1.35 1.33 
M1.0 .58 .80 13.40 13.72 13.22 14.22 • 3.27 - - 
NIO - - - - - - - - - - 
CaO 8.82 12.33 11.56 10.61 1.82. 1.75 1.96 1.51 .33 .09 
Na20 5.52 4.16 4.50 4.40 - - - - - - 
X20 .31 .15 .19 .23 - - - 
Ti02  .13 - .15 .15 43.32 24.26 25.23 
V203  - - - - - - 0.36 .63 .62 
Total 98.41 100.13 99.89  99.32 86.76  87.17  86.02 85,83 97158 96.49, 96.32 

9b 10a 

Cation proportions 

13 14 15 	16 	17 	18 10b 11 12 

Basia 0 = 8 0 = 8 0 = 8 0 = 8 0 = 28 0 = 28 0 = 28 0 = 28 	Recalculated anaIyaae. 

Si 2.530 2.386 2.406 2.413 6.716 6.778 6.847 6.605 Fe0 	33.40 52.68 	5).53 
Al 1.411 1.609 1.573 1.514  3.413 3.456 3.500 3.446 70203 16.50 17.00 	14.58 
Cr - - - - - - - - 	Tbtal 99.24 98.20 	97.79 
Fe 0.082 0,028 0.056 0.110 4.739 4.507 4.386 4.673 
Mn - - - - o.021 0.037 0.026 0.020 
Mg 0.040 - - 0.055 4.270 4.320 4.197 4.578 
Ni - - - - - - - 
Ca 0.435 0.599 0.564 0.524 0.418 0.396 0.448 0.350 
Na 0.493 0.366 0.397 0.393 - - - - 
K 0.018 0.009 0.011 0.014 
Ti 0.004 - 0.005 0.005 
V - - - - 
5 5.015 4.997  21226 5.028  19.577  19.493  19.403 19.672  

An 46.00 An 61.51 An 57.99  An  56.33 
Ab 52.05 Ab 37.59 Ab 40.89 Ab 42.21 
Or 1.95 Or 0.90 Or 1.12 Or 1.46 

1 - 5 	Small anhedral olivines. 

6 - 10 Feldspar 'phcnocrysts'. 

11 	Groundmass feldspars. 

12 - 15 Groundnass chlorites. 

16 	Ecsolved ilnenite in host titanomagnetite. 

17,18 	:itanomognetite. 
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1. 2 

LA 7 	Less - 	basalt., 

6 7 8  3 4 	5 
Si02 50.48 49.53 54.46 52.59 	50.56 47.31 48.91 48.54 

2 30.41 26.84 28.11 	2.19 4.46 3.51 3.83 Al
rrrO - - -. - 	- - - .12 
Fs0 1.22 1.47 2.07 2.08 	11.46 11.61 11.07 14.16 
MnO - - - .16 .18 .18 .24 
NgO .21 0.23 .90 .86 	14.12 12.17 12.62 13.53 
Ni0 
Ca0 13.02 13.30 10.54 11.07 	18.66 19.56 19.82 16.26 
Nig 0 3.46 3.25 4.77 3.90 	- .64 .49 .90 
K2Ō 
TiO2 

- 
- 

.o8 
- 

.22 

.18 

	

.15 	- 

	

.15 	1.19 
- 

2.31 
■ 

1.85 1.39 
v203 - - - 	- .17 .12 - 

Total 98.62 21a 221n 98.91 	58.35 Asia 98.27̀ 2•$ 
Cation proportions  

1 2 3 4 	5 6 7 8 
Baaie 0=8 0=8 o =8 0=8 	0=6 0=6 o =6 0 =6 
Si 2.334 2.306 2.479 2.420 	1.926 1.822 1.870 1.860 
Al 1.647 1.669 1.440 1.525 	0.098 ' 0.203 0.158 0.173 
Cr - - - - 	- - - 0.004 
Fe o.C47 0.057 0.079 0.080 	0.365 0.374 0.354  0.454 
Mn - - - 	0.005 0.006 0.006 0.008 
Mg 0.014 0.016 0.061 0.059 	0.802 0.698 0.719 0.773 
Ni 
Ca 0.645 0.663 0.514 0.546 	0.762 0.807 0.812 0.668 
Na 0.310 0.293 0.421 0.348 	- 0.048 0.036 0.067 
K - 0.005 0.013 0.009 	- - . 

Ti - - 0.006 0.006 	0.034 0.067 0.053 0.040 
V - - 0.005 0.004 - 

E 4.998 5. 52012 4.991 .3.991 4,931 4.013 4.045 
An 67.54 An 69.00 An 54.24 An 	60.50 	Wo 	37.81 Jo 40.36 Jo 41.40 Jo 41.31 
Ab 32.46 Ab 30.52 Ab 44.39 Ab 	38.54 	Ea 	42.54 Eh  38.63 Ea 39.30 En 40.65 
Or 0.00 Or 0.48 Or 1.37 Or 	0.95 	Fe 	19.65 Fe 21.01 Fe 19.66 Fe 18.05 

9 10 11 12 13 14 
Si02 	.47 .33 .50 .21 .23 .22 
A1203 

37  - C 

	

- -5  - - -  
Fe0'3 	43.86 44.57 73.59 12.63 11.47 11.14 
MnO 	.68 .40 .26 .84 .78 1.38 
Ng0 	3.75 2.60 2.77 28.60 25.38 26.64 
NiO 	- - - - - - 
Ca0 	- 
Na ,0 	- 

- 
7.43 

- 
13.15 10.76 

K,0 	- 
TiO2 	49.00 

- 
47.40 

- 
13.84 

- - 

V203 	.42 .66 .49 - 

Total 	98.17 96,34 92,04 49.70 91,01 50.13 

Recalculated analyses 

FeO 	37.20 37.97 38.90 
Fe203 	7.40 7.35 38.57 
Total 	98.91  97.08 95.92 

1 - 4 	Feldspar phenocryste. 
5 - 8 	Pyroxenes. 
9,10 	Ilmenite lamella in titanomagnetite. 
11 	T1tanomagnetite showing low temperature oxidation. 
12 - 15 Carbonate infilling vesicles. 
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la lb 2a 

LA 15 	Marmesian basalt. 

6 7 8 9 2b 3 	4 5 
Si 37.35 37.30 37.32 37.40 37.07 	36.93 36.55 36.71 37.17 49.78 51.80 
2 - - - - 	- _ 31.16 30.14 

- 
Fe~ 25.89 26.60 26.71 27.22 28.66 	29.11 31.35 32.06 32.15 .51 .78 Mn0 .35 .37 .24 .32 .41 	.39 .41 .44 .43 - - 
M80 35.46 32.68 34.86 34.80 33.75 	33.63 30.70 30.42 30.61 
Ni0 .19 - .15 .19 .15 	- - - 
Ca0 .36 .46 .43 .27 .36 	.31 .30 .33 .35 13.64 12.61 
N ,0 
U - - - - 

- 	- - - - 

- 
3.01 
.15 

3.92 
.18 

T0 - 
.13 .12 

- 203  - - 	- - - - 
Total 9920 9902 99.70 100.20 100.40 	100.38 99.31 22i22 100.71 98,23 99.55 

Cation Droportlona 

la lb 2a 2b 3 	4 5 6 7 8 Buie 0=4 0=4 0=4 0=4 0=4 	0=4 0=4 0=4 0=4 0=8 0 =8 
Si 0.996 1.007 0.997 0.996 0.993 	0.992 1.003 1.004 1.007 2.306 2.366 
Al - - - - - 	- - - - 1.702 1.623 
Cr - - - - - 	- - - - - - 
Fe 0.577 0.646 0.597 0.607 0.642 	0.653 0.720 0.733 0.729 0.020 0.030 
Mn 0.008 0.008 0.005 0.007 0.009 	0.009 0.009 0.010 0.010 - - 
Mg 1.409 1.314 1.388 1.382 1.348 	1.346 1.256 1.240 1.236 
Ni 0.004 0.003 0.004 0.003 	- - - - - - 
Ca 0.010 0.013 0.012 0.008 0.010 	0.009 0.009 0.010 0.010 0.677 0.617 
Na - - - -• - 	- - - -  0.270 0.347 
K - - - 0.009 0.011 Ti 0.003 - - - - 0.004 
V- - - - - - 

3,004 2.991 3.003 3.004 3.005 	A0008 z.99? ELM 4.983 4.997, 
Fo 70.93 Fo b7.06 Fo 69.93 To 69.50 Fo 67.73 Fo 67.31 Fo 63.57 Fo 62.84 Fo 62.91 An 70.81 An 63.31 

Ab 28.25 Ab 35.60 

10 11 12 13 14 15 16 17 	18 

Or 0.93 Or 

19 

1.10 

20 
Si02 51.65 57.44 56.96 51.05 49.69 50.71 49.89 .41 	.34 .38 .55 
A1203 29.61 26.26 25.79 2.77 4.34 3.16 3.59 .21 2.24 2.27 
Cr203 - - - .62 1.12 1.03 1.03 - 	- .25 - 
Fe0' .53 .37 .64 6.47 6.11 5.81 6.26 41.92 	42.61 65.18 65.61 
M.n0 - - - - - .14 - .44 	.42 1.84 1.75 
MO - - 	, 15.31 14.44 14.74 14.73 5.09 	4.63 .43 - 
N10 - - - .14 - - - - 	- - 
Ca0 12.11 7.73 7.47 21.25 21.39 21.43 21.60 .10 
Na20 4.4,: 6.04 6.53 - - .44 .56 - 	- - - 
K2o0 .20 1.12 1.17 - - - - - 	- - - 
Ti02 .12 .18 .13 .80 .92 .79 .93 50.59 	49.79 22.94 23.58 
V203 - - - .19 .17 .15 - .52 	.53 1.73 1.35 
Total 28.63 99.14 98.68 98,59 8~,18 98.40 98.58 99.06 	98.52 94.99 95.10 

Cation proportions Recalculated anelyrea 

10 11 12 13 14 15 16 17 	18 19 20 
B4nia 0=8 0=8 0=8 0=6 0=6 0=6 0=6 
Si 2.379 2.600 2.599 1.911 1.869 1.902 1.875 Fe0 	36.33 	36.50 49.76 51.34 
Al 1.608 1.401 1.387 0.122 0.193 0.140 0.159 Fe203 6 20 	6.79, 17.14 15.86 
Cr - - - 0.018 0.033 0.030 0.031 57 2211, 96.71 2 .a 
Fe 0.020 0.014 0.024 0.202 0.192 0.182 0.197 
Mn - - - - - 0.004 - 
Mg - 0.854 0.810 0.824 0.825 
Ni - - 0.004 - - 
Ca 0.598 0.375 0.365 o.853 0.862 0.962 0.870 
Nn 0.395 0.530 0.577 - 0.032 0.041 
K 0.01? 0.065 0.068 - - 	' - - 
Ti 0.004 0.006 0.004 0.023 0.026 0.022 0.026 
v - - - 0.006 0.005 - - 

E 5.016  4.990  5.026  3.993 1.920 4.004 4.024 

An 59.53 An 38.67 An 36.14 Wo 42.44 Wo 42.79 Wo 43.94 Wo 43.77 
Ab 39.31 Ab 54.64 Ab 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 Fe 10.98 Fa 10.36 Fa 10.83 

1 - 5 	Clivine phenocrysta. 
lb - Creen c2F_rently altered rim of phenocryst. 

6,7 	Groūn'knss o11v1nec. 
8 - 12 Groundmnss feldspars. 
13 - 16 nyroxeneo. 
17,18 	Ilmsnite lamellae in groundmnss titanomaCnetitea. 
19,?0 	Grourdmnsa titnnonrgnetites. 
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LA 18 - Magneeian beeeit. 

1 2 . 	3 4 5 6 7 8 	9 	10 	11 	12 
8102 39.98 39.66 39.14 39.35 39.31 38.45 37.64 35.75 	36.65 	49.42 	49.99 	49.46 
A120 - - - - - - 	1.46 	31.66 	31.62 	31.01 
Cr203 - - - .15 - - - - 	- 	- 	- 	-  Fe0'3 13.04 13.24 17.09 17.42 18.68 22.78 26.35 35.64 	34.92 	.97 	.75 	1.60 
Mao .15 .12 .18 .22 .18 .23 .33 .47 	.50 	- 	- 
Mgo 45.79 46.20 42.69 42.87 41.46 37.94 34.92 26.07 	24.28 	- 	.60 
Nio .35 .21 .16 .18 .22 - - - 	- 	- 	- 	- 
Ca0 
Ns 
0 K20 

x10 
v2a 

.22 

- 
 - 

.23 

- 
- - 

.26 

- 

.32 

- 
- 

.28 

- 
- 

.26 

- 

.35 

- 
- - 

.45 	.72 	14.30 	14.14 	13.19 

	

2.64 	2.84 	3.38 
- 

	
i2 

- 	- 	- 
	.11 	_ 

	

14 	- - 	- 	- 
	.14 	

-  
Total 99.67 22r22 100.49 100.13 22162 22 21:22 	211228gy1 	22:21 	99,35 

Cation proportions 
1 2 3 4 5 6 7 8 	9 	10 	11 	12 

Basis 0=4 0=4 0=4 0=4 0=4 0=4 0.4 0.4 	0.4 	0=8 	0=8 	0=8 
Si 1.001 0.993 0.999 0.996 1.004 1.006 1.004 1.014 	1.029 	2.278 	2.289 	2.281 
Al - - - - - - - - 	0.048 	1.721 	1.707 	1.686 
Cr - - - 0.003 - - - 	- 
Fe 0.273 0.2777 0.365 0.369 0.399 0.498 0.588 0.845 	0.820 	0.037 	0.029 	0.062 
Mn 0.003 0.003 0.004 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 	- 	- 	0.041 
Ni 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 0.014 	0.022 	0.706 	0.694 	0.652 
Na - - - - - - - - 	- 	0.236 	0.252 	0.302 
K - - - 	- 	0.006 	0.007 
T1 - 	- 	0.005 	-  V - - - 	- 	- 	- 

2.999 3.007 3.001 31002 2.226 2,994 2,996 21,06 	2.947 	4.979 	4.982 	21221 
Fo 86.22 Fo86.15 1b81.65 Fo81.43 Fo79.82 7o74.80 700.25 7o56.59 7o55.34 An75.00 An72.84 An67.81 

Ab25.00 Ab26.48 Ab31.46 
Or - 	Or 0.68 Or 0.73 

13 14 .15 16 17 18 19 20 	21 	22 	23 	24 
Si02 53.62 50.74 50.22 51.13 49.99 50.09 40.49 40.08 	1.006 	.41 	2.17 	1.09 
A1203 27.26 2.36 3.46 3.11 3.64 2.46 28.76 29.15 	.84 	- 	2.56 	1.95 
Cr203 - .32 .23 .71 1.13 - - - 	- 	- 	- 	- 
Fe0' 1.66 7.85 8.48 6.13 6.39 9.53 .46 .17 	52.28 	43.21 	61.92 	63.12 
MnO - .20 .15 .15 .16 .21 - - 	.65 	.45 	2.38 	2.83 
Mg0 .88 14.39 13.79 15.25 14.64 13.55 - - 	2.91 	3.42 	.27 	- 
N10 - - - -- - - - - 	- 	- 	- 	- 
Ca0 10.61 21.31 21.03 21.38 21.28 20.76 11.10 11.28 	.19 	- 	.34 	.16 
Na20 4.66 - .38 - - - 3.92 3.99 	- 	- 	- 
K30 .28 - - - - - - 	- 	- 	- 	- 
Tī02 .18 1.01 1.65 .79 .83 1.60 - - 	39.04 	50.66 	24.94 	25.09 
V203 - .14 .11 .13 .13 0.11 - .58 	.36 	1.01 	1.02 
Total 99.15 28±30 99.1k 8Q~Z8 98.19 98.30 84.72  84,66 	97:49 	98,49 	95.58 	95.26  

Cation proportions Recalculated analyses 

13 	14 	15 	16 	17 	18 21 22 23 24 
Basis 	0=8 	0=6 	0=6 	0=6 	0=6 	0=6 
Si 	2.458 	1.918 	1.882 	1.907 	1.883 	1.907 Feo ' 30.21 39.50 53.11 51.14 
Al 	1.473 	0.105 	0.153 	0.137 	0.161 	0.110 7e,03 24.52 4.11 9.80 13.31 
Cr 	- 	0.010 	0.007 	0.021 	0.034 	- 
Fe 	0.064 	0.248 	0.266 	0.191 	0.201 	0.303 99.94 98.89 96.84 96.59 
Mn 	- 	0.006 	0.005 	0.005 	0.005 	0.007 
Mg 	0.060 	0.811 	0.770 	o.848 	0.822 	0.768 
Hi 	- 	- 	- 	- 	- 
Ca 	0.521 	0.863 	0.844 	0.855 	0.859 	0.847 
Na 	0.414 	- 	0.028 	- 	- 	- 
K 	0.016 	- 	- 	- 	- 	- 
Ti 	0.006 	0.029 	0.046 	0.022 	0.023 	0.046 
v 	- 	0.004 	0.003 	0.004 	0.004 	0.003 
i 	5.014 	3.994 	4.004 	3.992 	3.994 	3,991 

An 54.77 :9o43.05 x042.79 wo42.63 wo42.55 wo42.30 
Ab 43.53 En43.34 En42.34 En46.60 En45.92 Ea41.10 
Or 	1.70 Fe13.61 Fe14.87 Fe10.77 Fs11.53 Fc16.58 

1 - 7 	Olivine phenocrysts 
1 - 4 all enclo3img epinele. 
7 "motored" olivine appears to be chloritised. 

8,9 	Grourdmas3 olivines. Both green coloured appear chloritised. 
10 - 13 Groundnasa feldspars. 
14 - 18 Pyrorenes. 
19,20 	Ground.:.ss zeolites - probably thomsomite. 
21 - 24 Groundmac= Fe:T1 oxides, 

:1,72 recalculated n3 itcenite, 
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M 7 - Rawaiite.  

1 2 3 4 	5a 5b 6 7 
8i02 36.29 36.52 36.51 36.34 	53.58 53.08  54.46 54.30 
A2°3 - - - 

-.
28.36 29_26 29.47 28_ 82 

Feb' 32.77 32.86 32.70 33.05 	.46 .70 .49 .50 
Mn0 .53 .48 .53 .63 	- - - - 
Mg0 29.82 29.85 29.65 29.53 	- - - 
NiO - - .15 - 	- - - - 
CaO .34 .29 .31 .29 	10.17 11.26 11.07 10.46 
Na20 - _ - - 	5.24 4.84 4.86 5.15 
K20 - .10 .08 .13 .10 
TiO2 - .14 .17 - .17 

V203 - - - 	- - - -  
T2ta1  99.75 100.00 99,86 22.84 	212122 99.41 200.118, 99.49 

Cation proportions 

1 2 3 4 	5a 5b 6 7 
Basis 0=4 0=4 0=4 0=4 	0=8 0=8 0=8 0=8 

Si 0.999 1.002 1.004 1.001 	2.464 2.419 2.446 2.461 
Al - - - - 	1.538 1.572 1.561 1.540 
Cr - - - - - - 
Fe 0.755 0.754 0.752 0.761 	0.018 0.027 0.018 0.019 
Mn 0.012 0.011 0.012 0.015 	- - - - 
Mg 1.224 1.221 1.215 1.213 - 
Ni - . 	- 0.003 - 	- - - - 
Ca 0.010 0.009 0.009 0.009 	0.501 0.550 0.533 0.508 
Na - - - - 	0.467 0.427 0.427 0.453 
K 0.006 0.005 0.007 0.006 
Ti 0.005 0.006 - 0.006 
V - - 

1 21 2.998 2.996 2.999 	4.999 5.005 4.989 4.992 

Fo 61.85 To 61.81 To 61.78 Fo 	61.43 	An 	51.44 An 56.00 An 	55.26 An 5a.57 
Ab 	47.95 Ab 43.53 Ab 	43.99 Ab 46.84 
Or 	0.61 Or 0.48 Or 	0.75 Or 0.58 

Bi02 
A1203 
Cr20 3 
Fe)* 
MnO 
Mg0 
NiO 
caO 
Na20 
K20 
TiO2 

8 
54.03 
28.85 
- 
.39 
- 

- 
10.53 
5.45 
.11 
.14 

9 
55.81 
28.00 
- 
.37 
- 

- 
9.63 
5.61 
.14 
- 

10 
53.92 
28.95 
- 
.53 
- 

10.83 
4.93 
.12 
- 

11 
.53 
1.79 
- 

68.41 
.55 
2.66 
- 
.11 
- 
- 

22.01 

12 
1.61 
2.37 
- 

66.64 
.46 
2.86 
- 
.16 
- 

22.36 
V203 - - .31 .31 
Total 99.48 99.54 99,27 6Q~. Z 2s2k 

Cation proportions 

8 9 10 11 12 
Basia 0= 8 0= 8 0= 8 Recalculated analyser. 

Si 2.453 2.518 2.452 Feo 	47.36 48.94 
Al 1.544 1.490 1.552 Fe203 23.40 19.66 
Cr 
Fe 

- 
0.015 

- 
0.014 

- 
0.020 Total 98.71 98.72  

Mn - - - 
Mg - - 
N1 - - - 
Ca 0.512 0.465 0.528 
Na 0.479 0.490 0.434 
K 0.006 0.008 0.007 
Ti 0.005 - -  
V - - - 

5.013 4.986 4.993 
An 51.33 	An 48.30 	An 54.47 
Ab 48.06 	Ab 50.88 	Ab 44.81 
Or 0.61 	Or 0.82 	Or 0.72 

1 - 4 Skeletal olivines. 
5 - 9 Feldspar phenocrysts. 
10 	Groundmasa feldspar. 
11,12 Groundmass titanomagnetitec. 
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N 12 	Lees - aagneeian basalt. 
1 2 3 4  5 6  7 8 9 

8i02  37.48 37.34 37.31 37.22 36.05 52.37 51.56 52.19 51.96 
Al2o3 - - - - 30.62 29.84 30.16 29.05 

FeO''O   25.25 26.36 27.80 27.61 34.60 .52 1.02 .97 1.97 
NnO .31 .28 .40 .37 .47 - - - - 
Ng0 35.82 34.95 34.25 33.68 27.99 .64 
Ni0 - - - - - - - - - 
Ca0 .19 .23 .23 .29 .48 12.31 12.02 12.08 11.26 
Na20 - - - - - 4.02 3.94 4.02 3.94 
K20 - - .17 .23 .17 .27 
TiO2  .17 .18 .14 .30 

V203 - - - - - - 
Total 99.04 99216 22.99  99.18 99.75 100.19 98.60 99,72 99.40 

Cation nroaortione 

1 2 3 4  5 6 7 8 9 
Basis 0=4 0=4 0=4 0.4 0= 4 0.8 0=8 0=8 0= 8 
Si 1.000 1.000 0.998 1.004 1.002 2.370 2.376 2.377 2.383 
Al - - - - - 1.634 1.621 1.619 1.571 
Cr - - - - - - - 
Fe 0.564 0.591 0.622 0.623 0.804 0.020 0.039 0.037 0.076 
Mn 0.007 0.006 0.009 0.009 0.011 - - - - 
Mg 1.424 1.395 1.366 1.353 1.159 0.044 
Ni - - - - - - - - - 
Ca 0.005 0.007 0.007 0.008 0.014 0.597 0.593 0.589 0.544 
IIa - - - - - 0.353 0.352 0.355 0.350 
K - 0.010 0.013 0.010 0.016 
Ti 0.003 0.006 - 0.005 0.010 
V - - - - 

3.000 3.000 3.002 2.996, 2.994 4.988 4.996 4.991 52004 
E Fo 71.65 Fo 70.26 Fo 68.71 Fo 68.49 Fo 59.04 An 62.21 An 61.87 An 61.79 An 60.19 

Ab 36.76 Ab 36.74 Ab 37.20 Ab 38.09 

3i02  
A1203  

Feō 3 
NnO 
Mg0 
Ni0 
C.a0 
Na20 
K20 
TiO2 
v203 
Total 

10 

51,74 
29.96 

.41 
- 

- 
11.71 
4.34 
.14 
- 
- 

21a2 

11 

52.85 
30.29 

.44 
- 

- 
12.22 
4.34 
0.26 
.18 
- 

100.69  

12 

53.77 
29.89 

.53 
- 

- 
11.56 
4.47 
.19 
.13 
- 

100.55  

13 

55.25 
28.58 

.75 
- 
.20 
- 
9.91 
5.40 
.40 
.12 
- 

100.60 

14 

48.81 
3.63 

8.94 
:13 

12.23 
- 

21.30 
.63 
- 
2.42 
- 

98.09  

Or 	1.03 

15 

48.25 
4.54 

9.16 
- 

12.09 
- 

21.53 
.62 
- 
2.59 
.13 

98.90 

Or 	1.40 

• 16 

45.69 
6:52 

9.76 
.11 

11.32 
- 

21.35 
.42 
- 
3.45 
- 

98.63 

Or 	1.01 	Or 	1.72 

17 

.73 
1.04 

66,20 

1.03 
.16 
.48  - 
- 

25.35 
.26 

95.66  

Cation aronortions 

10 11 12 13 14 15 16 17 
Basis 	0= 8 0= 8 0= 8 0= 8 0= 6 0= 6 0= 6 Recalculated 

Si 	2.384 2.382 2.418 2.480 1.866 1.833 1.752 analysis 
Al 	1.627 1.610 1.585 1.51? 0.164 0.203 0.294 FeO 	52.50 
Cr 	- - - - - - - Fa O 	15,?3 
Fe 	0.016 0.016 0.020 0.028 0.286 0.291 0.313 2 3  97.19 
Mn - - - 0.004 - 0.004 
Mg  0.013 0.697 0.685 0.647 
Ni 	- - - - - - - 
Ca 	0.578 0.590 0.557 0.476 0.873 0.876 0.877 
Na 	0.387 0.389 0.390 0.469 0.046 0.046 0.032 
K 	0.008 0.015 0.011 0.023 - - 
Ti 	- 0.006 0.005 0.004 0.070 0.074 0.100 
V - - - 0.004 - 

I 	5.001 5.009 4.985 5.006 4.006 4.012 4.017, 

An 59.38 An 59.33 An 58.14 An 49.19 Ito 45.20 Wo 44.98 Wo 43.62 
Ab 39.77 Ab 39.16 Ab 40.70 Ab 48.46 Ea 38.69 ]y  38.61 Ea 37.86 
Or 	0.85 Or 	1.50 Or 	1.16 Or 	2.36 Fa 16.11 Fe 16.41 Fa 18.53 

1 - 4 	Olivine phenoeryata. 
5 	Groundmass olivine. 
6 - 13 Feldspars 
14 - 16 Pyroyenes. 
17 	Groundmasa titanomagnetite. 



7 
46.25 
32.34 
.12 
2_18 

.56 

15.65 
1.33 
- 

98.41  

0 = 8 

2.170 
1.788 
0.004 
0.085 
- 

0.039 
- 

0.786 
0.121 
- 

16 

0.58 
0.31 

43.29 

2.52 .5 

.11 

51.74 
.22 

99.26  
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N 55 - Lees-Magneaian basalt.  

la 	lb 	2 
Si02 	40.16 	38.73 	39.31 
A1203 	- 	- 	- 

FeO 3  11.17 	2004 	17.75 
Mn0 	.17 	.18 	.17 
MgO 	48.14 	40.60 	42.31 
Ni0 	.34 	.16 	.16 
CAo 	.32 	.37 	.27 
Na20 	- 	- 	- 
K20 
TiO2 
V203 	- 	- 
Total 100.29 	100.08 	2212Z  

la lb 2 
Buie 0= 4 0=4 0= 4 

Si 0.991 0.997 1.001 
Al - - - 
Cr - - - 
Fe 0.230 0.431 0.378 
Mn 0.004 0.004 0.004 
Mg 1.770 1.558 1.606 
Ni 0.007 0.003 0.003 
ca o.008 0.010 0.007 
Na - - - 
K - 
Ti 

Z 3.009 3.003 2.999 

Fo 88.48 Fo 78.31 Fo 80.95 Fo 80.09 

8 9n 9b 	10 

Or 	- 	Or 	0.53 Or 	- 

11 	12 	13 

Or 	0.84 Or 	- 

. 14 	15 

Si02 	61.89 49.48 48.04 	49.99 46.50 48.96 29.31 30.28 29.24 
Al2 0s 	23.50 4.27 4.69 	3.31 5.20 4.46 14.59 15.71 15.40 
Cr, 	- .25 .15 	.18 .51 
1e0• 	1.36 7.73 9.48 	9.21 11.08 7.86 30.25 24.51 28.23 
Hn0 	- 
Mgo 	- 

.14 
13.65 

	

.14 	- 

	

12.57 	13.88 
- 

11.49 13.42 
.19 
9.69 

.13 
11.96 11.08 

Nio 
Ca0 	4.46 21.47 20.92 	19.59 20.31 21.51 1.90 3.03 2.01 

Na20 	8.43 - .48 	.49 .39 .65 
K20 	.72 - - 	- - 
Ti02 	.16 1.64 2.16 	.93 2.71 1.73 
V,03 	- .17 - 	.2o .19 .13 

Total 100.51 98.81, 98.53 	97.78 97.86 99.23 85.92 85,63 85.96 

Cation proportiona 

Baaie 	0.8 0=6 0- 5 	0.6 o=6 o   0=28 0=28 0=28 

Si 	2.749 1.862 1.831 	1.904 1.800 1.843 6.496 6.520 6.396 
Al 	1.231 0.190 0.211 	0.149 0.237 0.198 3.812 3.989 3.970 
Cr 	- 0.007 0.004 	o.006 0.015 
Fe 	0.050 0.243 0.302 	0.293 0.359 0.248 5.605 4.414 5.164 
Mn 	- 0.004 0.004 0.035 0.023 
Mg 	- 0.766 0.714 	0.788 0.622 0.753 3.199 3.839 3.612 
Ni 	- 
Ca 	0.212 o.866 0.854 	0.799 0.842 0.868 0.450 0.700 0.470 
Na 	0.725 0.036 	0.036 0.029 0.047 
K 	0.041 
Ti 	0.005 0.047 0.062 	0.027 0.079 0.049 
V 	- 0.005 0.006 0.006 0.004 

L 	5.013  3.990 4.018 	4.007 4.014 4024 19.597 19.485 19.612 

An 21.68 Wo 43.09 to 42.82 Wo 40.65 Wo 41.96 Wo 43.96 
Ab 74.16 En 42.99 En 40.00 En 43.25 En 37.66 En 42.18 
Or 	4.16 Fs 14.61 Fa 17.18 Fo 16.10 Fa 20.38 Fa 13.86 

1 - 3 	Olivine phenocrysts. 
4 - 6 	Feldspar phenocrysts. 

4b - rim of ph-nocrysts allowing 
7,8 	Groundmaas feldspars. 
9712 	Pyroxenes. 
13 	Interstial groundm.ss chlorite. 
14,15 	Chlorite surrounding and partly 
16 	Ilr.. rite 1<^Plla in p,nrtly oxidi 

incipient veining by chlorite and zeolites. 

replacing olivine. 
sed titnnoo,gnetite. 

3 4a 	4b 	5a 	5b 	6 
39.04 46.76 	48.85 	46.58 	55.19 	46.86 
- 33.77 	29.51 	34.36 	28.13 	33.71 

.13 
18.56 .52 	2.77 	0_49 	_53 	_49 
.26 

41.91 .75 
- 
.31 16.99 	12.72 	17.16 	10.15 	16.78 
- 1.44 	2.91 	1.33 	5.56 	1.58 

.o8 	- 	.14 
- 	.16 	- 

100.07, 99.48 	97.60 99.91 	99.86 	99.55 

Cation proportions 
3 

0=4 0.8 	0=8 
4a 	4b 

0 =8 	0=8 	068 
0.997 	2.159 	2.301 	2.142 	2.492 	2.162 
- 	1.838 	1.639 	1.862 	1.497 	1.834 
- 	- 	- 	- 	- 	0.005 

0.397 	0.020 	0.109 	0.019 	0.020 	0.019 
o.006 	- 	- 	- 	- 	- 
1.595 	- 	0.053 	- 
- 	- 	- 	- 	- 	- 

0.008 	0.841 	0.642 	0.845 	0.491 	0.829 
- 	0.128 	0.265 	0.118 	0.486 	0.141 

- 	0.005 	- 	0.008 	- 
- 	o.006 	- 

V- 	- 	- 
3.003 4.986 	3.014 	4.986 	5001, 	4.990 

Recalculated 
analysis 

FeO 42.09 
Fe203  1.33  

Total 99.39  

4.994  

An 86.75 An 70.37 An 87.74 An 49.83 An 85.44 An 86.70 
Ab 13.25  Ab 29.09 Ab 12.26 Ab 49.33 Ab 14.56 Ab 13.30 

Or - 



1 2 3. 

M 56 Vesicle Surround 

5 6 7 8 3b 4 
47.75 48.62 48.80 48.36 48.89 48.05 48.15 48.00 48.76 4.41 4.03 4.77 3.50 2.80 5.10 3.46 3.73 3.42 .12 .13 .60 .14 - .62 .14 - - 
10.90 9.66 7.93 12.23 12.61 7.84 11.53 11.36 11.63 .14 .17 .19 .13 .21 .13 .17 - .14 
11.60 12.24 13.15 10.77 10.56 12.70 10.92 11.06 11.05 
20.56 21.32 21.62 20.69 20.57 21.41 21.00 21.08 21.02 
- .48 - .41 .49 - - .50 .42 

2.36 2.35 1.62 3.05 2.79 1.96 2.64 2.56 2.48 
.14 .27 .21 .13 .18 .24 - .14 .16 

2.2.21 991z7 98.88 99241 99.09 2§202 98.01 98.41 99109 
Cation proportione 

1 2 3a 3b 4 5 6 7 8 
0.6 0=6 O=6 0=6 0=6 0=6 0=6 0=6 
1.845 1.842 1.851 1.879 1.829 1.862 1.850 1.867 
0.180 0.212 0.158 0.127 0.229 0.158 0.169 0.154 
0.004 0.018 0.004 - 0.019 0.004 - - 0.306 0.250 0.392 0.405 0.250 0.373 0.366 0.372 
0.005 0.006 0.004 0.007 0.004 0.006 - 0.005 
0.692 0.740 0.614 0.605 0.720 0.630 0.636 0.631 
- - - - - - - 

0.866 0.874 0.848 0.847 0.873 0.870 0.871 O.862 
0.035 - O.031 0.036 - - 0.037 0.031 
- - - - - - - 

0.067 0.046 0.088 0.O81 0.056 0.077 0.074 0.071 
0.008 0.006 0.004 0.005 0.007 - 0.oO4 0.005 
4.010 3.994 3.293 3.992  3.987 3.980 4.007 3 2 

No 44.11 No 43.26 Jo 43.66 Oo 44.09 Oo 43.48 wo 43.92 Jo 44.55 No 44.28 
En 38.53 En 42.14 En 34.27 En 33.25 En 41.80 Ea 35.02 En 35.18 Ea 34.87 
Fe 17.37 Fa 14.61 Fe 22.08 Fa 22.66 Fe 14.72 Fs 21.06 Fe 20.28 Fa 20.85 

9 10 11 12 , 	13 14 
47.58 39.19 38.83 46.13 39.92 54.13 
24.81 30.23 30.65 10.48 29.73 1.70 

.12 .21 
.14 .21 .24 .22 
- - - - 
- .41 
- - - - - - 

7.93 12.22 12.52 28.55 11.50 33.25 
- 4.02 4.06 .44 4.23 - 

5.08 - - - - - 
- - 
- 

85.53 85.87 86.05  86,37  85.38  89.51  

1 - 8 	Traverse of pyroxenee across 1.5 cm. wide altered zone around vesicle. 
1 Furthest from vesicle, 8 part of vesicle edge almost completely 
surrounded by zeolites. 

9 	Groundmaes zeolite adjacent to 3 - probably Phillipaite. 
10 	Groundmase zeolite adjacent to 5 - probably Thomsonite. 
11 - 14 Zeolites infilling vesicle. 

11,13 probably Thnmsonite. 
12 unknnwn mineral 
14 gyrolite fills central part of vesicle. 

sio2 
Al2O3 
Cr2O3 
Fe0• 
MnO 
M O 

CeO 
Ne2O 
K20 
TiO2 
V2O3 
Total 

0s 6 
1.840 
0.200 
0.004 
0.351 
0.005 
0.666 
- 

0.849 

0.068 
0.004 
3.988 
42.21 
37.67 
20.12 

Basis 

si 
Al 
Cr 
Fe 
Mn 
Mg 
Ni 
Ca 
Na 
K - 
Ti 
v 

% 

Wo 
En 
Fe 

sio2  
1.  203 

3 Fe 0' 
MnC 
Mg0 
NiG 
Ca0 
Ne2O 
K 20 
Ti02 
v2o3 
Total 



M 13 

1 2 3 4  5 6 7 8 
si 58.92 63.59 65.55 60.21 65.19 64.6o 62.66 28.78 
Al2ō3  20.82 20.54 20.59 19.21 20.45 19.51 18.73 17.86 
Crp - - - - - - - .19 
F. 2.99 1.41 .70 2.26 .40 .30 .80 20.31 
Mao - - - - - - - .23 
MgO 1.46 0.70 .28 1.89 .54 19.54 
Ni0 - - - - - - .14 
CaO 3.39 1.35 1.13 1.01 .79 .43 .17 .14 
Na ,0 8.41 9.93 10.55 5.88 8.63 5.55 1.49 -  x,O .10 .23 - 4.98 3.39 7.25 12.79 
Tio2  - - .13 - - .30 
Y203 - - - 
Total 96.10 97.74 98.80 95.77• 98.87 97.65 97.48 87.18 

Cation proportions' 

1 2 3 4 5 6 7 8 
Basis o=8 0=8 0=8 0=8 0.8 0=8 0=8 0.28 
si 2.753 2.875 2.914 2.838 2.926 2.963 2.946 5.929 
Al 1.147 1.095 1.079 1.068 1.082 1.055 1.038 4.336 
Cr - - - - - - _ 0.031 
Fe 0.117 0.053 0.026 0.089 0.015 0.011 0.031 3.500 
Mn - - - - - - 0.039 
He 0.102 0.047 0.019 0.132 0.038 5.998 
Ni - - - - - - 0.023 
Ca 0.170 0.066 0.054 0.051 0.038 0.021 0.009 0.031 
Na 0.762 0.870 0.909 0.537 0.751 0.494 0.136 -  
K 0.006 0.013 - 0.299 0.194 0.424 0.767 
Ti - - 0.005 - - 0.011 
V - - 

E 5.057 5,019 5.001 5,020 5,006 4.968 4.076 19.887 

An 18.11 An 	6.91 An 	5.61 An 	5.73 An 	3.88 An 	2.26 An 	0.95 
Ab 81.25 Ab 91.69 Ab 94.39 Ab 60.55 Ab 76.36 Ab 52.57  Ab 14.91 
Or 0.64 Or 	1.40 Or 	- Or 33.72 Or 19.76 Or 45.17 Or 84.14 

9 10 11 12 13 14 15 

si02 29.56 29.16 38.35 31.44 
2.62 

31.68 32.49 .34.32 r,1203 18.69 
- 

18.41 24.17 Fe 30.83 
Crp03  
Fe0• 19.77 

- 
20.34 

- 
11.10 

-. 
1.70 

- 
1.58 

- 
1.71 

Mn 
Co 

- 
.29 Na0 

MCO 
.27 

20.31 
.30 

20.29 
- 
.28 

- 
- 

- - Cu 
Zn 

33.73 - 
Ni0 - .14 - - - - Ni 
Ca0 .09 .13 23.19 27.22 28.09 27.43 Cr 
Na20 - - - _ - _ Ti 
Kid - _ - Hg 
TiO2 - 33.06 33.38 32.27 Si .26 
VS3 - .50 .52 .51 Al 
Total 88.68 88,77 97.07 96.54 97299 27.38 9n 43 

Cation proportionc 
rue• 

9 10 11 12 13 14 
bssis '6 . ?8 0 = 28 0 = 13 0 = 20 0 = 20 0 = 20 

3.238 4.237 4.212 4.324 
2.406 0.416 0.429 0.469 - - - - 
0.784 0.191 0.175 0.191 
- - - - 

Ni 	- 	0.023  
0.035 

Ha 	- 	-  
2.098 3.931 4.001 3.913 

- - - 
3.350 3.337 3.232 
o.c54 o.o55 0.055 

8.561 12.178 12.200 12.182 

1 - 7 	Clouded Oroundmwm feldspars, all except 5 and 6 appear to have inclusions of chlorit./rlhere 
4 - analysis included 0.21% P,0 = enclosed apatite 7 

8 	C*.1arite ,;rudocorph after olivine. 
9 - 15 	All from secondary minara poda/vecicles. 
9,10 	C?,lnrire 
11 	Epidote coexi^tine with 9 
1? - 14 	:;;here 
15 	Clialccfyrite. 

22"1. 

Si 5.942 5.889 
Al 	4.4?8 	4.383 
Cr 	- 	- 
Fe 	3.324 	3.4+6 
Mn 0.046 0.052 
N,g 	6.083 	6.108 

Ce 0.020 0.028 

K 
Ti 
V 	- 	- 

E 19.844 19.919  



M14 

3 4 5 6 7 8 
50.68 64.94 27.99 29.6o .15 .27 
3.29 18.82 15.84 17.10 - 33.97 
- - - - - 25.40 

12.98 .41 17.86 18.07 .19 27.74 
.36 - .17 .22 - .34 

15.09 - 19.71 21.81 - 11.43 
- - .13 - - .19 

11.68 .18 .21 .20 57.42 - 3.11 IMO 

11.28 
.63 
.18 

2 
51.24 
1.64 
.33 
8.83 
.14 

15.03 
- 

19.68 
.41 
.79 

MEP 

1 

Si02 49.12 
A1203  3.31 
Cr 03  .27 
Fe-07  8.97 
Mn0 .20 
Mg0 13.61 
Ni0 
CaO 20.59 

N2

ap() 	_42 

TiO2 	1.62 
V203 	.13 

223 

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 

0 = 23 0 = 8 0=28 0=28 
	

0 = 32 
1.939 7.602 2.988 6.087 6.029 0.064 
0.073 0.581 1.021 4.059 4.107 9.664 
0.010 4.848 
0.280 1.628 0.016 3.248 3.079 5.600 
0.004 0.046 - 0.031 0.038 0.072 
0.847 3.373 - 6.386 6.62o 4.112 

0.023 - 0.040 
0.798 1.878 0.009 0.049 0.044 
0.030 0.277 

0.662 IND 

0.022 0.112 
0.005 0.032 

4.009  15.108  4.971 19.883 19.917  24.544 

	

Wo 42.20 Wo40.54 
	

An 0.92 

	

En 41.94 En44.54 
	

Ab29.24 

	

Fs 15.86 Fs14.92 
	or69.84 

1 - 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 

Basis 0= 6 0= 6 
Si 	1.872 
Al 	0.149 
Cr 	0.008 
Fe 	0.286 
Mn 	0.006 
Mg 	0.773 
Ni 
Ca 	0.841 
Na 	0.031 
x 
Ti 	0.046 
V 	0.004 

4.016 



224 

"02 
S12103 

NnO 
Ng0 
NiO - 
Ca0 
Na20 
K20 
T102  
V203  

1 
50.59 
3.08 

7.63 
.15 

14.64 

20.57 
- 
- 
1.23 
- 

. 

 

2 
49.36 
3.79 

8.17 
.12 

13.99 
- 

20.76 
.51 

1.66 
.28 

3 

61.53 
18-78 

2.76 
- 
2.99 
- 
3.27 
8.91 
.21 
.53 
- 

4 

59.45 
20.2 6 

2.80 

3.24 

1.44 
9.00 
.12 
- 
- 

Fe00.3 

5 
30.23 
17.04 

16.76 
.16 

22.55 

.22 
- 
- 
- 
- 

6 
28.47 
17.34 

16.58 
.13 

21.49 

.30 
- 
- 
- 
- 

7 
65.25 . 
21.03 

- 
- 
- 

1.64 
10.91 
- 
- 
- 

8 
67.05 
20.50 

- 
1.06 
11.02 
.08 
- 
- 

9 
66.16 
20.41 

- 

- 
1.01 
10.96 
.09 
- 
- 

2btal 98.55 gal 08.$ 06tg 86.95 84.32 0s84 29. 28iI 

Cation proportions 
• 

1 ' 	2 3 4 5 6 7 8 9 
Basis 0.6 0=6 0.8 0=8 0.28 0.28 0.8 0=8 0=8 
Si 1.902 1.861 2.795 2.761 6.108 5.952 2.900 2.944  2.938  
Al 0.137 0.168 1.006 1.110 4.059 4.274 1.102 1.061 1.068 
Cr 0.020 0.009 - - - - - -  
Fe 0.240 0.258 0.105 0.109 . 2.832 2.899 - 
Na 0.005 0.004 - 0.028 0.024 - - 
Ng 0.820 0.786 0.203 0.224 6.789 6.695 - 

Ni - - - - - - - - - 
Ca 0.828 0.839 0.159 0.072 0.046 0.067 0.078 0.05o o.o48 
Na - 0.038 0.784 0.810 - - 0.940 0.938 0.943 
K - - 0.012 0.007 - 	. - 0.004 0.005 
Ti 0.035 0.047 0.018 - - - -  
v - 0.008 - - 

F 112§2 4.0l8 5.082  51093 19.862 19.911 5.019 4.997 3.002  

Wo Wo An 16.64 An 	8.07 An 	7.68 An 	5.02 An 	4.82 
En Ea Ab 82.10 Ab 91.12 Ab 92.32 Ab 94.55 Ab 94.67 
Fs Fs Or 	1.26 Or 0.81 Or 	- Or 0.43 Or 0.51 

10 11 12 13 14 15 

Si022 51.96 51.83 51.80 37.69 37.42 .27 • 
A1203 2.46 2.58 2.30 22.43 21.45 -  
Cr20 - - - - .13 -  
Fe0.3  16.09 15.38 15.44 13.45 14.25 - 
Nn0 .41 .41 .55 .12 - .13 
Ng0 12.51 12.54 12.98 - - 
Ni0- - - - - - 
Ca0 12.26 12.38 12.14 22.51 23.33 55.01 
Na2O - - .44 - - -  
K - - - 
Ti02 - - .25 
v203 -  - - - - - 
lbtal 25.69  p5.13 95.65 9222. A43.1 55.41 

Cation proportions 

10 11 12 13 14 
Basis 0 . 23 0 = 23 0 = 23 0 = 13 0 . 13 
Si 7.768 7.772 7.745 3.256 3.238 
Al 0.433 0.456 0.406 2.284 2.189 
Cr - - - - 0.009 
Fe 2.012 1.929 1.931 0.972 1.031 
Mn 0.052 0.053 0.070 0.008 - 
Kg 2.786 2.803 2.891 - - 
Ni - - 
Ca 1.964 1.988 1.945 2.083 2.164 
Na 0.127 - - 
K- - - 
Ti - 0.016 
V - - 

15,015 15.000 15.115 8.602 8.647 

1,2 	Relict pyroxenee. 
3,4 	Oroundmass feld;;pars. 

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

5 	Chlorite pseudomorph after olivine. 
6 - 15 All from same oecondary mineral pod. 
6 	Chlorite rim. 
7 - 9 Albite. 
10 - 12 Actinolite. 
13,14 Epidote. 
15 	Calcite. 
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N 16 

1 2 3 4' 5 6 7 8 
Biot 49.86 57.85 63.79 28.68 29.57 49.70 38.57 37.89 
Al203 
Cr203 

 3 
3.50 .45 

22.12 
- 

20.03 
- 

17.81 
.21 17.69 

- 
4.09 
- 

21.64 
- 

23.30 
-  

7.84 1.23 .36 17.42 17.27 19.56 13.88 12.70 
MnO .20 - - .27 .18 .82 .11 _ 
m 

14.05 1_0 2 0.25 21.77 22.28 10.30 .72 - 
Ni0
Ca0 20.84 5.17 1.13 .10 .12 11.26 22.27 23.14 
Na20  
K20  

- 
- 

7.34 
.07 

3.70 
9.03 

- 
- 

- 
- 

- 
- 

- 
- 

- 
- 

Tio2  1.52 • .24 - - - - .21 - 
V2o3 .15 - - - - - .20 
Total 2§Ala 95.04 98.28 86.25 87.10 95.73 22222 97.03 

Cation proportions 

1 2 3 4 5 6 7 8 
Basis o=6 0.8 0-8 0= 28 0.28 o.23 0.13 0.13 
si 1.883 2.715 2.929 5.885 5.985 7.565 3.286 3.232 Al 0.156 1.224 1.084 4.308 4.220 0.733 2.174 2.343 
Cr 0.013 0.033 - 
Fe 0.248 0.048 0.014 2.990 2.923 2.490 0.989 0.906 Na 0.006 - - 0.047 0.030 0.106 0.008 

Mg 
0.791 0.071 0.017 6.658 6.721 2.377 0.092 - 

Ca 0.843 0.260 0.055 0.021 0.027 1.837 2.033 2.115 
Na - 0.668 0.329 - - - - - 
K - 0.004 0.529 
Ti 0.043 0.009 - - - 0.013 
V 0.005 - - - - 0.014 
2 ,.987 5.000 4058 19.94 19.903 15.068 8.609 81596 

WO 42.08 An 27.91 An 	6.07 
Ea 43.84 Ab 71.61 Ab 36.03 
Fs 14.08 Or 0.48 Or 57.90 

9 	10 	11 	12 	13 	14 
Si02 	.23 	2.80 	.51 	S 	33.15 	19.89 	19.94 
Al
i 
 03 	- 	.31 	- 	Fe 	29.26 	.67 	.41 

Cr 
Fees"' _ 	

- 	- 	Mn Fee 	 - 	-  

	

89.60 	90.65 	Co 	.30 
m ao 	.1l 	- 	- 	Cu 	32.83 	79.25 	79.60 
rbc 	- 	.2B 	Zn 	- 	- 	- 
Ni0 	- 	- 	Ni 	- 
Ca0 57.79 	Cr 
Na20 	- 	- 	Ti 
K20 	- 	 Mg 	- 	- 
Ti02 	- 	- 	Si 	.12 	- 	.21 
V203 	- 	- 	Al 	- 	- 
Totcl 58.13 	91.71 	91,44, 	95.67 	99,80 	100,15,  

1 	Relict clinopyroxene. 
2 	Groundcruss plagioclase - with chlorite and sphene inclusions. 
3 	Alkali feldeper rdjecent to secondary mineral pod. 
4 	Chlorite pseudomorph after olivine. 
5 - 15 All from secondary mineral pod. 
5 Chlorite. • 
6 	Actinolite. 
7,8 	i}3idote. 
9 	Calcite. 
10,11 Fe-oxides being replaced by sulphides. 
12 - 14 Sulphides replacing 10 and 11. 

11,12,13 all from one crystal. 
11 centre 
13 margin. 



M 18 

1 2 3 4 5 	6 7 8 9 10 11 
si02 51.97 49.83 48.90 62.99 56.77 	54.33 59.58 30.44 30.47 53.67 53.72 
A1203  1.58 3.82 3.44 22.53 24.09 	20.18 21.68 18.49 18.16 1.12 2.43 
Cr203  .24 .89 - - - 	- - .12 - - - 
Fe0• 7.86 7.04 10.13 .36 1.03 	1.77 1.15 15.41 16.04 12.13 11.58 
Mn0 .16 .15 .19 - - 	- - .19 .19 .19 .29 
MgO 15.23 14.411 13.13 - .89 	1.75 1.10 19.64 20.81 15.55 16.50 
Ni0 - - - - - - - - 
Ca0 20.20 20.98 20.07 3.40 6.52 	8.36 4.33 1.27 .99 12.45 11.73 
Na2O - - 58 8.17 5.83 	1.35 7.24 - - - .43 
K20 - 2.08 .69 	1.36 •10 - - - - 
Ti02  .82 1.08 2.08 - - 	.28 - - - - - 
V203  - .20 .21 - - 	- - - - - - 
Total 98.05 988  . 281:73 99.53 95.81 	89.73 92,17  85.56 86,65 95.11 20.2.01 

Cation proportions 

1 2 3 4 5 	6 7 8 9 10 11 
Raid e 0. 6 0=6 0 a 6 0.8 0=8 	0=8 0=8 0-28 oa28 0.23 0-23 
Si 1.957 • 1.877 1.862 2.815 2.650 	2.717 2.774 6.203 6.151 7.906 7.759 
Al 0.070 0.170 0.154 1.187 1.325 	1.189 1.190 4.442 4.322 0.195 0.414 
Cr 0.007 0,026 - - - 	- - 0.020 - - - 
Fe 0.248 0.222 0.323 0.013 0.040 	0.074 0.045 2.626 2.708 1.494 1.398 
Ma 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 3.414 3.552  
Ni - - - - - 	- - - - - -  
Ca 0.815 0.847 0.819 0.163 0.326 	o.448 0.216 0.277 0.214 1.964 1.816 
Na - - 0.043 0.708 0.527 	0.131 0.654 - - - 0.119 
x - - 0.119 0.041 	0.086 0.006 - - - - 
Ti 0.023 0.031 0.060 - - 	0.010 - - - - - 
v - 0.006 0.006 - - 	- - - - - - 

L 3.981  3.992  4.019 5.005 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 
Ea 45.37  m 45.34 Fon 40.56 Ab 71.54 Ab 58.95 Ab 19.66 Ab 74.68 
Fe 13.41 Fs 12.70 Fe 17.90 Or 12.00 Or 4.61 Or 13.00 Or 0.65 

1 - 3 Relict pyroxenee. 
4 - 7 Groundmass feldspars. 
8,9 	Chlorite pseudomorphs after olivine. 

10 	Actinolite fringe on pyroxene. 
11 	Actinolite replacing chlorite pseudomorph after 

olivine. 
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1 	2 	3 	4 	5 	6 	7 	8 
si02 	29.53 29.30 28.94 37.27 38.59 37.63 	sio2 	.57 37.49 37.74 36.86 37.38 36.86 42.47 42.53 
A1203 	17.62 17.02 16.49 21.76 21.10 23.30 	A1203 	.22 24.99 25.92 21.63 25.13 21.45 20.95 21.44 
Cr203 	.15 	- 	- 	.12 	- 	- 	CrZ03 	- 	- 	.. - 	- 	.• 	- 	-  

Fe0• 	16.96 15.96 16.26 14.65 12.88 12.79 	Fe0• 	- 	9.90 9.60 13.23 10.07 14.05 4.16 ;.14 
MnO 	.17 	.18 	.12 	- 	- 	.13 	MnO 	.33 	- 	- 	- 	- 	- 	- 	- 
Ng0 	22.30 	22.13 	21.79 	.35 	1.44 	- 	Mg0 	- 	- 	- 	- 

Ca0 	.25 	.21 	.26 	22.- 47 	21.- 66 	22.93 	Ca0 	47.34 22.57 22.38 22.42 22.44 22.41 24.95 25.14 
Na20 	- 	- 	- 	- 	- 	- 	NNa20 	- 	- 	- 	_ 	- 	- 	- 	- 

. x 	 2200 	- 	.48 	- 	.12 	- TiŌ2 	- 	 - 	 T102 	- 	 - 	- 

v203 - 	- 	- 	v203 	- 	- 	- 	- 	-  

Total 	87210 84.80 84.01  96.62 95.67  Ata 	Total 48.46 94.94 95.64 2S§2 95.02 94289 la122 Ea 

Cation proportions 	 Cation proportion! 

1 	2 	3 	4 	5 	6 	 2 	3 	4 	5 	6 	7 	8 

Basis 	0 . 28 	0 . 28 	0 . 28 	0 ■ 13 0 . 13 0 . 13 	Basis 	0 . 13 0 . 13 0 . 13 0 . 13 0 ■ 13 0 ■ 26 0 ■ 26 

Si 	5.977 6.059 6.065 3.230 3.331 3.221 	Si 	3.214 3.200 3.242  3.204 3.246 7.254 7.250 

Al 	4.204 4.149 4.074 2.224 2.147 2.352 	Al 	2.525 2.591 2.244 2.540 2.227 4.220 4.308 
Cr 	0.024 	- 	- 	0.008 	- 	_ 	Cr 
Fe 	2.872 	2.760 	2.850 	1.062 	0.930 	0.916 	F. 	0.709 0.68▪ 1 0.97▪ 3 0.722 1.03

▪ 

5 0.5▪ 94 0.448 
- - 	- 

Ma 	0.028 	0.032 	0.022 	- 	- 	0.009 	
Mn - 	- 	- 	- 	-  

Ng 	6.726 	6.820 	6.805 	0.045 	0.185 	_ 	Mg 	_ 	_ 	- 	-  - 
Ni 	0.023 	- 	0.024 	- 	 Ni 
Ca 	0.054 	0.046 	0.058 	2.086 	2.003 	2.104 	Ca 	2.074 2.033 2.114 2.06▪ 1 2.115 4.568 4.592 

Na 	- 	- 	- 	- 	- 	- 	Na  
K 	- 	- 	- 	- 	

K 	_ 	- 	-  
Ti 	

- 	- - 	 Ti 	- - 0.031 - - 	- -  0.008 	-  
v 	- 	- 	 v 	-  

E. 	19.908 19.866 19.898 	84655 	8.596 	8.602 	r. 	8.52ī 8  mi Ma. MX 16.636 16.398, 

1 Chlorite pseudomorph after olivine. 
2,3 Chlorite infilling vesicles. 
4 Epidote replacing 1. 
5,6 Epidote from centre vesicles. 

1-4 All from same vesicle. 
1 Calcite 

2-4 Epidote 
5-8 All from same vesicle. 
5,6 Epidote. 
7,8 pumpellyite. 

 

  

1 	2 	3 	4 	5 	6 
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1 	2 	3 	4 5 8 1 	2 	3 	4 	5 	6 	7 
SiO2 	31.85 	30.95 	29.54 	29.12 56.56 si02 	49.21 	48.30 	28.74 	28.93 	37.48 	..36.30 	35.83 .19 
A1203 16.41 	17.25 	17.74 	18.08 18.04 

AA1Y 
A1203 	2.99 	3.98 	17.61 	17.31 	12.29 	3.10 	

5.73 - 
FeŌ'3 17.31 	17.75 	19.39 	18.82 .49 1e0' 	12.69 	10.08 	16.26 	15.87 	13.47 	24.79 	21.49 .20 
Mn0 	.18 	.13 	.32 	.25 Ma0 	.20 	.16 	.20 	.27 	1.12 	.44 	.34 .21 
MgO 	22.86 	22.03 	21.54 	22.01 .50 MgO 	11.57 	13.05 	23.48 	22.83 	- 	- 	- - 
Ni0 	- 	- 	- 	- Ni0 	- 	- 	- 	- 	- 
Ca0 	.40 	.38 	.10 8.29 Ca0 	19.98 	19.92 	.09 	.21 	34.04 	33.23 	33.29 54.44 
Na20 	- 	 - - Ne203 	- 	- 	- 	- 	- 	- 	- - 
K20 - - Kz0 	- 	- 	..- 	- 	- -  
Ti02 	_ T102 	2.12 	2.08 	- 	...12 
v203 	- 	- - v203 	.25 	.21 	- 	- 	- 	- 

Total 89.10 	88.48 	88.52 	88.37 83.88 Total 	99.00 	Q800 	§.1.1.118 	4 	8  5. 3 	~~ 	$Z.~ 	96.97 55.0 4 

Cation proportions 
Cation proportions N 

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

1 	2 	3 	4 	5 	6 	7 
N 
Co 

Si 	6.282 	6.164 	5.949 	5.862 Basis 	0 = 6 	0 = 6 	0 = 28 	0 = 28 	0 = 24 	0 = 24 	0 = 24 
Al 	3.815 	4.051 	4.212 	4.292 Si 	1.885 	1.850 	5.852 	5.946 	6.187 	6.463 	6.318 Cr 	0.017 	- 	- 	- Al 	0.135 	0.180 	4.228 	4.195 	2.392 	0.651 	1.191 
Fe 	2.856 	2.956 	3.265 	3.169 Cr 	- 	0.006 	 0.024 
Mn 	0.030 	0.023 	0.054 	0.042 Fe 	0.407 	0.323 	2.770 	2.728 	1.859 	3.691 	3.169 
Mg 	6.719 	6.537 	6.463 	6.605 Mn 	0.007 	0.005 	0.034 	0.047 	0.157 	0.067 	0.051 
Ni Mg 	0.661 	0.745 	7.128 	6.994 	- 	- 	- 
Ca 	o.o84 	o.o8o 	0.021 Ni 	- 
Na 	- 	- 	- 	- Ca 	0.820 	0.818 	0.020 	0.047 	6.022 	6.340 	6.290 
K 	_ 	- 	- Ti  Na 	- 	- 	- 	- 	- 	- 

K- 	- 	- 	m - v Ti 	0.061 	0.060 	- 	- 	-- 	.. 	0.o16 
1. 	19.80Z 	19.810 	19494 	19.991 v 	0.008 	0.007 	- 	- 	- 	- 	- 

8 	12 	200 	19.952, 16.617, 	17.212 	17.059 

1 	Chlorite pseudomorph after olivine. Wo 41.21 	Wo 40.31 
2 	Granular brown - green chlorite lining vesicle. Eh 36.17 	Ea 41.44 
3,4 	Green - brown chlorite fibres infilling vesicle. Fa 22.62 	Fs 18.25 
5 	Zeolite (probably atilbite) replacing chlorite in 

olivine pseudomorph. 1,2 	Relict pyrozenes. 
3,4 	Chlorite liming vesicle/pod. 
5-7 	Andraditic hydrogrossulars from centre vesicle/pod. 
8 	Calcite enclosed by garnet. 
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M 70 - Secondary mineral pod from upper flow Pennygown `uarry. Late pyritised dyke in PennYgown Quarry 

si02 

1 

30.55 

2 

38.08 

3 

28.21 

4 

31.10 

5 

29.46 

6 

29.09 sio2 
1 

65.54 

2 

65.54 

3 

29.81 8 

4a 

50.39 

41, 

52.17 

5 

51.16 

6 

50.97 
7 

51.88 
2.89 25.43 18.44 18.75 17.13 17.22 Al2b3 18.49 18.69 16.87 Fe 46.93 47.01 46.22 46.40 46.63 

Cr2003 - 
1.61 10.36 

- 
22.04 

- 
20.66 

- 
22.17 

.11 
22.36 

A 
Fair' - - 23.95 Co .66 .70 .70 .58 .55 

Mn0 - .15 .40 .30 .24 .33 Mao - - .22 Cu - - - - - 
Mg0 .21 - 18.24 17.11 18.79 18.87 Mg0 - - 17.85 Za - - .21 .24 - 
Ni0 1410 - 01 ML - - - - - 
Ca0 27.94 23.14 .19 1.55 .17 .24 Ca0 .61 Cr - - - - 
Na20 Na,O - - - Ti .17 - - 

K,ō 16.00 16.09 - Mg - - - 
TiO2   34.94 02 .13 .18 - si .61 .40 .82 .70 .55 
V203 .34 - - V2o3 - - - Al - - - - - 

Total 82.46 97.16  87.52  89.47  3195 88.22 Total 100.16  100.50  89.30 6 100.29 99.11 0.232 ~.61 

1 

Cation proportions 

4 5 6 

Cation proportions 

1 2 	3 2 3 

Baais 0 a 20 0 a 13 0e 28 0m 28 0a 28 0a 28 Basis 0  0 	0 a 28 
Si 4.052 3.200 5.843 6.218 6.059 5.983 Si . 3.010 •3.002 	6.096 
Al 0.451 2.519 4.502 4.420 4.153 4.176 Al 1.001 1.009 	4.066 
Cr 0.017 Cr 
Fe 0.179 0.728 3.818 3.454 3.813 3.846 Fe 4.096 
Mn 0.010 0.070 0.050 0.041 0.058 Mn 0.038 
Mg 0.041 5.631 5.097 5.759 5.786 M8 5.442 
Ni Ni 
Ca 3.971 2.084 0.042 0.333 0.038 0.054 Ca 0.133 
Na Na 
K K 0.938 0.940 
Ti 3.486 Ti 0.005 0.006 
V 0.036 V 

I. 12.216 8.541 19.906 19.572 19.864 19.920 4.954 4.957 19.870, 

1,2 Orthoclase in veins associated with pyrites. 
3 	Chlorite associated with 2. 
4 - 7 Pyrites disseminated in dyke adjacent to veins. 

44/b core and rim of large crystal which appears 
patchy in reflected light. 

1 - 3 Dark rock immediately adjacent to pod 
1 Granular aphone 
2 Epidote 
3 Groundmass chlorite 

4 - 6 Chlorite from pod 
4 Margin 
6 Centre 



1 4 5 1 2 3 
sio2 46.15 55.92 50.61 53.84 52.48 28.12 

Cr ō3 3 
5.4 0  24_9 9 28.86 27.63 25.78 18.74 

Fro 11.85 .37 .84 .49 - 22.72 Nao .14 .19 Mg0 10.30 - .22 - .12 18.49 NiO .14 CaO 20.64 8.80 10.76 9.30 8.53 .11 Na20 - 6.41 2.09 5.95 2.46 -  
X20  - .07 4.29 - 3.76 - 
2102 3.31 1.70 - - .13 .13 
V203 .29 - - - - 
Total 98.22 98.25 97.67, 9701 93.24 88.65 

Cation proportions 

1  2  3 4 5 1 

Za 
Ni 	- 	- 	-  
Cr 	- 

- - 

8 
Fe 

Co 
Cn 

2 3 • 4 
34.50 34.36 34.49 
30.89 30.74 30.93 
.35 .31 .39 

34.37 34.44 34.24 

Si 	.15 	.19 	.18 

100.24 100.04 100.22  

230 

Toll Doire Quarry lava.  

Basis 0.6 0.8 0•8 0.8 0.8 0■25 

Si 1.788 2.562 2.387 2.495 2.548 5.767 Al 0.247 1.350 1.605 1.509 1.476 4.531 
Cr 0.004 - - - - 
Fe o.384 0.014 0.033 0.019 0.005 3.896 Ma 0.005 - - 0.033 
Mg 0.595 0.016 - 5.651 
Ni - - - - - 0.024 
Ca 0.857 0.432 0.544 0.462 0.444 0.025 
Na - 0.569 0.191 0.541 0.231 - 
X - 0.004 0.258 - 0.233 -  Ti 0.096 0.059 - 0.005 0.020 V 0.009 - - - 
1: 1.0.2 1Q81 4.991 5.035 5.026  4.941 19.947  

Mo 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 
Fe 22.69 Or 0.43 Or 25.97 Or - Or 24.64 

1 	Relict pyroxene. 
2 - 5 Altered groundmase feldspars 

2 plagioclase with ephene inclusions. 
5 partially zeolitised. 

1 	Oroundmase chlorite. 
2 - 4 Chalcopyrite grains in groundaase. 



231 

Altered ha.aiite 

N41 N46 

1 2 3 4 5 6 1 2 3 4 5 

siCO 53.30 53.06 53.25 48.75 31.65 1.08 53.61 53.43 54.43 32.06 0.70 
AA1203 29_47 29_43 27.18 

- 
26_99 11.69 1.00 29.79 29_70 .. 29.07 13_78 0.87 

FeO~ .56 .54 2.25 6.05 27.87 65.09 .84 .80 .55 25.60 64.13 
MO - - - - .15 1.11 - - - - 2.23 
Ng0 - - .33 1.91 14.90 - - - 15.18 - 
Ni0 - - - - - - - - - - 
Ca0 11.67 11.67 10.99 10.24 .34 - 11.75 11.44 10,70 ,78 0.24 

Na20 4.63 4.44 4.53 3.29 - - 4.62 4.97 4.93 - -  
xx,,U .10 .08 .14 .11 - .11 .12 .10 -  
Ti .14 - .38 .15 - 27.87 .17 .17 - - 27.70 
v203 - - - - •36 - - - .34 

Total 29.86 29.21 99.04 27A8 86.61 96.51 100.89 100.63 Ee78 87.40 21 

Cation proportions 

1 2 3 4 5 1 2 3 4 

Basis 0-8 0.8 0.8 0.8 0.28 9.8 :6.8 0.8 O.28 

Si 2.417 2.419 2.452 2.327 6.817 ' 2.410 2.409 2.460 6.732 
Al 1.575 1.582 1.476 1.519 2.969 1.578 1.578 1.548 3.411 
Cr - - - - - - - - 
Fe 0.021 0.021 0.087 0.241 5.021 Recalculated 0.032 0.030 0.021 4.495 Recalculated 
Mn - - - - 0.028 Analyaie - - - - Analysis 
Mg - 0.022 0.136 4.784 - - 4.748 
Ni - - - - - Fe0 	56.67 - - - - 7.0 	54.51 
Ca 0.567 0.570 0.542 0.524 0.079 1.203 	9.n 0.566 0.553 0.518 0.174 7e203 	10.69 
Na 0.407 0.392 0.405 0.304 - 97.46 0.403 0.434 0.432 - 97128 
K 0.006 0.004 0.008 0.006 0.006 0.007 0.006 
Ti 0.005 - 0.013 0.005 - 0.006 0.006 - -  
V - - - - - - - 

4.997  4.988  3.004 5.063 19.698  5.000 2.0.1Z 4.985  19.562 

An 57.88 An 58.98 An 56.79 An 62.79 	An 58.05 An 55.61 An 54.19 
Ab 41.56 Ab 40.57 Ab 42.37 Ab 36.44 	Ab 41.29 Ab 43.70 Ab 45.20 
Or 0.56 Cr 0.45 Or 0.83 Or 0.77 	Or 0.65 Or 0.69 Or 0.61 

1,2 Small plagioclase phenocr3eta. 1 - 3 Small plagioclase phenocryste. 
3,4 Clouded groundmase feldapara. 

4 has chlorite veins and inclusions. 
4 
5 

Chlorite infilling maall vesicle. 
Groundmaae titanomagnetite. 

5 Chlorite pseudomorph after olivine. 
6 Groundmase titanomagnetite. 



M 48 - Altered Basalt. 

1 	2 	3 	4 	5 	6 	7 	 La - Hydrothermal vein from 
Si02 58.50 60.04 60.71 59.06  30.45 S 33.11 30.12 
A1203 26.24 25.64 25.01 26.00 15.23 Fe 30.43 17.25 

brecciated part of ammo lava 

O .29 	.3

- 3 

	.39 	.28 24.- 40 Co F 	.

- 

31 	.22 
Mn0 	- 	- 	- 	- 	.20 Cu 33.32  51.90 	 1 	2 	3 	4 	5 	6 	7 	8 
MgO 	- 	- 17.13 Zn .23 - 
Ni0 - - 	- - Ni - 
Ca0 	7.34 	6.67 	6.18 	7.21 	.36 Cr 	- 	 Si02 	58.10 57.90 58.33 58.59 	- 	- 	- 	- 
Na20 	7.05 	7.63 	7.85 	7.2? 	- 	Ti 	- 	 A1203 15.04 14.73 14.68 14.70 	- 	- 	- 
K20 - - - - - Mg - - 	Cr203 - - - - - 	- 
Ti02 - - - - 	Si .87 .29 	Fe0 - 	- 	- 	- - 
v203 - - 	- - Al - - 	 Mnb - 	- 	- 	.18 .26 
Total 99.41 100.31  100.13  99.83 87.78 	98.27 99279 	

Mg0 	- 	- 	- 	- 	- 	- 	- 
Ni0 	- 	- 	- 
Cao 	7.83 7.77 7.81 7.87 58.68 57.27 55.23 54.82 	N 

Cation proportione 	 K20 	- 	- 	- 	 - 	 - 	N 
TiO2 	- 	- 	 - . - 	 - 

1 	2 	3 	4 	5 	 v203 	- 	• - 	- 	- 	- 	- 	- 	- 

Baaie 0 = 8 0 - 8 0 = 8 0 = 8 0 = 88 	 Total 80.97, 80.40, 80.81 81.16 SAM  271E 55.41 z.a 
Si 2.624 2.665 2.695 2.638 6.348 
Al 1.388 1.342 1.309 1.369 3.743 
Cr 	- 	- 
Fe 0.011 0.012 0.014 0.010 4.254 
Ma 	- 	- 	- 	- 	0.035 	 1 - 4 Zeolites probably atilbite 

Ni - 	- 	_ 	_ 

- 	

5.322 	
5 - 8 Calcite 

Ca 0.353 0.317 0.294 0.345 0.080 
Na 0.613 0.657 0.675 0.631 - 

Ti - 	-  
V 	- 
i 	4.989 4.992 4.988 4.993 19.781 

An 36.52 An32.55 An30.32  An35.35 
Ab 63.48 Ab67.44 Ab69.68 Ab64.65 
Or - Or - Or - Or - 

1 - 4 Slightly clouded groundmaaa feldspars 
5 Chlorite infilling vesicle/pod 

6,7 Fe - Cu sulphides inside vesicle/pod 
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C 212 - Centre of plagioclase pbJric floe 

in lower balf of drill core.  

1 	2 	3 	4 	5 	6 	7 	8 	9 
8i4~ 	47.75 	47.67 	63.12 	62.62 	58.28 	27.82 	26.89 	27.21 	26.91 
Ai .0 	4.03 	4.13 	19.29 	21.56 	17.48 	18.16 	18.85 	17.96 	18.85 

F 	11.35 	12.0

▪ 2 

	.2

▪ 8 

	.15 	.20 	24.▪ 40 	24.8

▪ 6 

	24.- 41 	24.45 
Mg0 10.81 io.33 - - - 16_18 16.08 16.55 16.18 

Cao 	21.20 	20.8

▪ 2 

	.6

• 

4 	4.33 	8.0

• 9 

	.20 	a

• s 

	.1▪ 4 
Na20 	.59 	.62 	.73 	8.04 	- 	- 	-  
120 	- 	- 	14.57 	- 	.0

▪ 

8 	- 	-  
Tio2 	2.84 	2.76 	.17 	- 	- 	- 	- 
V203 	- 	.16 	- 	- 	- 
Total 	AIM 	AB 69 	222.1 	2.22 	8 	SZa_28 	86. 	86.90 

Cation proportions 

1 	2 	3 	4 	5 	67 	8 	9 
Basis 0.6 0=6 0=8 0=8 	0.28 0=28 0.28 0=28 
si 	1.839 	1.839 	2.944 	2.848 	5.865 	5.685 	5.790 	5.700 Al 	0.183 	0.188 	1.061 	1.156 	4.512 	4.698 	4.507 	4.708 
Cr 	- - 
Fe 	0.366 	0.388 	0.01

▪ 1 

	0.006 	4.302 	4.397 	4.343 	4.331 
Mn 	- 	0.006 	- 	- 	0.069 	0.077 	0.069 	0.069 
Mg 	0.621 	0.594 	_ 	5.084 	5.068 	5.248 	5.108 
Ni - 	- - 	- 	- - 
Ca 	0.875 	0.861 	0.032 	0.211 	0.046 	0.040 	0.031 
Na 	0.044 	0.046 	0.066 	0.709 
K 0.867 	- 
Ti 	0.08

▪ 

2 	0.080 	0.006 	-  
V 	- 	0.005 	- 	- 
1. 

	

	4.009 	4.007 	4. 6 	4.9z9 
No 44.96 No 44.44 An 3.30 An 22.94 
Ea 34.64 ES 33.41 Ab 6.81 Ab 77.06 
Fs 20.41 Fs 22.15 Or 89.88 Or - 

10 	11 	12 	13 	14 	15 	16 	17 	18 
sio, 	62.93 	64.58 	54.98 	48.63 	54.45 	48.38 	37.71 	.38 	45.66 141503 

 • 23 	21.38 	18.76 	28.27 	25.45 	23.04 	21.49 	24.41 	14.08 
Fe0• 	.- 22 	.1

- 1 

	.24 	.- 40  
Na0 	- 	- 	 11.- 25 	.42 
MgO 	

- 	- 	 - 	- 
 

Ni0 	- 	
-  • 

- 	- 	- 	- 	- 	- 
0a0 	3.09 	- 	10.12 	16.10 	10.12 	14.86 	23.34 	54.42 	16.

- 
65 Na20 	1.27 	.51 	5.44 	5.10 	1.49 	- 	- 	- 	1.11 120 	11.09 	15.65 	.22 	.20 	.69 	.27 	 .59 Ti02 	.12 	.18 	- 	- 	- 	- 	- 	13.06 

v~3 	 .13 	- 
lbtal 100.10 99.79 99.26 45.87 89.78 84.99 26.86 54,80 91.57 

Cation proportions 

10 	11 	12 	13 	16 
Basis 	0.8 	0=8 	0=8 	0=8 	0 =13 
Si 	2.866 	2.983 	2.494 	2.359 	.).200Al 	1.148 	1.022 	1.511 	1.455 	2.442 
Cr 	- 	- 	- 	 - 
Fe 	0.008 	0.004 	0.009 	0.016 	0.799 
Mn 	- 	- 	- 	-  
M6 	

-  
-  

Ni 
Ca 	0.151 	- 	0.492 	0.837 	2.1

- 

23 Na 	0.112 	0.045 	0.478 	0.479 	-  
x 	0.645 	0.923 	0.013 	0.012 
Ti 	0.004 	0.006 	- 	-  

✓ - 	- 	 0.010 
L, 	4.934 	4.984 	4.997. 5 159 	8.574, 

An 16.62 
Ab 12.34 
Or 71.05 

An - 
Ab 4.70 
Or 95.30 

An 50.04 An 62.99 
Ab 48.66 Ab 36.08 
Or 1.30 Or 0.93 1,2 	Relict pyroxene.. 

3-5 	Altered groundmass feldspars 
3 - orthoclase, 
4 - partially zeolitised albite, 
5 - Ce - zeolite probably stilbite. 

6,7 	Chlorite pseudomorphs after olivine. 
8,9 	Groundmaas chlorite. 
10 - 18 All from same altered feldspar phenocryst. 

10,11 - alkali feldspar, 
12 plagioclase 
13,14 partly zeolitised plagioclase. 
15 laumontite, 
16 epidote, 
17 calcite, 

    

19.878 19.965 19.956 19.946, 



1  2  3  4 
5 '6 	• 

8102 54.32 26.88 27.76 27.38 27.50 .36 
A1203 21.50 18.38 18.43 17.89 18.58 - 
Cr203 - - - - - - 
Fe0• .30 26.31 26.19 26.57 26.81 .17 
Pno - .27 .32 .33 .31 .8o 
MgO - 15.29 15.91 14.65 14.85 - 
NiO- - - - - -  
ceo 10.07 .21 .09 .18 .17 56.88 
Na20 .85 - - - - - 
K10 .44 - 
Ti02 .16 - .12 - 
V203 - - - - - 
Total 87.62 87.34 88.70 86.99  88.33 AilIk  

7 - 	8 	9 

~
rg

lig
kP

Pō
6

sp
 

52.75 52.85 52.40 
47.21 46.99 46.69 

.5o .5o .65 

.39 - 

.13 

100.84 100.34 94286 

234 

C 232 AA Hydrothermally brecciated lava from lower flow in drill core 

Cation 	roportiona 

5 2 3 4 

Bemis 0 . 28 0 . 28 0 = 28 0 . 28 

Si 5.723 5.797 .5.855 5.788 
Al 4.614 4.537 4.512 4.611 
Cr - - - 
Fe 4.684 4.573 4.752 4.719 
Mn o.048 0.057 0.060 0.056 
Mg 4.852 4.951 4.669 4.658 
Ni - - - 
Ca 0.047 0.021 0.040 0.037 
Na - - - -  
K - - - 
Ti 0.019 
V - 

19.969  19.934 19.888, 19.887, 

1 	Clouded groundmaea feldspar altered to lanmonitef 
2,3 	Chlorite pseudomorphs after olivine. 
4 	Groundmaae chlorite. 
5 	Chlorite from diecornent rein'filliug hydrofracture. 
6 	Calcite from eame wen as 5. 
7,8,9 Large euhedral iron pyrites within groundsmen. 
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1 - E CHEMICAL ANALYSES AND C .I .P .A. NORMS  

Zeolitised lavas 

Hydrothermally altered lavas 

Alteration products 

Other Mull and Hebridean rocks 

Zr values used for Skye - Mull comparison 

Note : n.d. is used as an abbreviation 

for not detected in these tables. 



Z10LITI5» 14M68  

141 LAS 145 1.12 1.64 147 Lie L69 LI10 1411 1412 

MAJOR ZLIMTT (rt. %) 

0102 46.25 46.46 46.06 46.94 46.16 46.41 46.18 46.29 46.08 46.09 44.14 

2102 2.09 2.05 2.04 2.09 2.04 1.87 1.02 1.82 1.81 1.86 1.53 

61203 16.54 17.10 16.51 16.93 16.55 17.09 16.67 16.85 17.20 16.73 12.29 

7.203 4.72 3.96 3.36 3.34 3.37 6.36 3.98 7.92 8.89 4.85 12.93 

7.0 9.39 9.93 10.56 10.67 10.36 6.65 6.06 5.62 4.65 6.41 - 

Moo .23 .22 .21 .21 .21 .17 .19 .19 .17 .20 .17 

1g0 6.30 6.65 6.44 6.82 6.46 5.94 6.98 6.91 6.60 7.10 9.04 

0.0 8.44 8.43 8.71 6.64 6.75 9.25 8.62 8.85 8.95 8.88 7.54 

1.20 3.17 3.00 2.93 3.06 3.05 2.93 2.83 2.71 2.76 2.86 4.54 

120 .30 .34 .29 .31 .29 .24 .26 .26 .23 .24 .16 

520. 2.54 2.22 2.61 1.87 2.34 2.53 2.81 2.44 2.50 2.92 5.92 

7205 .16 .17 .16 :17 .16 .15 .15 .14 .14 .14 .12 

CO2 .13 .05 .06 .05 .03 .43 .21 .14 .19 .09 .06 

TOTAL 100.26 100.58 99.96 101.10 99.75 100.04 99.56 100.14 100.17 100.37 98.46 

TALG 11M47 ! 

Er 114 114 111 117 112 102 96 96 100 103 89 

T 30 31 29 28 28 26 27 25 2e 25 31 

Rb 1 3 3 3 3 3 3 1 1 2 9 
1b 6 3 6 0 6 4 5. 3 5 5 - 
Sr 323 327 319 )16 316 344 318 334 325 323 280 . 

En 74 70 76 75 79 70 102 139 138 79 

Oa 32 38 25 52 38 31 94 141 148 27 
Ha - - - - - 73 58 74 63 79 
cr 2 8 5 8 7 23 24 20 19 24 
Ii 44 43 41 35 41 51  47 44 46 47 
Ta - - - - .26 - - 
5f 3.13 
Tb .32 
La - 4.00 
C. - 15.07 
IC 14.69 
Sa - 4.50 
m 1.66 
cm 5.19 
Th .82 
To .35 
Tb 2.19 
Ia .34 

MTV MORT 1(25w. (Standard Stat. 7.203) 

Or 1.77 2.01 1.71 1.83 1.71 1.42 1.54 1.54 1.36 1.42 1.06 
Ab 26.82 25.39 24.79 25.89 25.81 24.79 23.95 22.93 23.35 24.20 25.78 
An 30.02 32.19 31.04 31.54 30.61 32.77 32.01 33.04 33.86 32.10 12.62 
1. - - - - - - - - - 6.85 

vo 4.17 3.43 4.43 4.13 4.79 3.93 3.53 3.78 3.52 4.37 9.86 
1.91 1.62 2.05 1.96 74 

	
1. 2.24 1.85 1.77 1.87 1.71 2.18 5.91 
7. 2.23 1.77 2.34 2.12 2.49 2.04 1.66 1.85 145 2.10 3.44 
ma 2.83 3.79 3.77 3.42 2.69 5.66 6.23 6.28 5.71 4.07 - 
7. 3.30 4.13 4.29 3.70 2.99 6.23 5.90 6.21 5.84 3.92 - 

01 	7o T.76 7.82 7.16 6.13 7.02 5.11 6.58 6.36 6.32 8.01 11.64 
7a 9.87 9.40 8.97 9.68 9.58 6.18 6.87 6.94 7.14 8.51  7.49 

21 3.97 3.89 3.87 3.97 3.87 3.55 3.46 3.46 3.44 3.53 2.91 
Mt 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2.90 
62 .37 .39 .37 .39 .37 .35 .35 .32 .32 .32 .28 
820 2.54 2.20 2.61 1.07 2.34 2.53 2.81 2.44 2.50 2.92 5.92 
co .30 .11 .18 .11 .07 .98 .48 .32 .43 .21 .14 

TOTAL 99.94 100.33 99.77 100.92 99.56 99.55 99.31 99.50 99.43 100.03 96.79 

D.I. 20.60 27.39 26.51 27.72 27.52 26.21 25.48 24.47 24.71 25.62 33.69 

F/F411b .686 .672 .681 .670 .677 .679 	' .643 .651 .660 .627 .554 

aD.I.. Thornton Tuttle Differentiation Index. 

236 
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ZDOLITISED LATAS 

La13 	L114 
MAJOR meow (vs %) 

LA15 L816 1117 La10 La20 M1 MS M6 

6i02 45.48 46.0e 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 1.7o 1.61 1.60 1.e1 3.05 3.06  3.07 
412193 13.45 14.00 13.80 13.97 14.05 13.94 14.31 16.49 16.89 16.67 16.53 
7.203 3.76 2.43 2.20 3.60 3.21 2.36 1.40 3.21 4.23 3.04 4.08 
P.O 7.71 9.02 9.20 7.90 8.39 9.02 10.27 9.25 9.86 11.12 10.18 
Moo .18 .19 .19 .18 .19 .19 .18 .18 .19 .19 .19 
Me0 11.49 12.30 12.06 10.33 10.26 12.35 11.50 8.31 5.47 5.22  5.42 
coo 9.75 9.75 10.19 9.39 9.70 9.99 10.55 10.17 7.45 7.52 7.51  
1.20 2.08 1.99 2.34 2.40 2.71 2.03 2.60 2.94 4.01  4.20 4.18 
120 .26 .25 .27 .36 .37 .29 .24 .2o .23 .24 .27 
120+ 3.35 2.97 2.35 3.70 2.85 2.65 2.36 2.58 1.97 1.62 1.38 
2205 .14 .14 .14 .18 .18 .14 .14 .14 .28 .27 .3o 
CO2 .24 .0e .04 .05 .07 .02 .11 .05 .12 .01 .05 

TOTAL 99.45 100.74 100.76 99.67 99.94 100.77 100.80 101.09 100.18 99.83 100.10 

T1a01 WNW (2➢o) 
Zr 
7 
1ft 
Kb 
Or 
Zn 
Ca 
Da 

Cr 
11 

90 
24 
4 
6 

231 
112 
195 
101 
785 
354 

88 
23 
1 
1 

241 
108 
194 
63 

738 
337 

s8 
21 
2 
4 

293 
110 
189 
121 
783 
328 

101 
24 
4 
4 

332 
127 
213 

517 
234 

102 
24 
5 
6 

309 
159 
264 
- 

501 
223 

92 
21 
4 
4 

296 
97 

159 
- 

720 
292 

102 
25 
ad 

3 
292 
74 

117 
- 

747 
304 

94 
27 
1 
3 

276 
78 
90 
- 

68 
124 

202 
29 
ad 
8 

575 
eo 

45 
20 
12 
42 

194 
28 
3 
e 

589 
79 
47 
90 
9 

38 

227 
35 
3 
e 

56o 
128. 
148 

44 
11 
40 

Ta .19 - .24 - - .29 - - .51 
St 2.72 3.04 3.22 3.23 6.07 
Th .41 - - - .61 
La 5.41 - - 6.23 
Co 15.31 20.01 15.06 15.09 30.57 
td 13.97 14.89 - 29.69 
Sa 3.78 - - 4.69 - 8.44 
En 1.45 1.62 1.60 1.69 - 2.82 
0d 4.60 4.50 5.06 5.42 - 8.53 
Tb .73 .73 .82 .86 1.15 
Ta .27 .32 .33 .39 .38 
Tb 1.99 2.00 1.99 2.85 2.37 
La .36 .33 - .39 

CIE. VEI®T KRIS (standard stat. 7.203) 

Or 1.54 1.48 1.60 2.13 2.19 1.71 1.42 1.18 1.36 1.42 1.60 
ab 17.60 16.84 19.8o 20.31 22.93 17.18 18.00 22.17 33.93 34.54 35.10 
An 26.60 20.53 26.35 26.26 25.08 28.07 26.67 31.21 26.86 25.92 25.54 
1. - - - - - 2.17 1.47 - .54 .15 

vo 8.16 7.69 9.62 7.85 8.95 0.54 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 

7. 2.57 2.33 2.95 2.66 3.07 2.55 3.27 3.15 1.65 2.18 2.11 
En 6.56 6.73 1.52 5.18 .82 4.98 - - 1.42 - 
r. 3.i1 3. '3 .74 2.89 .47 2.34 - - 1.61 -  

01 ro 11.68 13.34 15.73 11.06 13.55 14.25 15.73 11.63 7.53 7.86 8.20 
7s 6.61 7.04 8.42 6.81 8.50 7.37 9.17 9.86 9.42 10.52 10.54 

IL 2.92 2.92 2.96 3.13 3.23 3.06  5.01 3.44-  5.79 5.81 5.83 
at 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2.18 2.90 2.90 2.90 
a2 .32 .32 .32 .42 .42 .32 .32 .32 .65 .63 .70 
220 3.33 2.97 2.35 3.70 2.85 2.65 2.36 2.58 1.97 1.62 1.38 
Ce .55 .18 .09 .11 .16 .05 .25 .11 .27 .02 .11 
TOTAL 99.22 100.65 100.69 99.47 99.77 100.68 100.61 100.92 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 
r/r+M .534 .538 .526 .546 .541  .531 .525 .547 •4fg •day •722 
b7/7a+ - (7.o + 7.203)/}.0. 7.203 + MgO. standard .tat. x.203 
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=LMT= uvea 
Me M11 1112 1151 1152 153 1154 1155 

MAJOR =ore (vs. %) 
3102 46.60 45-%29 45.19 45.18 45.05 45.02 44.84 45.44 
2102 3.06 2.73 2.6e 2.05 2.03 2.04 2.00 2.05 
A1203 16.70 15.59 15.22 15.66 14.99 15.00 14.93 15.63 
7.203 3.58 3.09 3.94 3.50 1.97 2.56 2.31 3.18 
7.0 10.67 10.79 9.93 6.44 9.79 9.20 9.44 9.18 
>1100 .19 •1 q .19 .16 .19 .1e .10 .19 
M40 5.40 7.94. 7.77 6.33 8.53 6.35 6.86 21.29 
GO 7.65 e. 8g 8.93 11.31 11.45 11.42 11.14 11.61 
11a20 4.04 2.93 2.93 2.39 2.16 2.32 2.16 2.39 
120 .23 .5 .37 .16 .17 .17 .13 .16 
820. 1.79 2.76 2.80 2.59 2.90 3.04 3.26  3.20 
7205 .27 .Z9 .25 .16 .17 .17 .16 .16 
CO2 .01 .12 .15 .09 .06 .06 .05 .23 

TOTAL 100.39 100.05" 100.37 100.08 99.46 99.53 99.50 101.71 

TRACE IIDORT (p2.) 	1 

Zr 	204 	163 	172 108 113 112 106 112 
T 	30 	23 	26 27 24 26 22 24 
Rb 	1 	3 	5 m ad ad ad ad 
1b 	7 	13 	15 4 6 4 4 4 

Sr 	575 	544 	582 315 320 287 253 289 
Zn 	226 	122 	173 66 7o 67 67 64 
ea 	309 	146 	227 167 151 158 133 145 
Da 	35 	- 	- 9 2 12 8d 14 
Cr 	11 	- 	- 244 274 253 260 271 
Si 	39 	100 	99 145 149 140 165 161 
Ta 	- 	- 	- .21 - .20 - - 

Ht 3.23 3.31 
Tb .29 .27 
La - 4.88 
C. 16.98 16.54 
1y 	- 14.62 14.89 
3. 4.91  4.77 
Zn 1.63 1.71 
Cd 5.60 5.14 
Tb .79 .82 
ea .31 
Tb 1.99 2.12 
In 

cipf WEICHT ēolars. (standard scat. 7.203) 

.32 .37 

Or 	 - 	 - 	 - - - - 
- 

Or 	1.36 	2.19 	2.19 1.06 1.01 1.01 .89 .95 
lb 	34.19 	23113 	24.96 20.22 18.2e 19.63 18.28 20.22 
An 	26.75 	29.11 	27.20 31.47 30.71  30.01 30.60 31.45 
I. 	- 	- 	- - - - - - 

O. 	3.91 	57.60 	6.07 9.61 10.28 10.50 9.73 9.88 
Di En 	1.78 	.241 	3.14 5.43 5.84 5.95 5.61 5.45 

F. 	2.10 	2•91 	2.76 3.79 3.99 4.11 3.68 4.05 
En 	.35 	•$5 	1.02 .02 2.07 .59 2.31 .01 

8f 7. 	.41 	4644 	.90 .01 1.41 .41 1.52 .01 
Tb 	7.93 	10.80 	10.64 10.76 9.34 9.99 9.91 10.64 

01 7a 	10.30 	11.3I. 	10.20 8.27 7.03 7.61 7.16 6.72 
II 	5.81 	548 	5.09 3.89 3.46 3.87 3.80 3.89 
Ms 	2.90 	2.16 	2.18 2.18 2.18 2.18 2.18 2.18 
Ap 	.63 	.65 	.58 .37 .39 .39 .37 .37 
820 	1.79 	2.76 	2.80 2.59 2.90 3.04 3.28 3.20 
Co 	.02 	.27 	.34 .21 .14 .14 .11 .52 
TOTAL 	100.23 	100419' 	100.13 99.88 99.41 99.42 99.42 101.54 
D.I. 	35.54 	27.32 	27.15 21.29 19.28 20.64 19.16 21.17 
FAA 	47.23 	•633 	.636 .584 .579 .583 .56e .595 
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EI7110THEFOL LLr ammo Limas 

P113 	1114 

woe imslarr (wt. %) 

n/5 1116 1117 mie 1119 n2O m21 n22 n26 

no" 47.73 44.17 46.72 45.03 45.28 45.93 45.8e 46.19 45.80 46.20 44.20 

Ti02 1.59 1.52 1.43 1.38  1.34 1.38 1.32 1.36 1.38 1.38 3.09 

A1203 	. 16.41 14.38 14.28 13.60 13.64 13.71  13.27 14.25 14.30 14.10 16.53 

7.203 1.92 2.31 2.87 2.87 3.34 3.86 3.44 3.98 4.03 3.58 5.87 

70 10.01 9.01 8.51 8.51 7.78 7 35 7.45 7.48 7.62 7.58 7.67 

MO .20 .19 .10 .18 .17 .1e .17 .10 .18 .18 .20 

1110 10.32 11.06 11.90 11.50 10.96 10.59 10.49 11.92 11.76 10.60 4.84 

CO 2.11 6.04 6.91 6.20 9.13 9.60 9.67 9.36 9.32 9.47 6.20 

8420 3.21 3.43 3.33 2.46 1.91 1.91 1.e9 1.85 1.97 1.97 3.99 

120 .24 .07 .11 .57 .66 .69 .53 .10 .39 .68 .51 

220+ 6.51 5.57 3.28 5.38 5.50 5.67 5.92 4.02 4.28 4.29 4.45 

2205 .10 .17 .16 .15 .14 .16 .15 .15 .15 .15 .38 

CO2 .03 1.59 .36 .62 .28 .27 .20 .09 .07 .32 .04 

TCCAL 100.38 100.31 102.04 100.45 100.13 101.30 100.38 100.93 101.25 100.50 97.97 

TRACI 1281011r (n+a) 

Zr 119 108 99 93 97 96 94 	- 93 95 98 218 

r 28 24 22 20 20 21 21 21 21 24 33 

lib 5 1 ad 10 14 13 12 nd 10 12 0 

1e 7 9 6 5 6  7 7 6 6 7 15 

Zr 247 377 296 427 331 314 274 264 275 294 619 

Zn 78 74 70 72 73 76 70 7o 71 75 123 

ca 79 67 64 92 73 91 95 85 101 93 130 

ma 61 5 34 276 178 164 142 106 151 316 - 

Cr 745 634 573 539 594 624 586 589 602 610 20 

8i 411 365 381 399 397 378 375 405 409 383 49 

Ta .25 .28 .27 .27 .22 .23 .22 .24 .22 .23 - 

er 3.15 3.14 3.22 3.05 2.75 2.76 2.77 2.76 2.73 2.75 

am 1.13 1.23 1.27 1.23 1.02 1.02 .99 1.10 1.04 1.05 

1a 8.16 - 7.22 6.99 - - 7.86 7.71 7.66 - 

Ca 23.64 22.53 23.28 22.56 19.93 19.96 20.20 20.23 20.25 19.51 

ma 17.32 16.70 16.98 15.96 14.25 14.94 14.14 15.50 14.24 14.97 

e• 4.77 4.49 4.50 4.43 4.04 4.23 4.05 3.83 4.01 4.04 

8. 1.90 1.56 1.63 1.31. 1.37 1.41 1.40 1.43 1.29 1.43 

Cd 5.02 5.08 5.14 4.49 3.90 3.97 3.88 4.53 3.55 4.35 

Tb .80 .78 .77 .71 .64 .66 .63 .69 .63 .67 

'ra .32 .29 .32 .30 .29 .24 .28 .31 .31 .30 

Tb 2.29 2.01 2.08 1.99 1.71 1.73 1.69 1.88 1.71 1.80 

In .43 .31  .30 .31 .29 .29 .28 .26 .28 .24 

cum YEI ET D010 

11: 1.98 - - - - - - - - - 

or 1.42 .41 .65 3.37 3.90 4.0e 3.13 .59 2.31 4.02 3.01 

Ab 27.16 29.02 28.18 20.82 16.16 16.16 15.99 15.65 16.67 16.17 33.76 

An 9.63 22.77 23.69 24.38 26.70 26.80 26.16 30.28 29.02 27.62 25.69 

M - - - - - - - - - - - 
vo 3.04 4.76 6.65 7.55 8.17 6.10 6.59 6.83 .93 

Di 2b - 2.03 3.56 4.53 5.26 5.6o 4.32 4.65 4.69 .66 
pm - - .77 1.25 1.60 1.67 1.92 1.24 1.38 1.60 .25 

Ea 25.70 7.53 7.57 8.14 12.11 13.33 14.20 17.57 12.12 13.15 6.65 

BY Fa 14.54 3.41  2.07 3.22 4.27 4.25 4.88 5.05 3.61 4.49 2.48 

1b 14.03 14.04 12.15 7.47 5.46 4.44 5.46 8.7e 6.01 3.33 

01 Fa - 7.00 5.86 5.29 2 90 1.91 1.68 1.73 2.88 2.26 1.37 

n 3.02 2.89 2.72 2.62 2.55 2.62 2.51 2.58 2.62 2.62 5.87 

nt 2.78 3.35 4.16 4.16 4.84 5.60 4.99 5.77 5.84 5.19 8.51 

Ap .23 .39 .37 .35 .32 .37 .35 .35 .35 .35 .88 

020 6.51  5.57 5.28 5.38 5.50 5.67 5.92 4.02 4.28 4.29 4.45 

co .07 3.62 .82 1.40 .64 .62 .46 .21 .16 .73 .09 

Cor 7.34 .32 - - - - - - - - 

TOTAL 100.38 100.31 102.04 100.45 100.13 101.30 100.38 100.93 101.25 100.50 97.97 



HTT21OTHERMALLT ALTTSm IOU 

x27 1128 1129 K30 1132 1134 1135 1136 1137 1136 K39 

MICR swan (Vt. %) 

8i02 44.82 45.43 44.99 43.95 44.36 44.57 44.62 44.61 44.24 43:56 42.78 

TiO2 3.09 3.04 1.68 1.80 1.62 1.01 1.74 1.80 1.52 1.49 1.26 

A1203 16.50 16.62 16.18 15.32 15.11 15.66 15.25 15.47 15.09 15.21 15.49 

7.203 4.99 4.31 2.00 2.80 1.95 5.73 2.39 3.57 5.24 4.32 11.11 

7.0 8.24 6.78 9.77 9.65 9.60 7.17 9.97 9.03 6.61 7.22 - 

11,0 .16 .18 .18 .19 .18 .19 .18 .18 .19 .17 .20 

N40 5.11 4.75 7.63 7.57 0.73 6.65 9.02 8.16 9.18 9.60 6.15 

Ca0 7.96 8.06 6.92 8.15 9.08 8.67 9.06 9.46 9.60 9.30 15.40 

8.20 3.57 3.66 3.20 3.73 2.96 2.63 2.34 2.60 2.18 2.01 1.97 

120 .20 .45 .30 .25 .29 .21 .21 .25 .27 .21 .15 
120o 3.46 2.87 4.38 4.31 4.92 3.04 4.17 4.02 5.23 5.51  5.46 

P205 .39 .58 .17 .16 .17 .16 .16 .16 .14 .15 .15 

CO2 .01 .01 .48 .69 .31 .06 .06 .07 .07 .10 .23 

1V?AL 90.52 98.52  99.96  96.57 99.56 99.35 99.17 99.38 99.56  96.65 100.35 

TRACI ZITS ()ie) 

Zr 216 213 100 101 94 101 97 101 87 80 192 

Y 33 33 22 22 20 23 21 6 1 1 5 

Rb 3 10 8 1 4 1 13 23 27 21 28 

lb 16 15 8 3 4 3 4 3 4 6 4 

Sr 514 585 330 297 303 261 263 267 276 246 520 

Zo 166 102 168 151 82 73 207 74 71 104 78 

Ca 203 105 241 260 80 85 293 06 72 106 54 
Sa - - - - - - - - - - - 
Cr 14 13 186 204 417 180 200 166 202 281 287 
P1 50 48 103 190 211 172 172 166 230 222 38 

Ta .80 - - .26 - - - - - - 

Ht 5.71  3.07 
lb 1.05 .34 
La 12.19 4.75 
G 36.93 15.91  - 
11d 29.23 14.05 

Sa 7.97 4.29 

la 2.73 1.60 

Cd 8.10 4.83 
Tb 1.14 .78 
Ti .41 .34 - 

. 	Tb 2.75 2.00 

In .45 .32 - - 

CITY velraT MOM 

Or 1.18 2.54 1.77 1.48 1.71 1.24 1.24 1.48 1.60 1.24 .77 
Ab 50.21 30.97 27.06 28.88 24.73 22.25 19.80 22.00 10.45 17.01 7.43 

An 28.41 27.63 28.90 24.32 27.09 30.30 30.49 29.80 30.59 31.06 33.04 

No - - - 1.45 .17 - - - - - 5.01 

w 3.5n 4.09 1.68 4.47 6.22 4.71 5.44 6.53 6.55 5.29 17.09 

ni m 2.26 2.35 2.61 2.55 3.62 3.38 3.21 4.00 4.76 3.69 0.99 

T. 1.10 1.56 1.89 1.13 2.30 .91 1.97 2.16 1.18 1.16 7.59 

1b 7.37 4.54 .63 - - 10.96 6.72 4.75 11.55 11.66 -  

RI 7. 3.59 3.02 .45 - - 2.95 4.13 2.57 2.85 3.60 - 

7o 2.18 3.47 11.05 11.43 12.70 5.04 8.79 8.11 4.59 6.00 4.43 
01 	Pa 1.17 2.54 8.83 8.54 8.90 1.49 5.95 4.84 1.25 2.09 4.13 

II 5.87 5.77 3.19 3.42 3.00 3.44 3.30 3.42 2.09 2.83 2.39 

Mt 7.23 6.25 3.02 4.06 2.83 0.31  3.47 5.16 7.60 6.26 2.18 

Aa .90 .08 .39 .37 .39 .37 .57 .37 .32 .35 .55 

820 3.46 2.87 4.38 4.31 4.92 3.00 4.17 4.02 5.23 5.31 5.42  

Co .02 .02 1.09 1.57 .71 .14 .14 .16 .16 .23 .52 

Cor - - - - - - - - - - - 

TOTAL 98.52 98.52 99.96 96.57 99.36 99.35 99.17 99.38 99.56 90.65 99.39°  

°Standard Stat. 7.203 

24 
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DTI80'1 

NAM ZUMENT 

(rt. %) 

M42 M43 M46 M45 147 148 1150 )159 C34 

511LLT ALTERED WAS 

1140 	1141 

AW.T8m 

6102 44.91 45.03 45.14 44.69 45.23 43.66 45.98 44.14 44.56 47.14 43.69 46.10 
T602 3.00 2.91 2.99 3.00 2.97 3.17 2.40 2.34 2.45 2.63 1.41 1.43 
41203 16.60 16.30 16.59 16.36 16.20 15.04 16.19 15.87 17.01 14.68 14.75 13.90 
1.203 4.16 3.68 4.98 6.49 4.69 0.16 3.14 4.20 2.50 6.35 4.34 3.83 
P.O 9.86 9.66 8.96 7.35 9.07 8.06 10.04 6.67 11.19 7.04 7.70 8.03 
Moo .16 .18 .22 .17 .19 .20 .20 .20 .32 .26 .20 .18 
we 5.39 5.15 5.34 4.65 5.24 3.95 7.17 7.23 741 3.28 11.06 10.31 
a0 7.55 7.65 7.58 7.93 7.67 5.50 9.35 0.42 7.97 6.99 7.73 0.15 
8420 3.60 3.40 3.43 3.66 5.30 5.01 2.16 2.94 2.11 4.69 2.72 3.06 
220 .29 .33 .30 .30 .25 .16 .32 .33 .42 1.49 .28 .40 
220+ 5.46 3.50 5.28 5.00 3.27 4.26 2.52 4.09 2.99 2.49 5.33 4.79 
1205 .33 .32 .33 .32 .31 .33 .24 .22 .24 1.65 .18 .16 
002 .06 .08 .03 .02 .02 .21 .07 .09 .02 .09 .09 .16 

TOTAL 99.39 96.39 99.17 98.14 98.41 97.71 99.58 96.94 99.59 96.51 99.60 100.50 

131ACZ 1UMM6T MALI= (DD.) 

sr 
7 
Rb 
lb 
6r 
zit 
a 
Da 
Cr 
D1 

195 

32 
2 

12 

532 
69 
32 
- 

m 
24 

109 

31 
5 

11 

533 
134 
149 
- 

m 
26 

193 
32 
1 

11 

551 
.59 

34 
- 

m 
26 

190 

35 
1 

11 

549 
71 
29 
- 

m 

25 

190 

32 
1 

11 

526 
71 

27 

1 

25 

189 

37 

m 
10 

563 
107 
2e 
- 

9 

36 

132 
25 

11 
5 

353 
05 

59 
- 

95 
99 

133 
20 

9 

6 

365 
64 

50 
- 

96 
101 

130 
31 

12 
5 

308 
02 

107 
- 

99 

105 

349 
67 

21 
16 

584 
140 
- 
- 

- 

105 

262 
6 

3 
362 
90 
78 

75 
692 

376 

113 
22 

8 

4 
242 
00 

65 
146 

669 
369 

Ta - - .63 - - - - - - - -  
sr 5.1e - - - 

m .90 

La 10.29 
Cu 30.21 
De 25.06 
M 6.94 
1h 2.50 
Cd 7.28 - 
Tb - 1.07 
To .44 
Yb 2.65 
La .41 

CITY MIGHT NORMS 

0s - - - .01 - - - - - - - 
or 1.71 1.95 1.77 1.77 1.46 .95 1.89 1.95 2.41 8.81 1.66 2.36 
AD 30.46 28.77 29.02 30.97 27.92 42.39 18.20 24.es 17.05 39.69 23.02 25.09 
Aa 28.28 28.24 28.99 2705 28.65 18.08 33.54 29.13 35.70 14.60 27.21 23.01 
I. - - - - - - - - - 

V. 2.77 2.97 2.62 4.09 3.03 2.39 4.53 4.44 .90 3.56 3.92 6.42 
21 Ma 1.5; 1.58 1.57 2.88 •.77 1.66 2.37 2.75 .49 2.27 2.74 4.32 

20 1.14 1.30 .92 .87 1.11 .54 1.76 1.43 .38 1.06 .86 1.61 
Ma 4.66 6.64 8.62 6.71 10.33 1.53 13.31  5.36 11.20 4.37 5.40 5.19 

RY Pa 3.49 5.49 5.06 2.6; 6.52 .50 9.13 2.78 8.65 2.04 1.69 1.93 
1a 5.07 3.23 2.19 - .67 4.66 1.39 6.93 5.44 1.07 13.60 1 1.35 

01 7. 4.18 2.94 1.41 - .46 1.67 1.05 3.96 4.64 .55 4.66 4.64 
ri 5.70 5.53 5.68 5.70 5.64 6.02 4.55 4.44 4.65 4.99 2.68 2.71 
Mt 6.03 5.34 7.22 9.41 6.80 11.03 4.55 6.09 3.62 9.21 6.29 5.55 
4 .77 .74 .77 .74 .72 .77 .56 .51  .56 3.09 .42 .37 
620 3.46 3.50 3.20 3.00 3.27 4.26 2.32 4.09 2.99 2.49 5.33 4.79 
Co .14 .1e .07 .05 .05 .48 .16 .21 .05 .21 .21 .36 
Cor - - - - - - - - - - - 
TOTIL 99.39 96.39 99.17 98.14 96.41 97.71 99.58 98.94 99.59 98.81 99.60 100.50 



ETIE0TR>R1 ILLY AIMEE tanl 

C90 C130 0136 C142 0145 C149 C155 C1531 0154 C158 
!(4.t0E imam (rt. %) 
8602 44.51 46.20 44.56 47.73 43.53 46.05 44.62 47.27 44.37 42.97 
TiO2 1.48 1.34 1.40 1.46 1.31 1.36 1.39 1.67 1.4o 1.46 
£1203 13.95 14.01 13.87 12.74 13.73 13.40 13.77 11.84 13.96 14.34 
7.203 3.88  3.54 4.42 3.38 3.43 3.65 3.19 3.0e 3.97 3.73 
P.O 8.39 7.53 7.19 8.24 7.89 7.58 7.49 8.41 7.67 8.28 
MO .19 .16 .16 .17 .17 .17 .17 .20 .18 .18 
1110 11.09 9.57 9.05 10.32 11.14 10.95 10.80 10.90 11.24 11.66 
coo 6.59 8.25 9.46 7.86 8.76 9.88 9.12 9.29 9.65 0.83 
1.20 3.27 3.36 2.90 2.77 1.51 1.77 1.96 2.11 1.78 1.90 
120 .25 .47 .04 1.22 1.03 .28 .26 .80 .12 .10 
320. 5.20 4.91 4.63 4.6o 6.93 3.95 4.88 4.25 4.57 5.57 
P205 .19 .18 .19 .21 .18 .18 .19 Al .18 .19 
CO2 .11 .08 .16 .06 .11 .10 .18 .15 .15 .09 
TOTAL 99.17 99.6o 96.66 100.76 99.72 99.40 98.72 100.1e 99.22 99.30 

TRICE Etc! (Igo) 
Er 114 102 107 118 99 95 100 112 102 111 
7 26 20 24 26 21 21 23 21 22 22 
Rb 6 12 1 25 25 6 6 13 2 1 
it 7 2 3 9 3 3 2 4 5 5 
Sr 249 174 331 294 196 230 247 257 245 230 
En 86 76 7e e7 85 81 12 ee e4 83 
C. 76 67 54 72 75 e7 55 223 103 90 
3. 108 196 - 340 329 161 119 799 79 77 
Cr 644 571 604 593 550 537 593 452 580 613 
1I 369 339 362 369 345 340 366 275 370 574 
T. - - - - - - - - - 
Er 
m 

- 

L 
C. - 
EQ 
a. - 
a. - - 
Cd - 
Tb - - 
T. 
1b 
ha 

C1PW WEICHT NORM 

or 1.48 2.7e .24 7.21 6.09 1.66 1 .54 4.73 .71 .59 
4b 27.67 28.43 24.54 23.44 12.78 14.98 16.59 17.85 15.06 16.05 
An 22.65 21.76 24.71 18.73 27.64 28.01 25.01 20.47 29.75 30.30 
1. - - - - - - - - - - 

Wo 3.39 7.3o 8.34 1.73 5.82 8.02 6.20 9.73 6.73 4.88 
06 	En 2.29 4.90 5.84 5.13 3.97 5.54 4.32 6.49 4.69 5.34 

7. .84 1.85 1.79 2.04 1.4o 1.82 1.37 2.51 1.48 1.16 
In 4.25 1.60 3.57 7.28 10.04 16.47 14.30 12.98 13.74 9.74 ar 
7. 1.56 .60 1.09 2.90 3.55 5.42 4.55 5.03 4.33 3.3T 
Pa 14.77 12.15 10.65 9.32 9.63 3.69 5.80 5.38 6.70 11.19 

01 7. 5.96 5.05 3.59 4.09 3.75 1 .34 2.04 2.30 2.33 4.26 
n 2.81 2.55 2.66 2.77 2.49 2.58 2.64 3.17 2.66 2.77 
Mt 5.63 5.13 6.41 4.90 4.97 5.29 5.64 4.67 5.76 5.41 
Ip .44 .42 .44 .49 .42 .42 .44 .49 .42 .44 
320 5.20 4.91 4.63 4.60 6.93 3.95 4.65 4.25 4.57 5.57 
Co .25 .15 .36 .14 .25 .23 .41 .34 .30 .21 
Cor 

- - - - - - - - - 

- 

TOTAL 99.17 99.60 98.86 100.76 99.72 99.40 98.72 100.18 99.22 99.30 

242 



2)i3  

1718OT u.1rnm L&T 3 

0176 C191 0193 0199 C205 0212 0219 C225 023211 C246 

w011 swmn8 (rt. %) 

8102 40.74 43.62 37.33 42.22 44.27 44.37 44.41 45.31  39.90 55.15 

1102 2.56 2.65 2.85 2.81 2.65 2.62 2.68 2.64 2.72 1.74 

*1203 16.39 16.60 15.73 15.50 16.02 15.42 15.86 15.41 13.59 12.20 

1.203 6.28 8.82 7.06 7.27 6.58  7.76  6.90 6.56 5.04 6.09 

NO 8.66 6.38 9.00 8.68 8.66 7.36 0.35 8.48 10.38 8.07 

tto0 .27 .10 .24 .22 .21 .2o .21 .21 .21 .23 

R80  7.06  4.18 6.28 5.91  5.29 5.12 5.33 5.10 5.00 2.29 

C.0 6.11 6.99 9.75 7.29 7.23 6.29 6.84 6.51  7.64 3.05 

s.20 1.87 5.35 .40 3.47 3.47 3.84 3.38  3.18 4.05 2.51 

120 .47 .28 .15 .68 .63 .95 .79 .67 .57 3.02 

120. 8.87 4.19 10.28 5.50 4.45 4.52  4.14 4.45 4.78 3.10 

9205 .38  .45 .49 .47 .44 .43 .43 .44 .45 .52  

CO2 .11' .43 .41 .6o .19 .45 .72 .77 3.90 .10 

TOTAL 99.77 100.12 100.07 100.62 100.09 99.33 100.04 99.73 98.23 98.93 

mCI swarms (pp.) 

1r 

7 
1b 

lb 

Or 

In 

Ca 

sa 

Cr 

ti 

151 

38 
10 

6 

523 

117 
48 

367 
39 
69 

213 

43 
6 

14 

427 
125 
26 

226 
16 

36 

223 

45 

4 
14 

348 
114 
31 
63 
21 
46 

209 

41  
12 

13 

473 
124 

39 

456  
15 
43 

194 

39 
10 

11 

554 
115 

38  

440 
9 
41  

193 
40 
18 

10 

562  

119 

35 
466 
18 

42 

202 

40 

14 
1) 

499 
117 

30  
469 
10 

44 

199 

38 

12 

10 

477 
109 

35 
383 
10 

42 

216 

42 
11 

10 

207 
118 

33 
185 
10 

43 

267 

79 
71 
10 

224 
- 

9 
' 	- 

it - .80 .74 - .70 - - .62 .61 

0t 5.78  5.81  5.28  - 	- 5.01 5.41 
is 1.07 .98 .96 .87 .79 
L - - - - - 

co 51.48 50.88 45.99 44.26 49.33 

26 37.16 38.12 34.53 - 32.76 36.43 
s. 6.87 9.87 8.77 - 8.07 9.26 

IQ 3.07 3.09 2.84 - 2.73 3.07 

Cd 10.44 8.42 8.94 8.39 7.87 
Tb 1.32 1.40 1.22 1.15 1.37 

5 - .54 .48 - - 

!b 3.19 3.48  2.99 2.82 3.24 

1. .48 .56 .51  .45 .54 

cIP1r VBGHT 1Re6 

Q. 2.64 - 3.84 - - - - 3.23 - 16.24 
Or 2.78 1.66 1.48 4.02 3.72  5.61  4.67 3.96 3.37 17.85 
Ab 15.82 37.89 3.39 29.36  29.36  32.49 28.60 26.91  34.27 21.24 

An 27.13 20.45 40.39 24.71 26.25 22.03 25.77 24.55 10.31 13.10 

so - 4.00 - - - - - - - - 
vo 3.58  .91  1.92 2.30 1.47 .34 .66 

Di In ).G1 .60 1.28 1.45 1.07 .22 - .29 

1. - .11 .25 .50 .71 .26 .09 - - .37 
m 17.5e - 15.04 4.05 7.59 9.03 12.07 12.70 7.10 5.42 

I 1. 6.99 - 6.19 1.57 3.73 2.23 5.43 6.18 6.15 6.97 
90 - 5.19 - 6.58  2.90 1.06 .13 - 3.75 

01 h - .21 - 2.81 1.57 .51 .06 - 3.59 - 
A 4.86 5.03 5.41  5.34 5.03 4.98  5.09 5.01  5.17 3.30  

111 9.10 12.79 10.24 10.54 9.54 11.25 10.00 9.51  7.31  8.83 

Ap .88 1.04 1.14 1.09 1.02 1.00 1.00 1.02 1.04 1.34 
120 8.87 4.19 10.2e 5.50 4.45 4.52  4.14 4.45 4.78  3.10 
co .25 .98 .93 1.37 .43 1.02 1.64 1.75 8.887 .23 

Cor 2.06 - - - - - - .46 2.53 - 

TOTAL 99.77 100.12 100.07 100.62 100.09 99.33 100.04 99.73 98.23 98.93 
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4111:RLTI08 PRODUCTS 

2361 	N5621 

2LJ0R ZUMISIS (rt. %) 

N5oa L191 L1921 11195d  IR4d  J 4a  

8102 42.20 41.73 51.32 45.00  46:40 51.12 32.22 53.11  

1102 2.09 2.27 .04 1.72 2.20 .04 .06 .01 

11203 14.03 13.57 3.56 14.36 13.36 2.63 11.97 21.20 

7e203 4.85 5.48 .16 4.98 5.71  .12 .29 .06 

7.0 0.68 2.49 .09 7.00 6.25 .16 .27 .05 

200 .17 .18 .01 .17 .13 .09 .03 .00 

280 9.01 9.32 .80 9.68 S.20 .37 .50 .04 

000 10.11 10.32 29.85 5.00 9.05 29.38 28.58 11.73 

3.20 2.15 1.90 .83 2.36 3.10 .74 .09 .04 

L20 .12 .11 .11 .35 .66 .11 .04 .17 

320. 6.38 5.90 11.96 5.68 3.86 11.38 7.91  13.72 

P205 .21 .23 .01 .20 .39 .01. .02 .02 

CO2 .11 .33 2.06 .15 .21 5.12 18.91 .05 

TOTAL 100.11 99.83 100.20 99.53 100.20 99.27 100.89 100.20 

TRLCI =MIST (71•) 

Zr 
7 
ID 

Pb 
sr 
Zs 
Oa 

3. 
cr 
ei 

	

134 	144 	3 	111 	217 	ea 

	

29 	32 	oa 	27 	47 	ad 	- 	- 

	

1 	ad 	ad 	3 	9 	a8 	2 	2  

	

4 	4 	2 	3 	7 	ad 	1 	3 

	

230 	207 	22 	321 	241 	68 	169 	359 

	

86 	93 	- 	84 	84 	- 	- 	- 

	

134 	128 	66 	95 	13 	10 

	

86 	.d 	- 

	

316 	321 	545 	547 

	

185 	176 	244 	180 

Ta - 	.14 	- 	- 
eT  3.95 

Th - 

1.. - 

o. 19.80 
Pd 18.87 	- 
a. 5.85 	- 
10 1.95 	- 
04 5.40 
Tb 1.02 	- 	- 

T. .45 	- 
n 2.39 	- 
La .39 

cIPV VIICaT NORMS (Standard State 70203) 

Or .71 .65 2.07 3.90 
AD 18.19 16.08 19.97 26.23 
la 28.28 28.17 27.56 20.59 
0. .01 - - 

Vo 8.27 8.12 7.85 8.,1 
DI In 4.53 4.46 4.61 4.!: 

7e 3.45 3.36 2.86 3.52 
Pb - 1.22 2.98 .06 

li it - 1.38 1.85 .05 
70 12.55 11.87 11.58 12.02 

01 7a 10.54 9.86 7.93 9.94 
ri 3.97 4.31 3.27 4.18 
2t 2.18 2.18 2.18 2.18 
LP .49 .53 .46 .90 
020 6.38 5.90 3.68 3.86 
Co .25 .75 .34 • .48 

TOTAL 99.77 99.43 99.18 101.13 

D.I. 18.90 16.73 22.04 30.13 

Meter elements analysed by P. Vatkins. 
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01111 MULL AND = MIMI ROCK 

M58 	1161 610 11183 16184 1a185 16209•  161444  

no./02 mew (Vt. %) 

8/02 48.21 	50.74 47.57 51.44 50.78  54.29 43.97 44.04 

9102 1.54 	1.74 1.61 1.91 1.97 1.44 2.03 3.49 

81203 14.82 	15.15 14.60 . 14.00 13.94 16.52 15.71 13.27 

14203 3.28 	3.90 12.06 3.06 3.37 4.8e 13.14 3.32 

P.O 6.96 	7.45 .00 9.37 9.81  6.25 .00 8.72 

no .21 	.19 .20 .22 .26 ' 	.15 .17 .16 

woo 6.28 	5.38 7.45 3.88 4.43 3.14 5.70 7.68 

ao 10.35 • 	9.98 11.90 8.30 9.59 7.53 7.51 9.43 

e.20 2.29 	3.24 2.36 2.90 3.32  2.93 5.14 1.45 

220 .65 	.81 .44 .73 .38 1.70 .36 2.49 

120+ 2.43 	1.09 2.18 4.80 2.86 2.14 5.11  3.91 

2205 .14 	.23 .18 .41 .33 .22 .26• .94 

Oog .01 	.06 .06 .05 .04 .05 .76 1.52 

10028L 99.17 	100.96 100.61 101.15 100.88 101.24 99.86 100.25 

nice maim Gee) 

Zr 
I 

eA 
n 
or 
En 
a 

106 
34 
31 
0 

211 
180 
- 

125 

30 
11 
7 

485 
98 

31  

108 
23 
2 
2 

160 

79 
143 

225 
61 
22 

14 
294 
- 

191 
56 

9 
13 
248 

- 

178 
36 
50 
10 
272 

- 

175 

31  
6 

4 
416 

- 

362 
30 
49 
67 

1293 

- 

as 323 - 1005 

Or 40 175 - 

e/ - 29 316 - 
Ta .40 - - - 5.22 

12 3.21  4.05 9.30  
Th 2.84 2.29 8.22 

La 10.54 - 
a 25.58 40.52 150.51 
Md 15.64 26.51 81.32 
as 4.41 6.84 16.12 
1* 1.58 2.16 4.53 
Cd 5.56  6.22 9.61 
Tb 1.01 1.12 1.55 
Ta .59 .49 .41 
7b 3.72 3.39 2.54 
L. .56 .55 - .30 

CIA, UIICBT 121e1 

a 
(standard State s.203) 

- 	- 	5.20 1.33 6.e8 - -  
or 3.84 4.79 2.60 4•31 2.25 10.05 2.13 14.71 

Lb 19.3e 27.42 19.97 25.22 28.09 24.79 28.96 12.52 
As 28.24 24.40 27.94 22.67 22.01 26.90 18.73 22.21 
I. - - - - - 7.87 - 

.e y.24 9.70 12.33 6.48 9.25 3.63 5.02 4.21 
D/ Di 4.49 4.08 6.79 2.50 3.67 1.42 2.50 2.44 

P. 4.59 4.60 5.09 4.08 5.69 2.26 2.42 1.57 
en 8.86 7.47 3.83 7.17 7.36  6.40 - 10.12 

87  9. 9.06 7.05 2.87 11.72 11.40 10.22 - 6.52 
9. 1.61 0.74 5.57 - - - 8.20 4.60 

01 la 1.81 0.77 4.60 - - - 8.72 3.27 
II 2.92 3.30 3.06 3.63 3.74 2.74 3.86 6.63 
Mt 2.18 2.90 2.18 2.18 2.18 2.90 2.90 2.18 

is .32 .53 .42 .95 .77 .51 .60 2.18 
220 2.43 2.09 2.18 4.00 2.86 2.14 5.11 5.91 
C4 .02 .14 .14 .11 .09 .11 1.73 3.00 

TOTAL 90.99 102.77 99.55 100.99 100.69 100.95 98.74 100.07 

D.I.•  23.22 32.20 22.57 34.73 31.67 41.72 38.96 27.24 

1/2.2b .658 .675 .596 .759 .746 .775 .670 

•Trio• .!want. 17  C. Mariner 



246 

Zr.values determined at Bedford College and used for 

Skye - Mull comparisons in chapter 6. 

Sample Zr Sample Zr Sample Zr 

LA 1' 128 M 7 230 m 27 	222 

LA 3 119 M 8 210 M28 220 

LA 5 121 M 11 201 M 29 109 

LA 2 119 M 12 176 M 30 109 

LA 4 118 M 51 121 M 32 97 

LA 7 112 M 52 126 M 34 101 

LA 8 iii m 53 120 M 35 103 

LA 9 108 M 54 118 M 36 105 

LA 10 117 M 55 112 M 37 99 

LA 11 108 M 13 129 M 38 105 

LA 13 103 M 14 130 M 4o 197 

LA 14 97 M 15 105 M 41 192 

LA 15 92 M 16 100 M 42 190 

LA 16 112 M 17 105 M 43 200 

LA 17 110 M 18 112 M 46 196 

LA 18 96 M 19 104 M 45 187 

LA 20 94 M 20 96 M 47 135 

M 1  97 M 21 112 M 48 135 

M 5 210 H 22 99 M 50 145 

H 6 204 M 26 215 H 61 123 



I-F Density data  
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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 M20 2.87 

M 21 2.84 
M 22 2.90 



249 

APPENDIX II 

ANALYTICAL TECHNIC UES . 
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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 separate 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 bolt so as to be able to maintain a downwards 

leverage on the bit which was cooled by pumping water down the drill 

string at a pressure of 200 psi. The top few metres of rock transected 

by the drilling were intensely shattered as a result of quarrying 

and water loss occurred through the sides of the hole making it nec-

essary to grease the drill rods to prevent sticking and abrasion. 

Core recovery from this part of the hole was low as small shattered 

lava pieces tend to move into it and block the core barrel, causing 

grinding of the core. Below the quarry floor the rocks appeared to be 

unfractured and :elati:•ely impermeable. A constant flow of water back 

up the drill hole was maintained and core recovery of nearly 100% was 

achieved. 

Pieces of the drill core 4 ems in length were removed for geo-

chemical work and thin sections made of the material on either side 

of these. The positions of these are indicated on the log of the drill 

core. They were selected so as to be able to relate any chemical 

variation between them to features such as marked changes in colour 

and texture and the presence or absence of vesicles, secondary mineral 

pods or 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 -'k cms. in diameter could be treated in this way as the larger 
zeolite and calcite - filled ones were extremely friable and tended 

to disintegrate on collection. 

All the vein 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. 110 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 same geochemical trends, 

demonstrates that contamination during drilling was insignificant for 

the elements considered in this study. 
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'Major element analyses  

'1120-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 

and H20-. The values of H2O for zeolite - rich samples showed the 

same range as samples virtually devoid of secondary minerals, suggest-

ing that most of the water determined as H20-  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 Si02, Ti02, A1203, Fe203, MnO, MgO, 

CaO, K20 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 in a 1 : 7 

ratio at 1100°C in platinum crucibles. After quenching, the resulting 

glass was ground and pressed into briquettes 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 (1G77a). The major potential source of error 

is differential water absorption by the standard and sample briquettes 

and to eliminate this they were dried together at 110°C for 24 hours 

and stored in a dessicator immediately before analysis. 

All XRF data was corrected for dead - time and machine drift. 

The sample concentrations were calculated from enli.hration lines, 

erected from standards run both before and after the samples, using 

the procedures of Parker and Willis (1977) and Parker (1977b). U.S.G.S. 

standard rocks and I.C. internal standards covering the compositional 

range 38% < Si0 < 60% were used and the results checked by running stan-

dard briquettes as 'unknowns' with the samples (Table AII - 1). In 

addition, replicate analyses of some of the samples were made by wet-

c':e: ical techniques and two other XRF methods (Table AII - 2). 

Na20 was determined by flame photometry using a radiation buffer 

solution with both the samples and the standards (Maxwell 1968). Fe0 

was determined titrimetrically and subtracted from the total Fe203  

value obtained by XRF, assuming that Fe203  - (Fe0 x 1.1113) = Fe203. 
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.The samples were decomposed in the presence of NHI1.. V03  and excess Fe 

determined by titrating against ferrous ammonium sulphate (Whipple 

1974). 

Table A II - 1 Analyses of U.S.G.S. Standard rocks  

on a volatile - free basis. 

AGV recommended 
value 

(Abbey 1973) 

BCR recommended 
value 

(Abbey 1973) 

Si02 60.37 60,30 6Q.21 54.88 54.85 

Ti02  1.06 1.05 1.06 2.23 2.22 

A1203  17.37 17.39 17.36 13.65 13.68 

7e203  6.87 6.92 6.94 13.60 13.54 

rn0 .10 .10 .10 .19 .19 

Ngo 1.44 1.59 1.56 3.65 3.49 

Ca0 4.96 4.98 5.04 6.98 6.98 

Na20 4.42 4.42 4.31 3.29 3.29 

K20 3.02 3.01 2.95 . 1.74 1.68 

per, .50 .50  .50 .37 .33 

Total 100.11 100.26 100.08 100.58 100.25 
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Table AII - 2  Replicate major analyses of samples by different 
analytical methods 

M7a  M 	7 	M70  Mld M8a m 8 

Si02  46.94 46.63 	46.93 46.46 46.80 46.48 

TiO2 3.07 3.09 	3.19 3.03 3.06 3.17 

A1203 16.53 16.50 	17.12 16.54 16.70 17.11 

Fe203* 15.39 15.39 	15.85 13.40 15.44 15.71 
Mn0 .19 .19 	.18 .18. .19 .18 

Mg0 5.42 5.32 	5.34 5.52 5.40 5.40 

Ca0 7051 7.51 	7.49 7.59 7.65 7.50 
Na20 4.18 4.33 	4.69 4.18 4.04 4.40 

K20 .27 .24 	.28 .26 .23 .23 

P205  .30 .30 	.31 .34 .27 .28 

M 37 a M37b M 59 a N 59 b 

si02 44.24 44.61 47.14 47.75 
Ti02  1.52 1.52 2.63 2.68 

A1203  15.09 15.29 14.68 14.78 

Fe203' 12.59 12.90 14.17 14.05 

Mn0 .19 .19 .26 .27 

Mg0 9.18 9.52 3.28 3.32 

Ca0 9.60 9.68 6.99 7.09 
Na20 2.18 2.27 4.69 4.70 

K20 .27 .28 1.49 1.49 

P205  .14 .15 1.68 1.34 

a - this study 
b - wet chemical analysis by H.I1oyd, Bedford College 

c - 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) 

- analyst R.Parker, Imperial College 



Table All - 3 Multiple analyses for major element oxides of sample M 39  

1 2 3 4 5 6 7 8 9 10 Mean Standard 
Deviation 

SiO2 42.78 42.72 42.78 42.61 42,60 42,77 42.76 42.88 42,74 43.16 42,78 .157 
TiO2 1.26 1.26 1.26 1.26 1.27 1.25 1.25 1.25 1.26 1.27 1.26 .007 
Al2o3  15.63 15.52 15.64 15.41 15.41 15.53 15.34 15.42 15.44 15.51 15.49 .099 
Fe203*' 11.14 11.18 11,24 11.00 11.05 11.05 11.10 11.06 11.15 11.15 11.11 .073 
MnO .20 .20 .20 .20 .19 .19 .20 .19 .20 .20 .20 .055 
Mg0 6009 6.19 6.21 6.26 6.05 6.09 6.09 6.19 6.11 6.27 6.16 .078 
Ca0 15.44 15.40 15.50 15.30 15.39 15.28 15.40  15.33 15.46 15.45 15.40 .072 

Na20(a)  1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.97 1.97 - 4111111.  

K20 .14 .13 .14 .14 .14 .14 .13 .15 .13 .14 .14 .006 
H20+(b)  5.48 5.48 5.48 5.48 5.48 5.48 5.48 5.48 5.48 5.48 
P205 .15 .15 .15 .15 .15 .15 .15 .15 .16 .15 .15 .003 
c02(b) .23 .23 .23 .23 .23 .23 .23 .23 .23 .23 - - 

Total 100.51 100.43 100.80 100.01 99.93  100.13 100.10 100.30 100.33 100.98 
(a) Na20 average of flame photometry values table All - 5 
(b) CHN analysis 
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Table AII - 4  FeO, Na20  Determinations Standard Rocks. 

NIMN 

91 

DR 

FeO Na20 

this 
study 

7.34 

7.36 

1.32 

- 

recommended_ 
Abbey(1973) 

7.44 

1.38 

- 

this 
study 

2.39 

2.39 
2.46 

- 

2.87 

recommended 
Abbey(1973) 

2.47 

- 

3.00 

Table AII - 5 Multiple determinations of Na20 in M39. 

1 2 4 5 6 7 

1.99 

8 

1.94 

9 

1.90 

10 

2.04 1.99 

Mean 

1.99 

Standard 
Deviation 

1.99 

1.94 1.99 1.94 1.97 .040 



257 

Volatile 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 FeO 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 amounts of these elements could be found. 

H2O+ and CO2  were determined using a Perkin and Elmer model 240 CHN 

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 H2O 

and CO2 contents to the Mull lavas were not available. H20+  was also 

determined in duplicate for several samples using the rapid method of 

Shapiro and Brannock (1975) for comparison (Table AII - 6). 

Table A II - 6 Volatile determinations.  

Sample. Loss on 
ignition 

H2O+  

• H2O 

CHN analysiao 

CO2 	Total 

LA 2 2,21 1.86 1.87 .05 1.93 
LA 3 2.31 2.14 2.22 .05 2.27 

LA 15 2.12 1.78 2.35 .04 2.39 
M 5 1.78 1.61 1.97 .12 2.09 

14 6 1.67 1.14 1.62 .01 1.63 
M 7 1.31 .91 1.38 .05 1.43 
M 8 1.67 1.19 1.79 .01 1.80 
M 51 2.51 2.58 2.59 .09 2.68 
M 13 6.12 5.48 6.51 .03 6.54 
M 14 6.47 4.79 5.57 1.59 7.16 
M 17 5.69 5.11 5.50 .28 5.78 
M 18 5.73 5.19 5.67 .27 5.94 
M 28 2.85 2.73 2.87 .01 2.88 
M 42 3.32 2.99 3.28 .05 3.33 
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The values determined with the CHN analyser agree well with the 

LOI values for most of the samples whilst, the H2O+  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 H2O+  

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 1O0O6C 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 

study. 

4 	8 	12 	14 
Nb   

0 

Figure All-1. 

Ta versus Nb in 

the Mull lavas. 
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Trace 11ement analyses.  

The elements Zr, 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 (Thompson 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, Y, 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 analytical procedure. The. Skye and Mull lavas 

were analysed at the same time using the same calibration lines and 

so the accuracy and precision data listed in Tables AII - 7 and 8 

apply to both these groups. 

The analyses were made on pressed powder pellets made from 

6 gm of rock powder and 1 gm of binding resin. The pellets were 

strengthened by baking in an oven at 108°C 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 good (1977). 

Zr, 7, 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 all the samples were determined at 

Imperial College. Pressed powder pellets were made from 5 gm rock 

powder mixed with 10 drops of polyvinyl alcohol solution as an 

internal binder. These were backed with boric acid and pressed in a 

steel die at a pressure of 6 tons/sq. inch. Standard trace element 

discs were run with the samples and the results determined by cotter 

parison with a spiked reference sample. Blanks were run to enable 

tube background factors to be measured and mass absorption corrections, 

calculated from the major element analyses, were applied. The results 

were calculated using an Imperial College programme described by 

Parker (1979) who also gives details of the analytical methods. 
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Standard rock analyses and precision data are given in tables AII -
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 for.Zr. 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 were made using the KApeak and corrected for Sr 

interference. The use of the K$ peak avoids the problem of Sr inter-
ference but results in lower count rates and a reduction in accuracy 

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 - lava 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 Z. 

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 cm3 low energy photon detector with a resolution of 

approximately 640 eV at 122 keV. La was determined using a Ge(Li) 30 
cm3  (large volume) detector with high resolution in the 1000 to 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 a random order so that they occupied differ-

ent positions in the reactor core. They were similarly counted in a 
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random order rather than in any particular sequence so as to elim-

inate systematic errors during analysis. 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 and precision data apply 

to both the Mull lavas and the Skye lavas discussed in chapter6 

Table AII -2 Trace element analyses of U.S.G.S. Standard rocks  
made at Bedford College.  

t 
G - 2 GSP AG Y 	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 30 21 25 37 
3 12 32 26 25 46 

1 168 247 64 19 38 
Rb 2 168 254 67 21 37 

3 170 250 67 21 46 

1 490 239,230 652,641 	187,180 317,318 
Sr 2 479 233 657 190 330 

3 48o 230 66o 190 33o 

1 12 20 13 8 14 
Nb 2 13.5 29 15 9.5 13.5 

3 14 29 15 9.5 14 

1 76 loo 81 75 102 

Zn 2 85 98 84 86 120 

3 85 98 84 86 120 

1 - measured values 

2 - recommended values Flanagan (1973, 1976) 

3 - recommended valued Abbey (1973, 1975) 
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Table All - 8 Multiple trace element analyses of sample M 17  

made at Bedford College  

Zr Y Rb Nb Sr Zn 

1 107 21 16 4 333 70 
2 102 19 15 6 322 74 
3 109 23 13 5 328 72 
4 109 18 13 6 334 74 
5 100 18 15 6 331 74 
6 105 17 16 7 329 74 
7 112 21 12 6 338 73 
8 99 21 12 6 332 73 
9 94 17 16 6 332 75 
10 112 22 13 6 326 75 

Mean 	104.9 19.7 14.1 5.8 330.5 73.4 

Standard 	6.01 2.16 1.66 0.79 4.48 1.5]. 
deviation 
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Table All - 9 Trace element analyses  of stEndard rocks made 
t Imperial College. 1, 2, 3 as for Table All - 7. 

G1 	1 
2 
3 

3-2 	1  
L 
7 

GSP 	1  
2 
3 

RIMS 1 
2 
3 

AGV 	1 
2 
3 

W-1 	1 

3 

BCR 	1 
2 
3 

Zr Y Rb Nb Sr 
22'4,224 
210 

322,320 
300 
?00 

514,511 
500 
500 

10,9 
3o 
- 

216,216 
225 
220 

91,91 
105 
105 

187,186 
190 
1E5 

14,13 
13 

11,8 
12 
12 

29,29 
30 
32 

4,nd 
5 
- 

24,22 
21 
26 

27,25 
25 
25 

45,45 
37 
46 

216,216 
220 

168,169 
168 
170 

254,257 
254 
250 

521,539 
55o 
56o 

69,67 
67 
67 

21,21 
21 
21 

51,48 
47 
47 

23,23 
23.5 

14 
13.5 
14 

26,23 
29 
29 

nd,nd 
3 
- 

16,16 
15 
15 

6,7 
9.5 
9.5 

12,14 
13.5 
14 

253,255 
250 

460,478 
479 
480 

230,236 
233 
230 

62,62 
76 
76 

683,663 
657 
66o 

185,188 
190 
190 

342,344 
330 
330 

Cr Ni Cu Zn Ba 
31 	1 16,16 71 - 

2 13 45 - 
3 

3-2 	1 6,5 19,15 85 1842 
2 5 12 85 1870 
3 6 11 85 1850 

GSP 1 17 11,13 33,37 100 1259 
2 13 13 33 98 1300 
3 13 9 35 98 1300 

NIMS 1 6,3 22,20 - 2500. 
2 8 .23 - 2590 
3 8 19 - 2400 

AGV 	1 9 18,17 56,55 83 1214 
2 12 19 6o 84 1208 
3 12 17 63 84 1200 

W-1 	1 117 74,66 104,104 83 
2 3.3.4 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 19 120 680 
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Table AII - 10 Repeat trace element anal;jses on LA 18  
made at Imperial College.  

1 2 3 4 5 Mean Standard 
deviation 

Zn 111 119 105 106 112 110.6 5.59 
Cr 713 751 714 725 718 720.2 7.66 

Nb 4 5 1 4 5 3.8 1.64 

Ni 294 295 288 297 286 292 4.74 

Cu 161 155 161 152 165 158.8 5.22 

Zr 90 91 92 93 93 91.8 1.30 

Table AII - 11 Comparison of trace element determinations on the 
same samples made at  Imperial College(1) and Bedford Coll.ege(2). 

LA 18 M 7 M 54 M 55. M 17 M 24 

Zr 1 92 227 106 112 97 nd 
2 96 230 118 112 105 nd 

Y 1 24 32 23 29 21 nd 

2 21 35 22 24 20 nd 

Rb 1 4 2 nd nd 14 2 
2 4 3 nd nd 14 2 

Nb 1 4 3 5 3 6 1 
2 4 8 4 4 7 1 

Sr 1 298 554 250 295 335 169 

2 296 560 253 289 331 163 



Table All - 12 Neutron Activation analysis, Bedford College figures for  accuracy and precision.  

Sample 

BCR-1 W-1 

,.4.05 11.3.08 15.3.01 20.1.07 21.2.08 

Standard 
Devi- 

Mean 	ation 
No. of 
Samples 

Flanagan 
1973 5.4.07 21.3.08 Mean 

Flanagan 
1973 

La 25.04 - 23.80 - 23,80 24.21 0,716 3 26 11,55 - 11.55 9.8 
Ce 50.92 50.92 57.78 52.82 52.05 52,90 2.845 5 53.9 22.57 22.69 22.63 23 
Nd 28.62 28.60 30.06 29.67 30.01 29.39 0.730 5 29 13.32 14.06 13.69 15 
Sm 7.22 - 7.33 - 7.30 7.28 0.057 3 6.61 3.67 3.71 3.69 3.6 
Eu 2.08 2.05 2.17 2.07 2.10 2.09 0.046 5 1.94 1.18 1.19 1.19 1.11 
Gd - 6.86 - 6.57 6.82 6.75 0.157 3 6.6 3.67 3.75 3,72 4 
Tb 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 
Tm 0.54 0.58 0.52 0.54 0.52 0.54 0.024 5 0,6 0.36 0.32 0.34 0.30 
Yb 3.51 3.44 3.60 3.50 3.42 3.49 0,071 5 3.36 2.14 2.18 2.16 2.1 
Lu 0.54 0.52 0.56 0.42 0.52 0.51 0.540 5 0.55 0.34 0.34 0.34 0.35 

Ta 0.92 0.85 0.87 0.81 0.87 o.86 0.040 5 0.91 0.53 0.48 0.51 0.50 
Th 6.45 6.48 7.02 6.33 7.02 6.66 0.333 5 6.o 2.51 2.54 2.53 2.42 
Hf 4.90 4.69 5,19 4.77 4.92 4.89 0.191 5 4.7 2.58 2.6o 2.59 2.67 



Micro robe analyses.  

Mineral analyses were made using the Microprobe at the 

Department of Mineralogy and Petrology, Cambridge University which 

is 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 kit  specimen current 

0.a3,.A., 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 alkalis) during analysis and the minerals could be seen to 

contain large pits caused by the surface loss of material under the 

beam. A defocussed bears and reduced count times were both tried in 

an attempt to reduce the effects of this but some surface disintegrat-

ion could always be subsequently observed in reflected light. 

When analysing the secondary minerals, or the altered plagio-

clases in the greenschist - facies lavas, either olivine or jadeite 

standards were determined every fifth analysis. Only those analyses 

bracketed by good standard determinations with totals close to 100% 

were accepted. As a further check Dr.N.J.Charnley also made several 

analyses of the altered minerals in the samples and produced similar 

low totals and 'mixed' analyses for the Fe:Ti oxides in the zeolitised 

lavas and altered primary minerals in the greenschist - facies lavas. 

Hence, these are thought to be the result of oxidation, hydration 

and secondary mineral growth as discussed in chapters 2 and 3. 
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Table AII - 13 Analyses of olivine probe Standard.  

Si02  
Fe0 

Mn0 
Mg0 

1 
40.30 
9.75 
0.14 
49.51 

2 
40.16 
9.72 
- 

48.80 

3 

39.75 
9.62 

- 

49.13 

4 
40.43 
9.59 
0.15 
48.89 

5 
40.03 
9.64 
- 

49.43 

6 	7 

	

40.48 	40.83 

	

9.81 	9.72 

	

0.12 	0.16 

	

49.70 	49.49 

8 
40.21 
9.79 
- 

48.96 

9 	10 

	

40.60 	40.24 

	

9•62 	9.74 

	

0.12 	- 

	

49.83 	49.20 

NiO 0.31 0.27 0.26 0.34 0.22 0.30 	0.28 0.33 0.32 	0.34 

Total 100.01 98.95 98.76 99.39 99.32 100.41 	100.49 99.28 100.49 	99.52 

11 12 13 14 15 16 	17 18 19 	20 
Si02 40.33 40.68 40.08 40.51 40.99 40.32 	40.84 40.51 40.57 	40.42 

Fe0 9.44 9.69 9.64 9.56 9.65 9.57 	9.45 9.77 9.46 	9.40 

Mn0 - 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 

Ni0 0.24 0.23 0.25 0.26 0.26 0.32 	0.30 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 

Si02 40.41 40.50 40.67 40.56 40.53 40.44 0.274 40.82 

Fe0 9.76 9.62 9.74 9.62 9.78 9.65 0.117. 9.55 
Mn0 0.11 0.14 0.14 0.15 - .08 0.067 .12 

Mg0 49.56 49.66 49.66 49.70 49.52 49.43 0.311 49.2o 

Ni0 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 

5i02  59.22 59.50 58.90 59.4o 58.53 59.17 58.58 59.66 59.57 

A1203 26.02 26.15 25.99 25.80 25.59 25.71 25.79 25.98 25.89 

Fe0 - 0.12 - 

CaO 0.09 

Na20 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 11 12 13 14 15 16 17 18 

sio2 58.95 59.70 58.93 58.86 59.17 59.06 58.82 59.87 58.87 

A1203 25.82 25.88 25.67 25.59 25.79 25.70 25.55 24.78 25.65 

Fe0 - 0.18 0.15 0.13 0.53 

CaO 0.28 0.09 0.23 

Na20 14.54 14.86 14.57 15.18 14.97 14.97 15.15 14.63 15.04 

Total 99.32 100.73 99.17 99.81 100.07 99.73 99.73 100.03 99.56 

Standard Recommended 
19 20 21 22 Mean Deviation value 

si02  58.49 58.61 59.05 58.87 59.08 0.396 59.43 

A1203  25.61 25.53 25.39 25.46 . 25.70 0.281 25.00 

Fe0 0.23 0.06 0.127 0.22 

CaO 0.11 0.08 0.217 

Na20 14.97 14.98 15.17 14.74 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 52.50 51.93 52.22 0.333 53.48 

Fe 46.44 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 0.45 0.081 

Total 100.00 100.73 99.49 100.23 100.58 99.68. 100.13 100.01 
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Density determinations  

The density measurements were made using a 50 cm3  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 All - 16. The low precision is due to the small 

volume changes involved. 

Table All - 16  Density determinations on  pure  quartz.  

1 2 3 4 5 6 7 8 

2.639 2.642 2.623 2.633 2.657 2.629 2.639 2.674 

Mean 	2.642 

Standard deviation 	0.016 

Recommended value 	2.65 
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The regional reolltisatton In the British Tertiary Volcanic Province noses little change In K and Sr In trensi-
Clonal basalts but mobilises these elements In the tholcihes. In contrast, hood preearchist•feeks hydruiherntd 
alteration affects K and Sr in built baull types and also P In lholaRes. Titanium. Nb. Zr and Y appear to be 
unaffected by low•grade metamorphism In all the batalts. 1'luts involving thew elements cannot dist ingu Isis 
between Ilcbridean tholciilic and alialic basalts but demonstrate thy occurrence of several distinct basaltic 
niagnia types on a regional scale within the Tertiary Province. Such magma types are not merely a feature or 
Individual centres. Similar spatial chemical variation appears to occur within other extensional igneous provinces. 

Attempts to deduce the palacutecnonic regime of the Which lerlfay VolcanicPmnince frarn published 
"d iagoostic " Jiarraans produce conflicting results, even for the same magma type. The ranges)! settings derived 
fur the area as a white is clearly at variance with Its known relation to the openiryl of the North Atlantic. The 
molts surge.) that the use of trace elements alone to diagnose the tectonic letting or ancient meiabaslc 
sequences could lead to erroneous results. 

1. Introduction 

Several classifications relating basic volcnnls 10 
their nugnta type and tectonic setting by means of 
trace clement content have recently been proposed. 
Cann (I ( and 1 A I'caric and Cann 12,31 suggested a 
►theme b:u...d uta I t, 7.s. and 1' oud, for lee altered 
rinks, I t. it amt Si. 	I'c:ice et al. (.I1 distin- 
guished het wee:: oceanic and non•neeanic basalts 
using TiO;, K O nod PGs. I'Inyd and Winchester (51 
proposed a scheme based on Ti, Nb, Y, I' and Zr to 
discriminate between Uauteiitic and alkaiic basalts but 
"obtained no meaningful separation between con-
tinental end oceanic analogues of any ohe type". 

The nature and diversity of the Igneous activity 
within•. the British Tertiary Province is well duce. 
merited, Three distinct basaltic magma types have 
been recognised In Skyc:(1) the Skye Main Lava 
Series, (2) Iow•alk:di tholeiites, now renamed the 

Preshal Mlhor type, and (3) third Fairy Midge 
Magna type (6.7(. Equivalents of the first two have 
been noted elsewhere In the Province. in Antrim ( 8( 
and Mull (91. The exact relationship between tine 
different magma types Is out clear, but in Skye they 
cannot be linked by the necumulat un of Gactit'na• 
lion of any of the observed phenucrysl phases. 
Malley et al. IN suggested that other Terti.aty Igoe. 
ous centres Wright contain a similar range of basalt 
magma types to that observed in Skye. Ido yti and 
Vlucherter (3(  classified the littlish Trttiaty rucks as 

continental thutclites.'fhe same view was taken by 
Carmichael el al. (101 who smiunallied pi. vi•ous 
work in the region and described it as a mixed tholel• 
he and alkali continental basalt province. 

In this paper analyses of Mull basalts and new 
trace element analyses of the Skye Haiti I ase Sethi 
are emnbitted with puhlishcd d.tt'r tomess Will the 
persialence of the different magma types within the 



Specimen No. 	TiO2 (wt.%) 	K20(wt.%) 
	P205 (wt.%) 	Nb (ppm) 

	
Y (ppm) 
	

sr (ppm) 	zr (Ppm) 

22 296 120 
20 427 114 
I0 331 1211 
21 314 128 
21 274 119 
21 264 109 
21 275 128 
24 294 113 

28 316 154 
24 309 125 
23 292 111 
27 276 107 
26 582 176 
20 303 111 
23 267 110 
27 276 113 
25 353 154 

30 485 140 
61 294 237 
56 248 218 
36 272 203 
46 124 89 
26 129 48 

15 382 98 
20 455 156 
25 313 146 
22 339 125 
24 582 149 
24 568 172 
21 SSA 133 
25 376 I11 
31 449 179 
I8 583 201 
27 418 123 
21 304 96 
21 348 143 
18 379 145 
19 443 153 
31 395.  182 
23 338 129 
33 SOS 140 
20 1210 114 
26 332 152 

18 293 119 

MIS 
	 1.45 

5116 
	

1.39 
3117 
	 1.34 

31111 
	

1.39 
5I19 
	

1 .34 
'1'n 
't'1 
	 I.38 

3122 
	

1.40 

31u111'lalcun Group 
I.A2 	(z) 	2.07 
LA17 (z) 	1.68 
LA20 it) 	1.60 
311 	(5) 	1.81 
5112 	It) 	2.66 
5132 	(h) 	1.64 
5136 	(tr) 	1.81 
5137 (h) 	130 
3147 	Os) 	2.39 

Other Mull basalt: 
5161 	(7.) 
	1.74 

51SI83 (h) 
	1.90 

513184 (Ir) 
	1.97 

515185 (h) 
	1.44 

515133 tel 
	1.25 

AV • (z) 
	0.87 

Sk vc Stai 1ar'a Snlrs 
SK rr94 (z

n
) 	1.42 

2.07 21.186 (5) 
3K918 (r.) 	2.1S 
5K9011 (z) 	1.56 
SK947 (z) 	1.68 
lF2J8 (a) 	2.30. 
11'291 (a) 	1.73 
SK961 Iz) 	1.42 
S14906 (z) 	2.51 
SK940 (z) 	2.49 
SK956 (7) 	1.39 
SK976 (z) 	1.66 
SK925 (z) 	2.03 
SK891 (z1 	1.65 
SK921 (i) 	2.15 
SK949 (a) 	2.63 
SK 	(a) 	1.27 
SK 923 (z) 	1.60 
5K929

892 

 (t) 	1.44 
5K932 1,) 	2.05 

Skye basal t1i!thre )'dluw 
SK965 (z) 	1.11 

• AV • avcraee of system low-alkali thoklite dykes (91. 
t • realrti'ed. h • h► drothcrmally altered. 
T102. Ka0,1'202 (r.r Skye Slain Lana Series from Thompson et 21.171. 

0.11 
0.58 
0.66 
0.69 
0.54 
0.10 
0.39 
0.69 

0.31 
0.37 
0.24 
0.20 
0.37 
0.25 
0.25 
0.27 
0.32 

0.81 
0.73 
0.39 
1.70' 
0.14 
0.13 

0.55 
0.39 
0.52 
0.94 
0.65 
0.42 
0.31 
0.43 
0.18 
0.29 
0.58 
0.47 
0.37 
0.40 
0.35 
0.41 
0.62 
0.311 
0.44 
0.22 

0.23 

0.16 
0.15 
0.14 
0.16 
0.15 
0.13 
0.I S 
0.15 

0.17 
0.18 
0.14 
0.14 
0.25 
0.16 
0.16 
0.14 

• 0.24 

0.23 
0.41 
0.33 
0.22 
0.12 
0.07 

0.19 
0.26 ' 
0.26 
0.22 
0.25 
0.21 
0.20 
0.18 
0.25 
0.27 
0.22 
0.18 
0.22 
0.19 
0.23 
0.28 
0.17 
0.16 
0.17 
0.20 

0.09 

6 
S 
6 
7 
7 
6 
6 
7 

8 
6 
3 
3 

15 
4 
3 
4 
S 

7 
14 
13 
10 
5 

• 

S 

7 •  
9 
6 
6 
4 
6 
3 
6 

10 
8 
7 
4 
9 
a 
8 

10 
6 
6 
9 
6 

6 
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form the lower half of the lava pile In Mull. Individual 
flows contain phenocrysts of olivine and less common 
plagioclase in a matrix of olivine, plagioclase, litanif- 
nous augitc, tilanomagnetitc, traces of biotite, apa-
tite, chlorite and zeolites. They are transitional 
basalts and chemically very similar to the Skye M:un 
I ava Series of Thompson et al. 17,14 J, who )five a 
fuller description of this type. 

Dice representatives of the Non Potphytllb ('vu• 
(rat type are Included ('fable I: AISIH 1, AISI)I I, 
MS 185). These Iholelites occur mainly in the down-
faulted central calderas of Mull f13/.  The analysed 
samples contain very rare phenocrysts of plagioclase, 
augitc and magnetite in a fine groundnlass of 
abundant plagioclases, granules of augite, magnetite 
and chloritic material. Bailey et al. 1131 found these 
lavas to be easily recognisable, both in thin section 
and hand specimen, and estimated a total thickness 
for the group even greater than that of the Plateau 
Group. 

The lava enclosing Macculloch's tree (Table 1: M61) 
belongs to the Staffa type, a sub-group of the Non-
Porphyritic Central type (13J. Basalts of this type 
occur in limited numbers at the base of the lava pile, 
interdigitated with the Plateau Group lavas. M6I con• 
sisls of plagioclase and augitc phenocrysts in a 
groundmass of plagioclase, augite, minor olivine and 
magnetite. An originally glassy uwtrix is nosy rcprc• 

TAHLI: I 

Specimen No. TiO2 (wt.%) K20 (wt.%) P202 (wt.%) Nb (ppm) Y (ppm) Sr (ppm) Zr (ppm) 

/.cnlitircd lavas 
LA7 1.86 0.24 0.13 4 26 344 128 
LAS 1.82 0.26 0.15 5 27 318 127 
L.'9 1.81 0.26 0.14 3 25 3)4 123 
LA10 1.79 0.23 0.14 5 25 3I5 133 
LAIt 1.86 0.24 0.14 5 2r 323 123 

LAI) 1.53 0.26 0.14 6 21 231 117 
LA1-1 1.54 0.25 0.14 1 23 241 111 
LAIS 1.56 0.27 0.14 4 21 293 103 
3151 2.03 0.18 0.16 4 21 315 138 
M52 2.02 0.17 0.17 6 24 320 144 
'153 2.03 0.17 0.17 4 26 287 137 
'.154 1.99 0.15 0.16 4 22 253 135 
'155 2.05 0.16 0.16 4 24 289 128 

itydrnttrermaily altered lava flow 
5113 1.61 0.24 0.10 7 28 247 147 
3114 1.54 0.07 0.17 9 24 377 148 

province and the effectiveness of the various "diag-
nostic" tract element diagrams. 

2. Analytical procedure 

Samples of the Mull lavas 2 kg In weight were 
crushed for analysis to eliminate small-scale van'. 
a tions. Major clement compositions were determined 
using a Philips 1212 X-ray spectrometer with lithium 
tetraborate fusions 1111. Na20, Fe0,1120.  and HaO' 
were determined using flame photometric, titration 
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 
samples. 7 he trace elements Nb, Y; Rb, Sr and Zr 
were also determined by Xray fluorescence methods 
1121. As data obtained in three different laboratories 
arc combined in this paper, repeat analyses were 
made of several of these rocks to ensure that any dif-
ferences in trace element content arc not a function 
of laboratory procedure. 

3. Geological setting and petrography 

Fourteen of the lavas analysed (Table I ) belong 
to the Mull Plateau Group of Bailey et al. 1131. These 
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Fig. 1. Ti/100-Zr•Sr/2 diagram of J.A. Pearce and Cann 131 
showing effects of low-grade alteration on basalt composi-
tions. Fields: a • low-alkali Iholeiites. b • cale-alkali basalts. 
e • occan•floor basalis. Symbols: o • LA7 -1 I. + • LAI 3—IS, 
a • Nisi—NS, + • M 13-22, • • spilitited Deccan basalt 1191. 
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tented by chlorite-rich material. For comparison 
SK96c, a petrographically similar pillow lava from 
the base of the Skye lava pile is included. Chemt-
cally, they are both olivine tholeiites (I5J. 

Also included in Table 1 is a low-alkali tholeilte 
lava from Mull (NIS 133), an average of sixteen low-
all;ali thnlcite Mull dykes [91 and new trace clement 
data for the Skye Mann lava Series 1141. Data for the 
S:ye I'reshal 11Itor and Fairy Bridge magma types 
were provided by D.P. Mattey. 

4. Effects of hydrothermal alteration 

Two distinct types of low-grade metamorphism 
occur in both Skye and Mull. Flat-lying regional 
zculite-!aches zones lie outside ' 80•depleted regions 
of steeply dipping grecnseliisl-facies zones that consti• 
tote hydrothermal aureoles around the central intru-
sive complexes 116-181. With the exception of some 
of the Skyc dykes front the northern and southern 
extremities of that regional swarm, all of the basalts 
discussed Isere have been subjected to one or other of 
these metamorphisms. 

To estimate the metasomatic effects of these pro-
cesses. four Lucas from the Mull Plateau Group were 
studied in detail. All of them appear to have been 
originally honrngeneuus In composition and text tire. 
'Three (Table I: LA7-11, LAI3-15,M51--55)come 
front the highe•t-grasle eetdite zone of Walker 116]. 
1Ire thin sections of these flows show little petro-
graphic evidence of zeoIitisatiun, other than some 
xc:psrdttlsalion of the ullv(les and the growth of 
material rich in serpentine, chlorite and zeolites in the 
groundmass. The fourth lava (Table 1: M 13-22) is a 
hydruthe;nulIy- altered now from the epidote zone. 
In the least-altered part of the section only olivine has 
decomposed. with the consequent formation of ser-
pentine, chlorite and iron oxides. As the alteration 
proceeded, plagioclases were albitised and patches of 
calcite and/or cpidote formed. The titanotiagnctites 
arc replaced by Fe-Ti oxides and spheno. Only at the 
martins of the flow has pyroxene completely broken 
down and a quartz-chlorite•albite-anrphibole•sphcne• 
epndotc assemblage I'M 13) has been formed in which 
none of the original igneous mineralogy is preserved. 

Titanium, Zr, Nb and Y preserve constant ratios 
studied and therefore appear to have  

been unaffected during alteration. The zcolitiscd 
lavas show slight 'ariaaility in Sr content but not in 
K20 or P20s as shown by the clustering of the data 
for each of these lava flows in Fig. 2. Flows M51-55, 
and LAI3-15 exhibit internal differences of GO ppm 
in Sr, causing variations of up to 77 in the Sr compo-
nent in Fig. 1. M 13-22, the hydrothcrmally altered 

Ti02 

K20 	 P205 
Fig. 2. Ti02•K20-P305 dlavam of T.11. Pearce et al. 141 
showing effects of low-grade alteration on basalt compost-
tions. Symbols as Fig. I. 

flow, shows 18% and 26% variation in the Sr and 
K20 components in Figs. 1 and 2, respectively. This 
is just sufficient to cause the points to plot across the 
dividing line between the oceanic and nun•oceanie 
regions of the Ti02•K20.\'2O2 diagram (Fig. 2). M13 
is the only specimen in this now to show loss of 
1'2(ls , however, as this is also the only sample in 

whh h the 11•rrcnns mineralogy has been totally 
destroyed, lost or 1'sOs Is nut thought to occur In 
other lesseiltered rocks of this chemical type. King 
1171 found similar patterns of alteration zones within 
the Skye lavas, and also comparable chemical changes 
within single zcolitiscd lava flows. The Skye Main 
Lava Series should therefore show a similar degree of , 
clement mobility to the Mull Plateau Group. 

No further results concerning the effects of these 
alteration processes on the other Scottish Tertiary 
magma types are ;Available. There is, however. a wealth 
of published data describing the chemistry of low-grade 
metamorphic princesses affecting tlolelites. Wood et 
al. 1121 demonstrated in eastern Icelandic tholeiites 

that a loner grade ofzeolitisatlmn than that 
encountered in the Ilebrides caused significant mobil-
isation of Sr and K20, but not Ti, Zr. Nb, Y or P, 
throughout the lava pile. Valiance 1191 has described 
the transformation of a Deccan thuleiitc to spilite 
which, from his description, is analogous to the prod- 
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FIg. 3. Distribution of the various Skye/Mull basalt types on 
the P205.Zr diagram of Floyd and Winchester 151. Fields: 
as • continental ,alkali haalts, bi • continental thulciiles, 
a2 • oceanic alkali baulk, ha • oceanic tlruteiites. Symbols. 
Skye baulk: J • l'reslul Mhor type, o • Skye Main Lass 
Scats, + • Fairy Bridge type, r+ • SK9GS; Mull baultt; • • 
iow•alkali lIierciitet, • • Mull Plateau Group, x • Non• 
Porphyritie Central type. • • 5161. 

411 

s 
1 
0 N 

a 

n 
21.0205

no 
 •10 s 

n 

Fit;. 4. Distribution of the various Skye/Mull basalts on the 
Ti02•2r/Pa Os diagram of Floyd and Winchester 151. Fields 
and symbols as Fig. 3. 

ucts of hydrothermal alteration around central 
intrusive complexes seen in the Ilebrides. In the 
Deccan flow Sr varies front 55 to 600 ppm, K20 from 
0.34 to 2.22 wt.% and P202 from 0.10 to 0.75 wt.%. 
The Ti-Zr•Y ratios for both spitite and tholciite are 

'rats 

ION 

IPA 

w 	Am+ 
Zr ppm 

Fig. S. Distnbutlun of the various Skyc/Mull basalts on the 
Ti-ZC diagram (ALA. Pearce and Cann 131. Fields: Rob's,  
low-alkali tholciltes, e + b • ealo-atkall basalts, d + b • ocean• 
Door basalt,. Symbols as Flg. 3. 
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pig. 8. Nb/Y.1'.r/P3(3j dt,ifeaisi of r1oyJ a l Winchester 151. 
Flclds as Fig. 3. All the basalts plot In the shaded trylnn with 
the exception of SK963 (0). 
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r' 	 Y.3 
lie. 6. Itiuributiun or rhe wrrinu Skye/Mull basalts on the 
1l/tutr./.r-Y.3 diaeram or J.A. Pearce and Cann 131. Fklds: 
o • h • low-alkali th.dciites, e+h calralkati basalti.d 
wllhia elite t.tiltt Symbols as Fig. 3 

constant. Tholciites thus, appear to be far more sus. 
ceptiblc to low-grade metamorphisms than transitional 
basalts (tee also Smith and Smith (201). They can be 
expected to show a wider spread of results on diagrams 
inculvmc Sr, K:0 or I'205, both within single lava 
flows (rigs. I, 2) and for the gtuups as a whole (Figs, 
7, 9), than the other Skye/Mull basalts. This is prob. 

T,/100 

Sr/2 

7. Distribution of the various Skye/Mull basalts on the 
-I/ I04Lr-Sr/2 di,grarn of 1.A. Pearce and Cann 131. Fklds 
s I ir. 2. symbols as Pig. 3.  

ably dire to the location of incompatible elements in 
interstitial glasses (211. 

S. Distribution of the magma types on trace element 
diagrams 

Recent studies In Ireland 12: .1.11, 	1!51, 
Skye 161 and limn the beep S,.;1 Iti111in11 1'n•h' Is 
1261, suggest that many basaltic. lrtl'wiIlc•'s contain a 
variety of magma types. Gibson ct al. [271 suggested 
that this may be a general feature of extensional tec-
tonic situations. In this sec lion, plots of the Skye and 
Mull basalis on the different trace element diagrams 
proposed by various authors 11-51  arc used to 
assess whether or not the basic magmas supplying 
these two centres were Idcntiwl. 

Sky Alain Lura Series and Mil Plateau Group. 
'these are indistinguishable front each other un all the 
diagrams. In each of Figs. 3--7 they occupy different 
regions front the low-alkali tholsihes. flue Mull 
Plateau Group show a smaller scatter than the Skye 
lavas. This Is thought to be a function of the larger 
hand specimen size taken for the former; eliminating 
small-scale inhmmgcuciBes. The petriltcctoiie inter-
pretation of these lavas. as derived frust the diagrams, 
Is confused. They plot in the "ocean-floor", "within. 
plate" and straddle all three fields of Figs. 5-7 
respectively. 

Skye Preshal Arbor type and A!m!! low-alkali 
tholciites. Again identical distributions arc shown by 
the Mull and Skye rocks in Figs. 3-7. They lie in the 
"low-alkali tholciitc" region of the Ti/100-Zr-Y.3 dia• 
grain (Fig. 6) and between the "low.alkali tholciitc" 
and "ocean-floor" fields of Figs. 5 and 7. The greater 
degree of elemental mobility shown by slightly meta-
morphosed tholeifies Is demonstrated by their spread 
in Figs. 7 and 9. 

Skye Fair3' /!ridge type. These form a light cluster 
on each of Figs. 3-7. On the Ti-Zr diagram (Fig. 5) 
they fall within the "occaui-fioor" field, but the 
within-group variation on this and the 1'aOs•Zr dia• 
grant (Fig. 3) exhibits a greater slope than is seen in 
any of the other basalt types, emphasising their dis-
tinctive chemistry. On the Ti/100•Zr•Y.3 (Fig. 6).  

they fall mainly within the"occan-floor'' field, o'er• 
Lisping the Preshal A1hor and low-alkali basalts but 
totally separate front the Skye Main Lava Series and 
\11111 Plateau Gionp. On the 1111llll-T.e tir12 diagram 
(Fig. 7) they fall in the "low-alkali tholciitc" licld, 
completely distinct front chic Pre+ha1 Mimi type. The 
light ehisteliirg of the data for this group in Pig. 9 
sureests that these paticular basalt s have been rola. 
uco.ly unallectt•d I.y alteration. 

11111! Nun-Porplyvitir Central locos. These again 
form a distinct group and they plot In totally differ• 
cot areas of Figs  t S  6 and 7 from any of the other 
basalt types. On the Ti-Zr diagram (Fig. 5) they 	, 
occupy none of the fields delineated by LA. Pearce 
and ('ann. On the Ti/IO0o7.r-1'.3 and Tiilf)O•Zr-Sf/2 
diagrams (Figs. 6, 7) they fall in the "cale•alkali" 
regions. ts16  belongs to 1lw group proposed by Bailey 
ct al. 1131 as suitable parental magma for the Central 
suite of lavas in Mull. This plots Nell away fro the 
Central lava% in all the diagrams except Fig. 4 and is 
clearly unrelated to them. The Non•t'orpbyricic Cen-
tral Etwas would thus appear/hem these diagrams to 
belong to yet another distinct Ilebrideau utaLana 
type. 

Alai and SK96S. 11161 is inseparable front the Skye 
Main Lava Series and the Mull Plateau Group on all 
the diagrams, despite its Iholeiitie nature. SK96S plots 
close to these in Figs. 3. 6 and separate Rare all the 
groups in Fig.. 7 and 9. Itoth these lavas have the 
major element chemistry of typical ocean-flour 
tholeiitie basalts and the trace clement chemistry, 
excepting P2O5 , of more alkalis types. It appears that 
in both Mull and Skye slightly anomalous lavas were 
produced at the base of the lava piles, during the 
initiation of the mantle melting cycles. 

6. Discussion 

The combined use of the various trace element dla• 
grains, except the TiOl.KaO-PlOs and Nh/Y.Zr/Pr0i 
plots (Figs. N.01. will successfully separate most 
Hebridean magna t•pes.1hue immobility of 	Zr, 
Nb and Y during low-grade metamorphism suggests 
that these elements can be used with a high degree of 
confidence to similarly distinguish between meta. 

4 13 	• 

basalt varieties. It should be stressed that this conclu-
sion Is contingent upon the use of hand specimens 
large enough to eliminate smolt-scale inclasumalicaI1y 
produced inhonmgeneitles (cf. Sntith.atld Smith 
1201). 

The overlapping chemistry of the Skye Main lava 
Series-and the Mull Plateau Group, and also of the 
Preshal Minn magma type In Skye with lite low•alkall 
tholelites in Mull, shows that the generation of bode 
magma types is a un/nu regional feature of igneous 
activity within the British Tertiary Province. The shin• 
ilarity between these two centres Is emphasised by 
11w presence at chic hate of both lava piles of limited 
amounts of tholciitc with anomalous trace element 
concentrations (Mn and SI:965). 

The tholciitc/alkali basalt discriminant diagrams of 
Floyd and Winchester 151 fail to separate these basalt 
types in the Hebrides. It should be emphasised how. 
ever, that the Skye Main Lava Series, the Mull Plateau 
Croup and thio Skye Fairy Bridge basalts all contain 
built nepheline• and hypersthene•nnrntativc varieties 
and are hest described as transitional basalts. A slight 
repositioning of the field boundaries In I -i fs.'3 and .t 
would bring many of them into etc "alkaline" region. 
This would, however, cause a similar reclrssificatMein 
of the Non-Porphyriiic Central tyre (quartz•oorme. 

' 	I 
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tire) and M61 (14% normative hypersthcne). This dis-
crepancy between the normative and trace-element-
based classifications of magma types cannot be attrib• 
sited to low-grade metamorphic processes as, with the 
exception of possibly Sr, the compositions of all the 
transitional basalts a!feeled by the regional zeolitisa-
tiun appear to be pyrogenic 1281. In Fig. 8 the basalts 
ell bare low Nb/Y ratios and none of them plot in the 
"alkaline" field. As Thompson 1291 points out, 
Tertian' I iebridean alle-Isc lavas possess lower incom-
pa:tble•cleIm:rrt abundances than those from many 
other acginas, although the reasons for this are not 
yet fully understood. Other alkaline basalt suites with 
similar "anomalously low" trace clement contents 
base been reported in the literature 130,311. 

t he trace clement contents of basaltic magmas are 
a function of initial mantle concentration, the melt 
fraction and subsequent crystallisation processes. In ' 
contrast, the position of the normative join 0I-Cpx-
Y1ag in compositional space is a function of pressure 
and hence depth of origin (321. Thus chemical cri-
teria used to distinguish between hypersthene• and 
ne p hcline.nonnative varieties will vary, not only from 
recruit to region bit probably between different 
mag:ua types within the same province. In meta- 
basalts the immobile elements can undergo changes In 
tsineeoga!ion, due to the addition or leaching of 
Inure easily mobilised elements (see M 13-22, Table 
1). Despite the minor effects of this process, relative 
to the differences between basalt magma types, it will 
augment the problem of uniquely assigning altered 
basals to one or other variety. The diagrams in Figs. 
3, 4 and 8 could be improved, if a similar procedure 
was adopted to that of Schwareer and Rogers 1331 
ss ho defined an area on their alkali-silica diagram 
which represented the boundary between the alkali 
olivine basalt series and the subalkaline series. 

All the diagrams purporting to distinguish palaco- 
tectonic relationships (Figs. 5, 6, 7 and 9) largely fail 
to confirm the known setting of Ilcbridcan Tertiary 
igneous rucks. The Skye Main Lava Series and the 
Mull Plateau Group plot in three distinct fields of 
Figs. 5 -.7. The data as a whole give results requiring 
the ;.ustulation of every single type of tectonic 
setting distinguished by the authors of the various 
diagrams 11--51. The interpretation of the Non- 
Por; hyntic Central lavas in Figs. 6 and 7 require an 
island arc situation, which is totally at variance with 

all that is known of the region, The transitional 
basalts and SK965 and A161 also transgress lhis hound-
ary it Fig. 7. 

T re reason the Non.PorpIyrltIc Central lavas plot 
Irr the "calcalkali" fields is they possess higher Zr and 
only slightly higher 7103  contents than the other 
Ilcbridcan magma types. A high Zr/Ti02  ratio Is 
often an indicator of magmatic differentiation. These 
lavas do possess occasional 1paouitfaFmsctite plcnu• 
crysts and their inclusion in Figs. 5-7 may be criti-
cised on such grounds. Nevertheless, all ()nylons 
workers, notably Wager who allowed for the effects 
of fractional crystallisation on their chemistry, classi- 
fied the Mull Nun•I'orpbytitic Central lavas 	basalts 
113,34-36J. This highlights an inherent weakness in 
such diagrams; as crystal-liquid processes can cane 
data to plot in the "wrong" field. Floyd and Win-
cheater 151 allowed for the effects of differentiation 
when formulating their diagrams. J.A. Pearce and 
Cann 131 used only rocks with 20%> MgO + CaO> 
12%. T.II. Pearce ct al. 14J confined their attention 
to analyses with total alkalis below 20% on a MgO. 
(NaaO+K20).(Fe0+Fc202 ) diagram. These chemical 
screens trac elements which are easily mobilised 
during alteration processes, making them unreliable In 
mctabasalts. 

Like the I lebridcs, the Deccan basalts were 
erupted in an extensional regime, related to an active 
mid-oceanic ridge. Valiance 1191 noted that rocks 
from Blroiwada and another Deccan basalt, on the 
basis of their Ti-Zr-Y contents, "fall into the suite of 
Island arc andcsites, a suite to which they Manifestly 
do not belong." Deccan basalt types include 
tilolciites and transitional alkali basalts 137J. This 
range of trace clement distributions stay not there-
fore be a unique feature of the British Tertiary hut 
general to other regions of similar tectonic setting 
[271. 

The p.'trotectonlc status of the British Tertiary 
Province has already presented problems to the cant. 
pilcrs of the "diagnostic" trace clement diagrams dis-
cussed in this paper. Only Floyd and Winchester (5J 
used data for the region when formulating their dia-
grams. They classified both the British Tertiary and 
Deccan rocks as continental rholeiltes. J.A. Pearce 
and Cann 131 stated that it was not possible to distin-
guish between ocean isl:utd and continental basalts by 
means of their trace element compositions alone, and 
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rig. 9. Distribution of the various Skye/Stull basalts on the 
TiOa•KaO-Pg0g diagram ofT.11. Pearce et al. 111.--• 
Medial Mhur magna types--• Skye Main Lava Series and 
Mull Plateau Group,c'• Skye Fairy Itrldge magma type, o • 
SI:965,• • Mull Iow•alkati,bolciitea,X • Mull Non-Purphya-
itie Central type,  • • 5161. 

placed the Deccan rocks in their "sr7ll2fn•plate" dirt-
shun. T.I I. Pearce el al. 141 In their compilation stated 
that the Deccan rocks show a "strongly oceanic char-
acter". 

In Fig. 9 all the groups straddle the oceanicJnon-
oceanic division, with 89% of the data lying In the , 
"oceanic" field. The failure of the Ti02•K20•11205 
diagram to separate two major basalt provinces erupted 
upon continental crust from the lavas ofocean basins casts 
doubts on its validity. Also, the varying responses of 
K20 and 1'202 in different basalt types to low•grade 
In ui a riot I''  he processes 0Iggcst That this diagram may 
only be applied with Im ptinily to flesh basalts: in which 
case their provenance Is rattly In doubt. T,11. Pearce et 
al. 13X1 have also devised a diagram, based on major 
elements, to relate basic and Intermediate rocks to tec-
tonic setting. This plot uses only rocks with 51-56 
wt % Si02. All except two of the 75 analyses used in 
the present study have Si02 <SI wt.%, this diagram 
therefore cannot be applied to the Ilcbridcan province. 

Mattey et al. 161 compared the Preshal Mhos 
magma type of Skye with Mid-Ocean Ridge and Ice-
landic basalts and suggested that the British Tertiary 
Province may represent an abortive constructive plate 
margin. Thompson et al. 1141 have shown that the  
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daort•Ilnle•span mantle melting cycle beneath Skye Is 
analogous to the long-tImne-span process proposed In 
recent models for ocean ridge basalt genesis. Future 
regional metamorphism of a Hebridean (or Deccan) 
type of Igneous province would lead to the formalism 
of a complex with many of the features of currently 
exposed amphibulite complexes, g,eenstune belts or 
ophiollte suites. After incurring added complications 
due to deformation, alteration and erosion, the trace-
element petrutectori' analysis of such a complex, If 
taken in isolation frnm other geological data, could 
clearly lead to any une of a number of possible plate-  
tectonic luterpretations. For these reasons. it is snug. 
gested that plots such as Figs. I --9 be treated merely 
as a species of varlation diagram; useful In Identify-
Mg magma types and their evolutionary trends, but 
not as indicators of palaeulcetupic 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, Ta and 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., Valiance, 
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 Wedepoh1,1970; 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 jim 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 E REE and (Ce/Yb)N 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 E REE and (Ce/Yb)N  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 km2  . 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, 518 0 whole-rock values decrease radially towards the intrusive 
complex (from about +50/00  to about - 5°/00 ) 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 5'a  0 values(+9°/oo  to +5°/00 ), indicating temperatures sufficiently 
low for the water to have 518  0 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 
zone.) 
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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 Na20, K2 0, MgO, Si02 , 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)N, 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 
(Prom) 

Yb 
(PPm) 

(Ce/Yb)N  TiO, 
(wt.%) 

Y 
(ppm) 

M13 23.64 2.29 2.63 ± 0.11 1.61 28 
M14 22.53 2.01 2.86 ± 0.07 1.54 24 
M15 23.28 2.08 2.83 ± 0.06 1.45 22 
M16 22.56 1.99 2.87 ± 0.07 1.39 20 
M17 19.93 1.71 2.95 ± 0.06 1.34 20 
M18 19.96 1.73 2.92 ± 0.07 1.39 21 
M19 20.20 1.69 3.02 ± 0.06 1.34 21 
M20 20.23 1.88 2.72 ± 0.08 1.35 21 
M21 20.25 1.71 3.00 ± 0.09 1.38 21 
M22 19.51 1.80 2.76 t 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°S. 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 (An60_70 ), 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 (AH-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 H2 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 AH-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 apparent differences due to leaching or addition of other elements. 



30 

20 

10 

C
h
o

n d
ri

te
s  

-M▪ • 30 
ō 

20 

10 

S 

132 

TABLE II 

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

Sample* 	Ce Yb (Ce/Yb )N  TiO2  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 	0.71 ± 0.03 	1.33 	30 

	

1-96C 	8.57 	2.96 	0.73 ± 0.02 	1.26 	39 

	

All-42 1-97A 10.47 3.53 	0.76 ± 0.03 	1.46 	40 

	

1-97B 	9.58 	3.34 	0.73 ± 0.04 	1.37 	35 

	

All-42 1-108A 8.88 3.42 	0.66 ± 0.04 	1.98 	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 	2.91 	0.75 ± 0.04 	1.35 	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 coefficients [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. corn-
mun., 1977) but they are too small to extract for REE analysis. O'Nions and 
Grōnvold (1973) have, however, analysed several Recent Icelandic acid lavas 
and found them to have (Ce/Yb)N  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 (H2 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 Ml3 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.). 

ACKNOWLEDGEMENTS 

We should like to thank Bedford College and particularly Dr. I. Gibson for 
making analytical facilities available to us, and Miss. G. Marriner for much 
helpful advice and assistance in the laboratory. 

This work was funded by NERC grant number GR3/2946, and was re-
ported at the IASPEI/IAVCEI Assembly in Durham, August 1977. 

REFERENCES 

Arth, J.G., 1976. Behavior of trace elements during magmatic processes — a summary of 
theoretical models and their applications. J. Res. U.S. Geol. Surv., 4: 41-47. 

Bailey, E.B., Clough, C.T., Wright, W.B., Richey, J.E. and Wilson, G.V., 1924. Tertiary 
and post-Tertiary geology of Mull, Loch Aline and Oban. Mem. Geol. Surv. Scotl. 

Brown, P.R.L. and Ellis, A.J., 1970. The Ohaki—Broadlands geothermal area, New Zea- 
land: mineralogy and related geochemistry. Am. J. Sci., 269: 97-131. 

Condie, K.C. and Baragar, W.R.A., 1974. Rare-earth element distributions in volcanic 
rocks from Archaean greenstone belts. Contrib. Mineral. Petrol., 45: 237-246. 

Ferrara, G., Innocenti, F., Ricci, C.A. and Serri, G., 1976. Ocean-floor affinity of basalts 
from north Apennine ophiolites: geochemical evidence. Chem. Geol., 17: 101-111. 

Floyd, P.A., 1977. Rare earth element mobility and geochemical characteristics of spilitic 
rocks. Nature (London), 269: 134-137. 

Forrester, R.W. and Taylor, Jr., H.P., 1976. 18 0-depleted rocks from the Tertiary com-
plex of the Isle of Mull, Scotland. Earth Planet. Sci. Lett., 32: 11-17. 

Frey, F.A., Bryan, W.B. and Thompson, G., 1974. Atlantic ocean floor: geochemistry and 
petrology of basalts from Legs 2 and 3 of the Deep Sea Drilling Project. J. Geophys. 
Res., 79: 5507-5527. 

Fujishima, K.Y. and Fan, P.-F., 1977. Hydrothermal mineralogy of Keolu Hills, Oahu, 
Hawaii. Am. Mineral., 62: 574-582. 

Gass, I.G. and Smewing, J.D., 1973. Intrusion, extrusion and metamorphism at construc-
tive margins: evidence from the Troodos Massif, Cyprus. Nature (London), 242: 
26-29. 



136 

Graf, J.L., 1977. Rare earth elements as hydrothermal tracers during the formation of 
massive sulfide deposits in volcanic rocks. Econ. Geol., 72: 527-548. 

Gunn, B.M. and Roobol, M.J., 1976. Metasomatic alteration of the predominantly island 
arc igneous suite of the Limestone Caribbees (E. Caribbean). Geol. Rundsch., 65: 
1078-1108. 

Haskin, L.A., Heinke, P.A., Paster, T.P. and Allen, A.O., 1971. Rare earths in meteoric, 
terrestrial and lunar matter. In: A.O. Brunfelt and E. Steinnes (Editors): Activation 
Analysis in Geochemistry and Cosmochemistry. Universitetsfōrlaget, Oslo, pp. 201-
218. 

Hellman, P.L. and Henderson, P., 1977. Are rare earth elements mobile during spilitisa-
tion? Nature (London), 267: 38-40. 

Herrmann, A.G. and Wedepohl, K.H., 1970. Untersuchungen an spilitischen gesteinen der 
Variskischen Geosynkline in Nordwestdeutschland. Contrib. Mineral. Petrol., 29: 
255-274. 

Herrmann, A.G., Potts, M.J. and Knake, D., 1974. Geochemistry of the rare earth ele-
ments in spilites from oceanic and continental crust. Contrib. Mineral. Petrol., 44: 1-
16. 

Humphris, S.E. and Thompson, G., 1978a. Hydrothermal alteration of oceanic basalts by 
seawater. Geochim. Cosmochim. Acta, 42: 107-125. 

Humphris, S.E. and Thompson, G., 1978b. Trace element mobility during hydrothermal 
alteration of oceanic basalts. Geochim. Cosmochim. Acta, 42: 127-136. 

Menzies, M., 1976. Rifting of a Tethyan continent - rare earth evidence of an accreting 
plate margin. Earth Planet. Sci. Lett., 28: 427-438. 

Miyashiro, A., Shido, F. and Ewing, M., 1971. Metamorphism on the Mid-Atlantic Ridge 
near 24 and 30°  N. Philos. Trans. R. Soc. London, Ser. A, 268: 589-603. 

Morrison, M.A., 1978. The use of "immobile" trace elements to distinguish palaeotectonic 
affinities of metabasalts : applications to the Paleocene basalts of Mull and Skye, north-
west Scotland. Earth Planet. Sci. Lett., 39: 407-416. 

Mottl, M.J., Corr, R. and Holland, H.D., 1975. Trace element content of the Reykjanes 
and Svartsengi thermal brines, Iceland. Geol. Soc. Am., Progr. Abstr., 7: 1206 (ab-
stract). 

Muehlenbachs, K. and Clayton, R., 1972. Oxygen isotope geochemistry of submarine 
greenstones, Mid-Atlantic Ridge. Can. J. Earth Sci., 9: 471-478. 

O'Nions, R.K. and Grōnvold, K., 1973. Petrogenetic relationships of acid and basic rocks 
in Iceland: Sr-isotopes and rare earth elements in Late and Postglacial volcanics. Earth 
Planet. Sci. Lett., 19: 397-409. 

O'Nions, R.K., Pankhurst, R.J. and Grōnvold, K., 1976. Nature and development of ba-
salt magma sources beneath Iceland and the Reykjanes Ridge. J. Petrol., 17: 315-
338. 

Puchelt, H. and Emmermann, R., 1977. REE characteristics of ocean floor basalts from 
the Mid-Atlantic Ridge 37° N (Leg 37 DSDP). Contrib. Mineral. Petrol., 62: 43-52. 

Roaldset, E. and Rosenquist, I. Th., 1971. Unusual lanthanide distribution. Nature (Lon- 
don), Phys. Sci., 231: 153-154. 

Smith, R.E. and Smith, S.E., 1976. Comments on the use of Ti, Zr, Y, Sr, K, P and Nb 
in classification of basaltic magmas. Earth Planet. Sci. Lett., 32: 114-125. 

Spooner, E.T.C. and Fyfe, W.S., 1973. Sub-sea floor metamorphism, heat and mass trans-
fer. Contrib. Mineral. Petrol., 42: 287-304. 

Spooner, E.T.C., Chapman, H.J. and Smewing, J.D., 1977a. Sr-isotopic contamination 
and oxidation during ocean floor hydrothermal metamorphism of the ophiolitic rocks 
from the Troodos Massif, Cyprus. Geochim. Cosmochim. Acta, 41: 873-890. 

Spooner, E.T.C., Beckinsale, R.D., England, P.C. and Senior, A., 1977b. Hydration, 18  O 
enrichment and oxidation during ocean floor hydrothermal metamorphism of ophio-
litic metabasic rocks from E. Liguria, Italy. Geochim. Cosmochim. Acta, 41: 857-
871. 



137 

Sun, S.S. and Hanson, G.N., 1975. Origin of Ross Island basanitoids and limitations upon 
the heterogeneity of mantle sources for alkali basalts and nephelinites. Contrib. Miner-
al. Petrol., 52: 77-106. 

Tanaka, T., 1975. Geological significance of rare earth elements in Japanese geosynclinal 
basalts. Contrib. Mineral. Petrol., 52: 233-246. 

Thompson, R.N., Esson, J. and Dunham, A.C., 1972. Major element variation in the Eo-
cene lavas of the Isle of Skye, Scotland. J. Petrol., 13: 219-253. 

Tomasson, J. and Kristmannsdottir, H., 1972. High temperature alteration minerals and 
thermal brines, Reykjanes, Iceland. Contrib. Mineral. Petrol., 36: 123-134. 

Vallance, T.G., 1974. Spilitic degradation of a tholeiitic basalt. J. Petrol., 15: 79-96. 
Walker, G.P.L., 1970. The distribution of amygdale minerals in Mull and Morvern (west-

ern Scotland). West Commem. Vol., pp. 181-194. 
Walker, G.P.L., 1974. The structure of Eastern Iceland. In: L. Kristjansson (Editor): 

Geodynamics of Iceland and the North Atlantic Area. D. Reidel, Dordrecht, pp. 177-
188. 

Weill, D.F. and Drake, M.J., 1973. Europium anomaly in plagioclase feldspar: experi-
mental results and semi-quantitative model. Science, 180: 1059-1060. 

Wenner, D.B. and Taylor, H.P., 1973. Oxygen and hydrogen isotope studies of the ser- 
pentinisation of ultramafic rocks in oceanic environments and continental ophiolite 
complexes. Am. J. Sci., 273: 207-239. 

White, D.E. and Sigvaldason, G.E., 1962. Epidote in hot-spring systems, and depth of 
formation of propylitic epidote in epithermal ore deposits. U.S. Geol. Surv., Prof. 
Pap., 450-E: 80-84. 

Wood, D.A., Gibson, I.L. and Thompson, R.N., 1976. Elemental mobility during zeolite 
facies metamorphism of the Tertiary basalts of eastern Iceland. Contrib. Mineral. 
Petrol., 55: 241-254. 



Samples 

74 
M13 

051265'3 
cn {N 14~ I 

-MI5 2 
-M16 

-M17 -E- 3 

-MIS E' 4 
ō 

-M19 5 

o 51265.26 
M 20a# 
-M21 7 

-M22 

0 

0 ✓ 
0 
2 

D
ar
k
 flo

w
  c

en
tr

e  

(Reprinted from Nature, Vol. 276, No. 5686 pp. 381-383 November 1978) 
0 Macmillan Journals Ltd., 1978 

A reduction in 
87Sr/86Sr during basalt alteration 
HYDROTHERMAL alteration of basalts on the ocean floor has 
been reported to cause a general increase in the 87Sr/8fiSr 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 87Sr/R8Sr ratios of some basalts. 
Preliminary data indicate that the 143Nd/'44Nd ratios are 
unaffected. 

Oxygen isotope studies3'4 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 180 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 observed5-7. This is accompanied 
by variations in the other major and trace elements; particularly, 
drastic leaching of Ca. Sr isotope analyses were carried out on 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 

14 ̀ Nd%' 41Nd 	"'Sr, ""Sr„ 

0.7048 
r • 

• • 

• 

v • o 

• 

• 

2rz ō. • • 

Fig.1 Variations in R7Sr/fl6Sro, Fe203/FeO, and Sr p.p.m. across 
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; El, pyroxene; 0, 

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 87Sr/86Sr 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 R7Sr/86Sr 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 87Sr/86Sr towards the top of the flow is 
accompanied by an increase in the degree of visible alteration 
and a decrease in Fe3+/Fe2+. 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. 

143Nd/ 744Nd ratios were determined on two samples using the 
technique described in ref. 8. The two samples show very 

Fc.O,,, F'e0 
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300 400 

Table 1 	Rb-Sr results 

Sample Lithology/mineralogy Rb* Sr* Rb/Sr fl7Sr/R6Srt (87Sr/86Sr)ot 
M13 Altered basalt, chl-plag-qtz-sph 7.17 271 0.026 0.70486 ± 3 0.70479 
M14 Altered basalt, some relict cpx 1.76 375 0.005 0.70489 ± 3 0.70488 
M15 Altered basalt, increasing growth of 2.51 279 0.009 0.70469 ± 3 0.70467 
M16 secondary minerals 16-19% relict cpx 11.8 443 0.027 0.70482 ± 3 0.70475 
M17 Similar to M15, M16 14.5 338 0.043 0.70496±3 0.70485 
M18 Less altered basalt; mainly chl 15.4 310 0.050 0.70506±4 0.70494 

pseudomorphs after ol (0.70519±2) 
M19 Some growth of sphene and albite 11.6 274 0.042 0.70505 ± 5 0.70495 

(0.70514 ± 4) 
M20 Similar to M18 2.62 340 0.008 0.70515 ± 2 0.70513 

(0.70525 ± 6) 
M20 Pyroxene (0.26) (51.9) (0.005 (0.70520±2) (0.70519) 
M21 Similar to M18 9.08 299 0.030 0.70519±3 0.70511 
M22 Similar to M15, M16 14.6 311 0.047 0.70531 ± 3 0.70519 

(11.6) (129) (0.090) (0.70538 ± 4) (0.70516) 
M24 Calcite and laumontite vein 2* 169* 0.012 0.70521 ±6 0.70519 
M64 Laumontite vein 2* 359* 0.006 0.70467 ± 3 0.70466 
M65 Altered basalt adjacent to M64 0.70505±4 
M75A Alteration pod: chl-laumontite-cc 0.70421 ±6 
M75B Alteration pod: cc, laumontite 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 67Sr/86Sr ratio ±2 s.e.m. E-A = 0.70807 ± 3 and NBS 987 = 0.71029 ± 3 durinn this study. 
$ Initial Sr composition calculated assuming an age of 60 Myr and A = 1.39 x 10-11 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 B7Sr/86Sr ratios (Fig. 1) their Nd compositions are 
indistinguishable analytically (MI4, 0.51265 ± 3; M20, 
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 HCI 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 R7Sr/"6Sr 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 M18, 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 P7Sr/N6Sr ratios than the fresh basalts. 

The leaching experiments and the observed decrease of 
R7Sr/"6Sr with increasing bulk rock alteration and decreasing 
Fe3+/Fe2' (Fig. 1), all suggest that hydrothermal alteration of 
this lava flow resulted in a general reduction in 87Sr/86Sr. The 
composition of the separated leached pyroxene provides the 
best estimate of the primary composition of the magma 
(-0.7052). The two 143Nd/'44Nd results, however, indicate that 
the lava was isotopically homogeneous 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 "7Sr/A6Sr 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 
"Sr/"Sr ratio of the fluids with time at this locality. 

Forester and Taylor4  have suggested that the alteration within 
the hydrothermal aureole on Mull was caused by interaction 
with fluids having PO 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 87Sr/86Sr 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 87Sr/86Sr 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 et al." have 87Sr/A6Sr 
ratios <0.7043, the fluids in this area are likely to have similar 
R7Sr/86Sr ratios. Their interaction with basalt of Sr composition 
0.7052 will therefore result in a reduction in 87Sr/R6Sr 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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