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ABSTRACT

The Carrock Fell igneous complex is a multiple dyke-like
intrusion composed of two Units; Unit A, gabbros of Llanvirnian

age, and Unit B, a gabbro-granophyre suite of Caradoc-Ashgill age.

The Unit A gabbros show chemical and petrological
affinities to the Eycott Volcanic Group, and are believed to be
cogenetic. They were intruded late in the evolution of the
lavas, after an early phase of intra-volcanic tectonism. The
Unit is divided into three subunits, Al, A2 and A3, composed. of
plagioclase-augite-ilmenite gabbros. In addition, subunits A2
and A3 contain hypersthene and inverted-pigeonite respectively.
The suite shows a limited range of cryptic variation. Low
liquidus temperatures and the stabilisation of late magmatic

reaction products as primary phases, are features of the gabbros.

Unit B is divided into five subunits, Bl to B5, composed
of gabbro, ferrogabbro, ferrodiorite, ferrogranophyre and
granophyre respectively. Subunit Bl is the former diabase, and
subunit B5 the Carrock Fell and Rae Crags granophyres. ASubunits
B2 to B4 are the rocks originally described as hybrids. Members
of the suite are related by high-level fractional crystallisation
of an evolved tholeiitic parent,of low Mg-basalt or ferrobasaltic
composition. Plagioclase and Ca=-rich pyroxene were liquidus
phases throughout, with Fe-Ti oxides + apatite, amphibole and

zircon in addition,in Subunits B2, B3 and BY4 respectively.

The Unit B suite shows initial iron-enrichment followed
by strong residual silica-enrichment. It shows LREE enrichment,

and the granophyres of B5 show a negative europium anomaly.



Subunits B2, B3 and Bl4, represent injections of fractionated
magmas, that have crystallised and fractionated further, in situ,
within an asymmetric thermal gradient. This has led to a
regular cryptic,incompatible element and modal variation,
laterally within each sub-vertical sheet. Systematic changes
in crystal morphology and growth of hydrous-phases occur, with
the development of pegmatitic facies. Fractionation within
the subunits has been enhanced by rapid crystallisation, which
has produced strong zonation in plagioclase, plus a variety
of undercooled textures in pyroxenes and apatites. The
order of emplacement of the five subunits is the reverse of

their order in the fractionation sequence.

The Unit B suite forms part of the last widespread igneous
event, at c.420 ma, related to subduction before continent- '
continent collision closed the Iapetus Ocean in the late
Silurian. It pcssibly represents a continental extension of

a back-arc tectonic regime.

The role of silicate liquid immiseibility in the Unit B
magma and in tholeiitic magmas in general is discussed, and
it is concluded that most tholeiitic melts should intersect
a stable liquid miscibility gap in their late stages of
fractionation. A model of silicate liquid immiscibility-
controlled crystallisation is described that accounts for the

observed major and trace element distribution between iron-rich

and silica=-rich associations.
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PLATE 1.1 Carrock Fell from the east. The summit
is hidden behind Pike summit. The gulley to the
left of centre is Further Gill Sike, with the

Unit A gabbros to the left and the Carrock Fell
granophyre (subunit B5) forming the cliffs to the
right.
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l.1 GEOGRAPHICAL SETTING

Carrock Fell, at 660 metres 0.D., forms the most northerly
significant hill within the boundary of the Lake District
National Park. It lies between the mountains of Skiddaw and
Blencathra to the south, and the rolling Caldbeck Fells to
the north and west. The Fell itself, (Plate 1.1 and figure 1.1)
forms the exposed part of the Carrock Fell igneous complex,
which is bounded to the north by Carrock Beck, to the west
by Roughten Gill, to the south by Grainsgill Beck and the
River Caldew, and to the east by the road from Mosedale to
Hesket Newmarket. The area to the west of Brandy Gill is very
poorly exposed with only a few in-situ outcropé in Arm O'Grain
and the Roughten Gill areas. East of Brandy Gill exposure
is limited but increases towards the eastern end of the Fell,
where, in the steep 250 m. scarp overlooking the marshy

valley of Mosedale, exposure is good.

The summit of Carrock Fell forms the site of a five-
acre, Iron-age earthworks and Hill fort. This, according
to Collingwood (1938), was a stronghold of the Brigantian
Celtic tribe, and was rased by the Romans in their conquest
of Northern England. Only grazing sheep, walkers, geologists

and hang-glider pilots frequent the bleak, windswept

summit today.

The area has had a long history of copper, lead and
barytes mining, with more recent interest in tungsten. The
main mines were situated (fig. 1.1), in Roughten Gill,

Dry Gill, Brandy Gill and at Carrock End. Only the Carrock



Wolfram mine, at the junction of Brandy Gill and Grainsgill

beck is still, if sporadically, operational at present.

1.2. GEOLOGICAL SETTING AND BACKGROUND

The regional geology of the Lake District is shown in
figure 1.2, and is described in detzil in 'The Geology of the
Lake District' (Ed. F. Moseley, 1978). The geology of the area
around Cockermouth and Caldbeck in the north of the Lake

District, is described in a Geological Survey Memoir.

(Eastwood et al, 1968).

The lower Ordovician Skiddaw Slates Group forms a broad
E-W trending anticline. To the north of this anticline the
slates are interbedded with, and pass upwards into, the Eycott
Volcanic Group of Llanvirnian age (Downie and Soper, 1972).
The Eycott Volcanic Group is a succession of tuffs and,
characteristically, porphyritic lavas, outcropping inter-
mittently over an area of 50 km2, from B insey Hill in the
west to the Cross Fell Inlier in the east. The lavas reach a
maximum exposed thickness of 2500 m, onBinsey Hill. The
Eycott volcanic group is overlain, unconformably, to the north

and east by Carboniferous rocks.

The Carrock Fell igneous complex is a multiple intrusion,
dyke-1like in form,extending for approximately 7 km. on a
line w.1o°N, and varying from 1.5 to 2.5 km. from north to
south. It is intruded along the southern contact of the

Eycott Volcanic Group with the Skiddaw Slates.

Ward (1876) recognised three main rock types in the
intrusion, hypersthenite, diorite and spherulitic felsite,

and considered that the existence of parallel banding and



metamorphosed xenoliths of lava within the complex, suggested

an origin by metamorphism of Borrowdale Volcanic rocks.

Trechmann (1882) recognised that the dominant pyroxene
~in the so called hypersthenite, was diallage rather than
hypersthene, and the rock was therefore more correctly termed

a gabbro.

Teall (1885; 1888). considered the spherulitic felsite
to be a typical granophyre in the sense of Rosenbuch, and

that it passed by 'insensible gradations' into the Gabbro.

Groom (1889) describes a thin tachylitic vein
associated with the gabbro (a very thin dyke, in fact) and
confirmed the apparently continuous transition from the gabbro

to the granophyre.

Harker (18943 1895), in his classic study of the
complex, described the rocks under the major headings gabbro,
diabase and granophyre, and gave petrographic descriptions of
the major types. He noted the increasing basicity of the
gabbro from the centre to the margin of the intrusion, which
he explained in terms of the Soret principle. Basic elements
concentrated in the cooler portions of the magma chamber
(the margins), during the progressive crystallisation of the
magma. It.was also suggested that the gabbro and granophyre
were formed by magmas, which were themselves 'partial magmas'
derived by differentiation from a common source. He ascribed
the, apparent, continual gradation from granophyre to gabbro,

to incorporation of re-fused, ultrabasic gabbro into the

granophyre magma.

Whilst the application of the physical mechanisms



which Harker held responsible for the observed variations
leave much to be desired in the light of present knowledge,
it must be noted that these publications (Harker op cit),
form a landmark in the geological literature, in that they
offered, for the first time, suggestions as to the physical

and chemical mechanisms of in-situ differentiation of igneous

intrusions.

The intrusion received little further attention until the
years between the two world-wars, when Eastwood and his co-
workers from the Geological Survey, surveyed the area on a
Six-Inch to the Mile scale. The One-Inch geological map of
the area (sheet 23), was published in 1959, but the Geological
Survey Memoir did not appear until 1968. The Memoir (Eastwood
et al, 1968) contains a detailed account of the field relation-
ships and petrography of the Carrock Fell complex, and figure

1.3 is from the memoir. (fig. 10, page 80).

The main divisions, gabbro, diabase and granophyre,
were retained by Eastwood et al (op cit). The gabbro was
divided into six main types, from north to south; the Southern
Melagabbro, Southern Leucogabbro, Buck Kirk Gabbro, Central
Leucogabbro, Fluxion gabbro and Northern Melagabbro, respec-
tively. It was suggested thét as the uniform colour belts
in the gabbro, apparently, maintained their identities
over considerable distances, and had gradational but fairly
rapid transitions with one another, that the field relationships-
"seem to preclude successive injections of magma separated
by long intervals of time. It remains, however, possible that a

stratified mush was injected, and that crystallisation of

t



the inter-crystal liquid was well advanced when one or more
later waves of magma (with crystals) arrived, the whole complex
still being hot. Such a mechanism might account for the
leucogabbro bands.!, It is not clear to the author exactly what
is meant by a 'stratified mush', but Eastwood et al (op cit)
conclude "There are thus two hypotheses for the gabbro :

(1) that they were produced by recrystallisation and
metasomatism of lavas, either in-situ or with limited movement;
(2) that they resulted from the completion of crystallisation
of a mush of crystals and liquid - that is, a magma in the
original sense of the term - in which some layering of minerals
had already been produced before intrusion. Neither is
entirely satisfactory and a combination of the two seems

nearest the truth in the present state of knowledge."

The granophyre was interpreted as representing a low
melting faction of sialic material, intrusive at its present
level, produced by heat from the basic magma at depth. It
was noted that at the southern margin of the granophyre, separate
injections of melagranophyre, enriched in hedenbergite,
occurred. They supported Harker's hybrid interpretation for
the rocks between the gabbro and granophyre, stating that
"there is plain evidence in the pegmati tic belt between the

northern melagabbro and the mela granophyre, of recrystallisation.
|

of the gabbro and mingling with the granophyre".

It is generally accepted that the diabase and grano=- |
pyre are younger than the gabbro, but their relative ages are
uncertain, (Skillen, 1973). Harker (op cit) favoured the
order gabbro-granophyre~diabase, Eastwood et al (op cit),

however, suggested that the diabase predates the granophyre,



on the basis of felsitic veins cutting the diabase. Skillen
(op cit) however, favoured Harkers original interpretation,
suggesting that the hydrothermal alteration of the diabase was
caused by the Skiddaw granite,rather than the granophyre as

suggested by Eastwood and his co-workers.

The age of the complex: Harker (1902) suggested, on petrological
affinities, that the complex possibly formed part of the
Tertiary province of the British Isles. Green (1917) proposed
an Ordovician age, however, on the supposed pre-Bala age of

the folding in the Skiddaw Grits.- Eastwood et al (1968) noted
that the gabbros were intruded after the main folding of the
Skiddaw slates, but that the rocks were affected by the metamor-
phism and mineralisation associated with the emplacement of the
Skiddaw Granite, and bracketed the age as post-Caledonian
folding, but pre-Carboniferous. Firman (1978) however, brackets
the age more concisely, as younger than the lowest Eycott

volcanics, but older than the lower Devonian Skiddaw Granite.

Both Fitton (1971) and Soper (1974) note the petrological
and chemical similarities of the Gabbros to the Eycott Volcanic

Group and suggest a cogenetic origin, and therefore, a

Llanvirnian age.

Absolute ages have been determined by Brown et al (1964)
and Rundle (1979). X-Ar whole-rock, biotite, and hornblende
ages range from 356 ¥ 20 ma. (Brown et al, op cit) to
468 % 10 ma. (Rundle, op cit). The later - ages are ascribed
to later re-crystallisation or argon loss, and the preferred

date for the gabbros, is now 468 % 10 ma., contemporareous with

the Eycott Volcanic Group.

4



Rb-Sr whole~-rock isotopic determinations for the
granophyre of Carrock Fell and Rae Crags, (Rundle, 1979) gives
87/86

an age of U416 ¥ 20 ma., with an initial Sr ratio of
0.70708 z 0. 0016, and thus supports a significantly younger

age for the granophyres than that of the gabbro.

The Harestones Felsite, a fine grained acidic rock
associated with the down faulted block of Caradocian Drygill
Shales, gives a Rb-Sr whole-rock age of 419 oy ma., and an

87/86 ratio of 0.70799 ¥ 0.00029. (Rundle,op cit).

initial Sr
The Gabbros, as was noted by Eastwood et al (1968),

show the effects of metamorphism and mineralisation from the

Skiddaw granite. The granite and the mineralisation have

been dated, by the K-Ar method (Shepherd et al, 1976), at

392 ¥ 4 ma, and 385 Py ma, respectively.

1.3, AIMS OF THE PROJECT

The initial aim of the project was to study the gabbro-
granophyre contact zone in detail, as part of an investigation
of acid-basic hybridisation in general. This required a detailed
re-survey of the field relationships along and across the
contact zone, with particular attention being paid to small
scale variations. Three partial and three complete sample
traverses were collected across the contact zone (see Appendix
One). Sample spacing depended on the scale of the variation,
and on the availability of continuous butcrop. Other occasional
samples were collected as required within the contact zone,
and throughout the complex in order to assess the type and

variability of the rocks exhibited within the complex

as a whole,



The re-survey showed that the contact zone is more
complex than had been described previously. It consists of
a number of sub-vertical, sub parallel sheets, of variable
width, with contacts diffuse on a centimetre scale. A detailed
survey of the literature on hybrid rocks suggested that many
of the features observed in the contact zone superficially
resemble features common to supposed hybrid rocks in general.
The rocks are blotchy and inhomogeneous on a centimetre scale.
(see P1l. 2.1), although not so on any larger scale, with
variations within individual sheets apparently gradational
on an outcrop scale. Pegmatitic facies are developed within
the sheets, although they have a systematic spatial arrangement,
occurring on the northern margins of each individual sheet.
No evidence for assimilated or reacted xenoliths of gabbroic
material exist within the contact zone, nor does amiy evidence

exist for back-veining or net-veining.

A preliminary petrographic and chemical investigation,
indicated a number of features pertinent to the hybrid inter-
pretation of the suite. PFirstly, the ilmenite-apatite gabbro
along the southern-margin of the so-called hybrid zone is, in
fact,'quite distinct from the northern melagabbro of Eastwood
et al (1968). Secondly, within each sheet, there is a syst-
ematic change in petrographic, mineralogical and chemical
characteristics. And, finally, the whole suite of so-called
hybrid rocks exhibits continal variation into the granophyres
and shows a remarkable similarity to fractionated gabbroic
rocks from other tholeiitic intrusions. These features do nov

discount an origin by hybridisation.



Recent dating has, however, shown that the main
gabbroic suite is significantly older than the granophyre
(see above). This precludes mixing of coeval, contrasted
magma compositions, as the Northern Melagabbro was undoubtedly
solid, and cold, when the granophyre was intruded. For the
granophyre to melt the mafic gabbro, it would require sub-
stantial superheat. However, petrographic observation provides.
convineing evidence that the later magmas may have been
locally supercooled on intrusion, which would have removed
any superheat that the melt might have possessed. Also, the
blotchy nature of the so-called hybrid rocks,which in hand
specimen resembles mechanical breakdown of the gabbro by the
granophyre, (see for example P1l. 2.1) is, in fact, a function

of small-scale, selective, inhomogeneous hydrothermal alteration.

Thus, it became apparent after the preliminary survey,
that the evidence does not support an origin by hybridisation,
but that the suite of rocks may be related by fractional
crystallisation. It was felt that the detailed mapping and
sampling of the suite as a whole, had provided an excellent
opportunity to study the differentiation of an evolved

tholeiitic magma, and this forms the main theme of this thesis

1.4. LAYOUT OF THESIS AND NOMENCLATURE

The diabase has been shown, én petrological and
geochemical affinities, to represent the higher temperature
fraction of the more evolved ferrogabbro-granophyre suite,
previously interpreted as being of hybrid origin. These rocks
form Unit B, for the purpose of description, and have been

divided into five subunits on the basis of their occurrence
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as discrete mappable sheets, and their mineralogy.

The subunits

are listed in table 1.2, together with the principal rock

types, and the names under which the rocks were described by East-

wood et al (1968).

The field relations, petrography, mineral

chemistry  and geochemistry, together with their interpretation,

forms the bulk of this thesis (Chapters 2, 4, 5 and 6).

A study of the Carrock Fell complex would, however, not

be complete without covering the
form Unit A. This unit has been
on the basis of field occurrence
together with the principal rock

(Eastwood et al, 1968), are shown

gabbro suite. These rocks
divided into three subunits
and mineralogy. These subunits,
types, and the former names

in table 1.1. The field

occurrence, petrography, mineralogy, and geochemistry of Unit A

are described, in much less detail than for Unit B, with

emphasis on description rather than interpretation, in

Chapters 2 and 3.

Eycott Volcanic Group.

The Unit A gabbros are compared with the

During the study of the Unit B evolved tholeiitic suite,

the author became interested in the role of silicate liquid

immiscibility in the evolution of tholeiitic magmas in general,

and this subject forms the basis

of section 6.6.

A brief summary of the main conclusions concerning the

evolution of the Carrock Fell igneous complex, and a brief

discussion of its place in Lake District geology, is given

in Chapter Seven.

The terms gabbro, diorite

and granophyre used in this

thesis are synonymous with subunits Bl and B2, subunit B3,

and subunits B4 and B5, respectively and reflect the plagioclase



TABLE 1.1 :

Former Units and Names
(Eastwood etal, 1968)

GABBROS

Northern Melagabbro
Central Leucogabbro
Southern Leucogabbro

Southern Melagabbro
Fluxion Gabbro

Buck Kirk Gabbro

New Units and Subunits
(This study)

UNIT A

Al
Al
Al

Al

A2

A3

Principal Rock Types

Pl-Aug-Ilm Gabbros
P1 Gabbros
P1-(Aug-I1m) Gabbros

Pl-Aug~-Ilm-Bi Gabbros
Pl-Aug-Hy-I1lm Laminated gabbros

Pl-Aug-In.pig-Ilm-Qz Gabbros

P1. Plagioclase; Aug. Augite; Hy. Hypersthene; In Pig. Inverted Pigeonite;

Ilm. Ilmenite (Subordinate titanomagnetite); Bi. Biotite; Qz. Quartz

L



TABLE 1.2 :

Former Units and Names New Units and Subunits : Principal Rock Types
(Eastwood etal, 1968) (This study)
UNIT B
Diabase Bl Pl-Aug-Gabbros
Northern Melagabbro (in part) B2 P1-Aug-Mt-I1lm-Ap Ferrogabbros

Gabbro Pegmatite Peg-Grph Ferrogabbros

Basic Granophyre (in part) B3 Pl-Feaug-FeEd-Mt-I1lm Ferrodiorites

Coarse Pegmatite Peg-Grph Ferrodiorites

Pl-FeHd-Mt-(Zr) Ferrogranophyres

Basic Granophyre BY
Melagranophyre + plagioferrogranophyres
Granophyre Rae Crags B5 P1-Fe hd-Mt-(Zr)Porphyritic granophyres

Carrock Fell
Pl. Plagioclase; Aug. Augite; Feaug. Ferroaugite; Fehd. Ferrohedenbergite;
FeEd. ferroedenite; Mt. Titanomagnetite; Ilm.Ilmenite; Zr. Zircon;
Peg.Pegmatitic; Grph. Granophyric
B2 + B3 occasionally laminatfed.

4!
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core compositions within each subunit. A modal classification
pased on Strekeisen (1976),was not possible because no
distinction could be made, modally, between intergrown quartz

and alkali-felspar. The term granophyre, or granophyric, implies
that the quartz and alkali felspar in the rock are intergrown
micrographically. It must be noted, however, that in subunit Bl,

the granophyric intergrowths may form as little as 25 modal%.

The prefix 'ferro' is used for the gabbros, diorites anqa
granophyres of subunits B2, B3 and B4 respectively. The term %\\
ferro simply implies that the rock contains modally abundant ;
oxide or Fe-rich mafic phases, and does not imply a preferred

oxidation state for the iron in the rock.

Some of the rocks of subunit B4 would, because of their
modal abundance of plagioclase, be termed trondhjemites in
the classification of Strekeisen (op cit). The term plagio-
ferrogranophyre is preferred, however, as trondhjemite can
have genetic implications, and the K20 content is rather too
high for them to be trondhjemites in the ophidH{ic sense of

the term (Coleman and Peterman ,1975).

It must be emphasised here that the whole suite of
Unit B rocks shows continuous gradation, and that taken out of

their field context, some rocks would be classified differently.

1.5. MAPS AND SAMPLING

Plate 1.2 and figure 1.4, show a geological map of the
eastern part of the Carrock Fell complex, and a more detailed

map of the Further Gill Sike region, respectively.

Field relationships in the western part of the complex,
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west of Brandy Gill, are entirely conjectural, because of the
lack of exposure. Also metamorphism and mineralisation
associated with the emplacement of the Skiddaw Granite, has
affected the rocks to a very great extent. The field relation-
ships in this area are described in Eastwood et al (1968)

and Skillen (1973), and the map of the former authors was

shown in figure 1.3. What outcrops there are, confirm that
features in the gabbros are similar to those described

from the better exposed, eastern part of the complex.

Sample localities are shown in plate 1.2 and figure
Al.l,and a complete list of samples, with very brief
descriptions and eight-figure map references,is given in
Appendix one. No samples have been collected from west of,

or from within Brandy Gill, for reasons stated above.

126 samples have been either sectioned for petrographic
or electron microprobe work, or prepared for whole-rock
analysis. Additional samples from the collections of the
Department of Geological Sciences at Durham University, and the
Geological Survey, together with analyses of rocks from
Eastwood et al (1968), Fitton (1971) and R.N. Thompson
(written comm. 1978), have been used in this study. (see

Appendix one).
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FIGURE 1.1

The principal hills, streams and settlements
of the Caldbeck Fells region, Cumbria, showing the

location of Carrock Fell,
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FIGURE 1.2

Regional geology of the Lake District, showing

the location of the Carrock Fell intrusion.
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FIGURE 1.3
Geological Map of the Carrock Fell complex,

from Eastwood et al (1968, figure 10, p.80).
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CHAPTER TWO

FIELD RELATIONSHIPS

2.1. UNIT A.

The gabbro of subunit Al forms a dyke like body, six km.
in length and one km. at its widest. West of Brandy Gill the
exposure is very poor, and the rocks are highly altered from

the effects of the Skiddaw granite and associated mineralisatlon.

The only exposed contact is the southern contact against
the highly folded Kirkstile slates of the Skiddaw Slates Group.
The slates show bleaching and hornfelsing with development,
locally, of small porphyroblasts of pink garnet and white
felspar.’ The gabbro becomes finer grained within one metre of
the contact, but no chill was observed. The rocks to the north
and north-westharecutbythe later Unit B suite, and truncated to

the east by the Carrock End fault.

The rocks on the northern and southern margins are medium
to coarse grained melanocratic gabbros, but become progressively
more leucocratic towards the centre of the intrusion 1in the
White Crags region. The melanocratic nature is, in part, a
function of more extensive alteration of the marginal rocks,
although' fresher samples show about 30% ferromagnesian and
oxide minerals in hand specimens. The alteration is often
inhomogeneous, giving the rock a mottled aspect on a centimetre
scale. In the’Further Gill Sike region, however, alteration

has been virtually complete.

Banding is developed locally, but is usually diffuse.

Individual bands vary from 1 cm. to 1 m. in width. The attitude

of the banding is vertical or dipping steeply to the north,
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and has a trend parallel to the length of the intrusion. The
bands réflect differing proportions of interstitial mafic
and oxide phases. Lamination is widely developed, and has the

same strike direction and dip as the banding.

@

Subunits A2 and A3, form narrow sheets up to 150 m.
wide, extending from the eastern margin for 2.5 km. to the west,
where they are truncated by Unit BI. The contacts with subunit Al
are diffuse over 1-5 m, and are vertical or at a steep angle

to the south.

Subunit A2, the fluxion gabbro of Eastwood et al. (1968),
is strodgly laminated. The lamination is vertical, and strikes

parallel to the margins of the intrusion.

Subunit A3, the Buck Kirk gabbro of Eastwood et al.
(op.cit), is finer grained, more compact and well jointed than

subunit Al,which is coarser grained and more massive.

A prominent feature of the gabbros, particularly along the
southern, and to a lesser extent, the northern margin of the
intrusion, is the occurrence of large, hornfelsed, xenolithic
screens of Eycott Volcanic Group lavas. They form the bulk of
the outﬁrop in the Snailshell Crag and Black Crag regions on
the eastern margin, and in the gabbros north of Swineside.

The xenoliths have been equilibrated with the gabbros to varying
degrees. Some are only slightly hornfelsed, others show signs
of being digested by the gabbros, and are cut by felspathic
veins. Biotite is developed in the gabbros in association with
the xenoliths, and clots of pink quartzofelspathic pegmatite

are abundant in the xenolithic gabbro. In the central region of
the intrusion, the xenoliths are much less common and rarely

Q.’
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exceed 10 cm. in size.

Throughout the Unit, thin veins of acidic material occur,

often along early joint planes.

2.2. UNIT B

2.2.1. §Subunit Bl : Formerly the Diabase of Harker (1894)
and Eastwood et al. (1968), Bl forms a poorly-exposed sheetl

that extends from the eastern margin, north of Scurth, to

Round Knott and Miton Hill, where it bifurcates. The southern
limb outcrops in Brandy Gill and Arm O'Grain, the northern limb,
on Drygill Head. Qutcrop is virtually non-existent west

of Brandy Gill and the rocks are affected by the metamorphism

and mineralisation from the Skiddaw granite.

In the eastern part of the complex, the rocks are hard,
grey, cémpact, microgabbros and gabbros. Nowhere is a contact
seen with the subunit B5 granophyres, or Unit A, but it can
usually be located to within 2 m. Banding, of a very diffuse
nature, can be seen on Round Knott (MR. 3343, 3375), Small

cognate xenoliths, rarely exceeding 2 cm. in size, occur in the

gabbro north of Carrock Fell summit. (MR 3415, 3394).

2.2.2. Subunit B2 : The B2 ferro gabbros form a sheet, -
20-50 m. in width, extending for 2 km. along the southern margin
of Unit B, from south of Round Knott, to the lower reaches of
Further Gill Sike. The ferrogabbros are dark in colour, prim-
arily a function of their altered nature, and occasionally

laminated parallel to the margin of the sheet.

A pegmatitic facies is developed on the northern margin,

along the complete length of the exposed sheet. Tabular
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plagioclase prisms, and pyroxene crystals, set in a ground mass
of pink .quartz and alkali felspar can be seen in hand specimens.
The alteration is inhomogeneous and gives the rock a conspicuous

spotted appearance. (Pl1.2.1 )

The northern margin cuts the subunit B4 ferrogranophyres
south of Carrock Fell and Pike summits, but the contacts are very
diffuse. In the Further Gill Sike region, the northern margin
is against both the pegmatitic facies and finer grained
ferrodiorites of subunit B3, again the contact is diffuse. The

southern contact against the gabbro of Unit A is unexposed.

Thin leucocratic schlieren and segregations up to 5 cm.
in width occur in the laminated ferrogabbro from south of Carrock
Fell summit. They only occur in loose blocks, and their exact

location is unestablished.

2.2.3, Subunit B3 : The ferrodiorites of subunit B3 are
only exposed in the Further Gill Sike region. They form the
lowest exposed slabs in the stream bed, (MR 3517, 3337) and
extend as a thin sheet up to the cliffs at the head of the sike.
The width of the sheet varies from 5 m. in the slabs in the
streamyto 2 m. in the cliffs below the path, 50 m. above,

(MR 3513, 3340). Above the cliffs at the head of the Sike, the
pegmatitic facies widens to 50 m., but does not extend higher
than the sheepfold, 200 m. above (MR 3477, 3342). The finer
grained ferrodiorite is well laminated, and outcrops as a thin
sheet in the slabs in the stream bed. There is a sharp contact
with the pegmatitic facies in the stream bed, but 10 m. above,
the chaﬁge is ‘gradational. The dark finer grained type
disappears and the pegmatitic facies is in contact with the

pegmatitic, facies of B2 in the cliff below the path, 50 m. above.
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(MR 3513, 3340). The contact here is subhorizontal. The darker
variety occurs locally at the southern end of the cliffs at the
head of Further Gill Sike (MR 3501, 3340), The pegmatitic facies
widens out here, and has a diffuse sub-horizontal contact with
B3, running along the top of the cliffs. The contact with B2
further south is unexposed. The pegmatitic facies shows its
most spectacular development above the cliffs. Plagioclase

up to 2 cm, and ferromagnesian crystals up to 8 em. in length
occur, set in a coarse, quartzofelpathic matrix. A mafic phase
also develops dendritic morphology with individual forms up

to 20 em. in length occurring. (P1l. 4.18.). The pegmatite

above the cliffs does not outcrop but the limit of its sub-
surface outcrop is indicated by the occurrence of near in-situ

blocks.

2.2,4, Subunit Bl : The ferrogranophyre of B4 extends from
Round Knott to the lower regions of Further Gill Sike, in a
continuous sheet 50-100 m. wide. The southern margin is diffuse
against B2 south of Carrock Fell and Pike summit. In the
Further Gill Sike region, the southern contact against B3 is
exposed in the northern bank of the stream (MR 3518, 3338),

and is diffuse over 1-2 cm. Along the southern part of the
sheet, the rocks are medium to fine grained and dark in colour.
They become pinker and finer grained towards the northern
contact. The contact against the B5 granophyre at the northern
end of the cliffs at the head of the sike, is very sharp, and
slightly chilled in places (MR 3503, 3344). 30 m. south of
Carrocé Fell summit the contact is sharp, but not chilled :
Screens of hornfelsed B5 granophyre occur in the Further Gill

Sike region. No pegmatitic facies of B4 occurs.
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2.2.5. Subunit B5 : Four granophyre masses are exposed.
The Great Lingy Hill and Arm O'grain exposures are highly
altered by the Skiddaw granite metamorphism and mineralisation.
The Rae Crags granophyre is only exposed along its southern
margin against subunit Bl. The contact is not exposed. The
granophyre near the contact is darker than the Carrock Fell
granophyre, contains small acicular mafic crystals, and

appears to be somewhat hybridised.

The Carrock Fell granophyre forms the largest exposed
mass of B5. Along the southern contact against B4 in the
Further Gill Sike region, and as far west as Pike summit, the
granophyre is grey in colour. Further north, extending from
Central Scurth to Round Knott, the granophyre is pink-grey in
cblour.‘ A band extending from north of Carrock Felllsummit,
eastwards to Northern Scurth, is a darker, reddish colour with
prominent small phenocrysts of felspar. These three types may
represent three different sheet like injections as they form

subparallel bands, but have not been shown as such in phﬁelﬂ.

The southern margin is very slightlylhornfelsed, as are
the stoped blocks in B4 in the Further Gill Sike area. Near
the northern contact with subunit Bl in the Northern Scurth
region (MR 3515,3388), and south of Round Knott (MR 3345, 3372),
marginal modifications of the granophyre occur. At the afore-
mentioned locality, the granophyre is darker, and contains
a small acicular mafic phase. The granophyre shows continuous
gradation from pink to dark grey and is very inhomogeneous on
a 10 cm. scale. Thin 2 cm. wide veins of pink felcitic matcrial
cut both the normal and dark varieties. éimilar gradational

relationships occur south of Routh Knott,but here the veins
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brecciate the granophyre, (Pl1.2.2. ) and resemble back veining
phenomena. The patchiness in the granophyre is attributed to
hybridisation of the granophyre by the emplacement of subunit
Bl. 1In addition, local melting of the granophyre may have

occurred to produce the felsitic veins.

Small ( <20 cm) hybridised xenoliths of B4 and BS
granophyre occur in the bottom of the cliffs at the head of
Further Gill Sike, 10 m. south of the thin sheet of granophyre
in B4 (MR 3503, 3343) and also 20 m. below this (MR 3505, 3342).
The matrix appears to be either ferrodioritic or a dark

ferrogranophyre.

2.2.6. Order of emplacement

The observed field relationships, deséribed above,
would favour the order B5, B4, B3, B2, Bl. Although the contacts,
when exposed, between subunits B2 to B4 are diffuse, each of
the subunits seems to be truncated on the southern margin. The
slight chill of B4 against B5, and the slight hornfelsing of
B5, would suggest that the granophyre was emplaced prior to
subunit, Bi. The apparent cross-cutting relationships of B1,
and the observed hybridisation ofthe B5 granophyre, would

suggest that subunit Bl was the last subunit to be emplaced.
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PLATE 2.1 Subunit B2 pegmatitic, granophyric ferro-
gabbro. The spotting is caused by hydrothermal alter-

/

ation (From traverse six MR.3403, 3358).

PLATE 2.2 TFelsitic back-vein brecciating darkened,
hybridised granophyre. South of Round Knott
(MR 3345. 3370).
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CHAPTER THREE

THE PETROGRAPHY, MINERALOGY AND GEOCHEMISTRY OF UNIT A.

5.1. PETROGRAPHY OF UNIT A

The modal proportions of the primary mineral phases in
Unit A are shown in table 3.1, from which it can be seen that
plagioclase is the dominant phase throughout, and that in
subunit Al, the proportion of opaque oxides and Ca-rich pyroxene,
decreases from the margins towards the centre of the intrusion.
This variation is also apparent in Plates 3.1, 3.2, and 3.3,
which are ilmenite and biotite rich gabbro from the northern
and southern margins,and a leucocratic plagioclase-rich gabbro
from the centre of Unit A respectively. Plate 3.4 is a

laminated, two-pyroxene, ilmenite gabbro from subunit A2.

o~

Plagioclase forms euhedral laths, up to 5 mm. in length.
Commonly the crystals have an unzoned core-region, mantled by
strongly normally, and oscillatory, zoned overgrowths. Smaller,
unzoned crystals, rarely exceeding 2 mm. in length, often
occur enclosed in ophitic pyroxene. Their size corresponds
roughly to that of the unzoned cores of the larger plagioclase
crystals described above. The zoned overgrowths in subunit A3,
contain small (< 0.2 mm.) inclusions of Ca-rich and Ca-poor
pyroxene. The plagioclase in the pegmatitic segregations of the
gabbro are larger, up to 7 mm. in length, and show very

marked marginal zonation.

Pale-mauve calcium-rich clinopyroxene occurs as ophitic
plates, up to 8 mm. in size. Twinning on (100) is common, and
is occasionally repeated. (Pl. 3.5). 'Herringbone' cleavage,
on (00l1), is also a éommon feature. Patchy, or'complete,

replacement by a pale-green variety o f Ca-rich pyroxene, occurs
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TABLE 3.1
PLL Ca+ Ca- Fe-TiBi Am Qtz/
Px Ox Ksp
Al 20798 60 10 30 NORTH
88 52 30 15 1
136 65 26 6 1
2 8  APPROX.
7o 85 ° CENTRE
b6 73 17 5 5
E16181 60 24 8§ 1 6
158 66 20 6 8
150 52 18 20 4 5
E17389 51 20 12 10 5  SOUTH
A2 E 16192 55 22 10 2 1
E23545 60 27 9 1 3
117 50 16 10 3 3
A3 152 63 17 6 3 4

MODES OF SAMPLES FROM UNIT A.

(PRIMARY PHASES)

Al FROM TOP TO BOTTOM IS A ROUGH TRAVERSE FROM NORTH TO SOUTH

Modes calculated by point counting method, 500-1000 points

per thin section - CORRECTED TO Wt% MODES.

SOME MODES ARE APPROXIMATE ONLY BECAUSE OF ALTERATION EFFECTS.
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throughout subunit Al. Small, secondary, biotite inclusions
occur within the pale-green pyroxene. In rocks with abundant
primary biotite, the pale-green pyroxene forms discrete grains,
up to 2 mm. in length, in addition to its occurrence as a
reaction product from the pale-mauve variety. These discrete

grains show no biotite inclusions, and appear to be primary.

In subunits A2 and A3, the Ca-rich pyroxene forms smaller,
pale-greenyinterstitial grains rather than ophitic plates,

with a single (100) twin, and good (00l) cleavage.

Calcium~-poor pyroxene only occurs in subunits A2 and
A3, hypefsthene in A2, and both hypersthene and inverted-pigeonite
in A3, although the hypersthene in the latter only occurs
as inclusions in the plagioclase rims. The faintly ple ochroic
hypersthene in A2 1is interstitial, and has very thin lamellae
of Ca=-rich pyroxene exsolved along (100) cleavage planes. The
inverted-pigeonite in subunit A3, can occur in large grains up to
7 mm. in diameter. The exsolution history in a single grain,
can be quite complex, and is well illustrated in plate 3.6.
A central core region of hypersthene, which may be uninverted,
grades outwards into a zone of inverted-pigeonite, (host hypers-
thene, with blebby exsolution of Ca-rich pyroxene). This is, in
tﬁrn, mantled by further inverted-pigeonite, with host hypersthene
containing thin oriented rods of Ca-rich pyroxene exsolved
in herringbone fashion, prior to inversion to hypersthene, on
(001) cleavage planes. No post-inversion exsolution of Ca-rich

pyroxene, on (100) can be seen in thin section.

Both ilmenite and titanomagnetite occur in subunits
Al and A3, but the former is the much more abundant. In the

melanocratic gabbros from the northern and southern margins,
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the oxides form subhedral to rounded grains, up to 3 mm. in
size, often in chains of up to seven or eight grains in

length (P1l. 3.1). Towards the centre of the intrusion, the
oxides are interstitial or subpoi kilitic towards plagioclase.
(Pl. 3.3). In subunit A2 ilmenite is the only oxide phase,

and occurs as rod-like crystals, parallel to the lamination.

The magnetite is invariably oxidised, leaving a trellis
pattern of pre-oxidation exsolution lamellae of ilmenite, in

a grey or brown, semi-opaque material.

Biotite occurs throughout Unit A in small amounts, as
discrete interstitial flakes, or as reactions to opaque oxides.
In specimen's located near to xenolithic screens of Eycott
lavas, and particularly along the southern margin, biotite is

particularly abundant (Pl. 3.2), occasionally forming up to

10 modal %.

Green-straw yellow ple ochroic amphibole, apatite

and zircon form small, interstitial, accessory phases.

Quartz as discrete, irregular grains, and intergrown
micrographically with alﬁali—felspar, occurs throughout the
unit but is most abundant in the pegmatitic segregations and
leucocratic gabbros, where it forms 'pools' between the
plagioclase crystals. Much of the quartz, however, may be of

secondary, hydrothermal origin.

The mineralogical banding that occurs locally through-
out Unit A, reflects differences in interstitial pyroxene and

opaque oxides. Some of the leucocratic bands are almost pure

plagioclase.
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The screens of xenolithic Eycott type lava are cut by
thin, gabbroic veins. An example is shown in Plate 3.7.
This vein is composed of small (< 2mm.) elongate, zoned
plagioclase laths, subophitic Ca-rich pyroxene, sub-skeletal
Fe-Ti oxides, mostly ilmenite, occasional small prisms of

apatite, interstitial biotite, and quartz.

All of Unit A is affected, to some degree, by hydro-
thermal alteration. The alteration is irregular and often
selective. Plagioclase is replaced by sericite, or occasionally
chlorite. Pyroxene is pseudomorphed by either a pale-brown
to ochre, or a blue-green fibrous amphibole, probably antho-
phyllite and actinolitic hornblende respectively. Chlorite
also locally replaces pyroxene. Titanomagnetite is oxidised
to sphene, haematite or leucoxene. Quartz and perthitic
alkali-felspar, tend to increase in abundance in more altered
samples. Associations of calcite, pre hnite, epidote and
secondary, subskeletal, apatite grow interstitially or form

thin, cross cutting veins.

3.2. PETROGRAPHY OF THE EYCOTT VOLCANIC GROUP

Data from Eastwood et al. (1968), and Fitton (1971),
summarising the petrography of the Eycott Volcanic Group lavas

are given in table 3.2, and summarised below, for comparison

with the gabbros.

Eastwood et al. (op cit) identified chlorite and
serpentine pseudomorphs after olivine in the more basic lavas,
although Fitton (op cit) found no evidence for the latter
phase. In view of the percentage of quartz in the mesostasis

of the lavas), it would seem unlikely that much, if any, olivine



TABLE 3.2 : SUMMARY OF EYCOTT LAVA PETROGRAPHY

PHENOCRYST
LAVA TYPE 01 P1 AUG Hy Pig Mt/Il Pl
(1) (1) (1) (1) (2)

Olivine basalt(5) X X X X
Basalt X
Basaltic andesite

Eycott type (6) X X X X X X

Berrier type (7) X x X X X

Aphyric X

Data from Eastwood etal (1968), Fitton (1971).

Notes (1) often glomeroporphyritic
(2) only in lavas with >55 Wt% SiO2
(3) often ophitic
(4) may be pseudomorphing Hy or Pig;
(5) no olivine. cf. Fitton (1971)
(6) macroporphyritic
(7) microporphyritic

GROUNDMASS

Aug Mt/I1 Qz/Ksp
(3)

X X X

X X X

X X

X X X

X X X

Gl Chil
()
X x
X x
X X
p'e '
X '

KEY

01 . olivine

Pl . plagioclase
Aug . augite

Hy . hypersthene
Pig . pigeonite
Mt/I1 . magnetite

ilmenite
Qz/Ksp . quartz-
alkali fel-
spar
Gl |, glass

Chl . chlorite

or

St
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crystallised in the lavas.

Plagioclase is the dominant phenocryst phase with large
crystals,up to 3 cm. in size, showing oscillatory zoning.
They often occur in glomeroporphyritic clots. Hypersthene
and augite are very subordinate, and occur as small phenocrysts
or glomeroporphyritic aggregates. Fe-Ti oxides, both ilmenite
and titanomagnetite, occur as ground-mass phases 1in the more
basic types, but are found as microphenocrysts in rocks with

bulk-rock SiO2 contents of greater than 55%.

There is an obvious similarity of the petrography of the
Eycott lavas and the Unit A gabbros, particularly in the
dominance of plagioclase, and subordinate nature of pyroxene
and Fe-Ti oxide. Obviously features related to the slower
cooling of the gabbros are not present in the lavas, such as
the inversion of pigeonite, and the late magmatic and sub-

50lidus hydrothermal effects.

Despite the minor differences related to contrasting
physio=-chemical conditions of crystallisation in the gabbro
magma chamber, and the extrusive lavas, the similarities

support Fitton (1971), who suggests that the gabbros and Eycott

lavas are genetically related.

Xenoliths and screens of Eycott lava are common in Unit A
The thermal metamorphic effect of the gabbros on the lavas
is quite marked, with hornfelsing and re-crystallisation in the
ground mass. Relict textures are occasionally preserved,
noteably the porphyritic and glomeroporphyritic plagioclases
and pyroxenes, also, flow banding is sometimes preserved.

The relict porphyritic plagioclases, however, show clouding and
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occasionally sieve texture. The groundmass becomes much
coarser and granular, with recrystallisation of plagioclase,

pyroxene and opaques, and development of biotite.

3.3. MINERAL CHEMISTRY

The chemistry of each group of primary phases is
described briefly in this section, but discussion of conclusions
drawn from this section, and the petrography, is deferred until

section 3.4,

All the mineral analyses were obtained by electron-
microprobe analsis. The analytical and correction procedures
are given in Appendix Two , together with the tabulated

mineralogical data.

3.3.1. Plagioclase :

Analyses of core compositions of plagioclases from
Unit A are shown in figure 3.1, in terms of the c¢nd member
components orthoclase-albite-anorthite. The marginal rocks

of subunit Al have plagioclase compositions of An The

T4=73"
unzoned core compositions in both A2 and A3 are A“ez-au’

while the compositions between An 5 are from the cores

58-5
of continuously zoned plagioclasé crystals, or are compositions
immediately adjacent to the unzoned core. The dashed line
shows the extent of marginal zonation, which reaches An,g.

accompanied by slight potassium enrichment.

3.3.2. Pyroxenes

The compositions of subunit Al Ca-rich pyroxenes, plotted
in terms of their principal end-member components, are shown

in figure 3.2a, also shown is the compositional range of Eycott
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Volcanic Group phenocryst augites from Fitton (1971). The pale-
mauve pyroxenes are augitic and range in composition from

/ i interior
WOHOEnMOFSl9 to woqun26F from the margin to the

S5
of the intrusion. Individual pale-mauve augites also show
normal zonation. The coexisting pale-green pyroxenes are
unzoned, and plot nearer the Di-Hd join into the salite field.
As well as being enriched in Ca relative to the pale-mauve
type, they are also relatively enriched in Si,and depleted in
Al and Ti. Consistent tie-lines cannot be drawn between
coexisting pyroxenes, suggesting varying degrees of equilibrium

between the pale mauve and pale green varieties. There is a contin-

uum of compositions in some specimens, from one type to the other.

There is considerable scatter in the minor element
data as a result of the alteration, however, in general, both Al
and Ti decrease with decreasing Mg/Mg+Fe, and Mn increases.

Na is low and shows no systematic variation.

The variation in principal end-member components of the
subunit A2 and A3 Ca-rich and Ca-poor pyroxenes,is shown in
figure 3.2.b. The Ca-rich pyroxenes are pale-green augites
and correspond to the mid to late stages of fractionation of

subunit Al., They show virtually no zonation.

The Ca-poor pyroxenes are hypersthene in subunit A2,
hypersthene in the inclusions in the plagioclase crystals,
and interstitial inverted pigeonites in subunit A3. The Wo
contents are very low compared to the Skaergaard trend and the
hypersthene-inverted pigeonite transition, expressed Wo-free,

occurs at EnSO’ compared to En in the Skaergaard intrusion.

70
The minor element chemistry of the Ca-poor pyroxenes shows
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only slight variation with fractionation. The distribution of
minor elements between Ca-rich and Ca-poor pyroxenes follows
similar patterns to other intrusions, with Ti, Al and Na
preferentially partitioned into the Ca rich phase,and Mn

into the Ca-poor phase.

3.3.3. Fe-Ti oxides

No satisfactory analyses could be obtained from the
titanomagnetites, due to their oxidised and resorbed nature.
Ilmenites are homogeneous, even in altered rocks. The Fe203
in the analysis has been re-calculated by the method of
Carmichael (1967). The haematite content of most of the
ilmenites lies between 2.0 and 0.5%, indicating that the
ilmenites are virtually pure. The ilmenites of subunit A2,
which has thé least altered samples, have haematite contents
of 5.2%, and probably reflect magmatic values. Calculations of
fO2 and temperature, however, cannot be made, as no titano-
magnetites exist in subunit A2. The ilmenitegs - haematite5
composition, in f02-temperature space (Eugster and Wones,
19623 Buddington and Lindsley, 1964) lies near the Ni-NiO

buffer assemblage 1in the likely temperature range of these

rocks.
3.3.4. Biotites :

The chemistry of the biotites, in terms of the four
end-members phlogopite-eastonite-siderophyllite-annite, is
shown in figure 3.3. The analyses cluster near the annite-
phlogopite join, within the 'biotite' field. Some of the
biotites show limited Mg ==Fb2+ zonation (ie 17389). Also

plotted in figure 3.3., are analyses of other igneous biotites
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from the Ardnamurchan cone sheets (Walsh, 1975) and the Palisades
sill. (Walker et al, 1973). The Unit A biotites are fairly
similar to those from the Ardnamurchan gabbros, but have a
slightly increased siderophyllite component. They also compare
favourably with biotites from the middle ranges of fractionation

of the Palisades sill.

3.3.5. Amphiboles

Amphibole is not a common primary phase in Unit A.
Using the recalculation and classification of Leake (1978),
most of the amphiboles from Unit A are magnesio-hornblendes.

3+

(the calculation of Fe and the classification of amphiboles

is discussed more fully in chapter 4).

The combositions of the amphiboles,in terms of
Ca-Mg-Fe, are plotted in figure 3.4, with all Fe as FeO,
together with co-existing pyroxene analyses. Although there 1is
a general decrease in Mg/Mg+Fe with fractionation in the
amphiboles, the tie line orientations show that the variation
is irregular, suggesting that the amphiboles are a product of

later stage reactions, rather than fractional crystallisation.

3.4. CRYSTALLISATION AND MINERAL STABILITY IN UNIT A.

Plagioclase and pyroxene crystallised cotectically
during the early cooling history of the Unit A magma. Figure 3.5,
shows the core compositions of coexisting plagioclases and Ca-
rich pyroxenes, in terms of An% and Mg/Mg+Fe respectively.
There is a systematic decrease in the An content and Mg number,
in the respective phases, with fractionation. The trend is

parallel to the earlier parts of the trends from the Skaergaard
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intrusion (Wager and Brown, 1968) and the Palisades sill (Walker
et al, 1973). 1In contrast to these intrusions, however,
ilmenite is an important early crystallising phase in Unit A,

as indicated by its abundance and textural relations. The
crystallisation of ilmenite and plagioclase is favoured by

high <18i02 (Carmichael et al, 1974), according to the reaction :

2FeTiO, + 2CaAl

3 8i,0g == 2CaTiAl,0 + Fe,8i0, + 3510,

2772

ilmenite hplagioclase in pyroxene inolivine

High (18102 drives the reaction to the left. This is supported
by the lack of olivine, and also, the generally limited

substitution of Ti and Al in pyroxene in this Unit.

The limited crystallisation of magnetite suggests that the
f02 during crystallisation was fairly low. This conclusion is
supported by the limited solution of haematite in the ilmenites
of Unit A. Substantial Fe-enrichment in the magma, however, was

prevented by the continued crystallisation of ilmenite.

The pyroxene crystallisation in Unit A is typical of
tholeiitic rocks, in that Ca-poor pyroxene crystallised in
addition to Ca-rich pyroxenes. There are, however, certain
differences between the pyroxene trends in this Unit, and, say
the Skaergaard trend. Figure 3.2 shows the Ca-rich pyroxenes
to be enriched in the Wo component, relative to the Skaergaard
trend. Similarly, the Ca-poor pyroxenes in subunits A2 and A3,
are Wo-poor, with respect to the Skaergaard trend. The hypers-
thene-pigeonite transition, expressed Wo free, occurs atI3n7zjnthé
Skaergoard (Nwe,1976), and in most slowly cooled plutons occurs
between En,, and En65 (Campbell and Nolan, 1974). The Palisades,

however, has a more Fe-rich transition, at Eng, (Walker et al,1973).

\
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In subunit A3, the transition occurs at En It is clear

50°
from the blebby nature of the exsolution in the inverted-
pigeonites of subunit A3, that the inversion curve from mono-
clinic to orthorhombic symmetry, was fairly near the solidus
curve. If it is assumed that the structural inversion curve
(Brown, 1957) remains constant with respect to temperature and
composition, then the liquidus-solidus curves must be suppressed
to a lower temperature in the Palisades sill and Unit A, than
for other intrusions, thus, expanding the compositional range

of the orthopyroxene stability field and causing the transition

to pigeonite to occur at a lower temperature.

While the higher and lower Wo contents for the Ca-rich
and Ca-poor pyroxenes respectively, in Unit A compared to
Skaergaard, are, to a certain extent, a feature of late
stage re-equilibration (see below), the low En value at which
the hypersthene-pigeonite transition occurs, suggests that
liquidus temperatures were lower in Unit A than in other int-

rusions.

As noted above, the hypershene-pigeonite transition in
the Palisades Sill occurs at En6o, which is lower than in
most tholeiitic intrusions. The Palisades Sill also shows
the effects of reactions in the late-magmatic stage, to a
greater extent than other major tholeiitic intrustions
(Walker et al, 1973), with stabilisation of pale-green Ca-rich
pyroxene, biotite and amphibole. It is perhaps significant,
therefore, that Unit A shows an even more Fe-rich hypersthene-
pigeonite transition, as the effects of late-magmatic reaction

are very well developed in this Unit.

ey
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Petrographic and chemical evidence suggests that the
pale-green augites and salites in Unit A, have formed by reaction
from the pale-mauve augites. A similar relationship has been
proposed,for coexisting pale-mauve and pale-green ferroaugites and
ferrosalites respectively, from the Palisades Sill (Walker
et al, 1973) and the Dufek intrusion (Himmelberg and Ford, 1976).
During the reaction process, Al and Ti are lost from the pyroxene,
and, presumably, taken up into the small amount of biotite
that forms in the pale-green pyroxene. In was noted above
that rocks in which biotite is modally abundant, the pale-green
pyroxene formed discrete grains and appeared to be primary.

The biotite in these rocks forms a discrete phase which often
shows Mg=Fe zonation, and,thus,is also likely to be primary.
This suggests that temperatures were low enough in the late magma,
for pale-green Ca-rich pyroxene to crystallise in equilibrium
with biotite. The biotite also forms reaction rims to ilmenite,
showing that ilmenite was no longer a stable phase in the late

stage magma.

An equation may be written that relates the reaction of
ilmenite and pale-mauve pyroxene, with late stage magma, to the
production of pale-green pyroxene and biotite. The equation shows

the relationships of components within phases,and expressed Mg

and Fe free is

0o =

MTlo2 + ZCaTiA1206 + 14810, + 4H2O + 2K

2 2

IN ILMENITE IN PYROXENE IN MELT

Ca,Si,0¢ + 2K, Ti 5 [Sighl,0,4] (OH),

IN PYROXENE IN BIOTITE
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The biotite is most abundant along the southern margin,
and adjacent to xenoliths. This suggests that there may have

been selective leaching of K,0 anddehydration of the country

2
rocks and xenoliths, although no chemical data are available

to support this argument.

The amphibole shows irregular variations which are
consistent with it forming as a reaction product, rather than

by fractional crystallisation.

The petrographic and mineral chemical observations,
indicate that late-stage reactions were a prominent feature of
the crystallisation in the Unit A magma, but also, that magma
conditions were such that the reaction products subsequently
became stable primary phases. This lends support to the con-
tention that liquidus temperatures were low, compared to other
slowly cooled intrusions, the conclusion drawn from the Fe-

rich hypersthene-pigeonite transition.

The lower liquidws temperatures, and stabilisation of
biotite and amphibole, presumably results from the increased
volatiles, principally water, in the magma. At the margins of
the intrusion and in the vicinity of xenoliths, the increased
volatiles may be a function of dehydration of wall rock or
xenolith. The late stage reactions are, however, not restricted
to these rocks, as rocks from the centre of the intrusion also
show these effects. A feature of all the rocks is the strong
zonation of plagioclase and, occasionally, the pale-mauve
Ca-rich pyroxenes. Strong zonation reflects either fairly
rapid crystallisation, or growth from liquid trapped between

rapidly accumulating crystals, andyhence, isolated from the
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over lying magma. (Orthocumulus growth of Wager et al, 1960).
The latter mode is considered more likely in Unit A, as no

obvious evidence exists for rapid crystallisation.

The observed reaction effects in rocks away from the
margins or xenoliths, are interpreted as resulting from 'closed
'system' volatile fractionation, within the trapped liquid.
Initially, pale-mauve pyroxene crystallised from the trapped
liquid between the plagioclase crystals, but continued to react
with the liquid, which became progressively enriched in volatiles,

with fractionation in the trapped liquid.

Plagioclase shows no signs of reaction. This, and the
observed reactions in the mafic and oxide phases, 1s consistent
with the continuous and discontinuous reaction series respectively,:

{
of Bowen (1928) and Osborne (1978). i
|
|

The rocks from Unit A, it was noted earlier, show evidence |
of hydrothermal alteration, which was presumed to be sub-solidus. i
It is unlikely, however, that any real distinction exists between |
very late magmatic (deuteric) alteration, and early sub-solidus,
hydrothermal alteration. The Eatter is, thus, a continuation of
processes occurring in the earlier, magmatic stages. The upper stab-
ity limit of preh nite is approximately 400°C (Liou 1971), which |
indicates that hydrothermal reactions had been operative down

to, at least, this temperature.

3.5. THE GEOCHEMISTRY OF THE UNIT A GABBROS

The X-Ray fluorescence analysis and data reduction
procedures are described in Appendix Three, together with the
tabulated major and trace element analyses and calculated

CIPW norms.
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The variation of major and trace elements in the gabbros
is shown in figure 3.6 a and b, plotted against MgO. The
MgO content reflects the composition and modal abundance of
pyroxene in the gabbros and is, therefore, a good indicator
of fractionation within the intrusion, as pyroxene becomes
more Fe enriched and less modally abundant towards the centre of
the intrusion. Also shown in figure 3.6, is the compositional
range of the aphyric lavas, and the complete range of porphyritic
and non-porphyritic basic lavas from the Eycott Volcanic Group,
from Fitton (1971). Figure 3.7 shows the analysed gabbros
plotted on an AFM diagram, together with the compositional
range of the aphyric lavas and porphyritic lava groundmass
compositions. From both figures 3.6 and 3.7, it will be seen
that there is good general agreement between the compositions
of the gabbros and lavas, supporting a possible cogenetic origin,
with the gabbros representing crystal accumulations of plagioclase,
Pyroxene and ilmenite from the fractional crystallisation of

the Eycott Volcanic Group lavas,

Fitton (op cit) noted that opaque oxides became a
phenocryst phase at approximately 55 Wt% SiOe. In the gabbro
intrusion 1lmenite is an early crystallising phase, suggesting
that the gabbros crystallised from a basaltic andesite com-
position. The phenocryst compositions in the porphyritic
lavas are similar to the compositions of the gabbroic phases,

providing further supporting evidence for their cogenetic origin.

The fact that subunits A2 and A3 contain Ca-poor pyroxene,
suggests that the composition of the lava parental to these

subunits,was slightly different (more Mg+Fe rich) than the

parental lava of subunit A 1.
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The negative correlation of incompatible trace elements
(Ba, Rb, ¥, Nb and Zr) with MgO content, supports a model
of in situ differentiation after emplacement of a single batch
of magma, to produce subunit Al, with slightly later intrusion
of batches of magma of slightly differing composition, to form

subunits A2 and A3.

No conclusions have been drawn for the physical mech-

anisms of differentiation in Unit A.
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FIGURE 3.1.

Analysed plagioclase core compositions from
Unit A gabbros, plotted in part of the ternary felspar

diagram (Orthoclase-Albite-Anorthite).

® Subunit Al
¥ Subunit A2
4 Subunit A3
Dashed line shows the extent of zonation within the

plagioclase margins.
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FIGURE 3.2.

Analysed pyroxene analyses from Unit A gabbros,
plotted in the pyroxene quadrilateral (Diopside-

Hedenbergite-Ferrosilite-Enstatite).

A) ® Pale-mauve Ca-rich pyroxenes, subunit Al.

O Pale-green Ca-rich pyroxenes, subunit Al.

B) Y Subunit A2,

A& Subunit A3,

Tie lines join coexisting Ca-rich and Ca-poorhpyroxenes.
Dashed line(S) is Skaergaard tréﬁd from Broﬂd;(l957),
and Brown and Vincent (1963). T
Compositional range of augite phenocrysts ff&m Eycott
Volcanic Group lavas is shown by dash-dot line on

figure A. (From Fitton, 1971).
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FIGURE 3.3

Biotite analyses plotted in terms of At% Fe

and Al,on basis of 22 oxygens.

Ann = Annite. K, Fe, [814A1,0,,1 (0H),
Si = Siderophyllite. K2Fe5A1[ Si5A130201 (OH) ),
Ea = Eastonite. K MgcAl [315A130201 (OH) ),
Ph = Phlogopite. K Mg, [Si6A12020 ] (oH),
B Unit A
O Ardnamurchan cone sheets (Walsh, 1975)
® Palisades Sill (Walker et al, 1973)
FIGURE 3.4

Analysed amphiboles from Unit A gabbros plotted
in part of ternary system Ca-Fe-Mg, together with

coexisting Ca-rich pyroxenes (upper symbols) and

tie lines. Symbols as in figure 3.1.
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FIGURE 3.5.

Plagioclase-Ca rich pyroxene relationships
in the Unit A gabbros. Symbols as in figure 3.1.
Pal.Palisades sill trend (Walker et al., 1973)

Sk. Skaergaard trend (Wager and Brown, 1968)
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FIGURE 3.6.

a. Major element (Wt%) variation of Unit A gabbros,

plotted against MgO (Wt%) content.

b. Trace element (ppm) variation of Unit A gabbros

plotted against MgO (Wt%) content.

Symbols as in figure 6.1.

Compositional limits of basic aphyric lavas
from the Eycott Volcanic Group are shcwn by a dashed
line, that of the complete range of basic, porphyritic
and non-porphyritic lavas is shown by a dash-dot

line. Data from Fitton (1971).
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FIGURE 3.7.

A.F.M. plot of analysed gabbros from Unit A,
together with the compositional range of basic aphyric
lavas, and porphyritic lava groundmass compositions
from the Eycott Volcanic Group (Fitton, 1971)

Symbols as in figure 6.1.

A = Na20 + K20; F = Total iron as Fb203; M = MgO.
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PLATE" 3.1 Photomicrograph : Plagioclase-ilmenite gabbro
"\

\ 1. Note the chain-

4

from the northern margin of subunit
like growths of the opaque phase.

By ZI . - 3 mm).

=
|

1 © |
LEe LG

PLATE 3.2 Photomicrograph : Plagioclase-ilmenite-biotite-
pyroxene gabbro from the southern margin of subunit Al.
The pyroxene is pseudomorphed, in part, by secondary
amphibole.

7z Q PP Wi A+Hh ~f PIATA Q
(17389. PP. Width of field - 8 mm)



PLATE 3.3 Photomicrograph : Plagioclase gabbro from
subunit Al, with interstitial pyroxene, ilmenite and
quartz. The gabbro shows a faint lamination.

(46. XP. Width of field - 8 mm).

PLATE 3.4 Photomicrograph : Laminated plagioclase-
ilmenite - hypersthene - augite gabbro. The hypers-

o

thene and augite are forming the interstitial grains
in the upper left and the centre right respectively.
(117. XP. Width of field - 8 mm).
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PLATE 3.5 Photomicrograph : Partially pseudomorphed ophit
augite, in subunit Al plagioclase - ilmenite - pyroxene
gabbro. The pyroxene shows repeated twinning on (100Q),
(88. XP. Width of field - 8 mm).

PLATE 3.6 Photomicrograph : Inverted pigeonite,

hypersthene core,

.
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PLATE 3.7 Photomicrograph : Thin plagioclase-rich
vein cross cutting hornfelsed xenolith of lava.
Interstitial ilmenite, augite, biotite and quartz are
present. (5.XP. Width of field - 5 mm).

PLATE 3.8 Photomicrograph : Hornfelsed xenolith of
plagioclase-Porphyritic Eycott lava. The ground mass
is recrystallised and contains biotite. The relict
phenocrysts show marginal sieve texture.

(165. XP. Width of field - 8 mm).
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CHAPTER FOUR
THE PETROGRAPHY AND MINERALOGY OF UNIT B

4.1 PETROGRAPHY

The primary mineralogy of Unit B is fairly simple.
Calcium-rich clinopyroxene, plagioclase and Fe-Ti oxides,
both ilmenite and titanomagnetite, are the major phases
throughout the fractionation sequence. Other phases occur
only in certain subunits,or throughout in small amounts but
become relatively abundant in a particular subunit. They
are apatite in B2, amphibole in B3, and zircon in Bl. Some
phases occur only rarely or in trace amounts, they include
epidote, allanite, pyrrhotite and pyrite. Quartz and alkali
felspar occur throughout as micrographic intergrowths, but
their coarseness and abundance vary greatly, the significance

of which is discussed in later sections.

No olivine exists. The occurrence of calcium=-poor
pyroxene is restricted to exsolution lamellae in calcium-

rich pyroxene,

Textural relationships vary considerably throughout the
unit, and it is not easy to define the typical occurrence
and form of any particular phase., Nor is it instructive to
present typical médes, as the proportions of major phases

vary considerably within each subunit.

The 'typical' occurrence and form of the major phases
throughout the fractionation sequence is described for each
phase, and the effects of alteration summarised in the

following section. The most important textural variations
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are then described and discussed in separate sections. Modal
variations,and the significance of petrographic observations to
the petrogenesis of Unit B,are deferred until Chapter Six,
after the section describing the mineral chemistry. Modes
when quoted in the following text are weight per-cent modes.
Plates 4.1 to 4.6 show photomicrographs of rocks from subunits

B2 to BS5,

4,1.1. Plagioclase.

Plagioclase is present in all the subunits of Unit B.
It occurs in roughly equal proportions with pyroxene in
subunits Bl and B2, however, it becomes the dominant phase
in subunit B3, and reaches.up to 65 modal % in the
ferrogranophyres of B4, In B5 it forms phenocrysts or glomero-
porphyritic aggregates with other plagioclase crystals or
mafic crystals. Typically it occurs in well formed tabular
prisms, or laths, and although it shows considerable size
variation, most crystals are between 2 to 5 mm.in length.
In laminated samples individual crystals reach up to 1 cm.
in length. Twinning is very common on Carlsbal and Albite
Laws, and occasionally on Pericline Laws. The albite and
pericline twins are usually fairly fine. Elongated crystals
tend to show only a single Carlsbad twin and in the more
fractionated subunits, untwinned crystals are common.
Virtually all crystals show normal zonation but the degree
of zonation varies, often being quite strong marginally.
Oscillatory zoning occurs in subunit B5 but usually shows

only a single reversal.

b.1.2. Pyroxenes.

talcium rich pyroxene occurs throughout the fractionation



66

sequence. It is roughly equal in abundance to plagioclase

in subunits Bl and B2, but becomes subordinate in B3 to B5,
where it rarely exceeds 20 modal %. It normally occurs as
euhedral eight sided prisms, typically 1-2 mm in length,
although elongation up to 8 mm does occur. Elongate forms
have a tendency to subophitic and occasionally subskeletal
morphology (P1.4.7.). Both euhedral and subskeletal forms

can occur in the same section. In more mafic rocks, which are
more susceptible to hydrothermal alteration, the pyroxenes

are often a pale green colour, but otherwise they are pale
brown. In the pegm atitic facies of some subunits, the pale
green type predominates. Normal zonation is a common feature,
but is usually only slight except in subunit Bl,where marked
marginal zonation occurs. Thin exsolution lamellae of a
calcium-poor pyroxene, exsolved parallel to the (100) cleavage
plane,occur throughout the fractionation sequence but are not
a common feature, The pyroxenes of subunit B2
often have a core region that is crowded with very fine
opaque material (Pl.4.8. ), possibly an iron oxide phase.
Whether it is an exsolution phenomena or a lower temperature
equilibration phenomena is not certain, but the boundary of the

core-region is often very sharp, and has euhedral form.

4,1.3. Amphiboles.

Amphibole is a minor phase throughout the fractionation
sequence, but is most abundant in subunit B3, when it can
equal pyroxene modally. It rarely,however,exceeds 5 modal Z%.
While blue-green or palé-olive fibrous amphibole is of

secondary hydrothermal origin, the amphibole referred to here.

is undoubtedly magmatic in nature. It is generally strongly
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ple ochroic in shades of pale-brown, green and straw-yellow.
It occurs both as a discrete phase, rarely exceeding 5 mm. in
length, or as a mantling to pyroxene crystals (P1l.4.9. ).

The mantle is usually partial but can be complete, and the
pyroxene~amphibole boundary is sharp. Amphibole is a common

feature of the pegmatitic facies.

4,1,4, Iron-Titanium Oxides.

Ilmenite and titanomagnetite occur in subunits Bl to
B4 but only the latter has been detected in B5. In Bl the
oxides appear to be late forming, being excluded from the
plagioclase and pyroxene, but are euhedral in form, and up to
0.5 mm. in size. Both ilmenite and magnetite are most abundant
in the ferrogabbros of B2, where they are early crystallising
phases, forming up to 20% of the mode. They reach up to 2 mm.
in size and are subhedral in form, occasionally they are

sub-skeletal.

From B3 to B5 the amount of Fe-Ti oxide rapidly decreases
in abundance, rarely exceeding 5 modal %,and usually forms
small (0.5 mm) subhedral crystals. In these rocks they also
commonly occur in association with the pyroxene, often as
inclusions within the latter, notably when the pyroxene has
elongate and subskeletal form. The ilmenite is homogeneous,
but the titanomagnetite has very thin lamellae of ilmenite,
exsolved in a Widmanstatten trellis pattern, on (111).
Oxide phases are very susceptible to hydrothermal altera tion,
and commonly have been altered to a dark red-brown or grey
semi-opaque material. Magnetite has been particularly affected,

and often only the exsolved ilmenife lamellae remain. In
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some sections a second,apparently later,homogeneous magnetite

has formed, probably during hydrothermal alteration.

4,1.5. Apatite.

Apatite forms small (0.5 mm) slightly elongated
hexagonal prisms in the more fractionated parts of subunit Bl.
It is most "abundant in subunit B2, however, (P1.4.2. ), where
euhdral prisms up to 1 mm. in size form up to 5 modal 7%.

They are enclosed by pyroxene, plagioclase and opaque oxides,
indicating their early nucleation and growth. Small crystals
occur in the more basic members of subunit B3, but become

very scarce in more fractionated rocks.

4,1.6. Zircon.

Zircon occurs in the more fractionated members of all
the subunits. It is most abundant, however, in subunit Bl4,
where the high level of zirconium ( 600ppm.) suggests that
zircon forms approximately 0.05 modal %. Except in pegmatitic
facies, crystals rarely exceed 0.3 mm. in size,and form
cubic or sub-prismatic sections. They appear to be magmatic,
and no evidence for relict, inherited, zircons exists.

Commonly the zircons occur in association with the mafic
phases, particularly in subunit B5,where they almost exclus-
ively occur in the glomeroporphyritic clusters (P1.4.6, ).

When they occur hh association with amphibole, they produce

dark pleiochroic haloes.

4.1.7. Quartz and Alkali felspar.

Quartz occurs as discrete grains throughout the sequence,

but probably results from hydrothermal re-equilibration. Most
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of the quartzshowever, is micrographically intergrown with
alkali felspar. The intergrowths increase in abundance
laterally within the vertical sheets of the various subunits,
and also in the pegmatitic facies of the subunits, the
significance of which is discussed in later sections. The
coarseness of the intergrowths varies considerably from

one subunit to another, also within subunits, particularly in
the pegm atitic facies, when it is almost graphic. Many of
the granophyres of subunit B5 contain spherulitic intergrowths
in addition to micrographic,and are occasionally microfelsitic.
In coarser intergrowths the alkali felspar is seen to be
perthitic. No discrete alkali-felspar crystals have been

detected, except in the peg matitic facies.

4,1.8. Accessory phases.

Primary epidote, mantling allanite (Pl.4.16.) occurs
very rarely in the pegmatitic facies of subunit B3. The
allanite has euhedral form and is very dark brown in colour.
The epidote is pale green. Pyrrhotite and pyrite exist in
very small amounts. Other phases occur very occasionally
and probably result from hydrothermal alteration, principally

of Fe-Ti oxides., They include biotite, sphene and rutile.

4.,1.9. Hydrothermal alteration.

Hydrothermal fluid (presumably,principally water) - rock
interaction varies considerably in degree, but not in effect.
Primarily because of their more basic and mafic mineralogy,
subunits Bl and B2 have been more susceptible to alteration.
The alteration is often selective on a microscopic scale,

affecting some phases but not others, and inhomogeneous
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on a centimetre scale, affecting, say,pyroxene 1in one area
but not in another, sometimes producing a spotting effect
in hand specimen, most notable in the pegmatitic facies of

subunits B2 and B3, (plate 2.1)

Plagioclase becomes sericitised or occasionally
albitised, notably in subunit Bl, where almost complete
alteration has prevented any optical or microprobe deter-
mination of the core compositions. In strongly zoned crystals
sericitisation is seen to be restricted to the more calcic
core regions. Pyroxene is replaced by pale ochre coloured
anthophyllite or blue-green actinolitic hornblende. The
latter also replaces plagioclase and the alkali-felspar of
micrographic intergrowths. Fe-Ti oxides are oxidised and
replaced by haematite, leucoxene, sphene, rutile and
occasionally biotite. Amphibole is replaced by biotite and

blue-green actinolitic hornblende.

Alter ation is rarely complete and in more fractionated
rocks (B3 to B5) is often only incipient, and restricted to
sericitisation of plagioclase cores. This suggests that
the hydrothermal fluids, whatever their composition, are more

or less in equilibrium with the more fractionated rocks.

4.1.10. Variations in Texture.
4.1.10.1. Crystal growth rate dependent textures:

Disequilibrium growth textures, particularly in pyroxenes,
are a common feature of rocks in Unit B, but are best developed
in subunit B2, along the southern margin where the ferrogabbro

is closely adjacent to the northern contact of unit A, in
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the lower FurtherGill Sike region (MR 35I12,3339, ; Sample 135).

Plagioclases are elongate and curved, reaching up
to 1 cm. in length. They have a core which is mantled by a
more basic zone, followed by normal zonation to the margins.
The zonation is continuous, without sharp breaks. P yroxenes
show curved, branching, and borkécrew' growth forms, up to
3 em. in length (P1.4.10. ). The corkscrew effect is suggested
by two lines of evidence. The birefringence changes along
the length of single pyroxene crystals, and the (100) twin
plane, when present, migrates from a central position to the
margin, when the twin plane disappears as the section becomes
parallel to (010). Small euhedral grains of opaque-oxides
occur in the cores of the pyroxene. Apatites are skeletal
or needle like, (P1,4.11, ), and their length to breadth
ratio (l:b) has increased up to 20:1. Occasionally a subhedral
central prism is elongated at either end, along the c-axis,
with thin needle like growths producing an overall length
of up to 1 cm. Fe-Ti oxides are also skeletal, but this form

is very often obscured by later resorbtion effects.

The plagioclase form and zonation are similar to those
produced from melts in the system albite-anorthite with
undercooling ( AT), below the liquidus, of 100-200°C
(Lofgren, 1974). Hollow, elongate, skeletal crystals grow
initially and become infilled and moulded by lower temperature
components, as AT converges on liquidus temperatures. A
similar interpretation was proposed by Wager and Brown
(1968, p.112) for textures shown by plagioclases from the

Marginal Border Group of the Skaergaard intrusion.
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Elongate, curved,and branching phenomena in olivines
have been produced experimentally in charges of ultrabasic
and basic composition for various AT's (Donaldson, 1976),
while similar morphologies in olivines and pyroxenes have
been noted in natural examples by Donaldson (1974), Lofgren
and Donaldson (1975) and Fleet (1975). No examples of the
corkscrewing phenomena have been described in natural

pyroxenes, to the author's knowledge.

Crystal growth may occur by at least three mechanisms;
continuous growth, surface nucleationyand screw dislocation
(Uhlmann, 1972, Kirkpatrick, 1975). Kirkpatrick et al (1976)
performed growth rate experiments at various AT's, which
indicated that the type of growth can be distinguished by the
dependence of growth rate on the degree of undercooling. They
found that in melts of anorthite and diopside, anorthite
grew by surface nucleationyand diopside by screw dislocation.
Diopside was only the second silicate material known to do
so. It is clearly possible that pyroxenes will produce spiral
crystals by a screw dislocation growth mechanisms, given

certain conditions of growth rate and undercooling.

Elongate and skeletal apatites and skeletal Fe-Ti
oxides are common phenomena in quickly cooled differentiated
dolerites. Wyllie et al (1962) produced skeletal, hollow,
and elongate apatites in dynamic crystallisation experiments
of phosphorous bearing compositions. They related increased
length to breadth ratios to AT, but did not calibrate the

relationship.

The features described in the ferrogabbros of subunit

B2 are,thus,interpreted as being produced by undercooling,
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or supersaturation, of the Fe, Ti and P enriched melt. Rapid
growth of phases has occurred normal to the cooling surface in
the manner described by Lofgren and Donaldson (1975). Such
textures are similar to 'Willow lake layering", as described
originally by Taubeneck and Poldervaart (1960), but have since

been termed comb layering by Lofgren and Donaldson (op. cit).

Disequilibrium phenomena produced by rapid growth

occur in other subunits. The pyroxenes at the margin of
subunit Bl (MR 3513%, 3392, Plate U4.12) show sector zoning.
Simple forms predominate ((110) and (100)), and fractionation
of elements has occurred between sectors. Subskeletal and
hollow pyroxenes occur in subunits B3, B4 and B5 (Plate 4.7.

aondb ). Disequilibrium growth produces a characteristic
chemiaxy within pyroxenes, and further discussion of this
aspect of these pyroxenes is deferred until the section dealing

with pyroxene chemistry (section 4.2.2).

A further point of interest relating to the hollow,
subskeletal pyroxenes in subunits B3 to B5, is the occurrence
of opaque oxides concentrated in chains along the length
of these pyroxenes. It is suggested that the rapid growth
of the pyroxene, particularly along the C-axis, has caused
rapid depletion of pyroxene components in the immediate

magma surrounding the crystal.

While these components are diffusing toward the
crystal surface from the surrounding melt a condition of
constitutional supercooling exists with respect to oxide
components at the growing front of the pyroxene. Super-

saturation of oxide components,causes inhomogencous nueleation
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of Fe-Ti oxides on the growing pyroxene crystal, and after a
period of growth become trapped,and isolated from further

growth, by the advancing crystallisation of the pyroxene.

The spherulitic growth of quartz and alkali felspar
in the B5 granophyre, must be considered evidence of rapid

growth produced by undercooling in the acidic melt.

4,1.10.2. Pegmatitic facies.

Pegmatitic facies occur in different sheets and subunits,
but show very similar textural and mineralogical changes from
their associated rocks. These changes can be described under
three headings; textural changes, growth of new phases, and

replacement and resorbtion textures.

Textural changes : Plagioclase changes from euhedral
prismatic crystals to elongate tabular laths or prisms, up to
2 cm. in length (P1.4.13.). It tends to lose its albite
twinning although a single carlsbad twin is usually retained.
The crystals also show strong normal zonation. Pyroxenes
become less abundant, but much larger, occasionally up to 2 cm.
in length. They become elongated and subophitic, and change
from pale brown to pale green, although sometimes only near
the margins. The pyroxenes are untwinned, unlike the
supercooled pyroxenes of subunit B2, but do show corkscrew
growth (P1.4,14.),as indicated by variation in birefringence
along their length., Apatite consistently changes morphology
with increasing pegmatitic development, from euhedral
hexagonal prisms, to more elongate prisms,and finally to
elongate needles (P1.4.13.) with 1:b ratios of up to 60:1.

Zircons change from small square sections, becoming much larger
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(~1mm) and showing sub prismatic form (P1.4.15.). A form

of optical zonation is apparent, but may reflect individual
growth zones. No relict cores were observed. Quartz-alkali
felspar intergrowths change from micrographic to graphic, with
spectacular feather and regular cuneiform growths. The

alkali felspar shows fairly coarse perthite exsolution

Growth of new phases : Amphibole rims grow on
pyroxenes (P1.4.9.), and discrete amphiboles often grow
to spectacular sizes, up to 8 cm. in length. Epidote
and allanite (P1.4.16. ) occasionally grow as new phases.

Interstitial carbonate becomes more abundant.

Replacement and resorbtion effects : Fe-Ti oxides show
a peculiar resorbtion effect, different to that developed
by hydrothermal alteration. A 'sausage' texture develops,
with worm like relicts of ilmenite, set in plagioclase or
pyroxene, and occasionally showing no apparent reaction

products, The original outline of the crystal is often still

apparent. (Pl.4.1Z)

Another effect, observed in the loose blocks between
the head of Further Gill Sike and Pike summit, is the very
spectacular growth of a dendritic mafic phase (P1l.4.13,

a and b ), probably originally pyroxene, but now
amphibole. These dendritic forms grow up to 20 cm. in
length and consist of thin (< 5mm) radiating or parallel
growths, often with a single origin. The elongate growths

have small teeth like projections normal to the growth

direction.
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4.1.10.3. Plagioclase rich segregations.

Many of the samples from subunits B2 and B3 show
igneous lamination. In one particular lamirated ferrogabbro
(MR 3405, 3355 Sample 163 ) , thin schlieren and segreg-
ations up to 5 cm. in width occur. They are composed largely
of well formed tabular laths of plagioclase,up to 5 mm. in
lengthyand showing little zonation. Clusters of small
apatite prisms occur interstitially to the laths. Small
euhedral Fe-Ti oxides are scattered throughout the segreg-
ation and pale brown ophitic pyroxene is occasionally
fouhd. Quartz and alkali felspar intergrowths occur very
occasionally. The margins of the segregation are fairly
sharp in hand specimens, but are diffuse on the microscopic
scale. The margins show features common to both the
segregation and the matrix, over distances of 5 mm. The

segregations also show lamination.

4.1.10.4. Xenoliths, hybrid,and contact features.

The dark patchy areas in the granophyre from lower
Scurth (MR 3510,3388 ),and the darker granophyre from south
of Round Knott (MR 3345, 3372),have thin acicular amphiboles
in a plagioclase=-alkali felspar-quartz felsitic matrix. 1In
both areas they are cut by pink microfelsitic veins of
quartz and alkali felspar. These darker coloured variants
possibly represent hybrid granophyres or resorbed and reacted
xenoliths, but also may be hybrids associated with the
emplacement of subunit Bl. A xenolith of acid material in the
margin of subunit Bl on Round Knott, is a flowbarrded rhyolite

whose origin is unestablished. Fine grained xcnoliths of
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micro gabbroie material, consisting largely of plagioclase,
amphibole,and Fe-Ti oxides,occur in the margin of subunit
Bl, north of Carrock Fell summit (MR 3414, 3394, Specimen 35).
They possibly represent reacted autoliths of subunit Bl
material. Veins of dark material cut the granophyric
xenoliths in subunit B4 in the cliffs at the head of
Further Gill Sike (MR 3503, 3342, Specimens 124-126). The
veins are of B3 and B4 material, with fairly coarse, but
not peg matitic, granophyric intergrowths. The xenoliths
thémselves are either fine grained pyroxene-plagioclase
granulites, presumably recrystallised B3 or B4 materials,
or they show abundant acicular ple ochroic amphiboles in

a matrix of discrete grains of quartz, alkali felspar and
plagioclase. They are probably of hybrid origin, as suggested
by their textures, but whether from B4 and B5 or some other
material,has not been determined. Small granular acidified

xenoliths of Eycott type lava occur occasionally in some of

the subunits.

Specimens of subunit B5 granophyre, close to the
margins of subunit Bl or BY4 and from the screens in the
FurtherGill Sike region, show the effects of hornfelsing.

The micrographic intergrowths are recrystallised giving a

'micro blebby' appearance.

4.2. MINERAL CHEMISTRY

This section describes the mineral chemistry of
the main groups of minerals. Emphasis is placed on chemical

variation with fractionation, and the physio-chemical controls

on crystallisation. Mineral analyses were obtained by
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electron-microprobe. The analysis procedure and conditions,
data reduction, and mineral analyses are described and

tabulated in Appendix two. ©No data have been obtained for

apatites or zircons.

4.2.1. Plagioclase.

The plagioclases of subunit Bl are extensively altered,
especially the cores, so no systematic analysis was possible.
Analyses of core compositions of plagioclases from subunits
B2 and B5 are represented in figure 4.1, in terms of the

end member molecules Orthoclase~Albite-Anorthite (Or-Ab-An).

Each of the subgroups forms a distinct cluster of
analyses, which has partly formed the basis for division into
subgroups B2, B3, B4 and B5. The plagioclases from the
subunit B2 ferr ogabbros are An57-52, those from B3 are
Anl7-44, and from B4 + B5 ferrogranophyres and granophyres,
An36-26. The B5 plagioclases show marked marginal increase in

Or. Zonation is usually normal and fairly marked.

"

Most of the chemical variation in the plagioclases

is described by the single coupled-substitution SiNa = AlCa.
Ab content increases with decreasing temperature. K2O also

increases with Ab coﬁtent, but generally remains below

3.5 Or%, except in subunit B5, where marginal zonation

to Or,, occurs. There is an illdefined relationship between

the Fe content of the plagioclases, and whole-rock Fe content.

FeO varies from 0.6 Wt% in B2 to 0.18 Wt% in BS5.

Plagioclase is the only felspar to crystallise as a
liquidus phase, and,therefore,the plagioclase liquidus minimum

1s not confined to the two-felspar solvus in the system
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An-Ab-Or  (Carmichael, 1963). This probably accounts for
their low K20 content, which together with the absence of
other K,O0 bearing phases, may account for the increase in
K2O/Na20 with fractionation. Figure 4.2 is a plot of normative
whole-rock felsic components in the system Ab-Or-SiO2-H20
(Tuttle and Bowen, 1958), for subunits B3 to B5. The rocks
all plot in the Ab field, with a trend away from Ab with
increasing fractionation. They show a close correlation with
the inferred Skaergaard liquid trend, (Wager and Brown, 1968;
Carmichael, 1963). The trend does not intersect the two-
felspar thermal valley, nor the quartz-felspar surface at
PH2O 1.5 kg.cm—z. This accounts for the presence of only
one felspar, and the absence of quartz phenocrysts in the
rocks from unit B, alkali felspar and quartz being restricted

to granophyric intergrowths.
N\

4,2.2. Pyroxenes.

Figure 4.3 shows the variation in principal end-member
components for the complete range of calcium=-rich clino-

pyroxenes from unit B. Figure 4.4 A to K, shows the detailed

variation within the five subunits.

The suiteyas a whole, shows a marked trend towards
iron enrichment. The range of compositions is from
Wold5En4ldFsll to WollEnl.5Fsll.5, with a minimum at approx-
imately WoldOEn35Fs35. Normal zonation reflecting substitution
of Mg::eFe2+, within a particular specimen or single pyroxene,
is uSually fairly limited, less than 0.10 Fe/Fe + Mg, except

in subunit Bl where individual pyroxene show marginal zonation

of 0.30 Fe/Fe + Mg.

!
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The overall trend is subparallel to the Skaergaard
trend (Brown, 1957; Brown and Vincent, 1963), but is notably
enriched in the Wo component, compared to the latter. The
trends do, however, show some convergence at Fe-rich
compositions. There is no evidence in the Unit B rocks of
Ferro f Wollastonite inversion,as in the Skaergaard rocks

(Brown & Vincent 1963).

Boyd and Schairer (1962) and Kushiro and Schairer
(1963) have shown egperimentally that augites crystallising
at lower temperatures, are likely to contain less (FeMg)SiO3
component, than those crystallising at higher temperatures.
This effect is presumably a function of the shape of the two
pyroxene solvus. Ross et al (1973) show the solvus to be
convex toward the Di-Hd join, and wider at lower temperatures.
It has been shown that H,0 has had a significant role in the
evolution of the Unit B magma (Chapter 6). The high Ca0
content of the Ca-rich pyroxene may be a function of low
liquidus temperature, produced by high water content,
and the expansion of the two-pyroxene solvus at lower tem-
peratures.’ Low temperature liquidus~solidus relations do
not, however, explain the lack of a Ca-poor pyroxene phase.
This can only be explained by the liquidus minimum being
in the one-pyroxene field, and not intersecting the solvus to

produce cotectic crystallisation of Ca-rich and Ca-poor

pyroxene.

It is clear, however, that the Ynit B trend is related
in some way to the solvus, as it shows a minimum Wo compos-
ition, and the pyroxenes throughout the range occasionally

show very thin exsolution lamellae of calcium-poor pyroxene,



81

unlike mildly alkaline trends (Gibb, 1973), or thoroughly
alkaline trends, which are subparallel to the Di-Hd join,
and tend to be more Wojenriched than even the Unit B trend.
Unless diffusion was inhibited, thus preventing more widespread
exsolution of Ca-poor pyroxene, the abundance of calcium in
the Unit B pyroxenes is probably very similar to that & the
time of crystallisation. The Unit B trend, as a whole,

is very similar to the sub-solidus Ca-rich pyroxene trend

of the Skaergaard intrusion, as determined by electron-probe
microanalysis (Nwe and Copley, 1975; Nwe, 1976). The trend
of Brown (1957) and Brown and Viﬁcent (1963) was constructed
from bulk analyses of pyroxene separates, and thus includes
any component of exsolved Ca-poor pyroxene, and represents
the composition of the pyroxenes at the solidus-solvus inter-
section. It is probable that fhe subsolidus Skaergaard
trend, and the Uinit B trend,are constrained by the lower
temperature limit of effective diffusion, as suggested by

Elsdon (1971) for the Kap Edvard Holm pyroxene trend.

The two-pyroxene solvus must represent a signif-
icant departure from thermodynamic ideality, as do regions of
immiscibility in silicate melts. Irvine (1975), has observed
experimentally the tendency for cotectic boundaries to skirt
around regions of non-ideality (immiscibility) in silicate
melts., It seems possible therefore, that under certain
circumstances, the liquidus minimum in the augite field,
if sufficiently close to the two-pyroxene solvus, might show
a tendency to skirt around it rather than intersect it. It
would thus prevent the separation of a discrete calcium-poor

pyroxene, but the resultant Ca-rich trend would show the
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features typical of tholeiitic trends, namely a Ca-minimum,

and subsolidus exsolution of Ca-poor pyroxene.

The position of the pyro#ene minimum is undoubtedly
controlled by factors which affect the stability field of
Ca~poor pyroxene (Campbell and Nolan, 1974). The stability
field is related either to the reappearance of cumulus
olivine (Poldervaart and Hess, 1951; Lindsley and Muncz,
1969; Campbell and Nolan, 1974), or to a peritectic reaction
between pigeonite and liquid (Brown, 1957; Nwe and Copley,
1975; Nwe, 1976), causing a shift of the intersection of
the liquidus minimum towards the Ca-rich limb of the solvus,
to eventually become decoupled to form a liquidus minimum
in the one-pyroxene field (Muir, 1954). Whatever the cause
of the pyroxene minimum, it is surely the phase relationships
and the shape of the solvus at the limit of the two-pyroxene
field that are the controlling factors, as in Unit B neither
Ca-poor pyroxenes nor olivine are liquidus phases. Para-
meters such as Q4 8i0,,P, and T (Campbell and Nolan, 1974)
or fO2 (Carmichael et al, 1970) influence the position of

the minimum and the size of the solvus.

There seems to be a very strong correlation of the
pyroxene minimum, with the crystallisation of Fe-Ti oxides
in most tholeiitic suites. The stability of Fe-Ti oxides
is‘principally influenced by the fO0, of the magma (Osborne,
1959). It may be, therefore, that £O, and Fe-Ti oxide
stability is influencing the position of the minimum, rather
than the stability field of Ca-poor pyroxene. The apparent

Ca-enrichment of the Ca-rich pyroxene trend, after the
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minimum composition, may be a result of Fe depletion in the
liquid consequent upon Fe-Ti oxide crysfauiiation, thus, it
should be interpreted as a lack of Fe-enrichment in the
pyroxene rather than an enrichment of Ca. Notably, the rate
of increase of Fe in the Ca-rich pyroxenes does show a slight
decrease, over the initial range of crystallisation of Fe-Ti oxide.
The crystallisation of Fe-Tioxides causes a marked change in
liquid composition and melt structure in tholeiitic liquids,
notably,QSiO2 and activity of alkalis increase. The QSiO,

has a controlling effect on the stability of Ca-poor pyroxene
(Campbell and Nolan, 1974). The suppression of Ca=-poor
pyroxene may, therefore, be a secondary effect of Fe-Tioxide
crystallisation. The effect of increased activity of alkalis,
may be to increase the width of the pyroxene solvus, and
therefore enhance the subsequent apparent Ca-enrichment in

the Ca-rich pyroxenes.

Campbell and Nolan (1974) suggest that beyond the
pyroxene minimum, the Ca-rich pyroxene composition is no
longer confined to the solvus and migrates towards the Di-Hd
join. The implications of this would be that fractional
crystallisation of Ca-rich pyroxene alone does not control
the evolution of the residual liquid, which becomes depleted
in Ca0, and that participation of a Ca-poor phase,such as
0livine or magnetite,ié necessary to cause augite to become
more calcic (Huebner and Turnock, 1980). If the Ca-rich
pyroxene composition was not confined to the solvus, it would
become a function of melt composition. It is surprising,

therefore, that most Ca-rich pyroxene trends from tholeiitic
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rocks, tend to converge in the Fe-rich p ortion of the pyroxene
quadrilateral, and intersect the Fs-Hd join at between Wolo
and Wolld, It is also of noteythat Lindsley and Munoz (1969)
found experimentally that Hdgg in equilibrium with pure
fayalite and silica, at low pressure and 930°C, had the

composition Wol4OFs60.

The existence of sub-solidus exsolution lamellae of
Ca-poor pyroxene in Fe-rich pyroxenes crystallised in the
one pyroxene field in-Unit B and in other tholeiitie intusions,
suggests that the pyroxene crystallised above the pyroxene
solvus. At the lower liquidus temperatures of Fe-rich
pyroxenes, it is unlikely that the solidus was far above
the minimum temperature for effective diffusionto allow
redistribution of the Ca-poor pyroxene component. Thus,
the existence of exsolution lamellae at all, supports the
contenﬁion that the liquidus minimum was not far above the

solvus surface.

It is suggested that althought the Ca-rich pyroxenes
were crystalising in the one-pyroxene field, the two-pyroxene
solvus still had a profound effect on the crystallisation
path of the Fe-rich pyroxenes, beyond the pyroxene minimum.
Ross et. al. (1973), show the solvus to be assymmetrical
towards the Ca-rich compositions, with the rate of steepening
of the solvus limb, increasing with decreasing temperature.
Figure 4.5, modified from Ross et. al. (op. cit.), shows that
because of the assymmetry, pyroxenes Al and Bl, crystallising
at liquidus minima close to the crest of the solvus, at

temperatures X1 and Y1, will have differing Wo contents.
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With fractionation at lower temperatures, pyroxenes A2 and B2,
crystallising at X2 and Y2 will have converging Wo contents,
despite the same differences in liquidus temperatures, because

of the steepening limb of the solvus.

Figure 4.6 shows the variation of minor components Al, Ti
and Mn plotted against 100.Mg|Mg+FeFM), a good indication of
the degree of fractionation. Al and Ti decrease in concen-
tration with fractionation up to approximately FM = 70; then
show a very slight increase to a maximum at approximately FM = 80,
followed by a further decrease. Zoned core-margin analyses
for Al and Ti are Jjoined by tie linesf In subunits Bl and
BlY to B5, the tie lines are subparallel with the overall
trends, in subunits B2 to B3, however, the tie lines run
oblique or even normal to the main trends, indicating that
pyroxene is not controlling Al and Ti fractionation in the
liquid. Mn increases with fractionation, but shows a slight
flattening of slope between FM50 to 80, probably related to
the cotectic crystallisation of Fe-Ti oxides (ilmenite contains
4-5 Wt % MnO). Na is low and shows nc systematic variation.
Cr is high, up to 0.55%Cr203, in pyroxenes of subunit B1l,
but falls off very rapidly.

Figure U4.7a shows the variation of Al with Si. The
fields for the subunits have been outlined for clarity, and
core-margin analyses are joined by tie lines. Some of the
lateral spread is possibly as a result of error in Si
determination (see Appendix Two ), however, the overall trends
are considered representative of actual variation. There is

a lateral spread within each subunit, about Al+Si = 2.0 atoms,



86

with most of the analyses showing an excess of Al over that
required to fill the 2z site. Points also fall below the
line, however, and may indicate incorporation of Ti into
the z site. The Al contents are fairly high and show a
negative correlation with fractionation. Figure 4.7b shows
the variation of Ti with Al. Both Al and Ti are high, and
while Al shows a negative correlation with fractionation,
Ti shows less tendency to do so. The Al:Ti ratio, therefore,
shows a systematic decrease from subunit Bl to B5, although
there is considerable overlap, as there is with Si v. Al.
Within the subgroups Al:Ti decreases with decreasing Al

content.

Excess of Al over that required to fill the z site

suggests incorporation of Ca-Tschermaks' molecule (CaAlZSiOG),

as does Al:Ti ratios of greater than 4:1. Al:Ti ratios
between 4:1 and 2:1 suggest incorporation of R2+TiA12O6
(Yagi and Onuma, 1967; Bence et al., 1971).

The negative correlation of Ca-Tschermaks molecule
(CaA128i06) with fractionation,could be related to increasing

08102 in the melt (Carmichael et al 1970),according to the

reaction:
CaA1281O6 + Si02;==-CaA1281208
in Pyroxene in melt in Plagioclase

Campbell and Borley (1974) relate the uptake of CaA125i06
to increased OA.12O3 and decreased aSioa, which is supported
by the observations of Barberi et al. (1970),who show that

the CaA128i06 content of the pyroxene is low when plagioclase
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crystallises early, thus decreasing (1A1203 and increasing
QSiOe. This is also consistent with the Unit B data, as
Ca-Tschermaks decreases in pyroxene with fractionation, as
plagioclase becomes more dominant. Gibb (1973), however,
relates the Al content in the pyroxene to the Ti uptake, as
there is a positive correlation of Al with Ti. As Ti

drops in the pyroxene during Fe-Ti axide crystallisationyso
does Al. The Al:Ti ratio remains constant, suggesting

that R2*TiA1206 is the dominant substitution, however, and
not CaA128i06. One of the features of the Unit B pyroxenes
is that they have crystallised fairly rapidly as evidenced
by skeletal growth, sector zoning,and corkskrew growth,
attributed to growth under supercooled conditions. Grove
and Bence (1977; 1979), Coish and Taylor (1979), and
Gamble and Taylor (1980), have shown experimentally,in synthetic and
natural compositions, both terrestrial and lunar, that

Ti and Al uptake is dependent on rate of crystallisation.
While activity relationships may have an effect on Al and
Ti uptake in the Unit B pyroxenes, the metastable incorporation
of CaAl,SiO; and R2+TiA1206 molecules, during rapid growth
is considered to be a contributing factor to the higher Al

and Ti contents, as compared to other tholeiitic trends.

Sector zoning is shown in the augites of subunit Bl,
but especially well in sample 32. There are slight differences
of interference colour and extinction angle between adjacent
sectors. The prismatic face (100), and the (100) sector are
shown in stippled ornament in figure 4.12. The adjacent
unstippled sector is the non-prismatic sector,and is

designated as (110) or «(010),but could also be a (111)



88

type sector. Analysed points are also shown. The analyses
are tabulated in Appendix Two, and the average analyses for
prismatic and non-prismatic sectors are shown in table 4.1.
The averages exclude points 9 and 10, as these show the
extent of normal marginal zonation. Table 4,1 also shows
the distribution coefficients between the sectors for all
the elements analysed (KD = concentration in prismatic
sector/concentration in non-prismatic sector). The distribution
coefficients indicate that Al, Ti, Cr, Fe, Ca and Na are
preferentially fractionated into the prismatic sector, while
Si, Mg and Mn are enriched in the non prismatic sectors.
Ca/Ca+Fe+Mg values are 0.45 in the (100) sector and O0.44 in
the adjacent sectors. The Al1/Si and Al/Ti sectorial
interrelationships have been indicated in figures 4.7.

aandb.

Many occurrences of sector or 'hourglass' zonation
have been described, principally in titanaugites from alkalic
hypabyssal and volcanic rocks. A review is given by Deer
et al. (1978). Nakamura and Coombs (1973) and Nakamura (1973)
describe sector zoned pyroxenes from a tholeiitic dolerite,
which have a Ca/Ca+Mg+'e distribution opposite to that shown
in the Unit B augites, and which show no intersectorial
variation between Al and Ti. 1In this respect the subunit B

pyroxenes are more similar to alkaline types.

Mechanisms for sectorial fractionation have been
proposed by Dowty (1976),Hollister and Gancarz (1971),
Leung (1974), Nakamura (1973), and Thompson (1972). It is
well established that sectorial fractionation is produced

on surfaces of adjacent crystal fac es, simultaneously
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TABLE 4.1

Average analyses for prismatitic (100) and non-prismatic
sectors (110) (010) (111) from sector zoned pyroxenes 1in
sample 32 (Analysed points shown in figure 4.8 and are
tabulated in full in Appendix 2).

KD = concentration in prismatic sector

concentration in non-prismatic sector

PRISMATIC NON-PRISMATIC Ky

SECTOR SECTOR |
510, 49.95 51.13 0.98
A1203 3.41 2.04 1.67
Ti0, 1.18 0.79 1.49
Cr,05 0.31 0.23 1.35
FeO 7.40 7.21 1.03
MnO 0.27 0.32 0.84
MgO 14.96 16.10 0.93
Ca0 22.1% 21.86 1.01
Na,0 0.30 0.22 1.36
TOTAL 99.91 99.90

ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS

Si 1.866 1.903
AL ©0.150 0.089
Ti 0.034 0.022
cr 0.009 0.007
Fe 0.231 0.224
Mn 0.009 0.011
Mg 0.833 0.892
Ca 0.886 0.872
Na 0.009 0.009

number of points 6 6
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growing under identical conditions of pressure, temperature
and composition of the surrounding melt, but differences

of opinion exist as to the exact mechanism. It is undoubt-
edly related to two factors, the internal structure of the
pyroxene, and probably also the difference in growth rate
of different fac es. These conclusions are drawn, because
disequilibrium growths of olivine or plagioclase do not
show sectorial fractionation, and pyroxenes which grow
slowly under equilibrium conditions show the prismatic form

with no sector zoning.

Because of the chain structure of the pyroxene, differ-
ent crystal faces will present different structural sites
to the magma for further growth at any particular time, that
is, the proportion of M1, M2 and tetrahedral sites will
differ on any one face. Leung (1974) suggests, therefore,
that growth on different faces will deplete the magma
differently with respect to Ca, Mg and Si, in front of different
growing faces, constitutionally supercooling it with respect
to Ti and Al. Metastable incorporation of Ti and Al would,
thus, occur on those growth surfaces against which super-
cooling occurred . Nakamura (1973) interprets the growth
of sectors in terms of the geometry of protosites, or
partially formed structural sites. The geometry of the Ml
and M2 protosites are most flexible on the (100) growth
surface, as these deviate most from the true structural sites,
consequently the composition of the (100) sector can deviate
most prominently from equilibrium composition, by incorporating

. 24 e
metastable molecules of thc type CaA128106 or R® TiAl,0¢.
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Most of the models are based on the metastable
incorporation of Ti and Al (and Cr). Increased Al and Ti
uptake have been shown experimentally (Gamble and Taqur,
1980) to be a function of rapid crystallisation rate, whereas
Mg, Fe and, to a lesser extent, Ca are essentially rate
independent. The experimental results, thus, confirm the
hypothesis that sector zoning is dependent on rapid cryst-

allisation and incorporation of metastable molecules.

4,2.3. Plagioclase-pyroxene relationships.

Figure 4.9, shows the relationships between core
compositions of coexisting calcium-rich clinopyroxenes and
plagioclases, in terms of Mg/Mg+Fe and An% respectively.
Within the subunits, the plagioclase compositions change
relatively little, but are associated with a pronounced
decrease in the Mg-number of the pyroxene. The subgroups B2,
B3, and B4 with B5, show differing An contents. The dashed
line connecting the start of each trend is considered to
represent the fractionation trend of the magma, whilst the
horizontal trends are a reflection of in situ fractionation
within each unit after emplacement. The proposed fraction-
ation trend of the magma is similar to fractionation trends
shown by other tholeiitic intrusions.

A number of possible explanations exist to explain the
plagioclase-pyroxene relationships within the subunits.
Plagioclase may have been a phenocryst phase on emplacement of
the magma, whereas pyroxene crystallised after intrusion,

the iron-enrichment,thus, reflecting fractionation in the magma
after emplacement, which is shown in the plagioclase by

continued zonation. The above effect may be enhanced by the
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ability of pyroxenes to re-equilibrate with the fractionating
melt more easily than plagioclase. (Wager and Brown, 1968).
A second contributing factor may be the suppression of the
plagioclase liquidus-solidus relationships by increased
volatiles(Yoder etal,1957) due to lateral fractionation of volatiles
within the sheets. The Mg/Fe ratio of the pyroxene is not
affected by lower liquidus temperatures, plagioclase compos=
itions therefore initially remain constant with decreasing
temperature, while pyroxene compositions reflect normal cooling
trends. A similar relationship in the Upper Layered Series
of the Kap Edvard Holm intrusion has been interpreted in this

manner (Elsdon, 1971).

No plagioclase analyses are available for subunit Bl.
Extrapolation of the proposed fractionation trend in figure 4.9
back to pyroxene core compositions from subunit Bl, suggests
that the plagioclase in equilibrium with the pyroxene core

composition would be approximately An75.

4.,2.4. Amphiboles.

Discussion of amphibole chemistry is hampered by the
ubiquitous presence of Fe3+, since the microprobe analysis
returns all Fe as FeO. Various methods for calculating the
Fe>* content of amphiboles have been proposed ( Robinson et al.

1971; Leake, 1978).

2+

It is necessary to estimate the Fe3+/Fe ratio before

any attempt can be made to correctly classify amphibole analyses.
An increase in the proportian of Fe3+ reduces FeMl4, and therefore

. . IV
NaA. Si also decreases with a resultant increase in Al s
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VI

balanced by lower Al These parameters are all commonly

used in amphibole classification.

A commonly used diagram for classifying amphiboles
is a plot of tetrahedrally coordinated Al (AlIV) against
A-site occupancy. As defined by Ross et al. (1969),
A = (Ca+Na+K+FeM4-2.0), where FeMl4 is the excess of Fe over
5.0 in the Y site. Figure 4.10a shows the analysed amphiboles
from Unit B with all Fe calculated as FeO. Figure 4.10b.
show the analyses with some Fe recalculated as Fe3+, by the
method of Leake (1978), in which Fe3+/Fe2+ is increased
until the Z+Y site occupancy shows no excess over 13.0 atoms.
This reduces FeM4 to zero,and therefore reduces A-site
occupancy by increasing NaMl4 to fill the X-site. The effect is
to move the amphibole plots from Edenite towards Tschermakite.
The two above cases are considered to represent the minimum
and probable maximum limits of Fe3+ respectively. Table 4.2
shows representative analyses calculated by both methods.
It will be noted that the Fe3+/Fe2+ atomic ratio is generally
low, averaging .2 with a range from .05 to .32. For maximum

Iv

Fe3+, Si+Al™" falls short of 8.0 atoms by an average of .14

atoms, but reaching .24 atoms, and AL

is usually, therefore,
near zero. Considering the low Fe3+/Fe2+ ratio, it seems
unlikely that considerable Fe3+ occurs in the Z-site, Cr

is also generally very low. Consideration of these points,
implies that the calculated Fe3+/Fe2+ ratio is probably too

high,and the actual value probably lies somewhere between

the maximum and minimum cases.

Figures L4.11 a-d, show the classification of Unit B

amphiboles, using the $chemé proposed by Leake (1978).



TABLE 4.2 :

Minimum and maximum cases for Fe203
representative amphibole analyses from Unit B.

Minimum.
Maximum.

all Fe is FeO
calculated by method of Leake (1978)

S4

for discussion see text.

Oxide
wt %

SJ.O2

TlO2

Al203

Cr203
FeO
Fe203
MnO
MgO
Cal
Na20
K20

Total

Si
AlIV

AlVI

Ti
Cr
Fe
Fe3
Mn
Mg

2

Ca
FeMu
NaMu

NaA

Fe3+/Fe2+

Mg/Mg+Fe

52 /1 135/1
min max min
43,21 43,21 45.50
1.36 1.36 1.33
5.80 5.80 4.87
0.07 0.07 0.04
30.36 25.50 25.61
- 5.40 -
1.06 1.06 0.45
3,01 3,01 7.07
9.99 9.99 10.32
2.27 2.27 1.76
0.64 0.64 0.37
97.76 98.31 97.31
Atomic proportions on the basis of 23 oxygens
6.96 8.01 6.86 7.94 7.12 g 4
1.05 1.09 0.88
0.06 - 0.02
0.16 0.16 0.16
0.01 0.01 0.01
3.91 5.00 3.39 5.06 3,11 5.0
- 0.65 -
0.14 0.14 0.06
0.72 0.71 1.64
1.72 1.70 1.73
0.18 2.00 - 2.00 0.24 2.0
0.10 0.30 0.03
0.61 7y 0.40 5 55 0.50 4 57
0.13 0.13 0.07
- .18 -
.15 .17 .33

2+

recalculation for

max
b5, 0O

1.33
4.87
0.04
19.14
7.22
0.45
7.07
10.32
1.76
0.37

98.07

6.99
0.88

0.15
0.01
2.46
0.84
0.06
1.63

1.70

0.30

0.22
0.07

27
40

7.87

5.13

2.0

0.29
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Minimum and maximum cases for Fe3+ have been plotted on

fiéures a+b and c+d respectively. Amphiboles from subunit Bl
are actinolitic hornblendes, those from subunits B2 to B5

range from ferroactinolitic hornblende, through ferrohornblende

2+

to ferroedenite, depending on the Fe3+/Fe ratio.

In figure 4.12 the amphiboles are plotted.in terms
of Ca, Fe and Mg in the pyroxene quadrilateral, with tie
lines connecting coexisting clinopyroxene-amphibole pairs.
The tie lines show a consistent orientation, any variation
probably reflects zonal variation in Fe/Mg ratio in the
pyroxenes, the amphiboles showing little variation in this
respect. Figure 4.12 is plotted with total Fe as FeO. An

2+ ratio reduces the vertical scatter

increase in the Fe3+/Fe
in Ca, and alters the Mg/Mg+Fe2+ ratio in the amphibole,
thus, slightly changing the slope of thetielines. Unit B
amphiboles show a consistent change in chemistry with
decreasing Mg/Mg+Fe ratio.

Figure 4.10 shows that a1tV

and A-site occupancy
increase, and Si decreases,with apparent decrease in
temperature and increasing fracticnation as indicated by
Mg/Mg+Fe ratio. Mn and Ti also increase, Mn from .05 to .15
atoms and Ti from .1 to .2 atoms. Apart from the simple
charge - balanced exchange reactions of Mg== Fe+ !n

and Na = k, the main substitution in the amphiboles is

that of edenite (or ferrocedenite) Si;::NaA.AlIV. The extent

of this substitution is dependent on the Fe3+/Fe2+
determination as explained. However, the generally low values

VI

+ .
of Te? , together with the very low or zero Al ~, and low

Ti, suggest that Al-Tschermakite and Ti-Tschermakite
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substitutions are restricted, if present at all. Richterite
substitution is possible, as Ca is generally less than 2.0
atoms, but this is also likely to be restricted considering

the probable presence of FeMi,.

The dependence of amphibole chemistry on temperature,
whole rock bulk chemistry, and oxygen fugacity (fOz), is not
clearly defined, but has been investigated by Helz (1973).
Helz found that for a given starting composition, AlIV,

Ti and A-site occupancy, show positive correlations and
temperature dependence.AlIV was found to be proportional to

AlVI Iv

+2Ti, while Al1™", from the tschermakite component,
increases by two as the edenite substitution increases by
one. Helz suggested that crystal chemical constraints

in the hornblende require that tschermakite substitution be
balanced by edenite substitution. This would minimise, or
balance, intra-crystalline strains produced in the amphibole
structure by tschermakite substitution. This conclusion is
supported by variation in A-site occupancy with liquid

bulk composition, with respect to total alkalis, at a
constant AlIV content. Coupled tschermakite substitution thus
appears to be the dependent variable which strains the
structure and requires compensating substitution of edenite.

Edenite substitution is thus independent of tschermakite

substitution.

Unit B amphiboles have 1lit%le tschemakite but substantial
edenite substitution, supporting Helz's conclusion. However,
the observed increase in edenite substitution with decreasing
fractionation and temperature, is in contradiction with the

findings of Helz, that edenite substitution decreases with
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decreasing temperature.

Helz (op cit) found no experimental corrélation between
whole rock SiO2 and A1203 contents and Si and Al in amphibole.
Jake§ and White (1972) found a positive dependence of Si and
Al in amphibole,on either temperature or bulk rock SiO2 content,
in continental margin and island arc volcanic rocks. These

data, howevcr, may not be applicable to iron-enriched

tholeiitic amphiboles.

The distribution coefficient K., ((Fe/Mg), x(Mg/Fe), )
Am Px

D?
should approach one as temperature increases, if the Mg-Fe
exchange between the two minerals follows ideal solution laws.
Fe, however, is strongly partitioned into the amphibole,

a large departure from ideality, which is probably related

to structural constraints. Kretz (1960) showed that as Fe
increased in hornblende, both alkalis and Al increased, because

2* and Fe®*. Amphibole

of ionic size differences between Mg
chemistry, and particularly Fe uptake, is very sensitive

to 0, (Helz, 1973). Low fO2 produces low Mg/Mg+Fe. High
f‘O2 exerts external controls, causing the expansion of the
Fe-Ti oxide field. This is reflected in amphibole chemistry
by lower Ti contents. Popp et al. (1977) found that on the
tremolite-actinolite join,solution limits of the Fe-end

member, increased with decreasing O The overall effect

5
of decreasing f02,is to produce Fe-enriched amphiboles, in
which the uptake of Ti, Al and alkalis is favoured. This
could account for the observed increase in edenite or
femoedenite substitution with decreasing temperature, in

Unit B emphiboles, and the associated limited increase in Ti.

Ti is low anyway in the more fractionated subunits due to
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separation of Fe-Ti oxides in subunit B2.

Leake (1971) notes that natural edenitic amphiboles
are rare in igneous rocks, and suggests that low liquidus
temperatures are essential to stabilise them. Although little
experimental work has been undertaken on the phase relations
of edenite-ferroedenite, Colville etal. (1966) have synthesised

edenite and ferroedenite at 850°C and 2KbPH,0, and 600°C and

2
3KbPH20 respectively, thus supporting Leake's observation.

Leake (op cit) used data from Dodge et al. (1968) and Haslam
(1968) to define a 'limit' for igneous amphibole compositions.
This is shown in figure 4.13, a plot of Si against Ca+Na+k,
together with data from Unit B. The higher temperature
ferroedenitic amphiboles from Unit B plot on this 'limit', but
the more fractionated ones lie beyond thislimit towards
ferroedenite (SS). This suggests that liquidus temperatures
were low, a point noted from the pyrcxene data in section 4.2.2,.

Onuki (1966) and Kretz (1960) have shown that K defined

D )
above, is temperature dependent, increasing with increasing
temperature or grade of metamorphism. Helz (1973) confirmed
this dependence and produced a rough calibration curve, although
Kretz and Jen (1978) have shown that the temperature dependence
may not be linear. Extrapolation of Heltz's KD temperature
curve gives temperatures in the range of 700-750°C for the

Unit B amphiboles. While these may be rather low temperatures,

they support the low liquidus temperature hypothesis.

4.2.5. Iron-Titanium Oxides.

Both ilmenite (ilmenite-haematite ) and titano-

SS
magnetite (magnetite-ulvospinelss ) appear as major phases in

the latter stages of subunit Bl, but are most abundant in
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B2. Both phases crystallise in B3 but in B4 and B5 the
spinel phase is dominant, and may be the only oxide phase

in some specimens. It was noted in section 4.1 that the
Fe-Ti oxides were particularly susceptible to hydrothermal
alteration. Ilmenites show resorbtion, but remain relatively
homogeneous. Magnetites, however, except in subunits B3

to B5, are highly resorbed, leaving a trellis of ilmenite
lamellae in a semi-opaque, red-brown a grey material. It has
been very difficult, therefore, to obtain satisfactory
microprobe data from the magnetites. Commonly, totals are
low or contain unacceptably high proportions of SiOz. When
totals were reasonable, ilmenite lamellae created problems

of inhomogeneity, the lamellae being too small to probe on
the one hand, and defocussed beam analysis prevented, on the
other, by resorption and alteration effects. For these
reasons, only seven analyses of titanomagnetites are presented,

together with ilmenite data, in Appendix Two.

Electron microprobe analysis only provides values for
total Fe as FeO, the data, therefore, have been corrected for
Fe203, using the method of Carmichael (1967). The recal-
culated data are presented in figure 4.14, a ternary plot of

FeO-TiOE-FeEOB. FeO includes molecular equivalents of

R2+O oxides, MnO, MgO and Ca0 when present; Fe203 includes

3+ . .
R2 O3 ox1ildes, Al2O3 and Cr203, 2

rhombohedral phase shows very limited solid-solution, with a

and TiO., includes SiOZ. The

maximum of 5% haematite and are thus, virtually pure ilmenite.
The spinel phase, however, shows a greater range of solid-
solution, from 38-64% ulvospinel. 1In grains which show

ilmenite lamellae, the ulvospinel % is a minimum, as the
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lamellae are interpreted as resuiting from subsolidus
oxidation of ulvospinel. (Vincent and Phillips, 1954;

Buddington and Lindsley, 1964),

In view of the apparently oxidised nature of the
titanomagnetites, it is surprising that the ilmenites show
such a low Fe203 content. The almost ubiquitous presence
of divided red-brown oxide material, in association with
the ilmenites suggests that Fe203, as haematite, has been
selectively removed during hydrothermal alteration. In
this respect, Martin and Piwinskii (1969), have shown
experimentally that Fe fractionates into the vapour phase
at subsolidus temperatures, and Sweeton and Baes (1970)
suggest that removal of Fe from magnetites in aqueous
solutions occurs as soluble hydroxides. Purther evidence of
removal of Fe, as Fe203, is suggested by figure 4.15, which
shows the coexisting ilmenite-haematitegs u lvospinel-

magnetitq% projected onto the f02- temperature plane.

(Buddington and Lindsley, 1964)., The apparently oxidised

=22

assemblages give O, values of 1072° to 10 )

at temperatures
of approximately 580-650°C. The points lie near the
experimentally determined QFM buffer curve (Eugster and

Wones, 1962),

No pertinent conclusions concerning magmatic conditions
of f02 and temperature can be drawn from these data. They do,
however, in conjunction with petrographic evidence, indicate
that substantial re-equilibration of the ilmenite-haematite SS
and ulvospinel-magnetite SS,has occurred during the hydro-

thermal alteration. There is evidence for oxidation followed
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by resorption and selective removal of Fe203 (or FeO.FeZOB),
but these effects may have been late magmatic or subsolidus.
The occurrence of resorbed ilmenite crystals with no apparent
bi-products may suggest that conditions were still magmatic
when these effects started. The appearance of Fe-Ti oxides
at a fairly late stage in the evolution of the magma, as
indicated from the coexisting plagioclase and pyroxene

compositions,suggests that f0, conditions during fractionation

2
remained fairly low. fO2 conditions are discussed in

Chapter Six.

MnO occurs in appreciable amounts, up to 5.5 wt% in
ilmenite and 1.8 wt% in magnetite. There is a very crude
positive relationship between the degree of fractionation,
and the MnO content in the magnetites, but the values are
variable in the ilmenites. The partitioning of Mn between
ilmenite and magnetite conforms to normal patterns. (Buddington
and Lindsley, 1964; Neumann, 1974) KD (MnO ilmenite/MnO in
magnetite) values average approximately 3.0 which is slightly high
for tholeiitic rocks, indicating that preferred oxidation of

2+

Fe® ', with respect to Mn2+, may have occurred under conditions

of increase £a, (Anderson, 1968; Czamanske and Mihalik, 1972).

Of the minor elements, Si, Al, Cr, Mg and Ca have
been recorded. Si and Ca may be due to silicate impurities.
No systematic variation in the other elements occurs.
Vanadium is undoubtedly present in the magnetite, but was not

determined.

cam Uniy,
’Q:(\‘gciswéée RO
3 0 0CT 1920
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FIGURE 4.1.

Analysed plagioclase core compositions from
Unit B rocks,plotted in part of the ternary felspar

diagram, (Orthoclase-Albite-Anorthite).
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FIGURE 4.2,

Normative whole-rock felsic components
(Qz + Or + Ab>50 %) for subunits B3, B4 and BS,
projected onto the Ab-Or—SiO2 plane. (after
Tuttle and Bowen, 1958).

® B3; O B4; x B5:

The Quartz-Felspar field boundary at H2O vapour
pressures of 500,1000 and 2000 Kg.cm ° is  shown.
The dashed line is the Skaergaard trend in this

system (Carmichael, 1963).



J0

105

=



106



FIGURE 4.3.

Calcium rich clinopyroxene analyses from
Unit B, plotted in the pyroxene quadrilateral.

(Diopside-Hedenbergite-Ferrosilite-Enstatite).
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FIGURE 4.4,

Ca-rich pyroxene analyses, plotted in part

of the pyroxene quadrilateral.

A. Subunit Bl (tielines connect analyses from
zoned crystals)

Subunit B2, traverse 6.

Subunit B2, Further Gill Sike region.

Subunit B3, traverse 2.

Subunit B3, traverse 1.

Subunit B3, traverse

Subunit B4, traverse

o S o> L s B > N © B T o ¢

5
6
Subunit BU4, traverse 1.
Subunit B4, traverse 5
b

Subunit B4, traverse

= M

Subunit B5.

Dashed line is the Skaergaard trend
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FIGURE 4.5.

Pseudobinary phase relations across parts
of the pyroxene quadrilateral. Sections S1 and S2
correspond to sections S1 and S2 marked on the
pyroxene quadrilateral below. Dashed lines

on lower diagram represent hypothetical pyroxene

trends.

For explanation see section 4.2.2.
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FIGURE 4.6.

Variation in minor pyroxene components (at%)

plotted against 100.Mg/Mg+Fe.

& Bl; V B2; e B3; O B4; x B5;

¥ Analyses from prismatic sector of sector zoned pyroxene
in B1.

o " "non-prismatic " " "

Tie lines join Core-margin analyses in single crystals
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FIGURE 4.7.
a) Si v. Al (At%) for pyroxenes from Unit B.
b) Al v. Ti (At%) for pyroxenes from Unit B.

So0lid lines surround fields for each subunit and are

for clarity only.
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FIGURE 4.8.

Sketches of sector zoned pyroxenes from Sample 32,
Subunit Bl. Stippled sector is prismatic sector.
Numbered points are analysed points. Analyses appear

in Appendix two .

(inclusions are of ilmenite and plagioclase).



18

imm,




119



FIGURE 4.9.

Plagioclase-Ca-rich pyroxene relationships in
Unit B. Symbols as in figure 4.1, with additional

optically determined plagioclases numbered.
Dashed line indicates postulated 'magmatic' trend

Trends Sk. and Pal. are Skaergaard trend (Wager and

Brown, 1968) and Palisades trend (Walker et al., 1973)

respectively.
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FIGURE 4.10.

Plot of tetrahedrally coordinated Al (AlIV) V.
A-site occupancy for analysed amphiboles of Unit B with
all Fe as FeO (A), and some Fe recalculated to

Fe203 (B),by method of Leake (1978).

Symbols as in figure 4.12.

Ts = Tschermakite
Pa = Pargasite
Ed = Edenite

Tr = Tremolite
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FIGURE 4.11.

Amphibole analyses plotted in classification
diagrams of Leake (1978).
A and B show all Fe as Te0

C and D have some Fe recalculated as Fe203.
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FIGURE 4.12.

Analysed amphibole analyses from Unit B,
plotted in part of the ternary system Ca-Mg-(Fe+Mn).
Also plotted are coexisting pyroxene analyses
(upper symbols) with adjoining tie lines

All Fe is FeO.
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FIGURE 4.13.

Si v (Ca + Na + K) for analysed ampniboles from
Unit B.
Dashed line indicates 1limit of igneous amphibole
compositions (Leake, 1971). " Enclosed areas are
compositions of amphiboles from Dodge et al (1968),

and Haslam (1968).

Ts = Tschermakite
Pa = Pargasite

Ed = Edenite

Tr = Tremolite
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FIGURE 4.14,

Analysed ilmenite and titanomagnetite analyses,
recalculated by method of Carmichael (1967),

plotted in ternary diagram Fe203-FeO-TiO2

Tie lines join coexisting rhombohedral and spinel

phases.
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FIGURE 4.15.

Compositions of coexisting ilmenite-haematitess

and magnetite-ulvospinelss, projected onto the

f0,-temperature plane. (Buddington and Lindsley, 1964).
Dashed lines are experimentally determined buffer
curves from Eugster and Wones (1962).

HM = Haematite-magnetite; QFM = Quartz-magnetite-

fayalite; MW = Magnetite-wustite.



132

// .

600 700 800 900 1000
Temperature, C

1100



133

LATE 4.1 Photomicrograph : Subunit B2 Plagiloclase
augite - oxide - apatite ferrograbbro.

. \

(50. XP. Width of field - 8 mm).

A N 3 i
R e 4 v ¢
13 2 ! . A 4 <
: ‘; NS L,
LW 2 LN vy 5
§ S

-

PLATE 4.2 Photomicrograph : Subunit B2 Apatite - oxide
rich ferrograbbro. Both plagioclase and pyroxene are
Pseudomorphed by amphibole.

{ ' h DD Q

)
(44, PP, Width of field - mm) .

7
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PLATE 4.3 Photomicrograph : Subunit B3 Plagioclase -
erroaugite - oxide ferrodilorite
’0. PP. Width of field - 7 mm).

PLATE 4.4 Photomicrograph : Subunit B3. Laminated
plagioclase - ferroaugite - oxide ferrodiorite
(47. XP. Width of field - 8 mm).
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. R . v . - o S nl Placinoclaceg -
PLATE 4.5 Photomicrograph : Subunit B4. Plagloclase
ferrohedenbergite - oxide ferrogranophyre

(127. PP. Width of field - 8 mm)

PLATE 4.6 Photomicrograph : Subunit BS5. Porphyfitic_
cluster of ferrohedenbergite - plagioclase - magnetite
crystals in sub-sperulitic granophyre. Note also highly
birefringent :iruon crystals to the left of centre.
(16184. XP. Width of field - 8 mm)



PLATE 4.7a Photomicrograph : Elongate skeletal,

";""7113’ 10 ferroalicite 1n < b1 *i“' RZ
sSupbopnitlc lrerroauglte 1n sudunit bD).
/1 Q T R Q i

(4o0. XP. Width of field - 6 mm).

—

PLATE 4.7b Photomicrograph : Elongate, ske
subophitic ferrohedenbergite in subunit B5
(16184, XP. Width of field -8 mm).
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ATE 4.¢ Photomicrograph : Augite from subunit BZ,
showing euhedral core-region crowded with 1ncluslons,
Pl ) e W1 Ad4+} af f1ield = 2 mn )
W o « W1AQTUN Ol 1eld ' mm) .

PLATE 4.9 Photomicrograph : Ferroedenitic amphibole
mantling ferroaugite in subunit B3.
(48. XP. Width of field - 1.5 mm).
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LATE 4.10:¢ Photomicrograph : Elongated augite
showling branching phenomena in Subunit BZ2.
(135. XP. Width of fied - 8mm).

PLATE 4.10b Photomicrograph : Elongated augite showing
'corkscrew growth' phenomena, in subunit BZ2.
(135, XP. Width of field - 8 mm).
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PLATE 4.13 Photomicrograph : Large tabular plagioclase
laths, thin elongate needles of apatite and large

zircon crystal (lower centre) set in ground mass of

quartz - alkali felspar. Subunit B3 pegmatite-granophyric-
ferrodiorite. (134. PP. Width of field - 5 mm).

PLATE 4.14 Photomicrograph : Elongate ferroaugite crystal
showing corkscrew growth (change in birefringence along
the section) in pegmatitic ferrodiorite of subunit B3.
(48. XP. Width of field - 8 mm).
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'LATE

set 1n
l‘.y‘ '\
;‘I‘

Photomicrograph : Prismatic zircon crystal

oarse groundmass of cunieform intergrowths of

and quartz. Subunit B3 pegmatitic ferrodiorite.

U g5 [ I, T o i 7 4 r
Width of field - 3 mm).



1otomicrograph : Allanite crystal, mantled
N oy = y . . ” _ v,‘ = % . ™
by epidote 1n pegmatitic ferrodiorite of subunit B3}
s v D Y - ne E 1 r ;
PO XiPs SW1dth of  field ~="1.5 mm).

PLATE 4.17 Photomicrograph : Resorbed ilmenite in

pegmatitic ferrogabbro of subunit B2 The pyroxene

1s mantled by amphibole.
( 10¢ A=

YT WA A4 o f / e m \
. XP. Width of field - 6 mm).
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CHAPTER FIVE
THE GEOCHEMISTRY OF THE UNIT B ROCKS

5.1, INTRODUCTION.

Most of the data used in this chapter were produced by
X-ray fluorescence (XRF) spectrometry. A small number of
analyses are from Eastwood et al. (1968) and Fitton (1971).
Eight analyses were provided by R.N. Thompson (written comm.
1978) and are gratefully acknowledged. The XRF methods and
data are presented in Appendix Three. Rare earth element
(REE) and selected trace element data were produced by
instrumental neutron activation analysis (INAA),on my behalf by
O.W. Thorpe (written comm. 1979) on an exchange basis with
the Open University, and their help is also gratefully
acknowledged. The INAA data and methods are presented in

Appendix Three ., The CIPW norms have been calculated and

are tabulated in tableA3.4.

The classification and nomenclature of the Unit B
subgroups, is based on their occurrence as discrete mappable
units, and on the core compositions of the clinopyroxene and
plagioclase. A purely chemical classification is hindered Sy
two main problems., Firstly, most of the rocks contain variable
proportions of trapped liquid, and secondly, some of the subunits
contain pegmatitic facies 1in which there is an increased prop-
ortion of graphic or micrographic intergrowths, relative to
non-pegmatitic rocks. Most classifications, in general, are
based on the allocation of arbitrary boundaries, whether they
be based on field, mineralogical, or chemical parameters, and

within most genetically related suites, variation is usually
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continuous anyway. This is certainly true in the case of
the Unit B rocks, and is reflected in the bulk-chemistry.
Within each subunit there is a range of chemical variation,

and chemical overlap within the subgroups.

Petrographic evidence indicates that hydrothermal
alteration has occurred, particularly in the more mafic rocks.
Detailed oxygen isotope and trace element studies haveshown that for
granitic suites from Mull (Walsh et al. 1979), Skye (Moorbath
and Thompson, 1980), and the Bushveld complex (McCarthy and
Fripp, 1980), hydrothermal groundwater-rock interaction
has not substantially modified the whole-rock compositions.
The fairly low Sr87/86 ratio of 0.707 for the Unit B
granophyres (Rundle, 1979), together with the low scatter of
points about variation trends, especially with respect to
the more mobile, large ion lithophile (LIL) elements, suggests
that water-rock interaction has not had any simple modifying
effect on the whole-rock chemistry. No detailed oxygen or
strontium isotope data are available for Carrock Fell rocks,
but in the light of recent studies, the assumption has been
made that the observed bulk chemistry represents the original

elemental distributions.

Most of the rocks of Unit B, are composed of accum-
ulated crystals, residual micrographic intergrowth, and
overgrowths on the crystals from the trapped liquid. The
high degree of zoning and rapid crystallisation,suggest that
equilibrium was never maintained between crystals and liquid,
and, therefore, that perfect, or Rayleigh, crystal fractionation
occurred. Rapid crystal growth would also tend to reduce

large scale movement of crystals relative to liquid,
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and, therefore, it is probably reasonable to assume that most
of the rocks contain a fairly high proportion of 'trapped
1iquid!. In order to assess the proportion of trapped liquid
represented by a particular bulk-rock analysis, incompatible
elements are used. A true incompatible element has a bulk

distribution coefficient, D, of zero.

b.Kb/l n.Kn/l

D = Xa.K + X m———— +X

where, X% = Wt fraction of phase a in fractionating

assemblage
Ka/l = partition coefficient between phase a
and the liquid
n = number of phases in fractionating

assemblage.

No element is truly incompatible, because of the effect of
minor fractionating phases, especially in evolved rocks

(Wood, 1978; Pearce and Norry, 1979), and only K, Rb and

Ba have D close to zero (Cox et al., 1979), for the phase
assemblage in the Unit B fractionation sequence. The fraction
of trapped liquid, relative to the whole~rock analysis, has

been termed the residual porosity, R, (Morse, 1979).

R = CS/CL
where, R = residual porosity
CS = goncentration of excluded component
in rock
CL = concentratioh of excluded component in‘magma

in equilibrium with fractionatingassemblage.

In Unit B, the residual porosity can only be calculated for
the plagio-ferrogranophyres of subunit B4, because B5 is

the only liquid composition known.
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Residual porosity calculations for subunit BY4 samples

using B5 granophyre (less 20% crystals) as residual liquid

composition.

Residual porosity (R) =

Cs/CL

CS = Concentration of excluded component in rock
CL = Concentration of excluded component in magma in
equilibrium with fractionating assemblage.
T
rSample 39 l I
Sample !less 20% |Sample R Sample R
39 1xls assum-| 60 129
iing D=0 ‘ | |
; | |
. < |
Wt%K2O 3.40 ' 4,30 2.U2 .56 2.00 ! .47
| |
| ? |
pom Rb 133 164 90 | .55 7% | .5
: | ! }
| | |
Ba 610 | 753 543 | .72 466 .62
' !
|
Nb 3 42 26 .62 18 43
Zr 536 - 662 280 43 168 .25
!
Y 117 | 144 73 .51 78 .54
, | |
AVR = .565%.10 4602, 12
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The compositions of fractionating phases in subunits
B4 and B5 are the same. The assumption can, therefore, be made
that the B5 granophyre represents the compositon of the residual
liquid in the subunit B4 rocks. The B5 granophyres, however,
contain up to 20% crystals, (see table 6.1), therefore, the
bulk composition of those must be removed from the B5 composition,
before any calculation of R can be performed on subunit BY
rocks. Table 5.1 shows the calculation of R,for two of the more
crystal-rich rocks of BU4. Zr and Ba are considered the most
compatible of the elements shown, and these show the greatest
scatter in the values of R. Table 6.1 shows sample 60 to have
23% modal quartz and alkali felspar. Therefore as the
calculated residual porosity is 56%, then 56 - 23 = 33 Wt%
of the crystals must represent overgrowths from the trapped

liquid.

5.2. MAJOR ELEMENT VARIATION.

The major element variation is best illustrated graph-
ically by interelement plots. The choice of a suitable
fractionation index as an abscissa , however, is always a difficult
one. The various possibilities, discussed with their relative
merits, are reviewed in Cox et al. (1979) and Wilcox (1979).
The use of an incompatible element, or enrichment factor, was
not considered satisfactory, in view of the lack of an initial
liquid composition, and‘the variable compatibility of most,
so-called, incompatible elements (Wood, 1978). Indexes based
on Fe/Mg ratio, are ideal for tholeiitic lava sequences,
however, the evolved nature of the Unit B rocks does not aid
graphical representation with this type of index. Also, the

analytical error on Mg determinations is higher at the low
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concentrations in the more evolved subunits. Despite the disadvan-
tages of using SiO2 as a fractionation index, it was consid-

ered the best indicator of variance within the suite, and,
therefore, has been used as the abscissa in the variation

diagrams.

Figure 5.1, shows the Harker variation diagrams for the
major and minor elements, together with the variation in
composition of the phases forming the bulk of the rocks. The
early trends, in subunits Bl and B2, do not show a liquid line
of descent, but reflect the cryptic variation within the phases,
the changing proportions of phases, the incoming of new phases,
and the varying proportion of trapped liquid. The trends of
subunits B3 to B5, however, are, more or less, straight
lines. These straight lines are mixing-lines between the bulk
composition of the crystallising phases and the trapped liquid
compositions, but must also correspond to the liquid line of
descent of the magma. To illustrate this point, Table 5.2
shows the compositions of two of the evolved Unit B rocks,
with for comparison, compositions of selected lavas from the

Eastern Iceland tholeiitic suite (Wood,1979).,

The overall chemical variation is entirely consistent

with the observed petrographic and cryptic variation described

in chapter four.

Figure 5.2a, shows the compositions of Unit B rocks,
plotted on an AFM diagram. Figure 5.2b, shows plotted
compositions from tholeiitic lava trends, (solid circles)
tholeiitic sills (open squares) and the assumed Skaergaard
liquid trend. (Data sources are given in the figure caption).
It:would appear that the degree of relative Fe-enrichment is

4

dependent on the rate of cooling. The doleritic and gabbroic
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Comparisons of bulk-rock compositions from Unit B, wi@h
liquid compositions from the Eastern Iceland Tholeiitic

province.

B5 granophyre

49

SiO2 63,87
A1203 13.65
Fe203* 9.73
Mg0 0.70
cal 3.89
Na20 4,30
K50 2.63
TiO2 0.67
MnO 0.32
P2O5 0.22
49 -
pyu3 -

39 -

16 -

PL4L43

63.70
13.50
8.33
0.80
3.70

4,35

2.43
0.79
0.21
0.10

B3 pegmatitic ferrodiorite

Icelandite (Wood, 1978)

Rhyolite (Wood, 1978)

39

72.

[
N

O O O Ww &= +H O W

84

.35
.71
.21
.26
LTT
.40
.26
.12
.08

71.

12

i~

o O O

16

60
.97
.76
.30
.12
.58 -
.39
.28
.10
.02
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trends show greater degrees of relative Fe-enrichment, with

maximum occurring at higher FM ratios.

The bulk pyroxene-liquid FeO-MgO distribution coefficient,
Xp j: [ngo/xﬁéo] -‘:[:xgeo /Xﬁgol , is essentially indep-
endent of rate of crystallisation, {Bence etal,1971;
Gamble and Taylor, 1980), and while it is, to a certain extent,
dependent on the presence or absence of other mafic phases,
it does remain fairly constant with fractionation within a
particular suite. Pyroxene-liquid data from Carmichael,
(1960), Wood (1978), and Stern (1979), suggest that a K, value
of 0.28 is a good estimate for tholeiitic liquids. Ranges of
FM ratios have been calculated for liquids that, according to the

estimated pyroxene-liquid K should be in equilibrium with

D?
the pyroxenes from subunits Bl to B5, and are shown in table i5.3.
Also shown in table 5.3 are the lava compositions corresponding
to the calculated FM ranges from the Eastern Iceland tholeiitic
suite. Subunit Bl corresponds to a low-Mg basalt, extending
towards ferrobasalt in the more fractionated pyroxenes. Subunit
B2, rather surprisingly, would appear to correspond to Icelandite

compositions.Subunits B3 to B5, should be in equilibrium with

rhyolites with successively higher FM ratios.

It must be recognised that the doleritic and gabbroic
trends do not represent liquid trends, but the changing compos-
itions of the crystallising phases, and the residual porosity.
The Fe-maximum in a gabbroic, or doleritic, rock usually
corresponds to the point at which Fe-Ti oxides crystallise from
the liquid, which, to a certain extent, is related to £0,.

The differences in the FM ratio of the Fe-Maximum, therefore,

relate to the different temperatures at which the Fe-Ti oxide

1
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TABLE 5.3

Mg0-FeO data for pyroxene from Unit B, together with
FM ratios for coexisting lavas using Pyroxene-Liquid

bulk MgO-FeO distribution coefficient.

Px Px
Xpeo / XMgo
Ky = = 0.28
L L
XFeO / XMgO
., Mg0 FeO ’Mg/Mg+Fe " LAVA FM | LAVA TYPE
SUBUNIT ! (Wt %) ; (At%) (Wt %) (Wood, 1978)
Bl 4.5 8.5 .76 70 'Low Mg Basalt
' |
{ B1(18) 13,0 13.5 . .63 E 77 iFerrobasalt
| i , ,
B2 9.5 17.0 | .50 86  |Icelandite
B3 6.0 23.0 .32 L 92 Rhyolite
| |
T z N
85 ; 1.0 28.5 .05 i 97 Rhyolite
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stability field is intersected, for a given f02. It is possible
that the Fe-Ti oxide stability field is expanded, as sz
increases as the lavas come into contact with atmospheric

oxygen upon extrusion. It is perhaps worthy of note, in

this respect, that Fe-Ti oxides usually occur in the groundmass,

rather than as phenocryst phases in most lavas.

An additional possibility, expanded upon in Chapter Six,
is that the lower liquidus temperatures, the degree of Fe-
enrichment, and the crystallisation of Fe-Ti oxides, may be
influenced by a stable, or metastable, two-liquid solvus in

the latter stages of fractionation.

9.3. TRACE ELEMENT VARIATION.

The trace element variation is shown, plotted against
SiO2 in figure 5.3. Cr and Ni are not shown as their abundances
in subunits B2 to B5 were at,or near, detection limits, nor are
the trace elements determined by INAA. The variation is
described in groups of elements with similar geochemical char-
acteristics. Partition coefficients, where quoted,are between

crystal and liquid.

Nickel, chromium and cobalt :

All these elements decrease with fractionation and
partition preferentially into pyroxene. The decreasing Cr/Ni
ratio indicates that the Kp for Cr is greater than for Ni.

between pyroxenes and liquid.

Scandium

Because of its donic radius and charge, Sc should
3+

replace Mn Fe or Ti and, thus, would be expected to concentrate

in Fe-Ti oxides or Fe-rich pyroxenes. No data are available
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for Bl but a decrease from B2 to B5 1s in general agreement

with this.
Zirconium and Hafnium

Bothh Zr and Hf increase with fractionation and show a
maximum in subunit B4 of 620 and 13.53 ppm. respectively
Zircon is the only Zr+Hf bearing phase in the fractionation

sequence and is modally most abundant in subunit BA.

Niobium and Tantalum

Both increase with fractionation. Their ionic size
and valency suggest that Nb and Ta should behave similarly
to Ti and thus partition into Fe-Ti oxides. This effect is

not observed but may be masked by low abundance levels anyway.

Zinc

Zn substitutes for Fe2+ in Fe-rich pyroxene and magnetite.
There is an increase from Bl to a maximum in subunit B4, then

a significant decrease into B5. Either the K, for pyroxene

D
- melt is very compositionally dependent, or a separate Zn

bearing phase is crystallising in B4 to B5 in very small amounts.

Yttrium

Y increases with fractionation. In acidic rocks,
hornblende, pyroxene, zircon and apatite all have KD > 1.0,
but their effect on the observed Y distribution in Unit B is

not apparent.

Strontium, Rubidium and Barium

The Sr/Rb and Sr/Ba covariance are shown in figure 5.l4a
and b respectively. Both trends show a dog leg' shape, with

a well defined trend through subunits B3 to B5, but more
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scatter in Bl and B2. Both the Rb/Sr and Ba/Sr ratios increase
with fractionation. Strong zonation in minerals indicates that
equilibrium has not been mantained between melt and crystal,
and that fractionation has tended towards being perfect. The
Rayleigh equation, describes the behaviour of an element during

perfect fractionation.

- (D_ - 1)
Cl/co = F'“a
Co = concentration of element in original melt
Cl = concentration of element in residual melt
F = weight fraction of melt remaining
D = Bulk distribution coefficent for element a
i
Da"’ ZiKa'Xi
K; = distribution coefficient for element a in phase 1
Xi =  weight fraction of phase i

Also shown in figure 5.4 are vectors indicating the change
in composition of melts as a result of monomineralic frac-
tionation, with the numbers indicating per cent of crystals
removed. Partition coefficients are those from Arth (1976).
The vectors in the insets in figure 5.4 show the direction of
evolution of fractionated liquids, calculated from the modal

observations, for each subunit. (see table 6.1).

Alkali element ratios do not vary significantly throughout
the fractionation suite, confirming their incompatibility in
the crystallising phases, and the limited effect that hydro-
thermal alferation has had on their distribution. The ratios
are: K,0/Ba = 0.0054%.0008, K,0/Rb = .029%.005, kb/Ba =

.020% .05 (errors are = 1SD).
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Uranium and Thorium :

Th increases from Bl to B5 and U would also be expected

to do the same. Both are highly incompatible.
Rare Earth Elements (REE)

The chondrite normalised REE patterns are shown in
figure 5.5a for samples from subunits B2, Bl4 and B5. The
normalising data are from Nakamura (1974) and Thorpe et al.
(1977). All the rocks are Light REE enriched. (Ce/Y¥b), however
varies slightly, decreasing from 3.93 in subunit B2, to 2.92
in BY4, and increases again to 3.19 in B5. Total REE increase
from B2 to B5, but enrichment factors for light, intermediate
and heavy REE differ, (La = 3.17, Sm:1.44, ¥Yb<3.16). Figure 5.6
shows the variation of the total REE (as measured by SmN),
and the slope of the REE pattern (as measured by Ce/Yby). Also
shown are vectors for the change in composition of residual
liquids produced by fractional crystallisation of the phases
in Unit B, assuming Rayleigh fractionation. More points would
be desirable but the variation is considered significant,
considering the precision of the INAA data. Because of the high
Kp for total REE, and the characteristic shape of the normalised
REE pattern for apatite (Irving 1978), the apatite control
dominates the ferrogabbro pattern. It also accounts for the
different REE enrichment factors, as the normalised pattern
for apatite shows heavy and light REE depletion with respect
o intermediate REE. The pattern of 142, 148 and 39 is more
representative of the liquid composition, as plagioclase,
pyroxene and Fe-Ti oxides all have Kp<1.0. Plagioclase
fractionation would produce a decrease in Ce/YbN, this is,
however, masked by the plagioclase accumulation on the one hand,

LS 38
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counteracting its effect in the liquid, and secondly, and
perhaps more importantly, the effect of zircon fractionation

in subunit BY4, is to increase Ce/YbN. The high K. for total REE

D
for zircon means that a small amount of zircon fractionation has
an apparently disproportionate effect on the REE patterns.

The increase in Ce/YbN from B4 to B5 is most likely to be the
effect of zircon. Plagioclase has, however, had a dominating
effect on the REE pattern, indicated by the negative europium
anomaly (Eu/Euﬁ = .60),in B5. Both B2 and B4 show a slight
negative europium anomaly. The effect of plagioclase frac-
tionating early in the sequence on the europium anomaly is
counteracted by the plagioclase accumulation in these rocks, al-

though Ky for Eu is compositionally dependent, increasing in

more acidic rocks.

For comparGtive purposes, the normalised REE patterns
of the Skaergaafd U2B ferrogabbro (Haskin and Haskin, 1968)
and selected patterns from the Eastern Iceland ferrobasalt -
rhyolite suite (Wo0d,1978) are shown in figure 5.5b. While
variations in detail occur, the broad similarities are obvious,
and related by the same processes of fractional crystallisation,
(Wager and Brown, 1968; Wood, 1978). Negative europium anomalies
are very common, almost ubiquitous, features of high level
granitic rocks in tholeiitic provinces, attesting to the
role of plagioclase fractionation in their evolution. (  Walsh

et al. 1979; Thorpe et al. 1977; Wood, 1978; Stern, 1979).
5.4 SUMMARY.

Comparisons of the chemistry of tholeiitic lava suites
and tholeiitic intrusions with Unit B, confirms the tholeiitic

nature of the latter. With fractionation, thé chemical changes
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can be summarised as follows ; Ca, Mg, Cr, Ni and Co, all
decrease; Fe*, Ti,Mn, Sc, P all show an initial increase
to a maximum in B2, and then decrease in abundance; of the
other high field strength (HFS) transition metals and
Lanthanides, Zn, Zr, Hf and Eu show a maximum in B4, then
decrease, all the others increase systematically but show
varying degrees of incompatibility; LIL elements are all
highly incompatible; AL and Sr vary in basic rocks, show a
maximum in B4, then decrease. Si shows a decrease into

B2, then increases to B5.
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FIGURE 5.1.

Harker variation plots for major elements

(Wt%) in Unit B rocks.
¢ Bl; VvV B2; @ B3; O BU; x B5.

Also shown are compositional ranges for pyroxenes,
plagioclases, Fe-Ti oxides and apatite (on P2O‘5 v. Si0
only) from subunits Bl to B5.

Pyroxene (Px) @Bl; 8B2; B B3; W B4; O B,
Plagioclase (P1) @ Bl; &B2; ©B3; OBU; OB5.
Fe-Ti oxide (Mt,Il) m

Apatite |
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FIGURE 5.2.

a) A.F.M (Wt%) plot of analysed rocks from Unit B.

Symbols as in figure 5.1.

A = Na20 + K2O; F = Total iron asFe,04; M = MgO

b) A.F.M. plot of analysed rocks from tholeiitic lava
suites (Cornwall, 1951; Carmichael, 1964; and
Wood, 1978), tholeiitic dolerite sills(Walker et al,
1952; Hotz, 1953; McDougall, 1962; Hawkes, 1966;
and Walker, 1969) The Skaergaard projected liquid

trend (Wager and Brown, 1968) 1s also shown.
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FIGURE 5.3.

Harker variation plots for trace elements

(p.p.m) in Unit B rocks.

Symbols as in figure 5.1.
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FIGURE 5.4.

Sr-Rb (a) and Sr-Ba (b) covariance. in analysed
rocks from Unit B. Symbols as in figure 5.1. The vectors
in the upper right indicate the change in composition
of melts as a result of perfect (Rayleigh) monomineralic
fractionation (see Text). The numbers indicate the
percentage of ilmenite (Il); magnetite (Mt); quartz (Qz);
clinopyroxene (Cpx); basic plagioclase (Plb); acid
plagioclase (Pla); and alkali-felspar (Ksp) removed.

The vectors in the insets show the direction of
evolution of fractionating liquids, calculated from the

modal observations for each subunit.
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CHAPTER SIX
THE EMPLACEMENT AND FRACTIONATION OF UNIT B

6.1 EVIDENCE FOR IN SITU FRACTIONATION

It was noted in Chapter Two that Unit B was composed
of a series of sheets, sub-vertical in form, varying in
width from 3 m. to 50 m. Their individual lengths could
not be established because of lack of continued exposure,
but some undoubtedly extend for over 2 km. Whatever the
phase relationships and‘contnﬂs on the fractionation of the
liquid parental to the exposed rocks of Unit B, evidence
exists for in-situ fractionation of the separate sheets
after emplacement at their 'present' levels. The evidence
falls under the following general headings; modal variation,

pegmatitic facies, cryptic variation, and incompatible element

variation.

Modal variation: Modal concentrations were measured
using a Swift point-counter. Methods described in Chay es
(1956) were employed. 500-1000 points were counted per slide.
Optical modal determinations have inherent limitations
(Chayes, op. cit; Wright and Okamura, 1977), but were also
hampered, especially in subunits Bl and B2,because of
alteration effects. Modes are presented in table 6.1, showing

the variation in each subunit, and are approximate only

for subunits Bl and B2.

Modal variation histograms are shown in figure 6.1 a-d,
for samples. collected at intervals across various sheets of

subunits B3 and BlY, in traverses 1,2,5 and 6. The mode of
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TABLE 6.1 :

MODAL ANALYSES FOR ROCKS FROM UNIT B.
MODES = Wt%. Aproximate only for subunits Bl and B2.

Subunit Sample Pl Px+Am  Fe-Ti Qz/Af Ap

Oxide
Bl 32 4o 42 8
20 50 28 10 10 1

B2 137 35 40 17 3 5

142 50 10 5 35 1
B3 51 52.0 17.3 5.0 24,6 0.2

52 51.1 16.2 5.6 27.0 0.1

53 43,6 12.0 3.0 41.3 tr
B4 60 63.5 .0 5.5 23.0

64 35.0 .0 2.0 56.0

127 53.5 16.5 6.0 24.0

126 61.5 10.0 3.0 26.5

109 54,5 8.0 2.0 35.5

143 65.5 11.0 3.5 21.0

148 38.0 8.5 1.0 52.5
B5 E16184 9.5 7.5 2.0 81.0

Key : Pl. Plagioclase
Px. Pyroxene
Am. Amphibole
Fe-Ti oxide. magnetite and ilmenite
Qz/Af. Quartz-alkali felspar intergrowths
Ap. Apatite
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subunit B5 is shown for comparison (figure 6.l e). Figure

6.1 a, b and ¢ show the variation across three sheets from
subunit Bl4. In specimens from the southern margins (143, 60
and 127), plagioclase is the dominant phase, forming 55 to 60%,
with mafic phases forming 10 to 20%, and quartz-alkali felspar
intergrowths the remainder. The northernmost specimens (148,
64 and 109) show a substantial increase in quartz and alkali
felspar, up 50 to 60% of the mode, while plagioclase, forming
30-40%, still exceeds mafic phases which now form less than
10% of the mode. The horizontal distance over which these
changes take place varies from 38 m. (143 to 148), to 35 m.
(127 to 109), to 5 m. (60 to 64). Similar variation occurs
over a distance of 2 m. in subunit B3 (51 to 53 in figure

6.1 d). These modal variations indicate a decreasing
proportion of plagioclase and mafic phases, and an increase
in the amounts of 'trapped liquid', represented by the
micrographic intergrowths, laterally across the sheets from
south to north. The actual percentage of trapped liquid would
be greater, in any particular sample, than the percentage of
micrographic intergrowth, as a result of continued over-

growth on the earlier formed higher temperature crystals.

Pegmatitic facies: The occurrence and nature of the
pegmatitic facies has been described in section 4.1.10. It
has been attributed to saturation in the melt of an aqueous
phase, by crystallisation of anhydrous phases. These pegmatitic
facies invariably form on the northern margin of the sheets
in which they occur, thus, indicating the probability of

lateral volatile fractionation across the sheets. Althoupgh
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upward fluxing cannot be entirely ignored, it would be most
likely to occur in regions where the proportion of melt to
crystals was the greatest, which from the evidence of modal
variations would be on the northern margins anyﬁay.

Cryptic variation: The plagioclase core compositions show
little variation across the sheets, but this has been
attributed, in part, to their phenocrystic nature, and to the
thermal effectsof volatiles in lowering the liquidus-solidus
relationships in the plagioclases. Pyroxenes, however, can
show substantial cryptic variation from south to north across
individual sheets, and was illustrated, in terms of principal
end-members components, in figure 4.4. Figure 4.4B, for
example, shows the variation in subunit B2 across traverse
SiX. The majority of the variation occurs over the northern
20% of the sheet, in the more fractionated and pegmatitic
facies of the ferrogabbro. Figure 4.4E, shows the variation
in subunit B3 across traverse one. It will be noted that
there is a significant increase in the Wo component, which
coincides with the abrupt change into pegmatitic facies
(sample 48, traverses the boundary). This may be an effect
of increased vapour pressure, causing the local expansion

of the two—pyfoxene solvus. The cryptic variation in the
pyroxenes, indicates that major elements have fractionated

laterally across the sheets from south to north.

Incompatible element variation: The variation in
zirconium across three sheets of subunit B3 and Bl4, is plotted

against MgO and Ca0 in Figure 6.2 .
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A general relationship exists between the Zr content and
the position of the sample in the sheet. Zr increases by up
to a factor of four across the sheets from south to north,
indicating in-situ fractionation of the liquid. The major
element concentration also varies, in a manner reflecting the

cryptic variation and abundance of the pyroxenes.

The treatment of Zr (or Y, or Nb) as truly incompatible
elements, is not strictly valid, as indicated by the variation
in enrichment factors across the sheets between Zr, Y and
Nb. It was also noted in Chapter Five that the zircon
becomes a liquidus phase in subunit B4, however, the very
small nature of the initial nucleii would probably allow
theﬁ to be transported in the migrating liquid, and therefore,

in effect, still reflect Zr fractionation across the sheets.

6.2 THE EMPLACEMENT OF UNIT B

Before discussion of the mechanisms of in-situ fraction-
ation, it would be pertinent to consider the order of emplace-
ment of the various subunits, and the thermal regime that

existed at the time of their emplacement.

| Figure 6.3 , shows the proposed sequence of intrusion
of the five subunits of Unit B, in the Further Gill Sike
region. The Carrock Fell granophyre, subunit B5, was intruded
along the contact of Unit A, and the Skiddaw Group or Eycott
Volcanic Group, either as a single stock, or as a series of
subvertical sheets (A). The cooling granophyre, comparatively
voluminous compared to later subunits, acted as a source of

heat throughout the emplacement of subunits B2 to Bi4. Subunit
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BY4 was emplaced, as a subvertical sheet, along the southern
margin of the, still hot, granophyre (B), slightly hornfelsing
it and stoped off sheets of it. Crystallisation proceeded,
initially, against the cooler southern wall, but progressed
inwards towards the northern margin. The ferrodiorite,

subunit B3, was then intruded in a similar manner along the
southern margin of B4 (C), the cooling ferrogranophyre of

B4, contributing to the heat flow from north to south. Cooling
most rapidly on the southern margin, the ferrodiorite became
saturated with respect to volatiles, by progressive crystallisation
inwards of anhydrous phases, leading to development of a
pegmatitic facies along its northern margin, and under the
roof. The ferrogabbro of subunit B2 was intruded and
crystallised in a similar manner,with conductive heat loss

from the cooling of subunit B3 contributing to the overall
thermal gradient from north to south (D). The thermal gradient
must have still been high enough to cause supercooling of the
iron-rich magma against Unit A, resulting in localised comb
layering. Emplacement of the successive sheets also must have
" been fairly rapid, as at no time did the thermal gradient

cease to exist from north to south, indicating that the Unit A
rocks had not reached thermal equilibrium, even on emplacement
of subunit B2. On the other hand, there was sufficient time
between the emplacement, of successive sheets, to allow some
crystallisation inward from the southern margin. Successive
sheets were therefore intruded against a semi-solid medium.

It is perfectly possible that successive sheets became

contaminated along their northern margin, by interstitial
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liquids from the previously intruded sheet. This effect could
have enhanced the fractionation effect and possibly contributed
to the saturation of volatiles along the northern margin of

the later sheet, and also account for the lack of chilled
margins between sheets. SampleSSﬂm%351&3339),traverses the
contact between the ferrodiorite pegmatitic facies of sub-

unit B3, and the pyroxene-plagioclase granophyre of BA4.
Microscopically features exist from both subunits over 0.5

to 1.0 cm., and electron micro-probing has indicated that

the phases are in equilibrium over the contact region.

(Compare the marginal analysis of pyroxene 55a, a large
pyroxene from the pegmatitic facies, with the analysis of
pyroxene 55b, a small euhedral pyroxene from subunit B4, in

figure 44H and E respectively).

The thermal gradient from north to south would have
been generated by the cooling of the subunit B5 granophyre,
by conductive heat loss through the wall, but would be
enhanced by the emplacement of successive magmas each with

a higher liquidus temperature.

It is surprising that pegmatitic facies have developed
in the more basic members of the suite, in subunits B3 and Bl,
but not in the granophyres, as these, under closed system
volatile fractionation, should be saturated before more basic
melts with higher liquidus temperatures. It is possible that
the cooling of the subunit B5 and BY rocks, had initiated a
hydrothermal convection cell, and that influx of ground-water
occurred during emplacement of subunits B3 and B2, thus

increasing the water content of the magha, which then became
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saturated on further crystallisation. Figureé6.3E, shows the
last event in the evolution of Unit B, the emplacement of
subunit Bl, into the northern and central parts of the sub-
unit B5 granophyre, splitting it into two, the southern part
being the Carrock Fell granophyre, and the northern the Rae
Crags granophyre. Cooling of the Bl magma would have occurred
initially in a uniform thermal regime, and thus crystallisation
was from both margins inwards as the magma cooled by conduction
from both walls, causing residual liquids to become concentrated
in the central region. The hydrothermal convective cell was
operating at the time of emplacement of subunit Bl as the
alteration effects are most pronounced in this subunit.

Local melting of the granophyre occurred on the emplacement

of subunit Bl, producing the back-veining and hybridisation
effects, observed at Round Knott (MR 3344, 3372) and Scurth

(MR 3510, 3388).

It is very interesting to note, that the proposed
sequence of intrusion of the subunits, which seems to fit
the field and petrographic observations most closely, is
the reverse order of the fractionation sequence. It would
therefore be attractive to speculate that the order of

intrusion reflects the emptying of a vertically differentiated

magma chamber.

6.3 MECHANISM OF FRACTIONATION IN UNIT B

Layering and related phenomena have provided the
central theme for the interpretation of differentiation

processes in igneous rocks (Wager and Brown, 1968). Much
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recent work and debate, however, has centred on the mechanisms
of crystallisation and accumulation in magma chambers, and

on the mechanisms of fractionation in silicate melts (i.e.
McBirney and Noyes, 1979). In particular, the role of
gravity in accumulation of crystals (Wager et al., 1960;
Wager and Brown, 1968) has come under close scrutiny in the
light of measurements on physical properties of magmas,
particularly viscosity, density and yield strength (Murase
and McBirney, 1973; McBirney and Noyes, 1979). The
application of fluid dynamic, thermochemical and physical
principles to processes in magma chambers has opened up

a new area of research, and in the light of present changing
ideas, and still, as yet, limited knowledge of the dependence
of physical properties on other variables, it would be unwise
to do more than speculate about the mechanism of in situ
fractionation within Unit B. Several pertinent conclusions

may be drawn however.

It would appear that gravity played only a minor role,
if any, in producing the observed distribution of crystaline
phases within the sheets, as the sheets are essentially sub-
vertical. Except on a local scale in subunit Bl, and then
only of a diffuse nature, no rhythmic layering phenomena
exist in Unit B. Lamination when present is parallel to
the margins of the sheets. The lack of scatter about the
chemiqal variation trends of the Unit B rocks in figure 5.1
suggests that 1little, if any, differential accumulation of
one phase relative to another occurred. These observations,

together with the abundance of disequilibrium crystallisation
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phenomena, comb layering and skeletal morphology, and the
strong zonation of plagioclase and, to a lesser extent,
pyroxenes produced by rapid crystallisation, suggest that
crystallisation occurred in situ against the walls of the
sub-vertical sheets, and in particular the southern margins
in subunits B2 to B4. The rocks, in this respect, might be

termed congelation cumulates (Wager and Brown, 1968).

The viscosity of silicate melts has been measured
experimentally by Shaw (1969) , Murase and McBirney
(1973), and McBirney and Noyes (1979), and has been shown to
increase substantially with erystallisation. Shaw (1965)
suggests, however, that the effect of volatiles would be
to reduce the viscosity, and that it would not increase in
excess of one order of magnitude until more than half
crystallised. Whatever the viscosity, the suspension of
crystals in a vertical magma column, requires the crystal-
liquid suspension to have a finite yield strength, in order
to overcome the gravitational stress acting upon individual
crystals, and hence, prevent settling or slump. It is
significant in this respect that no evidence for slumping
exist in the Unit B rocks. Rapid crystallisation undoubtedly

contributed to the above requirement.

As noted in the previous section, a thermal gradient
existed across the magma column within individual sheets, in
some cases high enough ¢to cause significant undercooling in
the melt, thus, resulting in comb layered phenomena. Certainly,
the gradient was always high enough to cause fairly rapid

crystallisation and, hence, prevent equilibrium being maintained
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between crystals and liquid. This is evident from strong
zonation in the plagioclase, and incorporation of Al and Ti,
metastably, in pyroxene. A direct consequence of the thermal
gradient, will be a chemical potential gradient within the
magma. It is unlikely that convection occurs to any great
extent in intrusions less than 100 m. wide (Shaw, 1965), and
therefore, that conductive heat loss, through the southern
wall of each sheet, was the dominant cause of the thermal

gradient.

In summary then, nucleation, probably inhomogeneously
or by self nucleation (Campbell, 1978), occurred in conditions
of supercooling along the southern walls of individual sheets,
(both walls in the case of subunit Bl). Continued rapid
crystallisation within a high thermal gradient, prevented
equilibrium of crystals with melt, and enhanced fractionation
within the melt. It is unlikely that diffusion was the sole
cause of fractionation, and some relative movement of crystals
and liquid, by a method analogous to filter pressing, must
have been operative. Rapid crystal growth would reduce the
porosity of the crystal-liquid framgwork, until the point where
liquid became trapped in the interstitial pore spaces. At
this point, growth of crystals would continue from the trapped
liquid, (orthocumuls growth of Wager et al., 1960). The residual
1iquidrwould crystallise as granophyric intergrowths, but would,
as noted earlier, represent a smaller volume than the actual
volume of trapped liquid. The more fractionated liquid in
each subunit crystallised on the northern margin, and may have
become contaminated by pore liquids from the southern margin
of the adjacent sheet. Subunit B5 represents the most

fractionated liquids, but these are considered to be near



182

eutectic melts, containing at most 20% crystals. The normative
felsic components lie close to the ternary minimum at

1.5Kp PH,0, in the system 5i0,-Ab-Or-H,0. (figure 4.2).

6.4, THE WATER CONTENT OF THE UNIT B MAGMA.

At this point, it is interesting to speculate about the
H,0 content of the magma, and its effects on crystallisation.
Pegmatitic features,such as the corrosion of earlier formed
phases, growth of H2O - saturated phases, and especially the
growth € large crystals (see section 4.1.10.2) which requires
rapid transfer of nourishing materials to centres of nucleation,
suggest that the magma may have become locally saturated with
a low-viscosity aqueous phase., This aqueous phase would be
largely H2O, although 002, F and st, were probably also
present in small quantities, as endorsed by the occurrence of
carbonate, amphibole, apatite, pyrrhotite and pyrite. The
critical pressure of H20 is 221 bars, (Carmichael et al., 1974),
which is equivalent to a depth of 1 km. Regardless of
temperature, therefore, the aqueous phase would be in a

supercritical state, with no distinction between vapour and

liquid, as suggested by Jahns and Burnham, (1969).

The effect of a low viscosity aqueous phase, probably
1073 or 1074 poise (Frank, 1961), would be to lower the
isothermal viscosity of the melt. Burnham (1967), showed
that the addition of 6.4 WEZH,0 to a granitic melt, decreased
the viscosity from lO9 to lO5 poise. Calculations following
Shaw (1972), show that addition of 1.5 WEFH 0 to a ferrodiorite
liquid composition, decreases the viscosity by 1.5 orders
of magnitude. The,decreased viscosity is primarily a function

of the depolymerisation effect of the H.O on the silicate

2
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framework structure in the melt. (Burnhan, 1979a51979b). Lower
viscosity is however counteracted, to a limited extent, by

the thermal effects of lowering liquidus temperatures.

Initially individual magma pulses would be undersat-
urated with respect to H20 on intrusion. With fractionation
of anhydrous phases, such as plagioclase, pyroxene, and Fe-Ti
oxides, the water content would increase until the magma
becomes saturated by the aqueous phase, and a pegmatitic facies
would develop. This seems to occur between 50-80% cryst-
allisation of individual sheets, although there is consider-
able variation between sheets, and some show no pegmatitic
facies. Because of later alteration effects, however, it is
not possible to measure the water content of the magma
quantitatively, although a semi-quantitative estimate can

be made.

Figure 6. 4 ,shows how crystallisation of anhydrous
phases would affect the concentration of H20 in a magma
containing initially 0.5, 1.0, 2.0 and 3.0 Wt%HEO. Cryst-
allisation of the limited volume of anhydrous phases can be
ignored, as formation of 5% amphibole or apatite, would lower
the whole-rock HZO content by only 0.1 Wt%HZO. Also shown
on figure 6. 4, as dashed lines, are the water saturation
levels under varying confining pressures, of andesitic and
granite (pegmatitic) melts. (the data are from Hamilton et al.,
1964, and Burnham and Jahns, 1962). An overburden of 2.5 km.
at Carrock Fell, would produce a load pressure of approximately
1 kb. The exposed section would be equivalent to only 0.15 kb,
and can therefore be ignored. At 1 kb and 60-70% crystallisation,

the H,0 content at saturation would be approximately 4 wez,
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equivalent to approximately 1.0 Wt%, before any crystallisation.
The lower pressure stability of Fe-rich amphibole in acid

rocks has not been determined experimentally, but Holloway

and Burnham (1972), found experimentally that amphibole is
stable down to 2 kb in tholeiitic basalt. This is likely to
be lower in acidic rocks, but may indicate that the estimateof

overburden was low.

The magmatic system is assumed to be closed with respect
to H20 in the above estimation. However, upward fluxing of
the aqueous phase may have occurred, as the pegmatitic facies
are more widely developed in higher exposures of the intrusion.
Also, as noted in section 6.2, influx of water during hydro-
thermal circulation may have contributed to the overall H20

content.

Si02, A1203, Na20 and K2O, are all soluble to varying
degrees in an aqueous phase in equilibrium with a melt
(Tuttle and Bowen, 1958; Carmichaeletal, 19743 Burnham, 1979u;b)
This may account for the increased proportion of quartz and alkali
felspar intergrowths within the pegmatitic facies. The increased
H 2O should tend to stabilise amphibole, but also, due to the
dissociation of H,0, should lead to an increase in f0,, as the
diffusivity of H, is considerably higher than 0,5, and this
certainly would account for the observed oxidation and

resorbtion effects in the Fe-Ti oxides.

6.5 THE FRACTIONATION OF THE UNIT B MAGMA

From the petrographic and mineralogical observations
made in the previous sections, it is possible to draw certain

conclusions about the fractionation of the Carrock Fell

Unit B magma.
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The use of simplified phase diagrams, such as MgO-FeO-

SiO2 (Bowen and Schairer, 1935) or MgO-FeO-Fe,0,-Si0O, ( Muan

273 2
and Osborne, 1956), is uninstructive to interpret the
fractionation trend, as Ca0 1is undoubtedly an important

parameter.

Early 'liquids lay outside the stability fields of
Ca-poor pyroxene or Mg-olivine and were confined to an augite-
plagioclase univariant surface or cotectic. Rapid cryst-
allisation would enhance the normal fractionation trend
towards Fe-enrichment in the melt, by preventing continued
re-equilibration of crystals with magma. This is the stage
represented by the rocks of subunit Bl. It is likely that fO2
in the magma was fairly low at this stage and remained fairly
constant, (Osborne, 1959; 1979; Roeder and Osborne, 1966), being
pbuffered, primarily, by the magma composition and the precip-
itating phases, and therefore it did not drop with fractionation

as in a system closed to oxygen. At fO 1077, in the

2
system CaA128i208 - Mgzsiou - Fe203 - SiO2 (Roeder and
Osborne, 1966) magnetite is a stable phase throughout the
Fe-rich part of the system. A liquid fractionating along

a univariant plagioclase pyroxene surface or cotectic, inter-
sects the magnetite stability field, so that magnetite-
pyroxene (augite) and plagioclase are in equilibrium with the

liquid, the stage represented by subunit B2. (ilmenite and

apatite are additional phases not represented by the above

system). . (

Under lower fO, conditions, the liquid intersects the
Fayalite stability field before the magnetite field, and’

enrichment.

leads to extreme Fe-enrichment with little SiO2
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At higher, or increasing fO2 conditions the magnetite stability
field becomes enlarged and the pyroxene-plagioclase univariant
surface is reduced in size. Fe-encirchment can only be

very limited in this case. Precipitation of low SiO2

phases, magnetite, ilmenite, and apatite, causes the residual
liquids to become enriched in Si02, and eventually intersect
the silica minerals field. The 0SiO,may, however, be buffered
in the case of Unit B by plagioclase fractionation, thus
preventing the actual intersection of the silica minerals
field. This SiO2 enrichment stage is defined by subunits B3
to B5. The fractionating liquid becomes depleted in Fe by
continued magnetite and pyroxene crystallisation, the

Fe/Fe+Mg ratio continues to increase, Na/Ca+Na increases,

and X,0 increases as no potassium bearing phases crystallise.
During this stage, the f02 probably remained fairly constant,
but was buffered high enough to prevent fayalite crystallising,

according to the reaction :
3F628104 + O2 _ 2Fe304 + 38102

continued removal of magnetite, and buffering of (18102 by
plagioclase, probably buffered the fO2 between the experiment-
ally determined QFM and HM buffer curves (Eugster and Wones,
1962), but in the absence of meaningful data on coexisting
Fe-Ti oxides, no quantitative relationship can be calculated.
Textural evidence exists for a reaction relationship of Fe-
pyroxene with liquid, to produce Fe-amphibole in subunits

B3 to B5. Data from Fe-Ti oxides coexisting with Fe-amphibole
in silica rich liquids (Carmichael, 1967) supports the higher
oxygen fugacity in this range. The stability of Fe-amphibole

with Si-rich liquid suggests that the H2O may have had an
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external buffering effect on the f0, of the liquid. Irvine

2
(1976) showed that the existence of a metastable two-liquid
solvus over large regions of the system Mgzsiou - Fezsiou -
CaAlSi308 - Sioz, at 1 atm., and showed that the .degree of
relative iron or silica enrichment in fractionating liquids
is dependent on the presence of KAlSiBOB, and its ability

to suppress the solvus at higher liquidus temperatures. This
system,and the role of silicate liquid immiscibility in the

Unit B magma, but more specifically in tholeiitic magmas in

general, is discussed fully in the following section.

6.6. THE ROLE OF SILICATE LIQUID IMMISCIBILITY (SLI)
IN THE EVOLUTION OF THOLEIITIC ROCKS.

The discovery of a field of low temperature immiscib-
ility in the system FeO—K20-A1203-SiO2 (Roedder, 1951), at
geologically reasonable compositions, and particularly, the
discovery of widespread evidence for SLI in Lunar rocks (Roedder
and Wieblen, 1970; 1971), has provoked much interest in the
possible role of SLI in the evolution of magmas. Many authors
have been prompted to propose SLI as a mechanism to account for
the lack of intermediate compositions in naturally occurring
iron rich and silica rich associations. Recent reviews of the
'state of the art' have been given by Roedder,(1978; 1979),

but a summary of pertinent findings in experimental and natural

systems, in the last decade, is given here.

It is not intended to enter into lengthy discussion on
the theoretical basis of SLI, which is not at present, fully
understood, princibally because of our limited knowledge of
the thermodynamic mixing properties of silicate species in

melts. Silicatelmelts, however, have been discussed in terms
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of the types of oxygen bonding between silicate and métal
cations. (Toop and Samis, 1962).Hess (1977) imterprets the structure
of silicate melts, on the basis of bridging oxygen (Si-0-Si),
non-bridging oxygen (Si-0-M) and free oxygen (M-O-M) bonding,
in terms of the reactions that must occur when melts of metal

oxide (MO) and SiO2 are mixed.

Polymerised silicate melts contain a preponderance of
bridging oxygens. In order to minimise the electrostatic
repulsions Dbetween cations and neighbouring cations, however,
non-bridging oxygens are required to coordinate high charge
density cations, as these cations cannot enter into tetrahedral
coordination in the framework structure of the melt. If the
concentration of HFS, framework modifying, cations is high,
the charge-screening demands are high. In polymerised melts
this causes a positive excess free energy, which is minimised
in the system by liquid-liquid separation. Cations of high
charge-density partition into a basic, low-viscosity melt,
where they can be effectiQely screened by non-bridging and
free oxygens. The conjugate liquid is a more viscous, silica=-
rich tectosilicate liquid, in which aluminium is tetrahedrally
coordinated, charge-balanced by coupled-substitution of low
charge-density (LIL) cations. The sum of the free energy
of the two separated melts is lower than the free energy of
the homogeneous melt. The system is, thus, electrostatically

and thermodynamically more stable (Seward, 1970).

The contribution of melt-melt interface energy, config-
urational entropy, and enthalpy terms, to the free-energy of
the system, is discussed by Charles (1969), Hess (1977),

Ryerson and Hess (1978; 1980), and Wood and Hess (1980).
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Silicate liquid immiscibility is a function of non-
ideal mixing of polymeric species, and this is reflected in phase
equilibrium studies by the occurrence of a two-liquid solvus,

or liquid miscibility gap, (LMG).

Roedder (1951) reported a stable, low temperature,
LMG on the join Fayalite-Leucite-S ilica (Fa-Le-SiOz) at
latm. This LMG has since been verified, and studied in more
detail by Watson (1976), Biggar (1978), Roedder (1978),
Freestone (1978), and Visser and Koster van Groos (1979a).
The conjugate melts are a high-silica melt, LS’ enriched
in A1203 and X,0,relative to a high-iron melt, L.. The system
is quaternary over a limited range of temperatures, and shows
a marked change ‘in liquid compositions with temperature due
to a plateau in the fayalite liquidus. The exposed solvus lies
on the tridymite-fayalite cotectic, between an upper temperature
of 1210°C and 1270°C, but disappears at a lower temperature,
between 1110°C and 1160°C. The lower temperature of the
exposed solvus represents a reaction of the type
Tr+Lf—* Fa+LS, or a eutectic type reaction Tr+Lf+L§4+‘Tr+Fa+LS-
All authors note that there is a metastable extension of the
solvus, linking the stable low temperature LMG, with the
high temperature LMG, discovered by Greig (1927), in the silica-

rich part of the system.

A stable LMG is not present in the related systems
Nepheline-Fa-5i0,, (Bowen and Schairer, 1938) or Le-forsterite-
810, (Schairer, 1954). Naslund (1976), studied the effect
of increased f02, and addition of sodium, as NaA181308 (Ab)

in the system KA181308 (Or)—FeO-SiOz. In the Na-free system,
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it e he

e o

the LMG expanded with increasing f02, because expansion of the
magnetite stability field decreased the local relative tem-

perature minimum in the system. The system Ab—FeO-SiO2

12

showed no stable LMG, at low fO, (10~ atm). At fO, =

2
1077 atm., however, the LMG was stabilised, and continued to

expand with increased f02.

The effects of addition of A12O3 to related systems showing

an LMG, (ie. 8i0,-Ti0.,-MgO-CaO-FeO, Wood and Hess, 1980) is

2 2

to reduce the SLI effect. The ability of A1203 to coordinate
tetrahedrally with divalent ions in the silica-poor melt,

reduces the structural contrast between the conjugate melts.

The high charge screening demands of 'I'iO2 and P205,
however, have the effect of expanding the LMG, when added to
systems showing SLI. (Watson, 1976; Ryerson énd Hess,1978;
1980; Wood and Hess, 1980; Freestone,1978; Visser and Koster
van Groos,;1979b). The ability of phosphorous to complex with
metal cations, increases the liquid-liquid distribution

coefficient of those cations (Ryerson and Hess 1978; 1980;

Visser and Koster van Groos 1979b). P205 and TiO2 also have
the effect of polymerising the melt by coupled-substitutions
of the sort, PO+Al0 = Siu.siu, and Si= mi%. Addition of

2O-Al203-8102

maximum temperature of the LMG by 35°C/Wt% P,0; added,and

5 added. The minimum temperature is lowered

P205 and TiO2 to the system FeO-K , raises the

25°C/Wt% Tio
25°C/Wt%‘P205 added, but no effect was produced on addition of
TiO2 (Visser and Koster van Groos 1979b). The effect of
pressure on this system has been studied by Nakamura (1974),
and in the P205 bearing system, by Visser and Koster van

Groos (1979c). The expansion of the silica field relative to

the Fa field, causes the stable LMG to disappear at pressures
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above 6.511Kb. Addition of P2O5 increases the stability of the

LMG by uile/Wt%on added.

5
Thus, it is found that the size of the field of stable
SLI, represents a balance between the tendency of the various
components of the systems to promote, or suppress, the
imm iscibility, and their tendency to depress liquidus temp=
eratures. In magmas, it may be expected to depend especially
upon the depression of the liquidii of the mafic and oxide
minerals,relative to the liquidus of plagioclase. Systems
with high Ca0O, FeO, Fe

FeO/MgO, P and TiO2 have

203> 2%
low liquidus temperatures, and additionally these elements,
particularly P and Ti, have the effect of expanding the

two-liquid solvus.

Tholeiitic magmas, therefore, should show a tendency
to approach a stable LMG in the latter, iron-enriched, stages
of fractionation, providing apatite and ilmenite do not
crystallise in significant amounts prior to this. Lunar
basalts commonly show SLI in their latter stages of crystall-
isation, (Roedder and Wieblen, 1970; 1971; Wieblen and
Roedder, 1973; Hollister and Crawford, 1977). This is
undoubtedly a function of their high Ti, P and Fe. Many
rapidly cooled terrestrial basalts, however, also show late
stage SLI, with, usually, globules of brown high-iron glass
in a silica -rich interstitial glass (Roedder and Wieblen,
1971; De,1974; Clochiatti, 1978; Roedder, 1978; Philpotts,
19785 1979; see also Plates 6.laandb). Some of the SLI
observed in these examples may result from quenching into the

metastable solvus (Biggar, 1979), but still confirms the

existence of a solvus.
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Fraétional crystallisation experiments (as opposed to
equilibrium experiments) have been conducted on synthetic
lunar basalt compositions (Hess et al 1975), and on natural
terrestrial examples, in order to establish whether low
temperature liquids intersect a stable LMG (Dixon and Rutherford,
1979; Philpotts, 1979). All the experiments showed that the
fractionating liquids intersect a stable LMG, but the degree
of fractionation required to intersect the solvus, varies
from 45 to 95%. Philpotts (1979) found that the stable LMG
was intersected at higher temperatures with increasing £0,.
USGS standard diabase, W-1, shows no obvious evidence for
SLI in thin-section, however, similar fractionation experiments
conducted on this sample (Philpotts, op cit), show SLI between
1035 and 1040°C. McBirney and Nakamura (1974) and McBirney
(1975) report SLI in experiments conducted on mixtures of

Skaergaard Upper Zone and Upper Border Group compositions.

The origin of the Daly Gap (Daly, 1933) particularly
in the Tertiary Thulean province, has received considerable
attention and provoked much debate in the last 50 years. Both
crystal fractionation of basalt, and partial melting of acidic
crustal rocks by higher temperature mafic melts, have been
proposed, amongst other hypotheses, to account for the observed
bi-modal distribution of rocks in tholeiitic provinces. The
pendulum has swung back and forth as new methods have enabled
new approaches to the problem to be pursued. The problem has
by no means been resolved yet, but present published consensus,
in the Hebridean province at least, favours crystal frac-
tionation of a basaltic parent (Thorpe et al, 19773 Thorpe, }978)

but with varying degrees of crustal contamination, (Walsh

et al. 1979). ,
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The similarity of the high-iron and high-silica
conjugate melts produced in experiments, and observed naturally,
to natural iron rich-silica rich associations, (ferrobasalt-
rhyolite or ferrogabbro-granophyre), has prompted many authors
to propose SLI as a mechanism to account for the observed lack
of intermediate compositions - the Daly Gap - (De, 197h;
McBirney, 1975; Philpotts, 19763 1979; Rutherford et al.
1976; Wiebe, 1979).

Figure 6.7 shows the KD.LF-—LS(KD = concentration of
element in iron rich melt/concentration in silica-rich melt)
calculated for the major elements for conjugate immiscible
melts, from crystallisation experiments (Rutherford et al,
19763Ryerson and Hess,1978), and from melt inclusions (Roedder

and Wieblen, 1970). Also plotted are K.'s calculated for the

D
Upper Zone B ferrogabbro and Upper Border Group transitional
granophyre, from Skaergaard (Wager énd Brown, 1968), and a
subunit B2 ferrograbbro and B4 granophyre from Carrock Fell.
It will be noted that there is very good agreement between

the partitioning behaviour between immiscible melts, and the

observed distribution of major elements between ferrogabbro

and granophyres.

Theory predicts, and experiment shows, that HFS trace
elements (ie Zr, Nb, Y, REE) behave identically to Fe, Ti,
and Py in their partitioning behaviour. (Watson, 1976;

Ryerson and Hess, 1978). They, therefore, concentrate in the
high iron melt. A study of the distribution of HFS tréce
elements between natural ferrobasalt-rhyolite or ferrograbbo
granophyre associations, however, shows the reverse of the

observed effect for conjupgate immiscible melts.
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It has been shown that a stable LMG exists in frac-
tionated tholeiitic compositions, resulting in a high iron and a
high-silica conjugate pair, at geologically reasonable tem-
peratures, and at reasonable levels of fractionation that would
allow physical separation to occur. The observed trace element
distribution, however, is not in accordance with fractionated
granitic rocks being produced by a straightforward application

of the silicate ligquid immiscibility model.

Irvine (1976) found that in the systemn, Mg2Si0u -
Fezsiou - CaA128i208 - Sio2 - KAlSiBOs, that the solvus extended
metastably over large areas of the system, and that it had a
profound effect on the shape of the liquidus surface and size
of the primary phase volumes. It is termed the silica immis-
cibility effect (Irvine 1975). Non-ideality in silicate melts
contributes to a positive excess free energy in the system.
The experiments of Irvine show that the non-ideality extends
beyond the compositional limits of the solvus. Consequently,
liquids in the vicinity of miscibility gaps, either stable
or metastable, have higher molar Gibbs free energies and,
therefore, higher liquidus temperatures than they would if
they were ideal. Non-ideality, thus, tends to shift liquid-
solid equilibria in favour of the solid by raising melting
temperatures. Liquidus temperature contours and liquidus
boundaries in the vicinity of solvii will tend to be shifted
or deflected away from them. In the potassium free system,
Fo-Fa-An-SiOE, the presence of a metastable solvus, caused
the silica minerals field liquidus boundary to be deflected
over the solvus, thus preventing substantial silica enrichment

in liquids fractionating in the olivine and Ca-poor stability

fields. The addition of potassium, as KAlSiBOB, depressed
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the solvus, thus reducing the silica immiscibility effect.
This causes the silica minerals field to contract relative to
the olivine and Ca-poor primary phase volumes, thus, allowing

residual liquids to become enriched in silica.

At lower temperatures in the system, however, the
tridymite~fayalite-cotectic is depressed, so that it does not
clear the solvus. This effect should be enhanced by the
addition of even small amounts of P205 or Ti02, especially if
the metastable solvus had prevented substanial silica enrich-
ment at higher temperatures. The evidence from tholeiitic
basalts, presented earlier, suggests that at lower temperatures
in the iron-enriched residual liquids, an LMG is stable or very

nearly so.

It is instructive, therefore, to consider at this point,
exactly what happens in terms of enrichment of elements and
crystallisation of phases in late stage tholeiitic liquids,
say, for example, the Carrock Fell Unit B magma. The presence of
Fe, Ti and P, contributes both to low liquidus temperatures, and
to expansion of the two-liquid solvus. In the Unit B magma,
the liquid was precipitating plagioclase and augite. Plagioclase
crystallisation contributes to further localised enrichment
of the Fe, Ti and P in the interstitial liquid. Consider,
therefore, the possibility that the residual liquid intersects
a stable solvus. The simplified phase relationships become

quaternary at this point, with Aug+Pl.+Ly By analogy with

S

the system K-20--Al2 3 810 -Fe0, globules of LS

LF and will continue to increase in volume, as the LF reacts

The augite, therefore, is growing at the expense

will appear in

with augite.

?f Lp, with continued increase in LS. When LF disappears
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completely, the system becomes ternary, with Plag+Aug+LS. The

effect of P205 and Ti0O., would be to expand the solvus. The

2
partitioning behaviour of P and Ti, means they concentrate in

Lp. If for kinetic reasons, apatite or ilmenite had been

unable to nucleate and crystallise before intersection of the solvus,

the low viscosity of L_,and high concentration of P and Ti in

F’
Lps would probably cause them to nucleate and grow rapidly

at the expense of L The activity of P and Ti would, of course,

B
be identical in both melts, but nucleation and crystallisation is
less likely to occur in the high viscosity, high-silica melt.

The HFS trace elements, Zr, Nb, Y, REE, etc., partition into

the high-iron melt, but i1t is the crystal-liquid Ky for each
element that will contfol the incorporation of those elements in
to the crystallising phases. It is considered likely that
crystallisation of augite, ilmenite and apatite from LF’ will
affect the equilibrium between the conjugate melts, and the
stability of the solvus, and may promote reaction between the
crystals and liquids, and between the residual conjugate liquids.
Certainly the structural contrast between the liquids will be
reduced, and the tendency should be, therefore, for them to re-
homogenise, leaving a silica rich liquid with low concentrations
of Fe, Fi and P, but containing those HFS elements that did not
partition significantly into the mafic phases. The bulk
composition of the crystallised phases is essentially that of a

ferrogabbro, but the bulk composition of the liquid is that

of a granophyre or rhyolite.

The crystallisation of apatite is considered to lend
support to the above model. 1In many intrusions, P205

concentration rises slowly to a point at which apatite crystallises
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When it does, apatite crystallises out of proportion to the
P2O5 concentration at saturation. Most tholeiitic lava
sequences show P205 maxima rarely in excess of 1Wt%, yet
crystallisation of 5-6% apatite in slowly cooled plutons,
implies P,0g contents of 2.5 to 3.0 Wt%. In some intrusions
apatite may have concentrated by crystal settling but in
others it can be shown that it grew in situ. Thus, it would
seem that apatite suddenly became supersaturated in the melt.
The above model accounts for the suddensand apparently
voluminous, appearance of apatite. The association of apatite
with maxima in Tio2 and FeO content in lavas, may suggest

that the above process was operative for ilmenite and magnetite

also.

The model assumes that the liquid actually intersects
the stable solvus. If the solvus is, however, metastable,
the tendency will be for the cotectic boundary to be deflected
over the solvus, and form a temperature plateau, where the
liquid composition changes considerably with only a small change
in temperature. It has already been noted, that non-ideality
in the regions close to the solvus shift equilibria in favour
of the solid phase. Irvine (1976) notes, in this respect, that
a melt held just above the solvus temperature was stable for
some time, but that in the same melt at a slightly lower
temperature, exsolution in fact initiated rapid crystallisation.
Zdaniewski (1975) notes also,that nucleation and growth of
phases promoted by the metastable solvus, is a common feature
in ceramic systems. The possibility arises, therefore, that
the structural changes in the melt solution that result from
the effects of non-ideality surrounding the solvus, whether

it be stable or metastable, may promote the nucleation and
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growth of phases as described in the model above.

While Irvine (19753;1976)discusses the role of metastable
SLI in relative iron, or silica, enrichment in the earlier
parts of the fractionation sequence, the above discussion
of silicate liquid immiscibility controlled crystallisation,
may help to explain some of the phenomena observed in late
stage tholeiitic rocks. It must be emphasised, however, that
the dominant process in the earlier stages of differentiation,
is still crystal fractionation, but that crystallisation
in more evolved liquids may be influenced by SLI in a way
that will enhance residual silica enrichment, and produce the

apparent compositional gap between ferrogabbro and granophyre.

Little mention of magnetite crystallisation has been
made in the above discussion. The magnetite stability field

is expanded by increasing fO The general effect of increased

5
fO2 on the solvus, however, is to expand it both in synthetic
systems (Naslund, 1976),and in natural tholeiites (Philpotts,
1979). Extensive early crystallisation of magnetite under high
fO2 conditions, however, will have the effect of reducing the

enrichment of iron in late stage magmas. (The effects of f02

and the stability of the magnetite field were considered in

section 6.5).

SLI is not restricted to late stage tholeiitic rocks,
indeed, the underlying principles of the above discussion apply
to other rock types as well. SLI has been proposed to explain
certain alkaline rock associations, (Philpotts, 1976) Carbonate-
ijolite and carbonate-phonolite associations (Hamilton et al.,

1979; LeBas and Handley, 1979) amongst many others.
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It is suggested that further experimental work in
two areas is required. Extension of the work in the systems,
Fo-Fa—An-Or-SiO2 (Irvine, 1976), and Fo—Fa-Di-Hd-Or-SiO2
(Hoover and Irvine, 1978), to study the effect of the
addition of geologically reasonable amounts of P205 and Tioz.
Secondly, detailed work is required in natural systems, to
study the effect of the stable or metastable LMG, on liquidus
relations of coexisting crystallising phases, and study the
phase relations of the conjugate liquids themselves. Invest-
igations should also be undertaken in the simpler synthetic
systems, to study the effects of £CO

and fH,0 at pressure.

2 2
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FIGURE 6.1.

Modal variation histograms for samples collected

at intervals across various sheets in Unit B. -

A. Subunit BY4, traverse 6.
B. Subunit B4, traverse 1.
C. Subunit B4, traverse 5.
D. Subunit B3, traverse 2.

E. Subunit B5, sample E16184,.

Specimens at right of diagrams are from the southern
margins of each sheet, those on the left are from the
northern nargin.

Modes are in Wt%
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FIGURE 6.2.

Zzr v. MgO(A), and Zr v. Ca0O(B), for samples
collected at intervals across various sheets
8 Traverse 2, Subunit B3
O Traverse 6, Subunit BU

® Traverse 5, Subunit B4

Points to the right of the trends are analysed samples
from the southern margins of the sheets, those on the

left are from the northern margins.
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FIGURE 6.4.

The change in Wt%H.O of a melt, with degree of

2
crystallisation of anhydrous phases.

Solid lines show the increase in Wt%HQO with crystallisation
of anhydrous phases, for initial concentrations of

0.5, 1.0, 2.0 and 3.0 Wt%H2O. (calculated)

Dashed lines and values on right are water saturation

levels at various total pressures in Andesite and Granite
(pegmatite) compositions. (Data from Hamilton et al, 1965;

Burnham and Jahns, 1962).

For further explanation see section 6.4.
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FIGURE 6.5.

The distributior coefficients for major elements
between iron-riech and silica-rich conjugate immiscible
melts, from fractional crystallisation experiments on
lunar compositions (Hess et al, 1975) and from lunar melt
inclusions (Roedder and Wieblen, 1970; and Wieblen and
Roedder, 1973).

Also shown are the calculated distribution coefficients

of major elements between the Upper Zone B ferrogabbro and
Upper Border Group transitional granophyre (déta from
Wager and Brown, 1968) and between subunit B2 ferrogabbro
and subunit B4 ferrogranophyre from Carrock Fell

V Hess et al (1975) 12038

v " 75055
4 " 14310
F'y "

felspar phyric basalt

O Roedder and Wieblen (1970) silicate melt inclusions
W Wieblen and Roedder (1973) "

O Skaergaard

X Carrock Fell

KF—G - Concentration in iron rich melt
D concentration in silica rich melt
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PLATE 6.1 a.b. Photomicrographs : ¥rqn—rich immiscible
slobules (.005 mm dia.) in interstitial glass of

Causeway, Co.An@rim. -
(PP. Width of field 0.5 mm) .
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CHAPTER SEVEN

SUMMARY AND CONCLUSIONS

7.1. UNIT A SUMMARY OF CONCLUSIONS

The Unit A gabbros form a dyke like multiple intrusion.
They have been divided into three subunits Al, A2 and A3,

on the basis of field mapping and primary mineralogy.

No evidence was forthcoming to support the contention
that the Leucogabbros and Melagabbros of Eastwood et al
(1968), were formed from separate injections of magma. These
have been treated as one intrusion, Subunit Al. Variation
is continuous from the melanocratic to the leucocratic
gabbro. Plagioclase is the dominant phase, modally, in
both types. The melagabbro is dark, principally because
it shows a greater degree of secondary alteration, although
ilmenite and Ca-rich pyroxene (augite) do decrease modally,

from the margins to the centre of the intrusion.

Subunits A2 and A3 contain a Ca-poor pyroxene phase,
hypersthene in A2, and inverted pigeonite in A3, and,

therefore, probably represent a slightly different magma

composition.

The mineralogy supports a high aSio,, but low fO,.

2° 2
Substartial Fe-enrichment was prevented by early crystall-

isation of ilmenite however.

Late stage magmatic reactions are a feature of the
Unit A gabbros. Pale-mauve Ca-rich pyroxene and ilmenite
reacted with the late stage hydrous liquids, to produce

a biOtite + pale green Ca-rich pyroxene assemblage. The
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stabilisation of a primary pale-green pyroxene and biotite,
together with the low and high Wo contents of Ca-poor and
Ca-rich pyroxenes respectively, and the extended compos-
jtional range of the hypersthene stability field compared
to other slowly cooled tholeiitic intrusions, suggests

a lower liquidus temperature than for those intrusions.

The stabilisation of primary late stage phases in
the vicinity of large xenoliths of Eycott lava, and near
the margins of the intrusion, may indicate that dehydration
and selective leaching of Kzolfrom the xenoliths and country

rock may have contributed to the lower liquidus temperature.

7.2 THE UNIT A GABBROS AND THE EYCOTT VOLCANICS

The petrography, mineralogy and chemistry of the Unit A
gabbros shows striking similarities with the Eycott Volcanic
Group lavas, and lends support to the contention (Fitton,

1971; Soper, 1974) that they may have been cogenetic.

Field evidence indicates that the Eycott Group are
interbedded at their base, with the underlying Skiddaw
slates (Eastwood et al, 1968; Downie and Soper, 1972).

On micropalaeontological grounds, the Eycott Group have
been dated as early Llanvirn in age, and it is possible that
they span the Arenig-Llanvirn boundary (Downie and Soper,

Op.cit; Millward et al, 1978).

The Unit A gabbros are intruded into folded Skiddaw
slates at the base of the Eycott Volcanic Group, and
therefore post-déte the earliest volcanics. The Eycott lavas,

and the massive psammite horizons in the Skiddaw Group are,
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however, undeformed, which is probably a function of
ductility and layer thickness contrasts (Soper and Moseley,

1978).

If the Unit A gabbros are indeed cogenetic with
the lavas, and the petrological, geochemical and dating
evidence would seem to support this, then there must have
been intra-volcanic tectonism during the early Llanvirn,
with the gabbros emplaced at a later stage in the evolution
of the Eycott Volcanic Group. This deformation was assoc-
iated with the early stages of uplift of the Skiddaw anticline,
which Downie and Soper (1972), suggest was late or post Llanvirn
but pre-Borrowdale volcanic. The evidence presented here
may indicate that it extended, at least in its early stages,
as far back as the early Llanvirn. Although it is not known
what time span the Eycott Volcanic Group covered, their
exposed thickness reaches a maximum on Binsey Hill of
2.5 km., but the actual thickness may be greater further

to the north and east under the Carboniferous cover.

Palaeomagnetic evidence (Briden and Morris, 1973;
Faller and Briden, 1978) suggests that the gabbros were
intruded as a dyke-like body at their present position,
with a slight allowance for post-Carboniferous tilting.
The best estimate of the age of the complex,on palaeo-
magnetic grounds alone (Briden and Morris, op.cit),is
Caradoc-Ashgill. Unfortunately, however, these results
have low precision, and no allowance has been made for
the fact that the gabbros of Unit A are significantly older
than the Unit B gabbros. The magneticremanence in the

Unit A gabbros may, therefore, reflect resetting of the
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palaeomagnetic data in the Unit A gabbros, by heat associated
with the intrusion of the later, Caradoc-Ashgillian, Unit B

sulte,

7.3 THE EYCOTT VOLCANIC GROUP

It is generally accepted that the present-day Lake
District region, in Ordovician times, lay close to a dest-
ructive plate boundary to the north, and formed from
tectonism and volcanism associated with subduction southwards
under the region (Moseley, 1978a). The finer details of the
progressive closure of the Lower Palaeozoic Iapetus ocean,
however, are still a matter of debate (see for example,

Moseley, 1978b; McKerrow et al, 1978).

Fitton and Hughes (1970), noted the progressive north-
south variation in Ordovician volcanic rocks, from the
tholeiitic tendencies of the Eycott Volcanic Group, to the
calc-alkaline Borrowdale Volcanics, and the predominantly
alkaline volcanic rocks further south in Wales. They
suggested that this north-south variation paralleled the
variation across present day volcanic arc-continental

margin provinces, as described by Kuno (1966).

Recent work has suggested that incompatible element
modelling and inter-element ratios, when used in conjunction
with REE, Cr and isotopic variation, can be used to
distinguish between basalts erupted in different tectonic
settings (Pearce and Cann, 1973; Pearce and Norry, 19793
Pearce, 1979). The variation in elemental abundances,

elemental and isotopic ratios in different tectonic settings,
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reflect source heterogeneities or different degrees of
partial melting within the mantle (Pearce and Norry op cit;
Hawkesworth et al, 19773 1979). As no REE or isotope data
are available for the lavas it would be unwise to speculate
about the relative roles of various mantle processes. However,
as an initial step to testing the applicability of the
proposed model (Fitton and Hughes, op cit) a plot of

(Zr/Y) v. Zr is shown in figure 7.1, for the Eycott Volcanic
Group basalt and basaltic andesite compositions from

Fitton (1971). This diagram (Pearce and Norry, op cit)
serves to distinguish between island arc tholeiites (IAT),
mid ocean ridge basalts (MORB), and within plate basalts
(WPB). Many of the Eycott lavas are porphyritic, and,
therefore, have undergone some degree of crystal fraction-
ation. As long as no minor Zr or Y bearing phases are
crystallising out, however, the Zr/Y ratio should not change
significantly with small degrees of fractionation of

plagioclase or pyroxene.

Figure 7.1 shows that, on the basis of Zr and Y
variation, the Eycott Volcanic group are not island arc

tholeiites but show affinities to WPB.

No REE data are available for the lavas, but the
chondrite normalised REE patterns for two Unit A gabbros
are shown in figure 7.2, and show LREE enrichment, with
(Ce/¥b)y of 2:64t0336. A combination of plagioclase, pyroxene
or ilmenite fractionation should not alter the shape or
slope of the normalised curve significantly, so the parental

magma was likely to have been LREE enriched also. The
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similarity of the trace-element chemistry of the gabbros

and volcanics, and the (La/Y)N ratio of the Eycott‘volcanics,
suggests that the latter were LREE enriched. Island arc
tholeiites, however, have a characteristically flat,

or LREE depleted pattern (Hawkesworth et al,1977; Gill,
1970).

The available data suggests that the Eycott Volcanic
Group lavas do not show affinities to Island arc tholeiites,
although this does not contradict the interpretation of the
Central Lake District and Wales Volcanics, (Fitton and
Hughes, 1970). The chemistry of the Eycott Volcanics
and the Unit A gabbros, howevef, do show similarities
with lavas and gabbros from marginal basins (Weaver
et al, 1979; Saunders et al, 1979). Although without
isotope and detailed REE data, this correlation is very
tentative, it is suggested that a more detailed study
of these aspects of the lavas, might prove a fruitful area for
further research into the plate tectonic evolution of the

Southern Caledonides.

7.4 UNIT B SUMMARY OF CONCLUSIONS

Unit B has been divided into five subunits, on the
basis of field mapping and mineralogy. The principal rock
types of subunits Bl to B5 are ; gabbro, ferrogabbro,
ferrodiorite, ferrogranophyre and granophyre respectively.
The sequence shows continuous mineralogical and chemical

variation, however, with considerable -overlap between the

subunits,
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Ca-rich pyroxene and plagioclase occur throughogt the
suite. Apatite, ilmenite and titanomagnetite crystallise
abundantly in subﬁnit‘B2, but only the latter continues to
crystallise into B5. Calcic-amphibole is most abundant in
subunit B3,and zircon in BL4. Plagioclase, pyroxene,and
amphibole, all show strong cryptic variation, with increase
in Na/Na+K in plagioclase, and increase in Fe/Fe + Mg in
pyroxene and amphibole, leading to the formation of
ferrohedenbergite and ferroedenite respectively. The physio-
chemical controls on mineral chemistry, particularly in

pyroxene and amphibole, have been studied in detail.

The chemical variation within the suite, is consistent
with the cryptic variation within the phases, and the
appearance of new liquidus phases, and is typically tholeiitiec.
Mg, Ca, Cr, Ni and Co show a continuous decrease with frac-
tionation, and Fe, Ti, P, Mn and Sc show a maximum in B2
then decrease. Sr, Zn and Zr show a maximum in B4, and
other incompatible elements increase continually into B5.

The suite is LREE enriched and the B5 granophyre shows a

negative Eu anomaly.

A hybrid interpretation for parts of the sequence has
been discounted, but the sequence of exposed rocks are
related by crystal fractionation of an evolved tholeiitic
parent probably of a low Mg basalt or ferrobasaltic com-
position. Fractionation was enhanced by rapid crystallisation

and subsequent filter pressing of intewstitial liquid.

The crystallisation of magnetite and ilmenite in

subunit B2, prevented extreme late stage Fe-enrichment,



219

but instead, caused residual Si-enrichment. This suggests
that fO, remained constant during fractionation. 08102

was high, thus preventing the liquid from intersecting

the fayalite stability field, but was internally buffered
by plagioclase, and quartz, therefore, was not a liquidus
phase. The granophyre lay close to the ternary granite
minimum at 1.5 Kb.H20. The evolved liquids were in equil-
ibrium with late hydrothermal fluids, but more mafic rocks

show the effects of hydrothermal alteration.

The suite shows considerable textural variation.

Of particular note, are textures attributed to rapid cooling
or supersaturation. Plagioclases show very strong zonation
and pyroxenes, locally, show sector zoning, sub-skeletal
morphology, and elongated corkscrew and branching growth
phenomena. Regular changes in rock texture and crystal
morphology, growth of hydrous phases, and resorbtion of
Fe-Ti oxides, assoclated with saturation of an agqueous phase,

occur with the development of pegmatitic facies.

Each subunit forms a subvertical sheet, which shows
systematic and regular internal variations. Modal prop-
ortions of principal phases change, pegmatitic facies develop,
phases show cryptic variation,and incompatible elements
increase, laterally within each sheet. The regular variations
are best explained by a model of in situ fractionation in
response to an assymetric thermal gradient. The order
of emplacement of the five subunits is the reverse of

their order in the fractionation sequence.
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7.5 UNIT B, AND THE c.420 Ma EVENT

It has been demonstrated that the B5 granophyres
of Carrock Fell and Rae Crags, were produced by fractional
crystallisation of a tholeiitic parent. They have been
dated at 416%20 Ma (Rundle, 1979) and have an initial

sr87/86 Lotio of 0.70708%0.0016.

There are three other igneous events in the Caradoc-
Ashgillian period (Rundle, 1979; Gale et al, 1979). The
emplacement or extrusion of the Harestones Felsite (”191” Maj
87/86

initial Sr ratio = 0q079910.00029),the intrusion of the

87/86

Ennerdale Granophyre (H20iu Ma; initial Sr ratio =

+
0.70568-0.00024), and the extrusion of the Stockdale Rhyolite

87/86

+ . ey, s .
(42133 Ma; initial Sr ratio = 0.7076620.00022).

These rocks form the c 420Ma 'event' in the Lake District

(Rundle, 1979). The initial sro(/86

ratios for the Stockdale
Rhyolite, Carrock Fell Granophyres and Harestones felsite
are all identical within experimental errors, but that of

the Ennerdale Granophyre is slightly lower.

Apart from the Unit B gabbros, a dolerite (and supposed
hybrids) associated with the Ennerdale Granophyre (Rastall, 1906),
and a few intermediate minor intrusions cutting the Unit B
suite, which may be significantlylater, no other basic rocks of
proven Caradoc~Ashgill aée occur in the Lake District. It
is proposed, however, that the other evolved rocks of the
c.420 Ma event, were formed from a tholeiitic parent, in a
similar manner to the Carrock Fell and Rae Crags granophyres.

87/86

The slightly high initial Sr ratios,do not

preclude an origin by fractional crystallisation. High initial
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ratios can originate by selective crustal contamination
(Pankhursty 19773 Walsh et a1,1979) or source heterogeneity
(Sun and Hanson, 1976; Sun and Nesbitt, 1977; Kyle, 1980).
Certainly by Caradocian times, when the Iapetus ocean was
closing, the mantle under the Lake District may have been'
significantly contaminated by radiogenic strontium from

dewatering of the down-going oceanic slab.

The event that led to the production of the tholeiitic
rocks is,however,open to debate. The Iapetus ocean was
closing during Caradoc-Ashgillian times (Moseley, 1978a),
but continent-continent collision did not occur until late
Silurian, resulting in the major deformation and associated
granite emplacement. There had been uplift and erosion,
however, in pre-Caradocian times (Soper and Moseley, 1978)
and the area was transgressed from north to south by a

marginal sea in Caradoc-Ashgill times (Ingham and McNamara,

1978).

It is possible that the c.420 Ma event, represents
the continental extension of a tectonic regime analogous
to back arc spreading. (Elliott, 1976; Kyle,1980), which
would account for the tholeiitic nature of the event, the

LREE enrichment, and the observed Sr87/86 ratios.



221



FIGURE 7.1

(Zr/Y) v. Zr for lavas from the Eycott volcanic
group (data from Fitton, 1971)

Porphyritic lavas

Porphyritic lava groundmass compositions
and aphyric lavas

A Field of Island Arc Tholeiites
B Field of Mid Ocean Ridge Basalts
C Field of Within Plate Basalts
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FIGURE 7.2

Rare earth element chondrite normalised patterns
for gabbros from subunit Al and A3

(Normalising data from Nakamura, 1974
REE data in Appendix two)
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APPENDIX ONE

SAMPLES

Table Al.l, lists all the samples used in this study.
All the samples collected for this study are prefixed by
"RH77'. All the samples with five-figure numbers, (except
20798), are samples from the collection of the Geological
Survey. These numbers are prefixed by 'E', and correspond
to the numbers in Eastwood et al (1968). Four samples
have been used from the collection of the Department of
Geological Sciences at Durham. They are 755, 1537, 1536
and 20798 : they are prefixed by 'D'. Analyses from Fitton
(1971) are prefixed by 'CN' and those from R.N.Thompson
(written comm. 1978) are prefixed by 'ME'. A brief description
of the samples is given in Table Al.l together with eight-
figure grid references. The grid references refer to
0.5.1:10000 sheets NY33 SE/SW. The abbreviations in the
descriptions are; Pl. Plagioclase, Px. Pyroxene, Mt. Titano-
magnetite, Il. Ilmenite, Am. Amphibole, Ap. Apatite and
Bi. Biotite. Notes; T. Thin section, P. Probe analyses

of one or more phases (see Appendix two), A. Whole-rock

analysis (see Appendix Three).

In Table Al.l map references given for the six
traverses refer to either end of the traverse. The six

sample traverses are shown in more detail in figure Al.1l.
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Table Al

SAMPLE

NUMBER DESCRIPTION
SUBUNIT Al

2 Bi-I1-P1-Px gabbro

5 Pl rich vein in xenolith
U6 Pl gabbro

67 Altered melanocratic gabbro
87 Altered ilmenite gabbro
88 P1-I1-Px gabbro

89 Altered ilmenite gabbro
115 Pl gabbro-altered

116 Pl gabbro

118 Altered ilmenite gabbro
136 P1-I1-Px gabbro

150 Bi-I1-P1-Px gabbro

151 P1-Px-I1 gabbro

153 P1 gabbro

156 P1 gabbro

158 P1-I1-Px gabbro

159 P1-I1-Px gabbro

160 Alt P1-I1-Px gabbro

161 P1-I1 gabbro

170 Pl gabbro

D20798. I1-P1 gabbro

E17389 Bi-I1-P1-Px gabbro
E15249 Bi-I1-P1~Px gabbro
E16180 P1-I1-Px gabbro

E15242 P1-I1-Px gabbro

E16181 P1-I1-Px gabbro

CNT

CNok

SUBUNIT A2

45 LAM P1-Px-I1 gabbro

117 LAM P1-2Px~-I1 gabbro
154 LAM P1-Px-I1 gabbro

155 LAM P1-Px-I1-Bi gabbro
D1536 LAM P1-Px-I1. gabbro

D1537 LAM P1-Px-I1 gabbro

MAP REFERENCE

3552
3555
3390
3515
3515
3515
3515
3515
3530
3506
3434
3548
3550
3536
3480
3450
3420
3320
3385
3492

3362

3242
3248
3328
3335
3336
3333
3336
3290
33C0
3335
3341
3245
3270
3294
3306
3285
3290
3340
3290
3309

3340

3525 3307
3510 3315
3486 3317

NOTES

1 39 39 3 3 3 +3 3 13
L P " T N

.

-

-

v

-

bbﬂﬁ*ﬂ'—]’%:—i’-ﬁ

-

-

-

g

B 3 3 3 3 3
-

A.
A.
A.
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"NUMBER

E17390
E16192

E23545

SUBUNIT A3

152
157
E17263
CN16
CN17

XENOLITHS 1IN
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‘DESCRIPTION

.LAM P1-Px-I1 gabbro

LAM P1-Px-Il gabbro
LAM P1-Px-I1 gabbro

P1-2Px-I1m-Bi-Qz gabbro
P1-2Px-I1m~-Bi-Qz gabbro
P1-2Px-I1m-Bi-Qz gabbro

UNIT A

4
5
162
167

SUBUNIT Bl

14
18
20
21
32
33
34
35

114
E16182
CN11l

Fine grained xenolith
Gabbroic vein in xenolith
Eycott lava xenolith

Pegmatitic gabbro (Al)+
xenolith

P1-Px gabbro
P1-Px-Mt-I1-Ap ferrogabbro
P1-Px-Mt-I1 gabbro

Cognate xenolith in gabbro
P1-Px gabbro
P1-Px-Mt-I1-(AP) gabbro
P1-Px-Mt-I1-(AP) gabbro

P1-Px-Mt-I1 gabbro +
cognate xenolith

P1-Px gabbro

SUBUNIT B2 FURTHER GILL SIKE REGION

50
69

100

P1-Px-Mt-I1-Ap ferrograbbo

Pegmatitic P1-Px-Mt-Il-Ap

MAP REFERENCE

3545
3470

3555
3555
3415

3380

3351
3343
3415
3415
3513
3508
3493

3414
3374

3517

ferrogabbro 3513

Pegmatitic granophyric

ferrogabbro 3506

3281
3285

3250
3248
3280

3294

3378
3374
3394
3394
3392
3395
3398

3394
3387

3338
3339

3342

NOTES

'To

T.
T.

-

-

> o 3 3 =3

=

P, A.
P, A.
P, A.
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SAMPLE

NUMBER DESCRIPTION MAP REFERENCE NOTES
103 Pegmatitic granophyric ferrogabbro 3506 3341 T, P, A.
119 P1-Px-Mt-Il-Ap-ferrogabbro 3505 3338 T, P.
135 Comb-layered ferrogabbro 3512 3339 T, P.

SUBUNIT B2 TRAVERSE SIX

Ly P1-Px~Mt-Il-Ap ferrogabbro 3345 3362 T, A.
137 " 3404 3354 T, P, A.
138 " T, P, A.
139 " T, P, A.
140 " T, P, A.
141 Pegmatitic granophyric ferrogabbro T, P, A.
142 " 3403 3356 T, P, A.
163 Laminated plagioclase segregation

al/b in ferrogabbro T, P, A.

SUNIT B3 TRAVERSE ONE

47 Laminated Pl1-Px-Mt-I1l-Am

ferrodiorite 3518 3339 T, P, A.
48 n T, P.
Lo Pegmatitic-granophyric

ferrodiorite T, P, A.
54 " T, P, A.
55a " 3518 3339 T, P.
SUBUNIT B3 TRAVERSE TWO
51 P1-Px-Mt-Il-Am ferrodiorite 3517 3338 T, P, A.
52 " T, P, A.
53 Granophyric P1-Px-Mt-~Il-Am

ferrodiorite 3517 3338 T, P, A.

SUBUNIT B3 TRAVERSE FIVE

120 P1-Px-Mt-Il-Am ferrodiorite 3501 3340 T, P, A.
128 n T, P.
133 Pegmatitic granphyric ferrodiorite T, P.
134 n

3502 3341 T, P.
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SAMPLE
NUMBER DESCRIPTION

SUBUNIT B4 TRAVERSE ONE

55b P1-Px~-Mt plagioferrogranophyre
56 "
57 1"
59 "
60 1"
6)4 1"
65 n

SUBUNIT B4 TRAVERSE THREE

70 P1-Px-Mt plagioferrogranophyre
7}4 n

SUBUNIT B4 TRAVERSE FOUR

96 P1-Px-Mt plagioferrogranophyre
98 "

101 "

SUBUNIT B5 TRAVERSE FIVE

108b P1-Px~Mt plagioferrogranophyre
109 "

110 "
111 "
112 "
113 "
126 "
127 n
131 "
129 "

SUBUNIT B5 TRAVERSE SIX

143 P1-Px-Mt plagioferrogranophyre
144 n

1&5 ]
146 "
1“7 "
148 n

MAP REFERENCE NOTES

3518 3339 T, P.

T, A.

T, P, A.

T, A.

T, P, A.

T, A.
3518 3341 T, A.
3513 3340 T, A.
3515 3340 T, A.
3507 3344, T, A.

T, P, A
3507 3343 T, P, A
3503 3344 T, P.

T, A.

T, A.

T, A.

T, A.

T, A.

T, A.

T, P, A.

T, A.
3502 3340 T, A.
3403 3356 T, P, A.

T, A.

T, A.

T, A.

T, A.
3403 3362 T, A.

»
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SAMPLE

NUMBER DESCRIPTION MAP REFERENCE NOTES
SUBUNIT B5 Rae Crags Granophyre

8 3430 3430 T.

9 dark with acicular mafics 3350 3416 T, A.
10 dark with acicular mafics 3345 3420 T.

11 dark fine grained 3342 3426 T.

12 dark fine grained 3325 3427 T, A.
13 acicular mafics 3310 3425 T, A
SUB UNIT B5 Carrock Fell Granophyre

15 dark hornfelsed 3351 3375 T, A
19 dark hornfelsed 3414 3391 T, A
22 dark fine grained inhomogeneous 3515 3386 T.

24 felsic vein in hybrid granophyre 3515 3386 T.

27 dark fine grained acicular mafics 3513 3388 T.

30 brick red 3505 3388 T, A.
31 brick red 3507 3392 T, A.
36 pink 3418 3389 T, A.
37 pink 3418 3382 T, A.
38 pink 3417 337H T, A.
39 pink 3417 3366 T, A.
4o grey-pink 3490 3360 T, A.
42 pink 3494 3360 T, A.
b3 pink 3498 3363 T, A.
62 hornfelsed screen in FGS 3519 3340 T, A.
63 hornfelsed screen in FGS 3519 3340 T, A.
66 hornfelsed screen in FGS 3516 3341 T, A.
82 hornfelsed screen in FGS 3514 3341 T, A.
91 grey 3507 3345 T, A.
104 pink , 3502 3346 T, A.
105 grey 3503 3345 T, A.
106 grey 3503 3345 T, A.
107 grey 3503 3344 T, A.
108a pink 3503 3344 T, P.
121 hornfelsed screen in FGS 3503 3343 T, P, A.
149 hornfelsed grey 3403 3363 T, A.
D755 pink T, P.
E16184 pink T, A.
CN1O A.
CNT1 A.
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SAMPLE
NUMBER DESCRIPTION MAP REFERENCE NOTES

MISCELLANEQUS SAMPLES

58 lava xenolith in BY ferrogranophyre 3518 3339 T.
123 hybrid granophyric xenolith + mafic
vein 3503 3342 T.
124 hybrid ferrogranophyre 3503 3342 T.
125 hybrid ferrogranophyre 3503 33Uu2 T.
130 hybrid ferrogranophyre 3505 3342 T.
164 felsite xenolith in subunit Bl 3345 3372 T.
165 granophyric back vein in hybrid
' granophyre 3345 3372 T.

R.N. THOMPSON DATA

B2 ME2 ferrogabbro 3517 3338 A.

B3 ME4 ferrodiorite ' A.

B3 ME8 ferrodiorite A.

B3 ME9 .ferrodiorite A.

B3 ME ferrodiorite A.
10a

B3 ME pegmatitic ferrodiorite A.
10b :

BY ME plagioferrogranophyre A.
12

B5 ME hornfelsed granophyre 3519 3340 A.

14
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FIGURE Al.l

The six sample traverses. The grid references

given refer to the sample at the southern end of

each traverse -

.45 . Sample, with sample number
,// . boundary - certain
- . boundary - less certain

Peg . Pegmatitic facies

ﬁ? . Tree
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APPENDIX TWO

MINERAL DATA

The mineral analyses listed in this appendix were obtained
using a Geoscan Mk II electron probe micro-analyser, operated
under a high vacuum, at an accelerating voltage of 15 kv. and
a specimen current of 0.0H/uA. The electron beam was usually

kept focussed, giving a spot analysis diameter of 2-5 pm.

Secondary X-rays were analysed using a wavelength
dispersive system, with two crystal spectrometers, which allowed
simultaneous analysis of two elements. X.A.P., P.E.T and LIF
analysing crystals were used in the analyses. The optimum
analysing conditions for the elements determined, and the
standards used for each element, are shown in Table A.2.1.
Standards and polished thin sections were simultaneously carbon-

coated prior to use.

Data from the Geoscan were corrected for the effects
of atomic number, mass absorption, and fluorescence (Z.A.F)
using an on-line varian 620-100 computer. The Z.A.F.

correction procedure was applied using the computer program

'TIM 3', written by A. Peckett.

Standard and unknown peak intensities were measured for
each element, and an average of 6 to 10 x 10 second counts
was used. Standard and unknown background intensities were
measured above and below the peak position and an average
4 to 5 x 10 second counts used. Backgrounds obtained for
each phase were used throughout a session, and were not

re-analysed for each individual grain.
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Calculated detection limits are in the range 200 to
500 ppm (0.02 to 0.05%). The overall accuracy taking into
account counting precision and uncertainties in the correction
procedure, is probably in the order of 12% relative
(Pinsent, 1974). Precision for 3102 may be slightly lower
than for other elements because of the effects of thermal
expansion and contraction of the P.E.T. crystal. During

a session the peak position varied from 109°14"' to108°58’

The probe returns all Fe as FeO. Calculation of

3+

Fe in amphibole is discussed in Section 4.2.4. The values

for Fe203 in amphibole in the following tables have been
re-calculated by the method of Leake (1978). Fe?_O3 in

the oxide phases, has been re-calculated by the method of
Carmichael (1967). Both amphibole and biotite are hydrous

phases, and the apparent percentage deficiency is taken

to be the water + volatile content.

Table A.2.2. shows the phases analysed from each

specimen



TABLE A.2.1

Optimum analysing conditions and standards used for Electron probe

micro analysis

T

. T - ;
'Atomlc Analysing | i Background
,NUmber }Element Line Jcrystal ;Counterl Peak 2 location Standard
! NS 1 T
11 | Na Koty | K.A.P. | Flow 53°08" 120 Jadeite
i
12 Mg 1 ! 1" i " 1‘3033 t " MgO
a’. }' o] "
13 Al " " i " 36°23 1 A1,0,
_ !
14 si " | p.E.T. | " 109°09" " Wollastonite
19 K n " .o 50°29" " Orthoclase
20 Ca " LiF " 113°13 1 " Wollastonite
22 i Ti " " " 86°19" | " Ti0,
! i
24 | cr L " " 69°20" " Cr,05
25 ‘ Mn " " 62°08" i " | Rhodonite
26 ! Fe " n " 57030| E 1 i' Fe
| z

76l
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TABLE A2.2 Table of phases probed

SUBUNIT SAMPLE Pl Px Am Il Mt
Al 2 - 8 - - -
46 3003 - - -

87 - - - 2 -

88 - 3 1 - -

115 1

136 3

150 1

151 -

o

[

n
1

158 -
159 1
160 1

N ~ AN N W (o) W 0
1
t
1

170 -
E17389 -
E15249 -

=

(@
!

)
!

E15242 -
E16181 -
A2 117 5
D1536 -
D1537 -
A3 152 ' 7
‘Bl 14 | -

() = Ul [t = W N WU
N
n
¥

18 - 2 - - -
20 - 2 - 1 -
32 - 15 - - -
33 - 2 - - -
34 -

35 -
114 -

(RS
A1
1
1
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TABLE A2.2 (Cont.)

SUBUNIT SAMPLE Pl Px Am

B2 50 2 3 -

69 - 4 2

100 1 i 1

119 1 2 -

135 - 7 2

137 - 5 -

138 2 2 -

139 - 3 -

140 - y -

141 - 2 -

142 3 3 -

163 p) 5 -

B3 47 - 2 1
48 - i

49 - 1

51 3 2 2

52 1 2 1

53 1 3 p)

55 - 3 -

120 1 p) 1

128 - 3 1

133 - 2 -

134 2 - -

B4 55 L - P -

60 2 3 1

98 - ) -

101 - p) -
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TABLE A2.2 (Cont.)

SUBUNIT SAMPLE Pl Px

108b - 2
127 1 3
143 1 4
B5 108a 2 1
121 - 2
D755 2 2
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TABLE A.2.3

Electron microprobe data

UNIT A pages 259 to 273
UNIT B pages 274 to 297



PLAGIOCLASE ANALYSES. UNIT A.

OXIDE
Wt.%
15102
A1203
FeO
cao
Na20
K20

TOTAL

136/1a

49.48
31.36
0.25
14.86
3.00
0.13

99.08

150

49.72
31.24
0.70
14.70
2.72
0.10

99.18

ATOMIC PROPORTIONS ON

Si
Al
Fe
Ca
Na
K

2,281
1.705
0.010
0.734
0.268
0.008

2.289
1.696
0.027
0.726
0.243
0.006

160

53.50
29.27
0.12
12.23
4.80
0.13

100.06

117/1

54.08
28.73
0.33
12.15
4.55
0.28

100.13

117/2

53.23
28.95
0.36
12.03
4.54
0.31

99.42

THE BASIS OF 8 OXYGENS

2.422

1.563
0.004
0.593
0.421
0.007

END MEMBER COMPOSITIONS

An
Ab
Or

72.7
26.5 -
0.7

74.5
24.9
0.6

58.0
41.2
0.8

2.446
1.533
0.012
0.589
0.399
0.016

2.427
1.557
0.014
0.588
0.402
0.018

(CORE COMPOSITIONS)

117/3a

53.00
29,53
0.39
12.70
4.12
0.26

99.99

2.405
1.580
0.015
0.617
0.362
0.015

152/1

52.82
29.99
0.25
13.49
4.11
0.25

100.92

2.380
1.594
0.009
0.515
0.359
0.014

152/2a

52.20
30.26
0.36
13.33
4.16
0.27

100.58

159

53.34
29.53
0.17
13.46
4.13
0.30

100.93

2.402
1.568
0.007
0.649
0.360
0.017

46/1la

54.43
28.14
0.34
11.02
5.03
0.30

99.26

2.477
1.510
0.013
0.538
0.444
0.018

115

54.15
28.26
0.73
11.04
5.52
0.45

100.15

2.456
1.512
0.028
0.537
0.485
0.026

6SC



PLAGIOCILASE ANALYSES. UNIT A.

OXIDE
Wt.%
SiOz
A1203
FeO
Ccao
Na20
K20

TOTAL

136/1b

51.98
29.94
0.36
13.31
3.77
0.22

99.59

136/1c

57.52
26.74
0.25
9.72
5.92
0.32

100.47

117/3b

54.17
28.10
0.40
11.49
5.20
0.32

99.67

117/3c 152/2b

53.44
28.33
1.38
10.91
5.32
0.44

99.82

54.29
28.11
0.34
11.11
4,95
0.33

99.14

ATOMIC PROPORTIONS ON THE BASIS OF 8 OXYGENS

Si 2.372

Al 1.612

Fe 0.014

Ca 0.651

Na 0.337

K 0.013

END MEMBER COMPOSITIONS
An 65.3

Ab 33.4

Or 1.3

2,572
1.410
0.009
0.466
0.513
0.018

46.7
51.5
1.8

2.463
1.507
0.015
0.560
0.458
0.019

54.0
44.2
1.8

2.429
1.525
0.053
0.534
0.471
0.025

2.475
1.511
0.013
0.543
0.438
0.019

54.3
43.8

(MARGINAL ANALYSES)

152/2¢

55.63
28.45
0.27
10.93
5.26
0.24

100.78

2.489
1.502
0.010
0.524
0.457
0.014

152/3

55.00
28.38
0.25
11.53
4,57
0.31

100.05

2.480
1.509
0.009
0.557
0.400
0.018

152/24

58.18
25,96
0.25
8.54
6.82
0.50

100.26

152/4

62,62
23.64
0.41
6.04
7.79
0.78

101.29

2.754
1.226
0.015
0.285
0.664
0.044

46/1b

54.97
28.57
0.32
l10.82
5.58
0.26

100.51

46/2

55.32
27.79
0.43
10.19
6.20
0.18

100.10

09¢



Pale-mauve CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT A

OXIDE Al , _ .
Wt.% 17389/1 17389/2 17389/3 17389/4 17389/5 15242/1 15242/2 46/1  46/2 46/3 115/1  115/2

510, 51.48 50.59 51.25 ° 50.55 50.49 52.39 50.49 50.18 50.05 51.52 51.85 49.28
Ti02 0.87 0.51 0.89 0.80 0.86 0.50 .0.56 0.54 0.49 0.65 0.38 -0.67
Al,05 2.11 1.53 2,32 2.04 2.11 1.28 1.27 1.45 1.54 0.39 2.17 2.18

Cr,0 - - - - - - _
2¥3

FeO 11.99 12.83 11.01 12.15 11.60 12.57 13.02 17.42 16.20 16.37 16.81 17.45

MnoO 0.57 0.38 0.47 0.55 0.43 0.41 0.41 0.48 0.45 0.60 0.59 0.69

MgO 14.30 13.23 14.86 13.57 14.28 13.56 13.16 10.89 11.07 10.78 10.05 9.95
Ccao - 20.03 19.01 19.36 . 19.31 20.23 19.39 19.36 18.48 18.43 19.06 18.50 19.68
Na,0 0.26 0.39 0.28  0.38 0.32 0.33 0.24 0.23 0.26 - 0.13 0.35 0.39

TOTAL 101.62 98.46 100.44 99.34 100.31 100.41 98.52 99.67  98.49 99.50 100.70 100.28

ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS

si °1.912 1.944 1.914 1.922 1,902 1.965 1.943 1.943 1.950 1.988 1.971 1.909
Ti 0.024 0.015 0.025 0.023 0.024 0.014 0.016 0.015 ©0.014 0.019 0.0l1 0.020
Al 0.093 0.069 0.102 0.091 0.094 0.057 0.058 0.066 ©0.071 0.018 0.098 0.100
Cr - - - - - - - - - - - -
Fe 0.372 0.412 0.344 0.386° 0.365 0.394 0.419 0.564 0.528 0.528 0.535 0.565
Mn 0.018 0.012 0.015 0.018 0.014 0.013 0.013 0©0.016 0.015 ©0.020 0.019 0.023
Mg . 0.792 0.758 0.827 0.769 0.801 0.758 0.755 0.629 0.643 0.620 0.570  0.575
ca 0.797 ©0.783 0.774. 0.787 0.816 0.780 0.798. 0.767 0.770 0.788 0.754  0.817
Na 0.018 0.029 0.020, 0.028 0.023 0.024 0.018 0.017 ©0.020 0.010 0.026 0.029
END MEMBER COMPOSITIONS

Wo 40.3 39.8  39.5 ° 40.2 40.8  40.1 40.2 38.8. . 39.3 ~ 40.3 40.1  4l.3
En 40.0 38.5 42.2 39.2 40.2 39.0 3s8.0  31.8 32.9 31.7 30.4  29.0

Fs 19.7 21.6 18.3 . 20.6 °  19.0 20.9 21.8  29.4° 27.8 28.0 29.5 29.7

19¢



OXIDE
wWt.%"
SiOZ
Ti02
Al203
Cr 2 03
FeO
MnO
MgO
Ccao
Na,0

- TOTAL

Pale-mauve CALCIUM ﬁICH CLINOPYROXENE ANALYSES. UNIT A

Al

151/1

51.09
1.01
2.28

10.95
0.46

12.78

20.61
0.22

99.39

151/2

50.83
0.85
2.43

13.23 -

0.45
11.95
19.84

0.27

99.83

‘151/3

49.42

0.10
1.72
14.70
0.57

'10.86

20.45
. 0.24

98.05

16181/1 16181/2 16181/3 158/1

-51.25

1.05
2.18
10.50
0.44

13.13

20.65
0.28

99.49

50.94
0.63
1.44

15.39
0.79

11.12

19.95
0.21

100.48

ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS
1.936 .

si -
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

END MEMBER COMPOSITIONS

Wo
En

Fs

1.933
0.029
0.102
0.346
0.015
0.720
0.336
0.016

43.6
37.6
18.8

1.930
0.024
0.109

0.420

0.014

0.676
0.807
0.020

42.1
35.2
22.7

0.003
0.079

~0.482

0.019
0.634
0.859

0.018

43.1
31.8

. 25,1

1.933
0.030
0.097
0.331
0.014
0.738
0.835
0.020

43 .5
38.5
18.0

1.946
0.018
0.065
0.492
0.026
0.633
0.817
0.016

41.5
32.2
26.3

50.96 -

0.68
0.39
18.53
0.77
8.81
19.65
0.25

100.06

1.983
0.020
0.018

0.603
0.026
0.512
0.819
0.019

41.8
26.1
32.1

52.93
0.70
2.01

11.63 -

0.38
11.96
19.44

0.27

99.32

1,992
0.020.

0.089

0.366
0.012
0.671
0.784
0.019

42.8

- 36.6

20.4

158/2

©51.13
1.04
4.21
11.80
0.36
12.32
19.01
0.18

'100.06

1.913
0.029
0.186

0.369
0.012
0.687
0.762
0.013

41.7
37.5
20.8

2/1

51.92
0.86
1.95

12.23

0.61
13.11
19.71

0.31

100.72

1.943
0.024
0.086

0.383
0.019
0.732
0.791
0.022

41.1
38.0
20.9

¢9¢



PALE GREEN Ca-RICH CPX ANALYSES. UNIT A.

OXIDE
Wt.%
SiO2
TiO,
A1203
Cr203
FeO
MnO
MgO
Ccao
Nas0

Al
170/1

50.95
0.70
1.68

13.34
0.62

11.36

21.16
0.27

TOTAL 100.08

170/2

52.41
0.15
0.45

13.58
0.57

10.95

21.84
0.18

100.13

ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.941
0.020
0.075
0.425
0.020
0.645
0.864
0.020

1.996
0.004
0.020
0.433
0.019
0.621
0.891
0.013

170/3

50.44
0.28
0.66

16.99
0.54

10.17

20.25
0.25

99.57

THE BASIS

1.962
0.008
0.030
0.553
0.018
0.590
0.844
0.019

END MEMBER COMPOSITIONS

Wo
En
Fs

44,2
33.0
22.8

45.4
31.6
23.0

42.1
29.4
28.5

159/1

51.57
0.26
0.57

14.76
0.56

10.93

21.01
0.16

99.82

159/2

50.80
0.27
0.73

14.65
0.59

11.06

20.10
0.28

98.48

OF 6 OXYGENS

1.979
0.008
0.026
0.474
0.018
0.625
0.864
0.012

43.6
31.6
24.8

1.975
0.008
0.033
0.476
0.019
0.641
0.837
0.021

42 .4
32.5
25.1

159/3

51.59
0.45

0.86

13.69
0.61
10.94
20.35
0.18

98.68

1.989
0.013
0.039

0.441
0.020
0.628
0.841
0.014

43.5
32.6
23.9

15249/1 15249/2

51.21
0.25
0.46

14,02
0.53

11.58

20.78
0.28

99.09

1.975
0.007
0.021

0.452
0.017
0.666
0.859
0.021

43.1
33.4
23.5

51.83
0.84
0.46

13.16
0.53

11.14

20.98
0.28

99.22

1.987
0.024
0.021

0.422
0.017
0.637
0.861
0.021

44.4
32.9
22.7

15249/3

53.03
0.43
0.46

13.00
0.62

11.95

20.38
0.25

100.10

2.000
0.012
0.020

0.411
0.020
0.623
0.825
0.018

42 .8
34.9
22.3

15249/4

52.28
0.38
1.18

13.30
0.68

10.97

21.13
0.34

100.26

1.982
0.011
0.053

0.422
0.022
0.620
0.858
0.025

44.6
32.3
23.1

£9¢



PALE GREEN Ca-RICH CPX ANALYSES. UNIT A

OXIDE Al )

Wt.% 15249/5 2/2 2/3 2/4 2/5 2/6 2/7 2/8 17389/6 17389/7
sio, 50.08 52.01 52.17 52.85 51.71 50.92 50.72 53.40 51.26 52.42
Tio, 0.73 0.36 0.32 0.31 0.39 0.79 0.80 0.66 0.32 0.18
Al,04 2.03 1.06 1.09 0.95 1.00 2.10 2.43 1.90 1.30 0.57
Cr,03 - - - - - - - - - -
FeO 13.15 11.88 12.95 13.80 11.24 12.15 12.49 10.83 12.38 12.16
Mno 0.58 0.55 0.55 0.58 0.48 0.52 0.49 0.58 0.42 0.59
Mgo 10.95 13.27 11.78 11.76 12.46 12.91 11.87 12.94 12.91 11.73
cao 20.67 21.62 20.89 20.20 21.36 20.95 20.57 20.85 20.79 22.26
Na,0 0.34 0.28 0.25 0.32 0.53 0.26 0.41 0.27 0.30 0.12

TOTAL 98.53 101.03 100.00 100.76 99.17 100.60 99.78 101.44 99.68 100.02

ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS

si 1.937 1.950 1.978 1.990 1.969 1.918 1,927 1.971 1.949 1.988
Ti 0.021 0.010 0.009 0.009 0.011 0.022 0,023 0.018 0.009 0.005
Al 0.093 0.047 ©0.049 0.042 0.045 0.093 0.109 0.083 0.058 0.026
Cr - - - - - - - - - -
Fe 0.426 0.373 0.411 0.434 0.358 0.383 0.397 0.334 0.394 0.386
Mn 0.019 0.017 0.018 0.0l18 0.015 0.017 0.016 0.018 0.014 0.019
Mg 0.631. 0.741 0.666 0.660 0.707 0.725 0.672 0.712 0.731  0.663
ca 0.857 0.869 0.849 0.815 0.872 0.846 0.836 0.824 0.847 0.904
Na 0.026 ©0.021 0.018 ©0.023 0.039 0.019 0.030 0.020 0,022 0.009
END MEMBER COMPOSITIONS

Wo 44.3 43.4  43.7 42.2 44.7 42.9 43.6 43.6 42.7 45.8
En 32.7  37.1  34.3 34.3 36.2 36.8 35.0  37.7 36.8  33.6

Fs 23.0 19.5 22.0 23.5 19.1 20.3 21.4 18.7 20.5 20.6

79¢



PALE GREEN Ca-RICH CPX ANALYSES UNIT A.

Wt.% 17389/8 17389/9 17389/10 150/1

OXIDE Al

Sio, 50.75
TiO2 ., 0.21
A1203 0.61
Cry03 -

FeO 13.73
MnoO 0.39
MgoO 12.08
cao 21.03
Na,0 0.30

TOTAL 99.10

51.34
0.36
0.85

13.36
0.35

11.84

21.58
0.32

99.60

ATOMIC PROPORTIONS ON

Si 1.958
Ti 0.006
Al 0.028
Cr -

Fe 0.443
Mn 0.013
Mg 0.695
Ca 0.869
Na 0.022

1.964
0.010
0.039
0.428
0.011
0.675
0.868
0.024

51.79
0.16
0.54

13.14
0.35

12.18

21.78
0.19

100.13

52.16
0.38
1.25

11.67
0.52

12.12

20.95
0.32

99.36

150/2

51.31
0.68
1.81

11.68
0.73

12.91

20.74
0.33

100.20

THE BASIS OF 6 OXYGENS

1.970
0.004
0.024
0.418
0.011
- 0.691
0.888
0.014

END MEMBER COMPOSITIONS

WwWo 43.0
En 34.4
Fs 22.6

43.6
34,2
22,2

44.2
34.4
21.4

1.979
0.011
0.056
0.370
0.017
0.685
0.852
0.023

44.3
35.6
20.1

1.936
0.019
0.081
0.369
0.023
0.726
0.839
0.024

42.9
37.1
20.0

150/3

52.85
0.54
1.53

11.49
0.45
12.30
20.34
0.35

99.85

1.986
0.015
0.068

0.361

0.014
0.689
0.819
0.025

43.5
36.6
19.9

150/4

53.31
0.55
1.51

11.28
0.58

12,82

19.86
0.33

100.24

1.990
0.015
0.067

0.352
0.018
0.713
0.794
0.024

42.3
38.0
19.7

150/5

51.92
0.60
1.93

11.95
0.50
12,06
20.44
0.17

99.56

1.964
0.017
0.086

0.378
0.016
0.680
0.828
0.012

43.5
35.8
20.7

150/6

51.60
0.76
- 2.18
11.70
0.64
12.80
20.81
0.32

100.82

1.932
0.021
0.096

0.366
0.020
0.715
0.835
0.023

43.1
36.9
20.0

S9¢



Pale-green
CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT A

OXIDE Al o
Wt.%  88/1 88/2 88/3 136/1 136/2 160

SiOz 51.61 52.48 52.26 52.32 52.34 51.75

Tio, 0.90 0.45 0.80 0.77 1.18 0.15
Al,03  "2.32 1.45 2.19 1.83 1.20  0.69
Cr,03 - - - - - 0.08
FeO 9.73 9.47 10.14 10.80 11.06 15.25
MnO 0.42 0.37 0.46 0.54 0.51  0.44
Mgo 13.32 - 14.11 13.76 13,12 12.82 - 11.68
cao 20.61 20.65 - 21.81 20.95 20.68 19.81.
Na,0 0.28  0.34  0.29  0.25 0.33  0.14

TOTAL 99.19 99.32 101.70 100.58 100.13 99.95

ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS

Si 1.943 -1.969 1.928 1.953 1.965 1.978
Ti 0.026 0.013 0.022 0.022 0.033 0.004
Al 0.103 0.064 0.095 0.080 0.053 0.031
Cr - - - - - 0.002
Fe 0.306 0.297 0.313 0.337 0.347 0.488
Mn 0.013 0.012 0.014 0.017 0.016 0.014
Mg 0.747 0.789 0.757 0.730 0.717 0.666
ca 0.831 0.830 0.862 0.838 0.832 0.812
Na 0.020 0.025 0.021 0.018 0.024 0.010
END MEMBER COMPOSITIONS .

Wo 43.8 °~ 43.1 44.3 43.6 43,5 . 41.0
En 39.4 40.9 38.9 38.0 37.5 33.6

Fs  16.8° 16.0 16.8 18.4 19.0  25.4

99¢



Pale-green

CALCIUM RICH CLINOPYROXE

OXIDE
wt.%
Si02'
Ti02
Al,03
Cro03
FeQ
MnO
MgO
cao
Na,0

A2

1536/2 117/1

52.26

0.44

1.24
12.69
0.68
12,62
19.87

0.22

TOTAL 100.02

51.64
0.64
1.39
0.01

13.32
0.44

12.64

19.90
0.23

100.22

117/2
51.97

0.53 .

1.36
0.08
12.86

0.54 -

12.70

-20.37.

0.23
100.64

52,93
0.57
1.59

12.10
0.55
12.83

19.18 -

0.35
100.10

NE ANALYSES. UNIT A

- 1537/1 1537/2

51.43
0.39
1.20

12.44
0.35

12.32

20.14
0.34

98.61

ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS

si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

END MEMBER COMPOSITIONS

wo
En
F's

1.974
0.013
0.055
0.401
0.022
0.710
0.804
0.016

41.5
36.7
21.8

1.953
0.018
0.062

0.000 .

0.421
0.014
0.712
0.807
0.017

41.3
36.5
22,2

1.956

0.015

0.060
0.002
0.405
0.017
1 0.713

- 0.821

0.017

42,0
36.4
21.6

1.983
0.016

- 0.070

- 0.379

0.017
0.716
0.770
0.026

40.9
38.0

" 21.1

1.971
0.011
0.054
0.399
0.011
0.704
0.827
0.025

42.6
36.2
21.2

' 1537/3

49.87
1.88
0.77

12.98
1.72

12.43

19.93
0.39

99.97

1.912
0.054
0.035

0.416
0.056
0.710
0.819
0.029

40.9
35.5
23.6

1537/4

52.00

0.82
1.77

12.51

0.62

11.86
19.67
0.34

99.59

1.969
0.023
0.079

0.396
0.020
0.670

. 0.798.

42 .4
35.5

22.1

A3
1537/5 152/1
51.86 51.14
0.39 0.22
0.79 0.65
- 0.03
12.34 16.49
0.61 0.49
12.15° 10.06
21.00 19.65
0.24 0.25
99.36 98.99
1.977 1.987
0.011 0.006
0.036 0.030
- 0.001
0.393 0.536
0.020 0.016
0.690 0.583
0.858 0.819
0.017 0.019
43,7 41.9
35.2 29.8
21.1 28.3

152/2

50.25
0.26
0.72
0.04

17.25
0.53

10.51

19.09
0.27

98.91

1.965
0.008

0.033 -

0.001
0.564
0.013
0.612
0.800
0.021

40.1

“30.7

29,2

L9



CALCIUM POOR PYROXENE ANALYSES. UNIT A.

OXIDE
Wt.% 117/1 117/2 152/1 152/2 152/3 152/4

sio,  49.93 51.77 50.50 50.49 49.40 49.88
Tio, 0.37 0.41  0.37 0.44 0.41  0.45
Al,03 0.76 0.78 0.86 0.89 0.68  0.24
Cr,03 0.03 0.01 - - - -

FeO 26.12 25.63 28.47 27.49 28.47 28.37
Mno 0.70 0.67 0.8  0.75 0.95  0.91
MgO 17.88 18.17 17.80 17.98 15.97 15.87
cao 2,17 1.82 1.95 1.75 3.04  3.16
Na,0 0.0l - 0.03  0.03 0.02  0.08

TOTAL 97.96 99.26 100.80 99.81 98.96 98.94

ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS

Si 1,955 1.984 1.939 1.948 1.946 1.963
Ti 0.011 0.012 0.011 0.013 0.012 0.013
Al 0.035 0.036 0.039 0.041 0.032 0.011
Cr 0.001 0.000 - - - -
Fe 0.856 0.821 0.914 0.887 0.938 0.934
Mn 0.023 0.022 0.027 0.024 0.032 0.030
Mg 1.044 1.037 1.019 1.034 0.938 0.931
Ca 0.091 0.075 0.080 0.072 0.129 0.133
Na 0.001 - 0.002 0.002 0.002 0.006
END MEMBER COMPOSITIONS

Wo 4.0 3.8 3.9 3.6 6.3 6.6
En 52.5 53.1 49.9 51.2 46.1 45.9
Fs 43.5 43.1 46,2 45,2 47.6 47.5

Q7



ILMENITE ANALYSES UNIT A

Al A2
OXIDE
Wt 87/1 87/2 151 159 115/1  115/2 160 173 89 117/1  117/2
sioz - - - - - 0.04 0.08 - 0.11 0.15
Ti0, 51.8 51.70 52.04 52.06 51.87 51.80 52.23 50.89 49.84  u49,77
Al,04 0.06 0.07 0.06 0.05 0.02 0.06 0.02 0.05 0.01 0.00
Cr,05 0.07 0.03 0.03 - - - 0.13 - 0.07 0.33
Fe,04 0.74 1.51 0.52 0.03 1.84 2.39 0.4y 2.51 5.92 4,85
FeO 45,12 44,99 Ly, 46 Ly, 75 3,76 43,82 45,38 b3.77 42.33 2,44
MnO 1.30 1.31 2.08 1.76 2.61 2.57 1.39 1.58 2.45 2.25
MgO 0.12 0.10 0.13 0.16 0.13 0.11 0.16 0.22 0.07 0.12
TOTAL 99.30 99.72 99.32 98.81 100.23 100.80 99.83 99.02 100.81 99.92
ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS
Si - - - - - 0.002 0.004 - 0.006  0.008
Ti 1.983 1.969 1.988 1.998 1.965 1.951 1.984 1.9503 1.881 1.893
Al 0.004 0.004 0.004 0.003 0.001 0.004 0.001 0.003 0.001 0.000
Cr 0.003 0.001 0.001 - - - 0.005 - 0.003 0.013
Fe? 0.028 0.058 0.020 0.001 0.070 0.090 0.017 0.096 0.223 0.185
Fe> - 1.918 1.905 1.888 1.910 1.843% 1.836 1.917 1.865 1.777 1.796
Mn 0.056 0.056 0.090 0.076 0.111 0.109 0.059 0.068 0.104 0.096
Mg 0.009 0,008 0.010 0.012 0.010 0.009 0.012 0.017 0.006 0.009
AI1m 98.5 98.2 98.8 98.9 98.5 98.5 99.3% 96.7 94,9 94.8

A3

152

.10
.88
.00
.07
97
.20
A2

0.07

\O
O

\O

@ O O rr O O O += O

.71

. 005
975
. 000
.003
.037
.871
.10k
.005

69¢
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BIOTITE ANALYSES. UNIT A

OXIDE
Wt.%
ri0?
FeO
MnO
MgO
' cao
Na20
K70

TOTAL

17389/ 17389/

1

38.07
5.84
14.04
21.80
0.11
10.23
0.05
0.17
9.28

99.57

2a

38.65
5.13
13.47
20.78
0.12
11.12
0.07
0.10
9.00

98.45

ATOMIC PROPORTIONS ON

Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K

Mg

.Mg-+Fe

5.603
0.646
2.437
2.684
0.014
2.244
0.008
0.049
1.743

45.5

5.716
0.570
2.348
2.568
0.015
2.449
0.011
0.029
1.697

48.8

2b

37.10
5.84
13.76
22.41
0.09
10.49
0.09
0.18
8.74

98.70

THE BASIS

5.529
0.655
2.419
2,793
0.011
2.330
0.014
0.052
1.662

45.5

1

36.85
4.74
13.25
22.49
1,17
9.34
0.09
0.18
9.06

97.17

OF 22

5.628
0.545
2.387
2.873
0.151
2.126
0.015
0.053
1.765

42.5

17389/ 15249/ 15249/

2

36.81
4.57
12,98
26.33
0.22
6.62
0.49
0.18
8.77

96.98

OXYGENS

5.710
0.533
2.375
3.416
0.029
1.530
0.081
0.054
1.736

30.9

2/1

36.22
5.28
13.17
26.01
0.26
6.93
0.07
0.13
8.86

96.93

5.618
0.616
2.409
3.374
0.034
1.602
0.012
0.039
1.753

32.2

2/2

38.91
4.65
13.03
23.49
0.17
9.35
0.02
0.13
8.61

98.36

5.814
0.523
2.296
2.936
0.022
2.082
0.003
0.038
1.641

41.5

151

37.32
5.01
13.85
25.63
0.26
7.05
0.08
0.10
9.39

98.69

5.662
0.572
2.487
3.252
0.033
1.594
0.013
0.029
l1.818

32.9

0LC



BIOTITE ANALYSES UNIT A

OXIDE
wWt.%

Si02
Ti02
A12 03
FeO
MnO
MgoO
cao
Nas0
KoO

TOTAL

ATOMIC PROPORTIONS ON THE BASIS

Si
Ti
Al
Fe
Mn
Mg
Ca
Na
K

152/1

35.41
5.70
13.57
25,72
0.17
7.06
0.18
0.62
8.83

97.26

5.486
0.664
2.480
3.333
0.022
1.630
0.030
0.186
1.745

32.8

152/2

35.42
5.71
13.87
24.86
0.11
7.26
0.05
0.27
9.03

96.58

5.498
0.666
2.539
3.227
0.015
1.679
0.008
0.081
1.788

34.2

117/1

36.93
4.89
13.53
21.97
10.38
0.07
0.16
9.57

97.50

5.591
0.557
2.416
2.782
2.342
0.011
0.047
1.848

45.7

117/2

36.76
4.72
13.47
21.58
0.14
11.06
0.10
0.14
8.61

96.58
OF 22

5.584
0.539
2.413
2.741
0.018
2.504
0.016
0.041
1.669

47.7

OXYGENS

VLC



AMPHIBOLE ANALYSES. UNITA

OXIDE
wWt.%
Si02
:102
Cr2 03
FeO
MnO
MgoO
cao
Na20
K20
TOTAL

88

46.46
1.96
7.82

10.13
0.13

16.43

12,11
1.57
0.54

97.15

1537

48.12
0.92
5.05

14.40
0.20

14.17

12.32
0.87
0.45

96.49

117/1

47.83
1.14
5.52
0.07

18.04
0.26

11.86

11.21
0.99
0.33

97.26

117/2

47.80
1.13
5.65
0.07

17.95
0.30

12.14

10.57
1.04
0.30

96.94

152/1

45.10
1.67
6.92
0.08

18.39
0.21

10.72

10.70
1.84
0.56

96.20

ATOMIC PROPORTIONS ON THE BASIS OF 23 OXYGENS

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Ng
K

6.780
0.216
1.346
1.237
0.016
3.573
1.893
0.443
0.100

7.176
0.104

0.888

1.976
0.025
3.149
1.969
0.253
0.086

7.172
0.129
0.977
0.008
2.263
0.034
2.649
1.801
0.289
0.062

7.174
0.127
1.000
0.008
2.254
0.039
2.715
1.699
0.302
0.057

6.906
0.193
1.250
0.010
2.356
0.028
2.446
1.756
0.548
0.109

152/2

46.00
1.53
6.53
0.03

18.28
0.25

11.21

10.88
l.68
0.52

96.91

6.973

0.174
1.168
0.004
2.318
0.033

2.533

1.768
0.495
0.100

15249

48.29
1.03
5.11

19.72
0.45
10.46
10.57
1.17
0.40

97.20

7.290
o‘ 117
0.910

2.490
0.058
2.354
1.709
0.343
0.007

159

49.41
0.22
4,22

23.28
0.16
8.57

11.65
0.44
0.17

98.12

7.476
0.025
0.752

2.945
0.020
1.932
1.889
0.130
0.033

151

42 .94
0.06
7.74

25.35
0.34
6.27

10.49
1.66
1.04

95.88

6.858
0.007
1.459

3.386
0.046
1.491
1.795
0.514
0.211

115

45.49
0.95
6.70

22.78
0.34
8.47

10.54
1.14
0.72

97.15

7.017
0.111
1.219

2.939
0.441
1.948
1.742
0.342
0.142

<L
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AMPHIBOLE ANALYSES. UNIT A (RECALCULATED FeO+F6203)

OXIDE

Wt.% 88 1537 117/1 117/2 152/1 152/2 15249 159 151 115
Fe, 04 5.10 4.20 6.90 9.70 5.70 6.10 6.75 4.70 7.60 8.40
FeO 5.54 10.62 11.82 9.21 13.25 12.78 13.64 19.05 19.04 15.20

TOTAL 97.66 96.92 97.93 97.91 96.75 97.51 97.87 98.59 98.18 97.95

ATOMIC PROPORTIONS ON THE BASIS OF 23 OXYGENS

'Si 6.698 7.104 7.053 7.007 6.810 6.870 7.172 7.390 6.637 6.873
Ti 0.212 0.102 0.126 0.125 0.189 0.172 0.115 0.025 0.123 0.1l08
Al 1.330 0.879 0.960 0.977 1.232 1.150 0.895 0.744 1.411 1.194
Fe3 0.553 0.467 0.766 1.070 0.648 0.686 0.754 0.529 0.884 0.955
Fe? 0.668 1.311 1.458 1.129 1.673 1.596 1.694 2.383 2,461 1.921
Mn 0.016 0.025 0.033 0.037 0.027 0.032 0.057 0.020 0.045 0.044
Mg 3.530 3.118 2.606 2.652 2,412 2.495 2.315 1.910 1.444 1.907
Ca 1.871 1.949 1.771 1.660 1.731 1.741 1.682 1.867 1.737 1.706
Na 0.439 0.249 0.283 0.296 0.539 0.487 0.337 0.128 0.498 0.334
K 0.099 0.085 0.062 0.056 0.108 0.099 0.076 0.032 0.205 0.139

g€Le



PLAGIOCLASE ANALYSES. UNIT B (CORE COMPOSITIONS)

OXIDE
wt.%
Sio
A1283
FeO
cao
Na20
K20
TOTAL

138/1

53.92
28.26
0.55
11.51
4.88
0.22

99.35

138/2

52.87
28.71
0.54
11.48
4.96
0.21

98.77

142/1

55.76
28,02
0.46
10.63
5.37
0.24

100.48

142/2a 119
54.63 54.34
28.27 28.64
0.41 0.43
11.28 11.60
4,82 4.83
0.19 0.19
99.60 100.02

ATOMIC PROPORTIONS ON THE BASIS OF 8 OXYGENS

Si
Al
Fe
Ca
Na
K

END MEMBER COMPOSITIONS

An
Ab
Oor

2.458
1.519
0.021
0.562
0.432
0.013

55.9
42.8
1.3

2.428
1.555
0.021
0.565
0.442
0.012

55.4
43 .4
1.2

2.503
1.483
0.017
0.511
0.468
0.014

51.5
47.1
1.4

2.476
1.511
0.016
0.548
0.424
0.011

2.457
1.527
0.0l6
0.562
0.423
0.011

100

54.67
28.26
0.36
10.92
4.97
0.21

99.38

2.481
1.513
0.014
0.531
0.437
0.012

l63a

53.88
28,32
0.35
11.38
4.88
0.20

99.02

2.460
1.525
0.014
0.557
0.432
0.012

50/1a

54.29
28.00
0.32
11.14
5.20
0.15

99.10

2.476
1.506
0.012
0.544
0.459
0.009

134/1a

57.26
27.09
0.38
9.16
5.99
0.24

100.11

2.566
1.432
0.014
0.440
0.521
0.014

120

57.36
26.34
0.29
8.71
5.81
0.31

98.82

2.597
1.406
0.011
0.423
0.510
0.018

7Le



PLAGIOCLASE ANALYSES UNIT B (CORE COMPOSITIONS)
OXIDE
wt.% 51/1 51/2a 52 53 127 143 60/1a 163b 108a/la 755/1a

Si02 56.49 57.67 57.24 58.20 61.25 60.38 63.14 59.13 63.04 61.67
Al,05 27.45 26.98 26.60 26.09 24.31 25.36 23.70 25.71 22,75 24.78

FeO 0.82 0.36 0.34 0.37 0.27 0.32 0.39 0.22 0.27 0.17
cao 9.86 9.37 9.63 8.86 7.04 7.39 5.40 7.13 4,93 5.36
Nas0 5.83 6.20 5.66 6.13 7.44 7.14 7.48 7.05 8.20 7.86
K70 0.17 0.25 0.24 0.23 0.37 0.32 0.46 0.16 0.54 0.59

TOTAL 100.62 100.83 99.70 99.88 100.69 100.91 100.58 99.40 99.72 100.41

ATOMIC PROPORTIONS ON THE BASIS OF 8 OXYGENS

Si 2,531 2.569 2.576 2.609 2.711 2.670 2.777 2.650 2.800 2.725
Al 1.450 1.418 1.417 1.379 1.269 1.322 1.230 1.359 1.192 1.291
Fe 0.031 0.013 0.013 0.014 0.010 0.012 0.014 0.008 0.010 0.006
Cca 0.473 0.447 0.464 0.426 0.334 0.350 0.255 0.342 0.235 0.254
Na 0.506 0.536 0.494 0.533 0.639 0.612 0.638 0.613 0.706 0.673
K 0.010 0.014 0.014 0.013 0.021 0.018 0.026 0.009 0.031 0.033
END MEMBER COMPOSITIONS

An 47.8 44.8 47.8 43.8 33.6 35.7 27.7 35.5 24.2 26.4
Ab 51.2 53.7 50.8 54.8 64.3 62.5 69.5 63.6 72.7 70.1
Oor 1.0 1.5 1.4 1.4 2.1 1.8 2.8 0.9 3.1 3.5

GLL



PLAGIOCIASE ANALYSES UNIT B (MARGINAL COMPOSITIONS)

OXIDE
Wt.%

Si02
A1203
FeO
cao
Na20
K20
TOTAL

Si
Al
Fe
Ca
Na
K

An
Ab

134/1b 51/2b

50/1b 142/2b
56.41 58.40 65.22
26.68 25,53 21.95
0.27 0.31 0.24
9.64 7.52 3.52
6.30 7.11 8.66
0.20 0.38 0.43
99.49 99.25 100.02
ATOMIC PROPORTIONS ON THE BASIS
2.552 2.633 2.868
1.424 1.358 1.138
0.010 0.012 0.009
0.467 0.364 0.166
0.553 0.622 0.739
0.011 0.022 0.024
END MEMBER COMPOSITIONS
45.3 36.1 17.9
53.6 61.7 79.5
1.1 2.2 2.6

Or

59.44
25,03
0.29
6.27
7.42
0.51

98.97

108a/1b 755/1b

63.34
22 .44
0.38
4.28
7.74
1.83

100.01

OF 8 OXYGENS

2.677
1.329
0.011
0.303
0.648
0.029

2.816
1.177
0.014
0.204
0.667
0.104

20.9
68.4
10.7

61.99
22.84
0.23
4.38
8.60
1.81

99.86

2.774
1.206
0.008
0.210
0.747
0.103

19.8
70.4

60/1b

64.32
22.25
0.24
4.11
9.12
0.65

100.68

2.830
1.154
0.009
0.194
0.776
0.036

SLC



SECTOR ZONED CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B.. -~

OXIDE B1

wt.% 32/1a 32/1b
sio,  50.11 51.18
TiO, 1.11 0.81
A1203 3.46 2.01
Cr203 - -
FeO 8.20 7.75
MnoO 0.27 0.29
Mgo 14.78 16.11
cao 22.21 21.72
Na20 0.22 0.20
TOTAL 100.35 100.06

ATOMIC PROPORTIONS ON THE BASIS

si 1.866 1.904
Ti 0.031 0.023
Al 0.152 0.088
cr

Fe 0.255 0.241
Mn 0.008 0.009
Mg 0.820 0.893
ca 0.886 0.865
Na 0.016 0.015 .

END MEMBER COMPOSITIONS

Wo 45,2 43.3
En 41.8 44.7
Fs 13.0 12.0

32/1c

50.52
0.81
2.06
0.24
7.53
0.32

15.95

21.87
0.20

99.52

1.896
0.023
0.091

0.236
0.010
0.892
0.880
0.015

43.6
44.2
12,2

32/14 32/1e
51.08 50.02
0.75 1.15
2.20 3.48
0.46 0.55
6.64 6.79
0.33 0.27
15.93 15.11
21.87 22.55
0.27 0.25
99.54 100.18

OF 6 OXYGENS

1.910 1.867
0.021 0.032
0.097 0.153
0.208 0.212
0.011 0.009
0.888 0.840
0.876 0.902
0.020 0.018

44.2 45.9

44.8 42.8

11.0 11.3

32/1f

49.96
1.28
3.35
0.26
7.19
0.28

14.80

22,03
0.38

99.54

1.873
0.036
0.148

0.225
0.009
0.827
0.885
0.028

45.5
42,5
12.0

32/1g

49.79
1.05
3.09
0.51
7.08
0.28

14.97

22,47
0.28

99.53

1.874
0.030
0.137

0.223
0.009
0.840
0.906
0.020

45.8
42 .4
11.8

32/1h

51.21
0.81
2.14
0.28
6.58
0.28

15.90

21.85
0.23

99.27

1.915
0.023
0.094

0.206
0.009
0.886
0.875
0.017

44.3
44.8
10.9

32/11i

50.58
0.56
1.17
0.04

11.17
0.42

13.37

21.19
0.35

98.86

1.936
0.016
0.053

0.358
0.014

0.763

0.869
0.026

43 .4
38.1
18.5

32/1j

50.65
1.37
2.39
0.11
8.29
0.40

14.56

22.20
0.39

100.37

1.891
0.039
0.105

0.259
0.013
0.810
0.888
0.028

45.0
41.2
13.8

32/2a

51.57
0.78
1.80
0.12
7.59
0.41

16.12

21.80
0.20

100.40

1.913
0.022
0.079

0.236
0.013
0.891
0.866
0.015

43 .2
44.4
12.4

32/2b

51.23
0.80
2.02
0.28
7.15
0.27

16.59

22,02
0.22

100.55

1.898
0.022
0.088

0.221
0.009
0.916
0.874
0.016

43.5
45.5
11.0

LLC



CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE
Wt.%

Si02
TiO2
Cr203
FeO
MnO
MgO
cao
Na20

TOTAL

B1
32/3

51.23
0.87
2.53
8.19
0.35

14.16

22,46
0.32

100.12

32/4a

50.68
0.68
3.58
0.32
7.06
0.29

15.15

21.86
0.23

99.86

ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.911
0.024
0.111
0.257
0.011
0.787
0.898
0.023

1.883
0.019
0.157
0.009
0.219
0.009
0.839
0.870
0.0l17

32/4p

50.84
0.94
2.69
0.06
8.94
0.32

14.16

22.30
0.29

100.55

34/1

50.79
0.86
2.89
8.46
0.35

14.72

21.92
0.20

100.20

34/2a

49.39
1.09
4.46
8.14
0.25

14.51

21.38
0.34

99.54

THE BASIS OF 6 OXYGENS

1.895
0.026
0.118
0.002
0.279
0.0l1l0
0.787
0.891
0.021

END MEMBER COMPOSITIONS

wWo
En
Fs

46.0
40‘3
13.7

44.9
43.3
11.8

45.3
40.0
14.7

1.887
0.024
0.126
0.261
0.011
0.808
0.865
0.014

44.5
41.6
13.9

1.850
0.031
0.197
0.255
0.255
0.008
0.810
0.858
0.025

44.5
42.9
13.6

34/2b

50.71
0.69
2.97
7.41
0.27

15.60

22.13
0.40

100.17

1.884
0.019
0.130

0.230
0.009
0.864
0.881
0.029

44 .4
43.6
12.0

34/2c¢

50.05
0.71
2.12

11.62
0.70

13.06

20.86
0.28 _

99.40

1.909
0.020
0.095

0.371
0.023
0.742
0.852
0.021

42.9
37.3
19.8

34/24

50.63
0.39
0.95

17.71
0.85
9.64

18.93
0.33

99.42

1.972
0.012
0.044

0.577
0.028
0.560
0.790
0.025

40.4
28.6
31.0

14/1

50.12
0.79
3.14
0.05
8.13
0.34

15.01

21.73
0.28

99.58

1.901
0.023
0.140
0.001
0.258
0.011
0.849
0.884
0.020

44.2
42.4
13.4

14/2

49,42
0.92
3.12
0.10
7.86
0.28

14.88

22.06
0.32

98.95

1.867
0.026
0.139
0.003
0.248
0.009
0.838
0.893
0.024

44.9
42.2
12.9

8LC



CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE
Wt.%

sio,
TiO2
Al503
Cr203
FeO
MnO
MgO
cao
NajO0

TOTAL

B1
20/1a

51.60
0.92
2.99
7.74
0.35

14.51

21.32
0.27

99.70

20/1b

51.67
0.44
1.93

16.20
0.76

10.95

18.75
0.30

101.00

ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.918
0.026
0.131
0.241
0.01l1
0.804
0.849
0.019

1.958
0.013
0.086
0.514
0.243
0.619
0.762
0.022

18/1a

50.36
0.83
2.47

12.65
0.53

13.17

19.37
0.33

99.70

THE BASIS

1.912
0.024
0.111
0.401
0.017
0.745
0.788
0.024

END MEMBER COMPOSITIONS

wWo
En
Fs

44.6
42.2
13.2

39.7
32.3
28.0

40.4
38.1
21.4

18/1b

51.36
0.86
1.64

13.49
0.56

12,91

18.66
0.45

99.93

33/1

50.49
0.51
1.19

14.12
0.55

12.49

20.04
0.31

99.70

OF 6 OXYGENS

1.946
0.025
0.073
0.428
0.018
0.729
0.758
0.033

39.2
37.7
23.1

1.936
0.015
0.054
0.453
0.018
0.714
0.823
0.023

41.0
35.6
23.4

33/2

49.19
0.47
1.11

14.50
0.65
12.81
19.87
0.40

99.00

l .910
0.014
0.051

0.471
0.021
0.741
0.827
0.030

40.1
36.0
23.9

35

51.03
0.64
2.12

9.21
0.47
14.15
21.04
0.27

98.94

1.928
0.018
0.094

0.291
0.015
0.797
0.852
0.020

43.6
40.8
15.7

114

50.27
1.12
2.93

8.30
0.26
14.89
21.55
0.25

99.57

1.884
0.031
0.130

0.260
0.008
0.832
0.866
0.018

44.2
42.5
13.3

64C



CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE B2

wt.% 137/1
Sio2 49.43
Tio2 0.85
Al,04 1.39
Cr203 -

FeO 15.95
MnoO 0.68
MgO 11.58
cao 19.78
Na,0 0.19

TOTAL 99.85

137/2

51.29
0.72
1.43

16.39
0.70

10.60

19.29
0.22

100.64

ATOMIC PROPORTIONS ON

1.958
0.021
0.065
0.523
0.023
0.603

0.789

0.017

137/3

48.74
0.69

2.07

16.64
0.80
9.86

19.22
0.26

98.28

137/4

50.25
0.74
1.38

17.99
0.77
9.01

19.76
0.24

100.13

137/5

49.76
0.67
1.32

19.51
0.86
8.14

19.73
0.33

100.32

THE BASIS OF 6 OXYGENS

1.920
0.020
0.096
0.548
0.027
0.579
0.811
0.020

END MEMBER COMPOSITIONS

Si 1.912
Ti 0.025
Al 0.063
Cr -

Fe 0.516
Mn 0.022
Mg 0.668
ca 0.820
Na 0.015
Wo .. 40.4
En - 32.9

Fs 26.7

40.7
31.1
28.2

41.3
29.5
29.2

1.951
0.022
0.063
0.584
0.025
0.521
0.822
0.018

42.1
26.7
31.2

1.945
0.020
0.061
0.638
0.028
0.475
0.826
0.025

42.0
24.1
33.9

138/1

51.07
0.32
l1.01

14.67
0.63
11.12
20.62
0.16

99.61

1.964
0.009
0.046

0.472
0.021
0.637
0.850
0.012

42.9
32.2
24.9

138/2

50.34
0.69
1.37

15.41
0.6l
11.35
19.15
0.32

99.23

'1.945

0.020
0.062

0.498
0.020
0.654
0.793
0.024

40.4
33.2
26.4

139/1

49.62
0.60
1.40

18.02
0.86
9.52

19.61
0.29

99.92

1,935
0.018
0.064

0.588
0.029
0.553
0.819
0.022

41.2
27.8
31.0

139/2

48.35
0.65
1.34

19.84
0.79
8.56

19.80
0.20

99.53

1.915
0.019
0.063

0.657
0.027
0.505
0.840
0.016

41.4
24.9
33.7

139/3

48.26
0.45
1020

20.29
0.82
8.34

19.57
0.33

99.27

1.921
0.014
0.056

0.676
0.028
0.495
0.835
0.026

41.1
24.3
34.6

08z



CALCIUM RICH CLINOPYROXENE ANALYSES UNIT B

OXIDE
Wt .%

SiOz
TiO0,
A1203
Crz 03
FeO
MnO
MgO
cao
Na20

TOTAL

B2
140/1

49.58
0.69
1.36

17.71
0.75
9.47

19.92
0.32

99.80

140/2

49.83
0.71
1.31

17.64
0.85
9.17

19.60
0.21

99.31

ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.934
0.020
0.063
0.578
0.025
0.551
0.833
0.025

1.949
0.030
0.060
0.577
0.028
0.534
0.822
0.0l6

140/3

49.63
0.71
1.31

17.81
0.76
9.18

18.95
0.18

98.53

140/4

48.73
0.63
1.30

19.13
0.85
8.94

19.21
0.27

99.06

141/1

50.13
0.57
l1.08

21.75
0.81
6.43

20.10
0.27

101.15

THE BASIS OF 6 OXYGENS

1.955
0.021
0.061
0.587
0.025
0.539
0.800
0.014

END MEMBER COMPOSITIONS

Wo
En
Fs

41.9
27.8
30.3

41.9
27.2
30.9

41.0
27.6
31.4

1.929
0.019
0.061
0.633
0.029
0.528
0.815
0.021

40.6
26.3
33.1

1.962
0.017
0.050
0.712
0.027
0.375
0.843
0.021

43.0
19.2
37.8

141/2

49.03
0.57
1.18

21.89
0.94
5.86

20.49
0.17

100.14

1.948
0.017
0.056

0.728
0.032
0.347
0.873
0.013

44.1
17.5
38.4

142/1

47.77
0.71
1.11

25,57
1.09
3.29

19.90
0.23

99.65

1.946
0.022
0.053

0.871
0.038
0.199
0.869
0.018

44.0
10.0
46.0

142/2

47.82
0.65
1.08

25.45
1.16
2.83

20.10
0.25

99.35

1.954
0.020
0.052

0.870
0.040
0.173
0.880
0.020

44.8

46 .4

142/3

47.88
0.48
0.71

27.34
1.28
1.99

19.46
0.31

99.46

1.970
0.015
0.035

0.941
0.045
0.122
0.858
0.025

43.7

50.1

163a/1

49.35
0.79
1.45

17.34
0.76
9.18

20.20
0.33

99.41

1.932
0.023
0.067

0.568
0.025
0.536
0.847
0.025

42.8
27.2
30.0

L8



CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE
Wt.%

SiOz
T102
Al,03
Cr203
FeO
MnO
MgO
cao
Na20

B2
l163a/2

50.14
0.67
1.33

17.95
0.84
9.72

19.81
0.28

TOTAL 100.74

163a/3 100/1

49.65
0.66
1.32

17.85
0.78
9.38

20.24
0.23

100.12

ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.937
0.019
0.061
0.580
0.028
0.559
0.820
0.021

1.933
0.019
0.061
0.581
0.026
0.544
0.845
0.018

49.25
0.77
1.75

17.85
0.77
8.98

20.06
0.32

99.77

100/2

49.45
0.64
1.40

18.45
0.72
8.91

19.24
0.24

99.06

100/3

49,77
0.54
1.21

19.33
0.88
7.89

19.33
0.26

99.19

THE BASIS OF 6 OXYGENS

1.925
0.023
0.081

0.584
0.026
0.523
0.840
0.025

END MEMBER COMPOSITIONS

wWo
En
Fs

41.2
28.2
30.6

42 .3
27.3
30.4

42.6
26.5
30.9

1.946
0.019
0.065
0.607
0.024
0.522
0.811
0.018

41.3
26.6
32.1

1.963
0.016
0.056
0.638
0.030
0.464
0.817
0.020

41.9
23.8
34.3

100/4

49.32
0.47
1.20

20.22
0.83
7.75

19.43
0.18

99.40

1.952
0.014
0.056

0.669
0.028
0.457
0.824
0.014

41.7
23.1
35.2

119/1

50.52
0.71
1.43

16.43
0.71

10.45

20.34
0.27

100.87

1.935
00021
0.065

0.527
0.023
0.597
0.835
0.020

2.1
30.1
27.8

119/2

50.73
0.68
1.48

16.26
0.83

10.09

19.80
0.24

100.12

1.952
0.020
0.067

0.524
0.027
0.579
0.817
0.018

41.9
29.7
28.4

69/1

50.60
0.55
1.26

17.99
0.78
9.20

19.41
0.28

100.07

1.962
0.016
0.058

0.584
0.026
0.532
0.807
0.021

41.4
27.3
31.3

69/2

51.09
0.61
1.24

19.03
0.72
8.48

19.55
0.22

100.94

1.970
00018
0.056

0.614
0.024
0.487
0.808
0.017

41.8
25,2
33.0

ége



CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE
wt.%
Sio
Ti05
) A1203
-Cr203
= FeO
MnoO
MgO
cao
Nazo

TOTAL

B2
69/3

49.49
0.59
1.20
0.04

19.20
0.75
7.79

19.93
0.21

99.20

69/4

49.91
0.24
0.73

21.14
0.89
7.19

18.83
0.47

99.39

ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.955
0.018
0.056
0.001
0.634
0.025
0.459
0.844
0.016

1.980
0.007
0.034
0.702
0.030
0.425
0.800
0.036

END MEMBER COMPOSITIONS

Wo
En
Fs

43.0
23.4
33.6

40.9
21.7
37.4

50/3

49.78
0.61
1.54
0.02

16.22
0.57

10.36

20.42
0.33

99.86

1.928
0.018
0.704
0.001
0.525
0.019
0.598
0.847
0.025

42 .6
30.1

50/1 50/2
49.80 50.05
0.64 0.65
1.44 1.54
0.01 0.08
15.22 16.23
0.63 0.57
10.94 10.45
20.26 20.33
0.16 0.22
99.10 100.12
THE BASIS OF 6 OXYGENS
1.933 1.931
0.019 0.019
0.066 0.070
0.000 0.002
0.494 0.524
0.021 0.019
0.633 0.601
0.843 0.840
0.012 0.017
42.3 42 .4
31.8 30.3
25.9 27.3

27.3

135/1

50.09
0.60
1'34

l16.41
0.75
9.90
19.60
0.23

98.92

1.954
0.018
0.062

0.535
0.025
0.575
0.819
0.017

41.9
29.4
28.7

135/2

48.78
0.63
1030

18.80
0.85
9.38

19.08
0.21

99.04

1.927
0.019
0.061

0.621
0.028
0.552
0.807
0.016

40.2
27.5
32.3

135/3

49.62
0.64
1.51

18.27
0.82
8.80

19.49
0.43

99.58

1.943
0.019
0.070

0.598
0.027
0.513
0.818
0.032

41.8
26.2
32.0

135/4

50.24
0.65
1.05
0.01

18.18
0.82
8.66

19.49
0.29

99.39

1.966
0.019
0.048
0.000
0.595
0.027
0.505
0.817
0.022

42.0

135/5

50.34
0.46
1.53

18.15
0.92
8.64

18.95
0.47

99.06

1.975
0.014
00052

0.595
0.031
0.505
0.797
0.036

41.3
26,2
32.5

£8¢



CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE

Wt.%

SiOz
T102

Aly03

Cr20
FeO
MnO
MgoO
cao
NasO

3

B2
135/6

50.15
0.42
0.79

19.27
0.91
8.55

19.85
0.35

TOTAL 100.28
ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.959
0.012
0.037
0.630
0.030

0.498

0.831
0.027

135/7

49.47
0.62
1.80

18.28
1.04
7.59

20.40
0.44

99.64

1.942
0.018
0.084
0.600
0.035
0.444
0.858
0.034

END MEMBER COMPOSITIONS

Wo
En
Fs

41.8
25.0
33.2

44.3
22.9
32.8

B3
51/1 51/2 52/1
48.69 48.67 48.48
0.32 0.27 0.64
0.89 0.70 1.10
0.02 0.02 0.02
23.23 24.18 24.57
0.89 0.87 1.03
5.98 5.42 4,23
19.37 19.66 19.55
0.28 0.33  0.29
99.67 100.12 99.91
THE BASIS OF 6 OXYGENS
1.953 1.954 1.954
0.010 0.008 0.020
0.042 0.033 0.052
0.001. 0.001 0.001l
0.780 0.812 0.828
0.030 0.029 0.035
0.357 0.325 0.254
0.833 0.846 0.845
0.022 0.026 0.023
41.6 42.0 43.1
17.9 16.2 12.9
40.5 41.8 44.0

52/2

48.67
0.49
0.94
0.03

24.92
l1.10
3.58

19.40
0.25

99.39

1.974
0.015
0.045
0.001
0.846
0.038
0.217
0.843
0.020

43 .4
11.1
45.5

53/1

47.62
0.74
1.30
0.04

25.80
1.10
3.32

19.09
0.13

99.15

1.947
0.023
0.063
0.001
0.882
0.038
0.202
0.836
0.010

42.7
10.3
47.0

53/2

48.10
0.30
0.72
0.04

26.17
1.22
3.36

19.43
0.23

99.57

1.964
0.009
0.035
0.001
0.894
0.042
0.205
0.850
0.018

42.7
10.2
47.1

53/3

47.99
0.40
0.77
0.06

26.78
1.20
3.22

19.45
0.27

100.14

1.954
0.012
0.037
0.002
0.912
0.042
0.197
0.849
0.021

42.5

47.7

47/1

48.52
0.60
l1.08

24.63
1.05
4.58

19.33
0.31

100.11

1.952
0.018
0.051
0.829
0.036
0.275
0.833
0.024

42.3
13.9
43.8

78¢



CALCIUM RICH CLINOPYROXENE ANALYSES. UNITB

OXIDE
Wt.%

Si02
TlOZ )
A1203
Cr203
FeO
MnO
MgO
cao
Nazo

B3
47/2

48.43
0.32
0.65

24.89
1.17
4.59

19.53
0.41

TOTAL 100.00

48/1

48.44
0.60
0.71

24.35
0.94
4.48

19.29
0.24

99.04

ATOMIC PROPORTIONS ON

Ssi
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.957
0.0l10
0.031
0.841
0.040
0.277
0.846
0.032

48/2

47.65
0.58
0.96

24.27
1.02
4.41

20.31
0.23

99.43

48/3

48.03
0.53
1.02

24.71
1.02
4,27

19.68
0.21

99.47

48/4

48.14
0.34
0.72
0.03

24.59
1.10
4.08

19.39
0.23

98.62

THE BASIS OF 6 OXYGENS

END MEMBER COMPOSITIONS

Wo
En
Fs

42,2
13.8
44.0

1.967 1.937
0.018 0.018
0.034 0.046
0.827 0.825
0.032 0.035
0.271 0.267
0.839 0.885
0.019 0.018
42.6 44.0

13.8 13.3

43 .6 42.7

1.949
0.016
0.049
0.839
0.035
0.258
0.856
0.016

43.0
13.0
44.0

1.969
0.011
0.035
0.001
0.841
0.038
0.249
0.850
0.019

42.9
12.6
44.5

49/1

47.34
0.53
1.02

25.11
1.04
3.41

20.48
0.38

99.32

1.938
0.016
0.049

0.860
0.036
0.208
0.898
0.030

44.9
10.3
44.8

49/2

47.32
0.57
1.02

25.76
1.12
3.20

20.46
0.36

99.81

1.934
0.018
0.049

0.880
0.039
0.195
0.896
0.028

44.6

45.7

55/1

47.59
0.69
1.31

26.49
1.10
3.61

19.95
0.31

101.02

1.921
0.021
0.062

0.893
0.038
0.217
0.863
0.024

42.9
lo0.8
46.3

55/2

49.06
0.42
0.77

27.72
1.35

1.45.

19.41
0.29

100.47

1.993
0.013
0.037

0.942
0.046
0.088
0.845
0.023

44.0

51.4

55/3

48.29
0.40
0.64

27.98
1.21
1.00

19.31
0.29

99.11

1.99%6
0.012
0.031

0.967
0.042
0.062
0.855
0.023

687



CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE
wWt.%

SiOz
TiO,
Al,03
Cr503
FeO
MnO
MgO
cao
Na,0

TOTAL

B3
120/1

49.84
0.51
1.08

19.61
0.80
7.50

19.16
0.25

98.74

120/2

50.02
0.60
1.14

21.21
0.99
6.04

19.76
0.27

100.03

ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

Wo
En

128/1

48.39
0.68
0.93

24.69
1.21
3.46

19.76
0.33

99.44

128/3

47.85
0.63
0.91

24.31
1.37
3.55

20.15
0.35

99.12

128/3

47.72
0.84
1.11

24.87
1.18
2.98

20.10
0.21

99.00

THE BASIS OF 6 OXYGENS

1.976 1.975 1.965
0.015 0.018 0.021
0.051 0.053 0.044
0.650 0.701 0.838
0.027 0.033  0.042
0.443 0.356 0.210
0.814 0.836 0.860
0.019 0.021 0.026
END MEMBER COMPQOSITIONS
42.1 43.4  45.1
22.9 18.5  11.0
35.0 38.1  43.9

Fs

1.954
0.019
0.044
0.830
0.047
0.216
0.882
0.028

45.7
11.2
43.1

1.953
0.026
0.053
0.851
0.041
0.182
0.881
0.017

46.0
9.5
44.5

133/1

47.51
0.88
1.16

23.21
1.14
4.71

19.90
0.32

98.90

1.934
0.027
0.056

0.790
0.039
0.286
0.867
0.025

43.8
14.4
41.8

133/2

47.84
0099
1.33

23.70
l1.08
4.82

19.26
0.23

99.25

1.936
0.030
0.063

0.802
0.037
0.290
0.835
0.018

43.3
15.1
41.6

B4
163b/1

49.17
0.46
0.89

19.48
1.03
8.74

19.56
0.25

99.58

1.941
0.014
0.042

0.643
0.034
0.514
0.828
0.019

41.0
25.5
33.5

163b/2

49.55
0.66
1.22

19.04
0.90
8.37

19.72
0.33

99.79

1.945
0.020
0.057

0.625
0.030
0.490
0.829
0.025

42.0
24.8
33.2
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CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE
Wt.%

SiOZ
Ti02
Cr203
FeO
MnO
MgO
cao

- NasO

B4
143/1

50.28
0.52
1.13

22.20
0.89
5.92

20.32
0.39

TOTAL 101.63
ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

1.964
0.015
0.052
0.725
0.029
0.344
0.850
0.029

143/2

48.95
0.50
1.05

21.72
0.92
5.80

19.98
0.41

99.33

1.959
0.015
0.050
0.727
0.031
0.346
0.857
0.032

END MEMBER COMPOSITIONS

wWo
En
Fs

43.6
17.7
38.7

43.7
17.6
38.7

143/3 143/4 127/1
50.33 48.56 48.02
0.50 0.35 0.61
0.99 0.76 0.86
- - 0.02
22.56 24,19 28.23
0.94 0.85 1.26
5.48 4,47 0.94
19.79 19.59 19.49
0.22 0.35 0.15
100.80 99.12 99.60
THE BASIS OF 6 OXYGENS
1.981 1.970 1.978
0.015 0.011 0.019
0.046 0.037 0.042
- - 0.001
0.743 0.821 0.973
0.031 0.029 0.044
0.327 0.270 0.058
0.835 0.852 0.861
0.017 0.028 0.012
43.2 43.2 44.5
16.7 13.7 3.0
40.1 43.1 52.5

127/2

47.26
0.49
0.77
0.02

29.55
1.36
0.69

19.79
0.21

100.14

1.956
0.015
0.038
0.001
1.023
0.048
0.043
0.878
0.017

44.1

5

127/3

48.08
0.50
0.65
0.02

28.65
1.32
0.66

19.89
0.23

99.99

1.980
0.015
0.032
0.001
0.987
0.046
0.040
0.878
0.018

108b/1

47.61
0.66
0.94
0.02

27.45
1.45
1.40

18.87
0.47

98.88

1.972
0.021
0.046
0.001
0.951
0.051
0.087
0.838
0.038

43.5

52.0

108b/2

47.28
0.85
1.02
0.03

27.55
1.41
1.55

19.38
0.28

99.35

1,953
0.026
0.050
0.001
0.952
0.049
0.096
0.858
0.022

43.9

51.2

L8¢C



CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE
Wt.%

Si0,
T102
A1203
Cr203
FeO
MnO
MgO
cao
Na20

si
Ti
Al
Cr
Fe
Mn
Mg
ca
Na

Wo
En
Fs

B4
55/4  55/5 57/1 60/1  60/2
47.49 47.39  47.83 47.59 48.04
0.55 0.48  0.66 0.49 0.60
0.83 0.77 0.73 0.65 0.78
30.11 30.31 29.56 28.99 29.51
1.34 1.40 1.30 1.42  1.43
0.59 0.51 0.67 0.64 0.85
18.95 19.48 19.33 19.41 19.54
0.38  0.31 0.40 0.33  0.31
TOTAL 100.25 100.65 100.49 99.52 101.06
ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS
1.963 1.957 1.967 1.975 1.964
0.017 0.015 0.020 0.015 0.019
0.041 0.038 0.035 0.032 0.038
1.041 1.047 1.017 1.006 1.009
0.047 0.049 0.045 0.050 0.050
0.037 0.031 0.041 0.040 0.052
0.839 0.862 0.852 0.863 0.856
0.031 0.025 0.032 0.027 0.025
END MEMBER COMPOSITIONS
42.7 43.3 43.6 44.1 43.6
1.9 1.6 2.1 2.0 2.6
55.4 55.1 54.3 53.9 53.8

60/3

47.69
0.47
0.82

28.18
1.36
l1.01

19.40
0.24

99.16

1.976
0.015
0.040

0.977
0.048
0.062
0.862
0.019

101/1

46.72
1.77
1.22

27.86
1.36
0.99

20.05
0.43

99.80

1.931
0.036
0.059

0.963
0.048
0.061
0.888
0.035

101/2

47.73
0.98
0.89

28.36
1.44
0.95

19.89
0.38

100.63

1.954
0.030
0.043
0.971
0.050
0.058
0.873
0.031

45.9
3.0
51.1

98/1

47.95
0.55
0094

26.56
1.18
2.05

19.35
0.39

98.97

1.974
0.017
0.046

0.914
0.413
0.126
0.853
0.031

98/2

48.10
0.69
1.02

28.07
1.19
2.01

19.72
0.36

101.17

1.950
0.021
0.049
0.952
0.041
0.122
0.856
0.029

43.5
6.1
50.4

t
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CALCIUM RICH CLINOPYROXENE ANALYSES. UNIT B

OXIDE
Wt.%

Si02
Ti02
A1203
Cr,03
FeO
MnO
MgO
cao
Nazo

TOTAL

B5
755/2

47.93
0.39
0.65
0.03

28.53
1.37
1.00

19.08
0.27

99.24

121/1

47.44
0.51
0.71

28.31
1.52
0.71

19.37
1.65

100.23

121/2

48.23
0.32
0.58

28.66
1.66
0.49

19.15
0.39

99.48

l08a/1

47.90
0.42
0.54

28.55
1.46
0.97

18.85
0.35

99.03

755/1

48.34
0.67
0.96
0.01

27.11
1.31
2.18

18.73
0.45

99.76

ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS

Si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

END MEMBER COMPOSITIONS

wWo
En
Fs

1.986
0.012
0.032
0.001
0.988
0.048
0.062
0.847
0.022

43.5
3.2
53.3

1.959
0.016
0.035
0.978
0.053
0.044
0.857
0.132

44.4
2.2
53.4

1.996
0.010
0.028
0.992
0.058
0.030
0.849
0.031

b
¢
OO

1.989
0.013
0.026
0.992
0.051
0.060
0.839
0.029

1.974
0.021
0.047
0.000
0.926
0.045
0.133
0.820
0.036

42.6
6.9
50.5

68¢



AMPHIBOLE ANALYSES. UNIT B

----—recalcula ted-----—--

OXIDE

Wt.% - 35/1 35/2 35/3 35/1 35/2 35/3

Si02 50.21 49.66 51.04

TiO2 0.63 0.96 0.79

Al;03 3.89 4.01 4.22

FeO 17.66 17.50 18.35 6.40 9.53 13.76
Fes03 12.50 8.85 5.10
MnO 0.52 0.73 0.84

MgO 13.30 12.16 11.22

cao 9.97 10.34 10.20

Naj0 0.91 0.75 1.56

Ky0 0.30 0.27 0.36

TOTAL 97.37 96.38 98.58 98.63 97.26 99.09
ATOMIC PROPORTIONS ON THE BASIS OF 23 OXYGENS

si 7.449  7.455 7.516 7.230 7.297  7.425
Ti 0.069 0.108 0.087 0.068 0.106 0.086
Al 0.680  0.710 0.734 0.661 0.695 0.724
Fe2 2.192  2.197 2.259 0.771 1.171 1.674
Fe3 1.355 0.978 0.558
Mn 0.065 0.092 0.105 0.063 0.091 0.104
Mg 2.940  2.721 2.463 2.854 2.663  2.433
ca 1.585  1.663 1.609 1.538 1.628 1.590
Na 0.263  0.217 0.446 0.254 0.214 0.440

K 0.056 0.053 0.067 0.055 0.051 0.067

06¢



AMPHIBOLE ANALYSES. UNIT B

OXIDE
Wt.%

5i0,
Ti02
Cr,04
FeO
MnO
MgoO
cao
Na,0
K50

TOTAL

si
Ti
Al
Cr
Fe
Mn
Mg
Ca
Na

135/1 135/2
45.50 46.30
1.33 1.19
4.87 4.55
0.04 -
25.61 24.77
0.45 0.59
7.07 7.06
10.32 9.90
1.76 1.68
0.37 0.48
97.31 96.51
ATOMIC PROPORTIONS ON
7.119 7.259
0.157 0.140
0.899 0.842
0.005 -
3.351 3.247
0.060 0.078
1.648 1.649
1.730 1.663
0.534 0.510
0.074 0.096

K

69/1 69/2 100
42.16 43,87 43.02
1.67 1.37 1.49
6.29 5.52 5.73
0.05 - -
29.43 29.14 30.62
0.77 0.88 0.94
3.62 3.56 3.66
10.14 9.61 10.03
2.21 1.96 2,22
0.79 0.21 0.95
97.13 96.12 98.66
THE BASIS OF 23 OXYGENS
6.820 7.091 6.882
0.203 0.166 0.179
1.201 1.051 1.081
0.006 - -
3.982 3.938 4.097 .
0.106 0.121 o0.128
0.873 0.857 0.871
1.757 1.664 1.720
0.692 0.615 0.689
0.163 0.044 0.193

143/1

43 .50
1.35
6.32

28.37
0.92
3.33

10.65
1.90
0.60

96.93

7.001
0.163
1.200

3.818
0.126
0.798
1.836
0.592
0.122

143/2

42.75
1.32
5.35

29.23
0.87
4,23
9.97
1.50
0.83

96 .05

6.969
0.161
1.029

3.985
0.120
1.027
1.741
0.475
0.173

143/3

43.04
1.33
6.13

29.21
0.95
3.49

10.62
1.83
0.70

97.30

6.947
0.161
1.166

3.943
0.129
0.840
1.837
0.572
0.142

120

44.65
1.62
5.96

27.36

0.92
4.25
9.68
1.33
0.80

96.57

7.135
0.194
1,123

3.656
0.125
1.012
1.658
0.413
0.160

128

43.03
1.26
5.86

30.30
1.25
3.42
9.67
2.18
0.77

97.75

6.931
0.152
1.114

4.081
0.171
0.821
1.669
0.682
0.159

51/1

43.72
1.16
5.17

30.16
0.80
4.20
9.77
1.77
0.69

97.45

7.026
0.141
0.980

4.054
0.109
1.007
1.682
0.550
0.141

l6¢



AMPHIBOLE ANALYSES. UNIT B (RECALCULATED FeO + Fe203)

OXIDE
Wt.%

Fe203
FeO

TOTAL

135/1

7.22

19.14

98.07

135/2

6.40
19.00

97.15

ATOMIC PROPORTIONS ON

Si
Ti
Al
Cr

Fe3
Fe2

Mn
Mg
Ca
Na
K

6.989
0.154
0.882
0.005
0.835
2.459
0.059
1.618
1.699
0.524
0.073

7.141
0.138
0.828
0.743
2.451
0.077
1.623
1.636
0.502
0.095

69/1

5.40
24.57

97.67

69/2

6.30
23.46

96.74

100

7.00
24.31

99.35

THE BASIS OF 23 OXYGENS

6.724
0.200
1.183
0.006
0.648
3.277
0.104
0.860
1.733
0.683
0.1l6l

6.974
0.164
1.035
0.754
3.119
0.119
0.843
1.637
0.604
0.043

6.758
0.176
1.062
0.828
3.194
0.125
0.857
1.688
0.676
0.190

143/1

2.05
26.52

97.14

6.944
0.162
1.190

0.246
3.541
0.124
0.792
1.822
0.588
0.122

143/2

8.40
21.66

96.88

6.816
0.158
1.006

1.008
2.888
0.118
1.005
1.703
0.464
0.169

143/3

4.00
25.61

97.70

6.852
0.159
1.151

0.479
3.410
0.128
0.828
1.812
0.565
0.142

120

5.85
22,09

97.15

7.003
0.191
1.103

0.691
2.898
0.122
0.993
1.627
0.405
0.160

128

7.65
23.41

98.50

6.795
0.150
1.091

0.909
3.092
0.167
0.805
1.636
0.668
0.155

51/1

9.10
21.96

98.34

6.863
0.137
0.957

1.075
2.883
0.106
0.983
1.643
0.539
0.138

6l



AMPHIBOLE ANALYSES. UNIT B

OXIDE
Wt.% 51/2

Si0y 42.93

Tioz 1.39
A1203 5.51
Cr203 0.05
FeO 30.51
MnO 0.92
MgO 3.80
cao 9.70
Na20 2.03
Ko0 0.64

TOTAL 97.48

47

43.78
1.36
5.62
0.03

30.04
0.76
3.50

10.90
2.01
0.60

98.58

ATOMIC PROPORTIONS ON

Si 6.930
Ti 0.169
Al 1.049
Cr 0.006
Fe 4.119
Mn 0.126
Mg 0.914
Ca 1.678
Na 0.635

K 0.132

6.966
0.162
1.055
0.004
3.998
0.102
0.829
1.858
0.619
0.121

48/1

42,02
1.40
5.91
0.06

31.93
0.98
3.42
9.59
2.10
0.80

98.21

48/2

42 .67
1.38
6.00
0.03

31.62
0.91
3.16
9.14
2.04
1.17

98.12

52

43.21
1.36
5.80
0.07

30.36
1.06
3.01
9.99
2.27
0.64

97.76

THE BASIS OF 23 OXYGENS

6.800
0.170
1.128
0.008
4,322
0.134
0.825
1.663
0.659
0.165

6.886
0.168
1.142
0.004
4.268
0.124
0.761
1.580
0.639
0.242

6.955
0.164
1.102
0.009
4.087
0.144
0.721
1.723
0.708
0.131

53/1

42,21
1.46
6.63
0.02

31.66
0.86
1.50

10.23
2.16
0.93

97.67

6.862
0.179
1.272
0.003
4,305
0.119
0.364
1.782
0.681
0.194

53/2

41.94
1..41
6.20
0.03

32,53
1.08
2.19

10.11
1.90
0.87

98.28

6.811
0.172
1.188
0.004
4.418
0.149
0.530
1.759
0.599
0.180

49

43.72
1.46
6.01

30.42
1.14
1.84

10.03
1.96
l.01

97.60

7.046
0.176
1.142

4.101
0.155
0.442
1.733
0.613
0.209

60

41.86
1.73
6.79

31.99
1.05
1.02

10.19
2.17
1.10

97.89

6.818
0.212
1.304

4.358
0.145
0.247
1.779
0.685
0.228

108br1

44.17
1.43
4.79

32.71
0.14
1.74
9.37
2.46
0.93

97.74

7.152
0.174
0.915

4.429
0.019
0.420
1.626
0.772
0.192

108b/2

42 .97
1.31
4.53
0.05

33.06
1.04
1.84
8.99
2.30
0.70

97.79

7.144
0.160
0.869
0.006
4.492
0.143
0.445
1.565
0.725
0.145

€6l



AMPHIBOLE ANALYSES. UNIT B (RECALCULATED Fe0+Fe203)

OXIDE
Wt.% 51/2 47

Fe O3 9.20 3.50
Fea 22,20 26.89

TOTAL 98.39 98.95

48/1

11.20
21.84

99.32

48/2

10.20 .

22.42

99.12

52

5.40
25,50

98.31

ATOMIC PROPORTIONS ON THE BASIS OF 23 OXYGENS

si 6.766 6.902
Ti 0.165 0.161
Al 1.024 1.045
Cr 0.006 0.004
Fe3 1.091 0.415
Fe2 2.929  3.545
Mn 0.123  0.102
Mg 0.893 0.822
ca 1.638 1.847
Na 0.620 0.614

K 0.129 0.121

6.605
0.166
1.096
0.008
1.325
2,871
0.131
0.801
1.615
0.640
0.160

6.707
0.163
1.112
0.004
1.207
2.947
0.121
0.740
1.539
0.622
0.235

6.857
0.162
1.086
0.009
0.645
3.385
0.143
0.712
1.699
0.699
0.130

53/1

3.10
28.87

97.97

6.807
0.177
l1.261
0.003
0.376
3.894
0.118
0.361
1.768
0.675
0.191

53/2

8.00
25.32

99.05

6.670
0.169
1.163
0.004
0.958
3.368
0.1l46
0.519
1.723
0.586
0.177

49

1.90
28.71

97.78

7.011
0.176
1.137

0.229
3.851
0.155
0.440
1.724
0.610
0.207

60

2.30
29.92

98.13

6.776
0.211
1.296

0.280
4,051
0.144
0.246
1.767
0.681
0.227

l108b/1

2.88
30.12

98.03

7.098
0.173
0.908

0.348
4,048
0.019
0.417
1.613
0.767
0.191

108b/2

7.40
26.39

98.52

7.007
0.157
0.851
0.006
0.887
3.517
0.140
0.437
1.535
0.711
0.142

VAT



ILMENITE ANALYSES UNIT B

- Mgo

%Ilmss

OXIDE Bl B2
Wt 34 20 50/1 50/2
50, - 0.48 .23 0.11
TiO, 51.27 50.92 L2 51.65
A1,05 0.07 0.22 .ol 0.03
Cr203 - - .16 -
Fe,0s 1.95 1.86 LTh 2.70
FeO 42,14 b2.47 U8 43,63
Mno 3.92 3.85 .89 2.91
- - .06 0.00
TOTAL 99.36 99.83 100.03 101.03
" ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS
si - 0.024 0.012 0.006
Ti 1.961 1.934 1.951 1.943
Al 0.00U 0.013 0.002 0.002
Cr - - 0.006 -
Fe 0.075 0.071 0.066 0.102
Fe? 1.792 1.793 1.834 1.825
Mn 0.169 0.165 0.124 1.232
Mg - - 0.005 0.000
97.4 97.6 98.1 98.3

135/1
0.52
52.60
0.08
0.00
by, 74
3.11
0.02

99.50

0.027
2.004
0.005
0.000
1.896
0.134
0.002

100.0

135/2
0.12
52.07

o.o4

1.50
hh, 05
2.75
0.07

100.59

0.006
1.965
0.002

0.057
1.849
0.117
0.005

99.12

&)

\O
\O

o O O+ O O O+ O

69/1

.09
.81
.03
.00
.11
.03
.50
0.06

.62

.004
973
.002
.000
.0l2
.780
.193
.004

o O O+ O O O +H O

O

69/2

.09
.51
.03
0.05
.11
.55
.13
.05

.13

.005
-935
. 002
.002
117
.T36
.200
.004

G6¢



JLMENITE ANALYSES UNIT B

OXIDE
Wt2

Sio
Tio

2
2

Al2O3

Cr203

Fe203
FeO
MnO

MgO
TOTAL

Si
Ti
Al
Cr
Fe3
Fe2
Mn

Mg

B3
51/1 51/2 52/1
0.13 0.22 0.37
52.06 51.50 51.58
0.01 0.03 0.09
0.58 2.06 0.72
42,02 42,37 41,62
4,79 4,10 5.14
0.06 0.03 -
99,64 100.30 99,52
ATOMIC PROPORTIONS ON THE BASIS OF 6 OXYGENS
0.007 0.011 0.019
1.982 1.949 1.965
0.005 0.002 0.005
0.022 0.078 0.027
1.779 1.783 1.763
0.205 0.175 0.221
0.004 0.002 -
99.12 98.32 98.7

%IlmSS

53/1
0.98
51.50
0.34

0.00
hz.12
4,19
0.07

99.55

0.049

1.953
0.020

0.000
1.818

0.179
0.005

100.00

120
0.12
Lg. 88
0.08

3.87
39.21
5.55
0.07

98.79

0.006
1.915
0.005

0.149
1.674
0.240
0.005

95.0

B4

127/1
0.16
53.25
0.07

0.00
44,13
3.90

99.38

0.008
2.030
0.005

0.000

1.871
0.168

100.00

12772
0.27
52.62

0.00
b3.47
h.12

99.30

0.014
2.009

0.000
1.845

0.177

100.00

96¢



TITANOMAGNETITE ANALYSES UNIT B

B2
OXIDE
Wt% 135
sio, 0.26
Ti0, 15.71
Al,04 0.97
Cr203 -
Fe203 36.66
FeO 45,01
MnoO 1.04
MgO 0.02
TOTAL 99.67
ATOMIC PROPORTIONS
Si 0.083
Ti 3.573
Al 0.347
Cr -
Fe’ 8.342
Fe? 11.383
Mn 0.265
Mg 0.008

%Uspss by, 7

B3
51 52
0.43 0.07
16.52 17.63
0.60 0.24
3L .86 33.63
45.80 45.64
0.93 1.51
0.07 -
99.21 98.71
ON THE BASIS OF 32 OXYGENS
0.132 0.022
3.776 1,060
0.214 0.085
7.972 7.750
11.638 11.690
0.239 0.393
0.030 -
07 .4 49.5

53
0.29
18.02
0.43

33.84
h6.81
1.79

101.18

0.086
4.ol1
0.152

7.595

11.675
0.451

51.2

48
0.26
13.29
0.61
0.06
40.96
42,08
1.32

98.57

0.081
3.067
0.220
0.014
9.466
10.806
0.344

37.9

B4

121/1
0.29

18.62 -

0.55

29.75
46.29
1.63

97.13

0.089
4.341
0.201

6.940

12.002
0.428

52.9

121/2

0.24
22.49

0.62

26,22
51.46
1.76

102.78

0.069
h.g42
0.214

5.765

12.576
0.435

63.6

L6C
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APPENDIX THREE

WHOLE-ROCK ANALYSIS
X-ray fluorescence analysis

Sample preparation: Samples were split into fragments using

a Cutrock Engineering hydraulic splitter. Weathered fragments
were removed, and the remainder were broken into a coarse
aggregate, using a Sturtevant 2" x 6" Roll Jaw Crusher. An
aggregate sample, weighing 200-500 grams, was reduced to

about 100 grams by a process of quartering. The sample fraction
was ground to a fine powder, using a Tema Laboratory Disc

Mill, Model T-100, with tungsten-carbide Widia grinding barrel.

Grinding took 3-4 minutes.

A few grams of fine powder were pressed/into a briquette,
using a hydraulic press, operated at 5-6 tons p.s.i. A few

drops of inert P.V.A binding agent ('Mowiol') was added to

aid cohesion.

Major element analysis : Bample briquettes were analysed on
a Phillips PW1212 automatic spectrometer incorporating a
Torrens Industries TE108 automatic sample loader. Details of

the routine operating conditions used during x-ray fluorescence

analysis are given by Reeves (1971).

The elements Si, Al, Fe, Mg, Ca, Na, K, Ti and P were
determined using a Cr target for primary radiation and an

evacuated tube. Mn was analysed separately using a W target.

A "fixed counts" operating procedure, employing the use

of an internal monitor, was used in order to minimise the

effect of electronic instability.

The international standards and U.S. National bureau
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standards BR, BCR-1, W-1, SY-1, Na-1, GR, GSP-1, G-1, GH and
SI were used to calibrate the data. The compositions of the

international standards were taken from Flanagan (1973).

The analytical data were corrected for mass absorption
differences between the standards and unknowns using the
iterative computer procedure described by Holland and Brindle
(1966), and Reeves (1971). Standards were run before and
after the analysis run, to check for machine drift. The counts
reproduceability was very good, indicating precision is fairly high.
Back calculations performed on the calibrated standards suggests
the accuracy is in the order of ¥2%relative at higher concen=-

trations, but :5% relative at lower concentrations.

The analyses presented in table A3.2 are Wt% oxides.
All fe is expressed as Fe203, because of the oxidation of
the sample during grinding (Fitton and Gill, 1970). The
analyses are presented water free and normalised to 100%,

because of secondary H20 in the samples

Trace element analysis : The elements Ba, Nb, Zr, Y, Sr,

Rb, Zn, Cr and Ni were determined using a W target and an
evacuated x-ray tube. Analytical count data were converted
into concentrations, (ppm) using the computer program

TRATIO, written by R.C.O0. Gill. The program uses the function
(peak intensity/background intensity)-1, to compensate for
matrix and mass absorptiog effects, using scattered background
radiation as an internal standard. Corrections for
blank/contamination and Kg interference (Ser on Zr K«,

Rb Kp on Yke,and Yks on Nb Kx) are included in the program.

The nominal detection limits for each element are calculated
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from the formula 3(B}) where B is the mean background - under -
peak, in counts. Table A3.1l gives the detection limit

and the upper limit of standarisation for each element.

The standards used were synthetic spiked glasses
prepared by the Pilkington Research Laboratory (Latham)

for use in Lunar investigations (Brown et al, 1971).
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Instrumental Neutron Activation Analysis (INAA):

The INAA data was obtained on my behalf by the Open
University. General procedures followed are outlined in

Gordon et al (1968) and Paul et al (1975).

0.5 gm of rock powder (for preparation see above) was
irradiated, together with an OU standard (AC) and the
international standard CRRG. BR, at the University of London

-2
reactor centre, in arncutron flux of approx. 5 X 10tn. em.”%.

sec-l. for up to 30 hours. After a cooling period of one-
week, samples were counted, using a high resolution lithium-
drifted germanium detector. (Nuclear Enterprise : resolution
at 122 KeV = 630 eV). The 60-180 KeV portion of the gamma

spectrum was recorded on a Northern Scientific Econ II

analyser.

Data reduction was by the procedure described in

Rontti (1969), using the facilities of the London University

computer centre.

Corrections were made to resolve peak areas for
count-time, half-life decay and neutron-flux variations,
which were monitored by means of discs of iron foil, and

for interelement interferences.

Reproduceability of counting indicates a precision

of the order of i5%.

Table A3.3 lists the INAA data in ppm. for the REE

determined, together with selected Trace elements.
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TABLE A3.1 Trace element calibration data

Detection Limit  Upper limit of

bpm standards ppm

Ba 8 5000
Nb . 3 250
|2 3 5000
Y 3 500
|

Sr 3 1100
RD 3 1000
Zn 2 1000
Cr 2 1000
Ni | 2 1000
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TABLE A3.2

Whole rock X-Ray Fluorescence Analysis data



UNIT A

OXIDE
wt.%

Si02
Al503
Fe,04
MgO
cao
NajO
K0
Ti02
MnO

p.p.m.
Ba

Zr
Sr
Zn

Ni
Cr

GABBROS
Al Al
150 161

42,78 50.24
14.43 15.75
18.52 12.02
7.51 8.06
10.23 9.98
1.47 1.90
0.59 0.62
4.17 0.93
0.19 0.26
0.10 0.23

143 152
7 <3
59 40
17 22
156 190
22 24
98 82
15 107
76 315

Al
151

49.01
16.26
12.62
5.19
9.54
2.89
0.98
3.02
0.24
0.23

207

110
29
204
30
87
17
83

Al
158

50.81
16.08
11.67
5.15
8.32
2.73
1.51
3.29
0.24
0.17

235

148
30
230
47
77
23
97

Al
159

51.19
16.34
10.61
4.52
10.48
2.64
0.84
2.94
0.21
0.22

150

95
27
235
33
6l
23
91

A3
152

53.71
16.36
10.83
3.50
8.40
2.74
1.86
2.04
0.21
0.34

317
10
157
37
171
72
88
20
74

A3
157

53.79
16.17
10.69
3.94
8.96
3.08
0.96
1.85
0.22
0.32

275

486
41
188
31
89
22
82

Al
153

54.48
17.14
9.45
3.41
8.74
3.08
1.48
1.68
0.19
0.33

260

148
35
232
48
74
17
127

Al
115

53.68
17.54
8.85
3.33
9.66
3.46
1.36
1.69
0.17
0.26

233

114
30
228
51
58
21
70

Al
156

53.60
17.97
9.05
3.17
9.87
3.06
1.33
1.61
0.17
0.26

213

92
26
223
43
6l
18
lo1

70€



UNIT A

OXIDE
wt.%

sio,
Al503
Fe203
MgO
cao
Na,0
K50
T102
MnoO
P20s

p.p.m.
Ba
2r
Sr

Zn
Ni

GABBROS
A1 A2 A2 A2 A2 Al Al Al A1
46 117 154 155 45 136 88 87 118

52.98 49.56 48.62 46 .08 44.65 47.26 41.98 34.10 35.21
18.08 16.05 14.36 17.90 14.71 16.95 12.40 13.94 14.52
9.19 12.89 12.32 12.23 14.97 10.45 14.07 25.18 25.35
2.89 6.80 7.22 7.08 8.18 6.36 9.02 12.21 8.94
10.55 9.37 10.32 11.17 10.09 12.03 12.08 5.83 6.07
3.53 2.21 2.36 2.11 1.75 2.30 1.62 0.22 0.69
0.58 0.74 0.50 0.47 0.29 1.41 0.73 0.76 0.98
1.85 1.95 3.71 2.66 4.88 2.96 7.75 7.45 7.93
0.16 0.23 0.24 0.23 0.27 0.20 0.26 0.25 0.26
0.17 0.19 0.34 0.06 0.19 0.08 0.07 0.05 0.03

188 139 163 68 111 184 119 176 124
7 <3 3 3 6 <3 <3 3 7
77 54 71 20 43 33 43 29 28
30 22 27 25 22 12 16 3 7
220 171 143 347 146 413 234 155 156
18 28 17 15 17 38 30 34 35
80 78 71 51 75 56 49 95 156
24 45 45 26 78 26 38 26 59
70 125 55 87 89 96 141 159 143

SOE



~ .

OXIDE
wt.%

Si02
A1203
F6203
MgO
cao
NajsO0
K>0
Ti02
MnO
P70s

p.p.m.

'UNIT A GABBROS. PFitton 1971

CN7

50.04
18.36
10.18
4.43
8.99
3.16
0.72
3.51
0.20
0.18

129
1o
107
22
* 236
31
74
25
21
49
520

CN16

54.15
26.73
2.15

0.67 -

8.88
4.35
2.35
0.46
0.03
0.10

234
2
25
9
578
81 -
19
13
6
o)
208

CN17

54.11
21.14
7.11
2.46
8.98
3.24
1.06
1.40
0.13
0.29

195

212
28
268
43
67
24
16
31
222

CN64

51.85
17.75
11.16
4.69
7.43
3.09
1.34
2.11
0.26
0.25

326
10
134
35
294
51
103
14
19
74
299

Eastwood et al, 1968

16180

41.38
14.04

19.04.

5.63
9.73
1.56
0.72
5.05
0.37
0.14

16181

52.25

18,71
9.76
2.84
9.52
2.90
1.18
2.18
0.17’

" 0.30

90¢€.



- MgO

UNIT B1 GABBROS

OXIDE

Wt%
8102

A1203

Fe203

Ca0

Na20

K2O

T102
MnO

P2O5

p.p.m.

Ba
Nb
Zr
Y

Sr

Rb
Zn
Ni
Cr
Cu
\'4

14
46.58
15.45
10.99

8.58
14.27
.15
.93
.06
.18
.18

O O+ O

92
I
57
17
342
38
63

91
806

18
46.61
.3l
.68
L1l
.90
.11
.65
.58
.39
.58

=
]

O O N O N VO O \W

183
10
248
48
152

23
143
62
100

20

52.40
14.62
13.74
.20
.98
.08
.24
.75
.31
.67

O O r H W= =

283
14
263
61
245
43
176

23
67

33

49.97

14,37
31
.12
.05
.38
.27
.29
.51

O O N = W oo WU

247

14
222
49
319

h7
138
27
82

34
51.16
14.13
14.84
.84
.90
.95
.34
.87
.33
.63

O O H H NN N I

279
10
261
57
254
b7
157

24
Ly

CNLL

46.37
20.40

7.76
.33
.04
.35
.98
.16
.16

1

=

O © O + N

154

76

480
65
68
63

272

141

236

16182

48.
16.
.23
.78
10.
.36
.25
.20
.15
.18

o\ \O

O O = = N

51
83

84

/0E



SUBUNIT B2 FERROGABBROS

OXIDE
Wt.%

Siop
Al503
Fejy O3
MgO
cao
Najs0
K,0
Ti0,
MnO
P20s5

p.p.m.

Ba
Nb
Zr
Y

Sr
Rb
Zn

44

40.66
12.09
22,29
5.36
11.15
1.41
0.69
3.52
0.50
2.32

138

60
48
159
30

137

42,44
11.98
23.73

3.51

10.12

1.73
1.07
3.24
0.59
1.57

207

113
57
177
39
199

138

42.19
11.65
22,93
4.75
10.22
1.55
1.15
2.96
0.56
2.01

197

70
53
157
46
165

139

46.61

12.78 ‘

21.42
3.02
8.64
2.20
1.36
2.05
0.52
1.40

246
97
179

59
166

53 -

140

49.49
13.36
18.06
2.60
8.00
3.31
1.34
2.30
0.40
1.13

347
10
68
63

199
48

162

141

54.60
14.30
18.30
1.35
4.63
3.32
1.99
0.82
0.29
0.37

351
11
283
74
202
72
158

142

56.24
13.85
15.36
1.96
5.50
2,81
2.48
0.87
0.42
0.49

373
14
101
84
191
79
155

l63a

47.10
14.37
18.18
3.16
9.45
2.68
1.32
2.00
0.41
1.36

250

55
53
273
51
109

g0cE



SUBUNIT B?2

OXIDE
Wt.%

Si02
A1203
F6203
MgO
cao
Na20
KZO
T102
MnO
P205

pP.p.m.

Ba
Nb
Zr
Y

Sr .
Rb
.Zn

50

50.46
13.74
17.06
3.69
7.24
2.48
1.79
1.94
0.38
1.20

277
142

72
240

100
121

FERROGABBROS

100 103
55.46 59.12
15.00 14.30
12.82 13.40

1.78 2.12

6.72 3.56

3.67 3.31

2.13 2.38

1.31 0.94

0.34 0.42

0.77 0.43

460 363

24 .18
255 232
73 72
233 153
81 93
159 199

60¢€



SUBUNIT B3

OXIDE
wWt.%

si0,
Al703
Fe203
MgoO
cao
Nas0
Ky0
T102
MnO

p.p.m.

Ba
Nb
Zr
Y

Sr
Rb
Zn

51

54.24
13.63
17.01
l.63
6.08
3.16
1.80
1.37
0.51
0.57

265

23
192

72
243
100
161

FERRODIORITES
52 53
57.07 62.98
14.46 14.10
15.28 10.41
0.95 0.65
4,96 4.15
3.54 4.05
1.92 2.35
1.03 0.73
0.45 0.31
0.33 0.25
451 559

9 13
251 301
71 82
273 281
93 87
187 158

47

57.61
13.87
14.56
0.93
5.75
3.62
1.70
1.08
0.45
0.42

434
10
328
69
290
91
121

49

63.87
13.65
9.73
0.70
3.89
4.30
2.63
0.67
0.32
0.22

456

203
74
le8
77
127

54

66.28
13.41
8.42
0.55
3.05
4.23
3.05
0.50
0.31
0.20

476
22
216
89
129
83
145

120

62.68
14,22
1l0.79
0.39
4.26
4.32
2.20
0.62
0.35
0.15

477
17
355
77
233
72
164

OLE



SUBUNIT B/

OXIDE
Wt.% 163b

Fe503 2.84

MgO 1.20
cao 5.63
Na20 6.93
K»0 2.36
Ti0,p 0.40
Mno 0.08
P,0g 0.74
pP.pP.m.

Ba 383

Nb 3

2x 122

Y 42

Sr 478

Rb 53

Zn 29

FERROGRANOPHYRES + PLAGIOFERROGRANOPHYRES

143

57.87
15.67
12.22
1.24
5.24
4.06
2,22
0.94
0.31
0.22

424
11
152
60
280
88
158

144

66.06
13.79
8.43
0.43
3.37
4.04
2.97
0.55
0.26
0.10

640
25
418
89
147
95
217

145

68.15
13.98
6.80
0.38
2.32
4.61
3.06
0.39
0.24
0.07

578

27
504

88
141
1ol
219

146

66.74
14.13
7.67
0.45
2.69
4.65
2.83
0.49
0.28
0.08

594

31
571
161
153

93
332

147

67.61
13.94
7.18
0.47
2.48
4.59
3.05
0.44
0.16
0.08

532

27
536

97
153
108
218

148

67.31
14.04
7.26
0.46
2.57
4.56
2.99
0.46
0.26
0.08

645

29
614

93
159
100
232

LIE



SUBUNIT B4 FERROGRANOPHYRES + PLAGIOFERROGRANOPHYRES

OXIDE
wt.%

sio,
A1203
F3203
MgO
cao
Nas0
K70
Ti02
MnO
P20s5

P-P.m.
Ba

Nb

Zr

Y

Sr

Rb

Zn

56

64.66
14.50
8.84
0.25
3.42
4.79
2.52
0.56
0.33
0.11

513
23
309
98
203
78
231

57

65.12.

14.52
8.41
0.29
3.29
4.70
2.73
0.53
0.31
0.09

517
23
376
98
191
85
238

59

64.80
14.32
8.95
0.22
3.75
4.47
2.34
0.77
0.28
0.09

516
24
304
81
219
77
218

60

62.77
15.47
8.92
0.43
3.74
4.74
2.42
1.14
0.25
o0.1l0

543
26
280
73
355
90
205 .

64

69.43
13.85
6.06
0.22
1.88
4.48
3.39
0.39
0.21
0.08

598

26
404

95
115
124
182

65

68.32
13.76
6.58
0.16
2.57
4.55
3.35
0.38
0.24
0.07

448

26
341
107
129
112
193

70

65.73
15.23
7.34
0.48
2.60
5.09
2.70
0.43
0.30
0.08

584
21
615
84
195
82
200

74

64.96
13.88
9.15
0.23
3.70
4.35
2.79
0.52
0.30
0.11

480
17
313
86
195
86
201

CLE



SUBUNIT 84
OXIDE

Wt.% 109
Si02 68.40
Al,03 14,17
Fe203 6.34
MgO 0.53
cao 2.33
Na,O 4.47
K20 3.08
TiOz 0.47
MnO 0.12
P>0s5 0.08
p.p.m.

Ba 575
Nb 35
2r 574
Y 9l
Sr 119
Rb 107

Zn

42

FERROGRANOPHYRES AND PLAGIOFERROGRANOPHYRES

110

66.06
14.42
7.14
0.69
3.51
4.62
2.72
0.53
0.19
0.08

545
29
620
95
82
83
76

111

67.86
13.83
7.28
0.31
2.53
4.50
2.97
0.37
0.26
0.08

601

27
529

94
141
108
208

112

69.05
13.44
6.57
0.19
2.39
4.49
3.23
0.31
0.24
0.07

577

22
395
104
135
124
190

113

68.83
13.71
6.31
0.17
2.49
4.51
3.36
0.31
0.22
0.08

529

23
384

92
129
129
172

126

64.64
14.85
8.66
0.36
3.27
4,55
2.81
0.51
0.27
0.08

564

17
323

75
311
107
185

127

61.68
14.67
10.87
0.37
4.45
4.24
2.57
0.61
0.37
0.15

500

17
152

69
306
108
220

131

61.25
14.32
11.40
0.36
4.62
4.57
2.28
0.62
0.39
0.17

517
17
178
63
304
79
191

129

58.38
13.73
14.49
0.38
5.60
3.93
2.00
0.76
0.50
0.22

466
18
168
78
234
74
283

ElLE



SUBUNIT B4

OXIDE
Wt%

SiO2
A1203
Fe203
MgO
CaO
Na,O

2
K,0

2
TiO
MnO
P205
p.p.m -
Ba
Nb
Zr
Y
Sr
Rb

in

2

FERROGRANOPHYRES

96

63.14
13.20
11.30
.76
.30
.62
.48
.61
27
.22

©C O O M W = O

421
17
250
84
151
102
83

98

61.90
13.90
11.69
.64
.12
.85
.60
.72

O O O MW = O

.21

ui7
20
247
81-
150
96
176

.36

101

61.19
14.57
12.14
.61
43
.11
.69
.70
.36
.17

O ©C O MV =W O

h62

13
295

75
158
111
203

7lE



SUBUNIT B5 GRANOPHYRES

OXIDE

wt.% 9 12 13

Si0, 70.49 71.19  71.03
Al;03 13.45 13.20 13.38
Fe,0;  5.40  5.09  5.13

Mg0 0.63 0.57 0.41
cao 1.34 1.74 1.53
Na,0 4.66 4.57 4.51
K20 3.39  3.07 3.47
Tio, 0.43 0.37 0.36
Mno 0.14 0.14 0.l4
P05 0.05 0.05 0.02
P.-P.M. '
Ba 556 590 528
Nb 31 28 30
zr 534 538 537
Y 127 98 97
sr 53 69 63
Rb 127 116 134
zn 128 93 109
U 2 5 5

Th 17 20 14

30

72.23
13.06
3.72
0.17
2.27
4.95
3.12
0.29
0.14
0.04

577
31
545
114
51
131
63

31

72.40
13.34
3.69
0.18
1.59
4.95
3.38
0.29
0.12
0.05

595
29
538
117
54
140
39

13

40

72.44
12.95
4.09
0.23
2.19
3.95
3.64
0.31
0.14
0.04

661

33
540
120

49
142
240

42

73.61
13.41
3.07
0.14
1.09
4.65
3.65
0.24
0.10
0.04

549
32
527
108
58
144
90

22

43

73.27
13.48
2.99
0.29
1.30
4.54
3.68
0.30
0.09
0.05

607
31
520
115
48
141
28

21

36

72.43
13.14
3.84
0.26
1.90
4.71
3.24
0.29
0.12
0.05

574
30
535
118
52
137
77

37

72.98
13.44
3.51
0.24
l.10
4.82
3.52
0.24
0.12
0.02

591

32
531
116

76
129
144

18

GLE



SUBUNIT BS GRANOPHYRES

OXIDE
Wt.%. 38 39 19
sio, 73.68 72.84 73.11
Al503 13.35 13.35 13.23
Fe,03 3.17 3.71  3.51
MgoO _  0.16 0.21  0.18
cao 1.05 1.26  1.29
Na,0 4.67  4.77  4.87
K50 3.52  3.40  3.37
Tio, 0.23 0.26  0.26
MnoO 0.11  0.12  0.12
P205 0.04 0.08  0.05
p.p.m.

Ba 554 610 548
Nb 31 32 34
Zr 518 529 536
Y 113 112 117
Sr 66 66 65
Rb 141 133 140
zn 138 134 170
U 3

Th 14

15

72.85
13.49
3.65
0.31
1.02
4.61
3.63
0.25
0.1l1
0.05

627
34
549
116
69
118
129

17

66

72.86
13.49
3.70
0.11
1.26
5.05
3.07
0.25
0.13
0.07

586
33
538
119
82
90
142

90

72 .41
13.31
3.37
0.38
2.08
4.51
3.46
0.32
0.10
0.04

515
33
542
108
46
108
41

104

72.95
13.32
3.65
0.18
1.31
4.51
3.62
0.28
0.12
0.03

645

33
550
109

72
115
121

105

73.36
13.07
2.93
0.29
1.95
4.45
3.51
0.30
0.1l1
0.03

599

35
535
109

75
103
161

18

106

72.72
13.57
3.77
0.29
1.12

4.40

3.69
0.28
0.10
0.04

605

31
474
109

56
133
166

107

72.32
13.24
3.87
0.19
1.80
4.55
3.57
0.27
0.12
0.04

563

30
499
117

50
125
184

21

149

72.49
13.25
3.79
0.24
1.25
4.82
3.57
0.26
0.27
0.04

678

32
518
109

75
131
187

gle



SUBUNIT BS

OXIDE
Wt.%

Si02
Al,03
Fey03
MgO
cao
Nas0
K20
Ti02
MnO
P,0s5

p.p.m.

Ba
Nb
Zr
Y.
Sr
Rb
Zn

62

71.78

13.73,
4.04

0.11
1.52

4.85.

3.51
0.25
0.14
0.05

522

28
538
111

91
108
155

- 563

"GRANOPHYRES

63

72.69

13.54
'3.55
0.15
1.19
4.75
3.74
0.21
- 0.12
0.05

500
33

118

75
137
120

82

72.73
13.39
3.75
0.14
1.36
4.69
3.53
0.22
0.14
0.02

550

30
513
104

78
125
148

121

72.19
13.67
3.55
0.14
1.66
4.88

- .3.50

0.22
0.13

- 0.05

605
28

- 509
106

88
133
102

CN10

72.94

12.88"

4.00
0.51
0.68

4.78
3.72

0.27
0.13

.0.0L1

591
28
505
120
69
162

161

CN71

72.93
12.69
5.07

- 0.78

0.06
4,60
3.28
0.40
0.10
0.02

574
26
597
111
59
123,
167

16184

73.17
12.95
3.51
0.08
1.30
4.37
3.67
0.39
0.1l
0.07

LIE



UNIT B R.N. THOMPSON DATA (personal communication)

OXIDE
Wt.% ME2 ME4 MES ME9 MElOa ME10b ME12 ME14

Si0y 40.58 54.23 60.99 ' 62.09 59.81 62.98 65.68 71.99
Al,04 12.08 13.48 14.13 13.60 12.63 14.18 14.27 13.75
Fe203 4.76 3.23 3.63 3.51 5.13 3.30 3.73 1.97

FeO 16.52 11.01 6.62 6.27 7.72 6.10 3.43 1.86
Mno 0.51 0.44 0.37 0.36 0.53 0.39 0.32 0.15
MgO 4.68 2.05 1.23 0.86 1.33 0.60 0.39 0.20
cao 9.90 5.75 4,54 3.81 4.48 3.87 2.88 1.45
Nas0 1.85 3.63 4,14 4.13 3.65 4,54 4.88 4.48
K20 0.96 1.53 2.25 2.67 2.41 1.98 2.66 3.45
TiO, 3.65 1.67 0.72 0.57 0.56 0.60 0.45 0.28
P505 2.29 0.72 0.38 0.23 0.30 0.19 0.08 0.02
Hyot 2.39 2.29 1.28 1.61 1.74 1.44 0.86 0.80
O, 0.10 0.16 0.02 0.08 0.00 0.01 0.02 0.04
TOTAL 100.27 100.19 100.30 99.79 100.29 100.18 99.65 100.44
SUBUNIT B2 B3 B3 B3 B3 B3 B4 BS

glE
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TABLE A3.3

Whole rock Instrumental Neutron Activation

Analysis data



RARE EARTH ELEMENT AND SELECTED TRACE ELEMENT ANALYSES

p.p.m.

La
Ce
Nd
Sm
Eu
Gd
Tb
Tm
Yb
Lu
Th
Ta
Hf
Sc
Co

SUBUNIT

44

19.5
50.4
'39.6
10.3

3.31

11.7
1.55
0.66
3.27
0.55
1.67
0.99
1.70
85.8"

128.4

B2

163a

24.6
57.8
40.1
10.1
3.27
11.6
1.62
0.78
4.14
0.68
2.06

0.84.

1.96

91.2

30.6

B2-

- 142

36.7
76.4
50.5
12.4

3.88

14.2
2.06
1.14
6.70
1.13
7.01
1.63
3.75

52.0

23.2

B2

148

53.1
113.9
63.7
13.9
4.80
15.5
2.29
1.44
9.92
1.69
11.62
2.62
13.53
16.8
24.9

B

39

61.9
128.3
67.4
14.8
2.79
16.8
2.48
1.48
10.32
l1.68
15.23
3.03
11.74
6.4
38.6

B5

150

N
L ] * L] L[] *
=00 0 b
o

.

L N
WhadFROOI M

a>g>h‘o HFOMFFOOWHNMNMFRO VW
[ ] [ ]
WONOUW Y NDON

o OV

=

152

23.0
47.7
26.2
6.0
1.85
6.4
1.00
0.60
3.62
0.58
5.14
1.15
3.89
44,6
37.3

A3

0ce
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TABLE A3.4

CIPW Norms.

The norms in the following table were calculated by
computer, using the program NORMCAL, written by

R.C.0. Gill., A fixed Fe203/Fe0 ratio of 0.21 was
used. The differentiation index shown is the Thorton-

Tuttle index (Thorton and Tuttle, 1960).
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Platel.2 A GEOLOGICAL MAP OF THE
EASTERN PART OF THE
CARROCK FELL IGNEOUS COMPLEX
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