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ABSTRACT

The Rhum minor intrusion suite is petrographically and
compositionally variable, the majority of the basic rocks
are aphyric dolerites but olivine phyric (picritic) and
plagioclase phyric (big feldspar) dolerites are also present.
In addition, several medium to coarse grained gabbro and
peridotite plugs occur. Intermediate rocks are not abundant
and acid dykes are rare.

The basic and intermediate intrusions occur in a variety
of structural environments all over the island, the gabbros
and peridotites are generally emplaced as plugs in the
northern and southern Torridonian tracts, while the few acid
dykes are usually closely associated with the plutonic acid
rocks.

Twelve classes of dolerite (Groups 1-12) and five classes
of gabbro have been distinguished on geochemical and petro-
graphic grounds. The suite as a whole is characterised by
high MgO levels when compared with rocks of analogous
differentiation in other Tertiary suites of North-West
Britain. Several of the group 1 picrites are believed to
have existed as mafic liquids with 15-20 wt% MgO at high
crustal levels. 1In addition the basic members (dolerite
groups 2 to 4) and several of the gabbros are characterised
by higher Ni and Cr and lower A1203 than comparable British
Tertiary rocks. Discriminant Function analysis of the

compositional variation within the basic members of the Rhum



minor intrusion suite has shown that the majority of these
rocks are compietely transitional between alkali olivine
basalt and tholeiite basalt and contrast with the mildly
alkaline Skye Main Lava Series and the mildly tholeiitic
Ardnamurchan cone sheets. 1In contrast, theAaolerite groups
5 and 6 ére very similar to some of the Skye magma types and
'consequently are believed té be outlying members of the Skye
regional dyke swarm. Of the intermediate rocks, the dolerite
.groups 8 and 9 and the gabbroic differentiates are tholeiitic
in affinity and the dolerite groups 10 to 12 are alkalic in
affinity. |

Detailed field and geoéhemical investigation has shown
there is a érogression from tholeiitic basic magmas to high
MgO more alkalic composition with time; Despité the known
presence of a large upper crustal magma chamber on Rhum, the
geochemical variation of the majority of the basic rocks is
compatible with processes operating below 15 km within the
lower crust,or in the upper mantle at depths up to 80 km. In
contrast the big feldspar (group.7) dolé;ites and the magmas
which gave rise to the peridotite plugs are believed to have
been tapped from a high level crustal magma chamber. In
addition the divergence towards more extreme élkalic and
tholeiitic compositions in the intermediate rocks coupled with
their general porphyritic nature and their major oxide and
trace element variation suggests that 'they are the product

of low pressure fractionation processes.
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CHAPTER ONE

THE GEOLOGY OF - RHUM

Introduction

Rhum has received attention from geologists for
nearly 170 years, but was first mapped and described
in detail by A. Harker (1908, 1908b). Our présent under -
standing of Rhum geology is based on several major
contributions including and postdating Bailey's (1945)
work in which the major dislocation enclosing the
Tertiary intrusive igneous rocks was interpreted as a
ring fault. Both Stewart (in Craig, 1965) and Dunham
and Emeleus (1967) have reviewed the history of research
on Rhum,to which publications the reader is referred for
further details. Of the investigations over the past 30
vears, the importance of Brown's (1956) and Wadsworth's
(1961) demonstration that the layered ultfabasic rocks
of Rhum are cumulus in origin and the contributions by
Hughes (1960) and Dunham (1965a, 1968) on both the acid
rocks and the structure of the complex in general, are

outstanding.

I) General outline
Rhum is divided into two major portions by an
arcuate fault, the Main Ring Fault, which separates the

Torridonian and Triassic sediments of northern and

,,"-/ - A|,‘. . Co.
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eastern Rhum from the Lewisian gneisses, the Torridonian
grits and shales and the Tertiary intrusive rocks of
central and western Rhum (Fig. 1.1). Lewisian gneiss and
basal Torridonian grits only occur within the Main Ring
Fault indicating uplift of these rocks and their
associated intrusives within the confines of this fault
(Bailey,1945). The majority of the Tertiary rocks are
intrusive, However a small area of lavas occurs in
western Rhum, these lavas are younger than the westerly
extension of the Main Ring Fault in this area as they can
be seen to overlap the fault on Bloodstone Hill (NM318998)
and Bealach a' Bhraig Bhig (NG340.000) (Black, 1952:
Emeleus and Forster, 1979).

The intrusive rocks can be divided into two main
groups, one consisting essentially of acidic rocks, the
other of layered ultrabasic and associated gabbroic rocks.
The acid rocks and associated breccias have been subdivided .
into four types (Hughes, 1960; Dunham, 1968), these being
granophyre, felsite, explosion breccia and tuffisite.
They occur along with Lewisian and basal Torridonian in
two main areas these being the Southern Mountains
Complex (Hughes, 1960), in southeastern Rhum and the
Northern Margin Complex (Dunham, 1965a, 1965b, 1968) in
east-central Rhum. There is also an area.composed almost

entirely of granophyre in western Rhum (Black, 1952). Much



of central and southern Rhum consists of a sequence of

layered peridotites and gabbros.

Thé Geological sequence on Rhum
The geological succession on Rhum as generally

understood at the present day is presented in Table 1.1.
It only differs from the sequenhce outlined by Dunham and
Emeleus (1967, Table 1.2b) by the insertion of the
Papadil Gabbro pre-dating the layered peridotites and by
the insertion of ultrabasic intrusion breccias prior to
the intrusion of the later gabbros and peridotites (see
p. 10 ). These ultrabasic breccias generally have poorly
exposed contacts, thus Harker (1908) speculated they were
intrugive contacts whilst Wadsworth (1961, 1973) considered
them to be fault scarp deposits. Mapping by Donaldson
(1975) revealed two better exposed breccias with intrusive
contacts which led him to reinterpret all the breccia
. contacts as intrusive. The eastern contact of the Harris
Bay breccia (Donaldson, op.cit.) was examined as part of
the present study and the breccia matrix is certainly
intrusive into the adjacent peridotite. Following
Donaldson the ultrabasic breccias on Rhum are considered
to be later intrusions into the peridbtite as opposed to

contemporaneous fault scarp screes.



Pre-Tertiary

Lewisian gneiss outcrops in three main areas, the
largest mass lies on the western side of the Southern
Mountains Complex (Hughes, 1960), another strip occurs
southeast of this on the lower slopes of Sgurr nan Gillean,
the third major outcrop is west of the Long Loch in the
Northern Margin Complex (Dunham. 1968). ASmaller outcrops
are located north of the Long Loch, south of Priomh Lochs,
north of Meall Breac, on the summit of Ard Nev and between
Ard Nev and Ard Mheall.

The Torridonian sequence has been dividéd into five
major groups (Black and Welsh, 1961). The lowest member,
the Basal grits, consisting of grits and shales, occurs
entirely within the Main Ring Fault. However, the Bagh
na h Uamha shale outcrops on both sides of the Main Ring
Fault to the east of Dibidil Glen. The three remaining
groups occur entirely outside the Main Ring Fault. The
highest of these, the Guirdil Arkose Group, is uncon-
formably overlain by an outlier of Triassic sediments to

the north of Glen Shellesder (Fig.l1l.1l).

Tertiary
The earliest known Tertiary rocks on Rhum are basic
igneous fragments contributing to the explosion breccia in the

Northern Margin Complex. Although locally important (e.qg.



northeast of Loch Gammich NM 380989 ) the vast majority

of the explosion breccia in both the Northern Margin and
Southern Mountains igneous complexes consists of comminuted
Torridonian with rare, but locally abundant Lewisian
fragments (Hughes, 1960; Dunham, 1968).

Tuffsites which invariably cut the explosion breccias
occur as masses up to 0.5 km long in the Southern Mountains
(Hughes op.cit.) and as thin sheets with every angle from
vertical to horizontal in the Northern Margin Complex.

They are characterised by a matrix of devitrified glass

with xenocrystic quartz and plagioclase. A diverse xenolith
assemblage of Lewisian, Torridonian, dolefité, felsite
granophyre and gabbro have been located in the Southern
‘Mountains tuffisites but only Torridonian and occasional
Lewisian fragments have been recorded in the Northern
Margin Complex.

The felsites in both areas chill against and intrude
the explosion breccias, although Hughes (1960) records a
single fragment of felsite in an explosion breccia south
of Sgurr nan Gillean which is cut by later felsite,
showing more than one intrusion of felsite magma has
occurred (cf. Emeleus and Forster, 1979, p.23). Whilst
tuffisite is generally earlier than felsite in the
Northern Margin Complex the Southern Mountain tuffisites

both contain blocks of felsite and are themselves cut by



later felsites. Thus whilst the explosion breccias are
generally of earlier formation the periods of tuffisite
and felsite intrusion overlapped.

The age relationships of the granophyre to the other
acid intrusions are obscure as the contacts are badly
exposed. In the Southern Mountains the critical contact
between the Papadil granophyre and the tuffisites and
felsites is unfortunately scree covered (Hughes, 1960).

Hughes (op.cit.) commented on the development of an
intfusion breccia between felsite and gabbro at the head
of Glen Dibidil which he believed was due to rheomorphic
melting of the felsite by later gabbro and also commented
on the truncation of dykes within the felsite by gabbro
in Dibidil Glen. Dunham (1964) presented a more detailed
study of rheomorphic melting of felsite by gabbro in the
Northern Margin complex. The granophyre-peridotite
contact at Harris Bay also shows veining of the more basic
rock by acid veins which were attributed to rheomorphic
melting by both Bailey (1956) and'wadsworth (1961) . thus
the Western Granophyre predates the ultrabasic and basic
rocks.

The age relationship between the Papadil granophyre
and the gabbros and peridotites is less clear. Hughes
(1960) noted that the gabbros from this contact possessed

plagioclase clouded with magnetite dust and that magnetite



had also exsolved along the augite cleavages, features
he attributed to reheating of the gabbros. Although he
noted amphibole veinlets cutting the gabbro he found no
evidence of the type of béckveining he had encountered
in Dibidil and suggested the granophyre postdated the
gabbro. However, Dunham and Emeleus (1967) found re-
crystallisation textures in the granophyre from this
contact identical to those from Harris Bay and south of
Minishal where back-veining had occurred. Furthermore.
they pointed out that the gabbro and peridotites cross
(and thus probably postdate) the Main Ring Fault and the
Lewisian-granophyre boundary (Fig. 1.2).

The contact in guestion was examined as part of the
present study to ascertain which body was the earlier
intrusion. Two critical pieces of evidence suggest the
gabbro posthates the granophyre. Firstly, the contact
is exposed 100 m north of the granophyre-Torridonian-
gabbro triple junction (Fig. 1.2) and the gabbro here
chills towards the granophyre. Secondly, bésic minor
intrusions 50 m north of this locality are back-veined
(with veins up to 2 cm thick) in a distinctive angular
manner by the enclosing granophyre. This type of veining
is a common occurrence at the contacts of the major acid
and basic bodies on Rhum and can help prodﬁce extensive
breccias with increased rheomorphic melting (Eme;eus and

Forster, 1979, p.9).



Thin sections reveal that both the gabbro and the
graﬁophyre show features attributable to reheating, the
granophyre in particular exhibits marked fingerprint textures
in-the relict blagioclase phenocrysts. Fig. 1.2 shows
that the peridotite mass northeast of Papadil is in
direct contact with Torridonian sandstone and appears to
cut out the gabbros which lie both north and east of
this contact. A later peridotite body of this size
would provide a viable heat source to accounﬁ for the
reheating of both the Papadil granophyre and the gabbro
at the contact under discussion. In addition the gabbro
at Papadil is atypical when compared with other gabbros
marginal to the layered peridotitesj;as the latter are
often deeply weathered and lack the abundant xenoliths
found in the Papadil gabbro. The Papadil gabbro is cut
by many dykes whereas the adjacent peridotites are
relatively dyke free suggesting the latter are younger.

The next event in the Tertiary sequence was the
intrusion of elongate fongues of peridotite which cut
Lewisian gneiss, Torridonian, explosion breccia and
granophyre in the Northerﬁ Margin complex, The eastern-
most tongue also cuts the Main Ring Fault (Dunham, 1965b).
The tongues are petrographically distinct from peridotites
of the layered series and are believed by Dunham (op.cit.)

to be separated from the layered series by a drift-



covered fault marking the westerly continuation of the
fault along which the main ultrabasic mass was emplaced.
The age relationships of the layered peridotites and
the associated gabbros to other geological events on
Rhum has been assessed by several authors. Bailey (1945)
believed the ultrabasic rocks post-dated tﬁe development
of the Main Ring Fault, this view was supported by
Brown (1956), Wadsworth (1961), and Wager and Brown (1968);
the age relationships to the adjacent acid rocks have
been discussed previously. Both Brown (1956) and Wadsworth
(1961) considered the layeréd series peridotites were
emplaced in their present position as an essentially solid
mass lubricated by a marginal gabbro. This gabbro is
continuous along the margins of the Eastern.Layered
Series (Brown, 1956).However wadsworth (1961) commented
on its discontinuous nature along the margins of the
Western Layered Series. Wadsworth (op.cit.) suggested
the lack of faulting in those country rocks which are in
direct contact with the peridotites could be explained
by firstlysthe differential displacement of the lubricating
basic magma and secondlyjs;the subsequent annealing of any
fractured country rocks by the adjacent hot peridotite.
The layered series peridotites are frequently cut
by later gabbros and eucrites These can occur in every

attitude from steeply transgressive dyke-like bodies
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(e.gr Fiachinis eucrite dyke, Wadsworth 15615 Fig.2) or
as sheets more or less conformable with the peridotite
layering (e.g. Askival Plateau gabbro, Brown 1956, Fig.l).
The sequence of gabbro intrusion is rarely determinable in
the field, however Wadsworth (op.cit. p.55) suggested the
gabbro west of the Long Loch fault (NM367958) postdated
the Glen Harris eucrite. In addition, bdth Brown and
Wadsworth indicate their lubricating maréinal gabbrd
postdates many of the gabbros associated with the layered
series and this marginal gabbro is also cut by a fine-
grained olivine gabbro on Cnapan Breaca.

The relative éges of the ultrabasic breccias and the
gabbros cannot be stated with any certainty. However
wadsworth (1961, Fig.2) shows the Lag Sleitir breccia
apparently cut out by elongate gabbroic bodies on its
northwestern and northeastern margins sugéesting the
gabbros postdate the breccias, similarly th; Fiachnis
eucrite dyke (Wadsworth og.cit.) may cut the north-western

margin of the Ruinsival breccia.

Lavas

The lavas of western Rhum are the YOungest major
igneous body on Rhum. The age relationships of the lavas
on Orval to the underlying granophyre were firmly

established by Black (1952) who showed that they rested



II)

unconformably on an eroded granophyre surface. The lavas

are underlain by and are interbedded with conglomerates

which contain cobbles of Lewisian, Torridonian,tuffisite,

explosion breccia, granbphyre,dolerite,basalt and gabbro
(Dunham and Emeleus, 1967).Subsequent investigation has
also revealed cobbles of felsite (Emeleus et al., 1971;
Emeleus and Forster, 1979) and allivalite (Emeleus and
Forster op.cit.). The presence of the ultrabasic rocks
confirms that the emplacement and subsequent erosion with
unroofing of the layered peridotites occurred prior to

the extrusion of the lavas,

Previous research on the minor intrusions of Rhum
Introduction

Two major works form the basis of our understanding
of the minor intrusions of Rhum at the present day. The
first major contribution was made by Harker (1908) who
collated several points of interest in his Small Isles

Memoir. A more recent contribution was made by Speight

(1972) in a structurally orientated study of dyke distribution

patterns in the Small Isles, Skye and Ardnamurchan. 1In
addition to these works éhe contact relationships of some
basic dykes intruded into the western Granophyre were
studied by Roobol (1971) and brief reference to other

minor intrusions has been made by several authors (Hughes
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1960, p.1l14; wWadsworth, 1961, p.57; Dunham and Emeleus
1967; Emeleus, 1973, p.1l59).

The two major works differ in scope. Harker
incorporated observations on all tﬁe minor intrusions
including basic sills, rare acid dykes and the gabbro
and peridotite plugs. He was concerned with the distrib-
ution of the basic dykes over the whole island unlike
Speight (1972) who studied only coastal sections within
the Torridonian and thus did not aeal with dyke relation-
ships within the central complex. A full discussion of
the quasi-statistical techniques used in his thesis is

given by Speight (1972, Chapter V).

a) Basic Dykes
i) Distribution of the basic dykes as a function of the
host rocks.

Harker (1908) had definite views on the intensity
of the dyke swarm as a function of the hoét‘rock. He
believed the granophyres were relatively dyke free and
considered the abundance of dykes exposed along the coast
northwest of Harris to be a "noteworthy exception". He
also maintained that the Torridonian sandstones and the
plutonic basic and ultrabasic rocks were intruded by a
similar number of dykes. In addition other authors

note the truncation of dykes at major contacts on Rhum,
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Hughes (1960) and Dunham and Emeleus (1967) mention the
occurrence of basic sheets in the felsite in Dibidil and
on Cnapan Breacarespectively which do not cut the adjacent
gabbros, similarly Wadsworth (1961) noted the truncation
of dykes in the Western Granophyre by the later gabbro

and peridotite.

ii) Dyke trends

Rhum is sometimes cited as a good example of a
volcanic centre with an associated radial dyke swarm
(Richey 1948, p.86). This was first asserted by Harker
(1908) and has been reiterated by Richey (1961, pp. 96-97).
Stewart (1965) and Dunham and Emeleus (1967). However,
this view has been recently contested by'Speight (1972).
His investigations showed that the Torridonian outside the
Main Ring Fault contains a linear dyke swarm (see section
iii). Fig. 1.3 (taken from Speighf 1972, p.334) shows a
fadial pattern cannot be discerned using the projection
of the average trend of groups of ten dykes. The possibility
of a radial dyke swarm cutting the ultrabasic rocks is
discussed later (Chapter 2, p. 31 ). Speight (op.cit.)
arbitrarily selected dykes trending NE-SW and referred
these to a Rhum sub-swarm (a technique he also applied
on Skye and Ardnamurchan) the validity of this sub-swarm

is discussed in Chapter 2, p. 29
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iii) The intensity of the dyke swarm

That dykes are numerous on Rhum is evidenced by the
accounts of Harker (1908, p.143) who recorded nearly 700
dykes and Speight (op.cit) located approximately 1000
'dfkes in coastal sections alone. Fig. 1.4.reproduced
from Speight (op.cit. Fig.1l1l5) shows the dyke distribution
is uneven with axes of high intensity running SE from the
coast line at Papadil and the Allt naﬁ Ba and NW from
Kilmory. The map illustrating dyke intensity as a function
of percentage crustal dilation (Speight op.cit., Fig.114)
shows similar dyke intensity distribution patterns, the
general maximum crustal dilation along the high intensity
axes is between three and four percent although over five
percent crustal dilation occurs on the coastline near the
mouth of the Allt nam Ba.

Fig. 1.4 shows all the characteristics of a linear
swarm, this is highlighted by the low dyke intensities on
the northeastern coast of Rhum which Speight (1972, p.334)
believed was further evidence against a radial dyke

distribution pattern on Rhum.

iv) The dips and thicknesses of the dykes
All the previous work on these topics is incorporated
in Speight's (1972) thesis. He noted that in general more

dykes dipped SW as opposed to NE, an exception being the

14



dykes of northwestern Rhum and stated that the dykes
varied from 0.2 m to 11.0 m thick with most dykes lying

in the range 0.4-0.8 m.

b) Distribution of the sills and inclined sheets

Harker (1908) recognised five different varieties
of basic sheet in his classification of the minor
intrusions of Rhum. These generally occur only in the
Torridonian, however one group, the inclined sheets, was
also seen cutting the acid and ultrabasic rocks. A full
account of the inclined sheets is presented later (Chapter
2, p. 38 ). Another group, the dolerite sills cutting the
Rhum lavas were reinterpreted as the massive dolerite -
centres to basaltic lavas by Tomkeiff (1942, p.2 ).

In nortﬁwest Rhum, Harker (op.cit.) reéorded the
presence of a conspicuous sill running SW from Kilmory
which he described as both a "feldspar porphyritic basalt"
and a basic augite andesite without olivine. He also
noted the presence of a different set of aphyric "basic
augite andesites" in the southwestern part of the island.

The fifth'type of sheet was only briefly referred to
by Harker (op.cit.), these were thin sill-like bodies of
limited lateral extent which cut the Torridonian of

northern Rhum.
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.c) Acid Dykes

Harker (op.cit.) noted the rare occurrence of three
acid dykes on Rhum, he also mentioned a pitchstone specimen
in the older collections of the Geological Survey labelled
as coming from Fionchra, which he failed to relocate. A
recent detailed survey in the Fionchra region did not
locate any pitchstone dykes (Emeleus pers. comm.) thus
the survey specimen was probably either incorrectly labelled

or not collected in situ.

d) Gabbro and peridotite plugs

Harker (1908) located approximately 15 peridotite
plugs ranging up to %OO m in size. He considered them
all to be intrusive with near vertical contacts one
exception being the intrusion north of Bealach Mhic Neill
(NM380998) which he suggested was lacolithic in form.
The two ultrabasic dykes he describes occurring west of
Papadil are, in fact, small elongate peridotite plugs.
Dunham and Emeleus (1967) pointed out that the peridotite
knoll west of Loch Sgoarishal show matrix banding and
other features recollective of the tongues in the Northern
Margin Complex (Dunham, 1965b) and suggested they could
be of similar age.

Approximately 45 intrusive gabbroic bodies weré
located by Harker (1908) varying in dimension from 700 to

75 m. He distinguished 2 compositional varie:ties, one



gabbroic and the other eucritic, the latter apparently
cutting only the layered periodites. Dunham and Emeleus

(1967) noted petrographic similarities between gabbros in

the northern Torridonian tract and the early gabbros in the

Northern Margin Complex but stated the postulated early

age of the former could not be demonstrated in the field.

e) The sequence of intrusion

The chronological sequence of both major and minor
intrusions as proposed by Harker (1908) is presented in
Table 1.2a. As Harker considered that the gabbros and
peridotites predated the felsites, it is clear why he
believed there was a greater abundance of dykes in the
former. A revised sequence of both major and minor
intrusion proposed by Dunham and Emeleus (1967) is also
presented in Table 1.2b. The position of both the cone
sheets and the late radial dyke swarm in this second
sequence is in agreement with the more general account of

Stewart (1965).
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Fig. 1.2 Geological map of Papadil,

Southern Rhum; taken from
Emeleus and Forster (1979,
Fig.16). For relationship
to general geology see Fig.l.
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Projection of the average trends of groups of
ten dykes (redrawn from Speight 1972, Fig.109)
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Fig. 1.4. Number of dykes per kilometre in the
coastal strata of Rhum, and the Small
Isles (redrawn from Speight (1972, Fig.1l1l5).
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Lavas

Fine-grained olivine gabbro

Marginal gabbro

Gabbro and peridotites cutting ultrabasic rocks
Ultrabasic intrusion breccias

Layered peridotites

Ultrabasic tongues

age relations may be reversed
Papadil gabbro

Main Ring Fault
Granophyre
Felsite
Tuffisite

Explosion breccia

Triassic
Torridonian

Lewisian

Table 1.1. The chronological sequence of major Tertiary

events and pre-Tertiary rocks . on Rhum.



Felsite

Granophyre

Basic rocks

Ultrabasic rocks

Basaltic Lavas

Pitchstones

Ultrabasic dykes

Basic Andesite Sheets

Inclined sheets

Quartz felsite dyke

Gabbro and peridotite
plugs

‘Great group of sills

Basaltic material in
solfataric dykes

Lavas

Fine-grained
olivine gabbro

Ultrabasic tongues

Granophyre

Felsite

Tuffisites

Explosion breccia

Radial basic and
ultrabasic dykes

Peridotite plugs

Cone sheets

Tachylitic sheets

Early Gabbros

Table 1.2. The sequence of major and minor intrusion env1saged by (A)Harker (1908) and
(B) Dunham and Emeleus (1967).
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CHAPTER TWO

FIELD RELATIONSHIPS

Introduction

Approximately 4 months fieldwork was undertaken to
establish a minor intrusion stratigraphy. This was
achieved by detailed mapping of cross-cufting relationships
in well exposed areas and assessing the behaviour of minor
intrusions along well exposed contacts. Four major
categories of minor intrusions were recognised in the

field, these are in order of decreasing abundance:

1) Dolerite dykes, sheets and sills.
2) Gabbroic plugs.
3) Peridotite plugs.

4) Acid dykes and sheets.

The Main Ring Fault forms a major break in the
Tertiary geological sequence on Rhum and this is reflected
in the distribution and the orientation of the minor
intrusions. Poor exposure along the iine of the fault
makes correlation of the sequences of minor intrusions
developed on both sides of the fault impossible. The
sequence of minor intrusions on each side of the fault
is presented in Table 2.1. The location within the
sequence of each of the minor intrusion types is discussed

in the text.
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1. Dolerite dvkes, sheets and sills.

These have been divided in the field into four types,
these being: dykes, inclined sheets, thin conformable
sheets and thick conformable sheets. The term dyke as
used in this thesis is defined as an intrusive discordant
tabular body which can vary in attitude from.approximately
60o to vertical: the term inclined sheets refers to
intrusive discordant tabular dolerite bodies which have
dips of 60° or less. The term parallel inclined sheet is
restricted to a distinct set of intrusions on Rhum as

discussed in the text.

a) Dykes and inclined sheets
i) Field and hand specimen characteristics.

This description included all the dolerites except
the picritic and big feldspar dykes which are discussed
separately. The dykes and inclined sheets are typically
aphyric or microporphyritic and thus lack distinctive
field characteristics. The vast majority are between 20 cm
to 80 cm thick, however dykes up to 18 m thick have been
located. Some'dykes vary in thickness alonglstrike and
can be seen to progressively expand then thin to a
tachylitic termination before continuing en echelon aloné
strike. This range in dyke thickness reflects in the grain
size of the dykes, some (in particular the thinner dykes)

are extremely fine-grained whereas other thicker dykes



have virtually "gabbroic" centres.

The Torridonian sediments adjacent to the contacts
of some dykes (eg.a northern trending dyke in Kinloch
Glen NG 372005) may be bleached up to 20 cm from the
contact. This thermal metamorphism is attributed to
passage of magma through the dyke fracture which may have
acted as a feeder to overlying lavas and sills (cf. Preston,
1967). These dykes possess only slight chilled margins
and contrast with other tachylitic margined dykes
(tachylitic sheets of Dunham and Emeleus, 1967), which
possess thick chilled margins.

Despite the gross similarity of the bulk of the
dolerite hand specimens it is possible to recognise some
differences in the field. 1In general, the dark grey-black
specimens tend to be more mafic than the more common dull
grey varieties. Increasing differentiation produces
mesocratic specimens often characterised by a green-grey
colour and the most differentiated specimens are a pale
cream-grey colour on fresh faces. Plagioclase, clino-
pyroxene and to a lesser extent olivine phenocrysts (in
various combinations) can be recognised in some specimens.

Xenoliths have been located in some dykes and
inclined sheets but they are extremely sparse. Although
Speight (1972) found that xenoliths were more abundant

in dykes adjacent to the central complexes, xenoliths in



dvkes associated with the central complexes of Arran
(Tyrrel, 1928), Ardnamurchan (Richey and Thomas, 1930)
and Mull (Bailey et al., 1924) are not abundant thus Rhum
is not anomalous in this respect.

Multiple dolerite dykes (those involving two or more
phases of dolerite injection into the same fissure) are
not abundant on Rhum. A simple multiple dolerite involving
two facies, the later central facies possessing a slight
chill can be seen on Dibidil shore (NM 385925) a more

complicated example is located at Papadil (NM 362918).

ii) Distribution and orientation of the dykes and
inclined sheets.

The strike trends of dykes and inclined sheets
recorded from 11 different areas on Rhum are presented as
rose diagrams on Fig. 2.1. Some duplication of the work
of Speight (1972) has been unavoidable and the data
itemised by Speight (op.cit. p.535, Appendix 18) has
been used to supplement this account when necessary.

The rose diagrams' for dykes and inclined sheets
cutting the Torridonian between Papadil and Dibidil and
at the Allt nam Ba (roses 4 and 7, Fig. 2.1) confirm the
linearity and the NW-SE strike of the dykes and inclined
sheets in the southern part of the island. However, the
rose diagrams for dykes and inclined sheets in the northern

part of the island (roses 11,12 and 13, Fig. 2.l1) suggest
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a more radial distribution. Rose diagrams plotted

using Speight's (op.cit.) original data for the northern
and eastern part of the island (Fig. 2.2 and 2.3) sub-
stantiate this apparent radial distribution, the change
in strike trend from NNW through N to NNE, between Glen
Shellesder, Kilmory and Rubna na Roinne iﬁ particular,
suggest a radial dyke distribution.

The dyke intensity map (Fig. 1.4) is clear evidence
of the linearity of the Rhum swarm. To account for the
anomalous strike directions in the Rubna na Roinne area
Speight suggested they represented a separate sub-swarm
distincﬁ from the Rhum linear swarm similar to perpendicular
sub-swarms he had‘encountered on Skye. Reference to rose 10
(Fig. 2.1) shows a bimodal distribution of dyke strike
trends in the Allt Slugan a Choilich (based on 51 readings)
somewhat similar to the trends encountered around Rubna na
Roinne (rose ll Fig.2.1 and RE Fig. 2.2 and 2.3), thus
supporting Speight's ideas.

Mapping east of the Long Loch fault in the Mullach
Mor area has revealed dykes fol;owing N-S fractures in
the Torridonian which parallel the Long Loch fault. The
only unimodal N-S trending dyke sets on Rhum occur in
traverses across the Long Loch fault at Papadil and
Kilmdry (roses 3 and 12, Fig.2.1l and RD Fig. 2.2). It is

likely that the N-S basement fracture which gave rise to
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the Long Loch fault has strongly influenced the dyke trends
in the Papadil and Kilmory areas.

Examination of the dyke and inclined sheet trends
within the Main Ring Fault cutting the sequence Torridonian
to tuffisite in Corrie Dubh and the Southern Mountains
(roses 5 and 7, Fig. 2.1) show that dykes and inclined
sheeté of all trends occur,with two trends at NNW and NNE
being better represented. Dykes and inclined sheets of
all trends have been recorded in the gneisses and
Torridonian in lower Dibidil and in the félsite on Beinn
nan Stac (rose 6, Fig.2.1). The strong E-W trend defined
in this last rose diagram may be in part attributable to
the N—S trend of the traverse in the Dibidil river which
is more likely to encounter E-W as opposed to N-S dykes.

These diagrams support the impression gained in the
field that the numerous dykes and inclined sheets within
the Main Ring Fault strike in all directions and testify
to a complicated structural history. Analysis of the cross
cutting relationships exhibited by the dykes and inclined
sheets on Cnapan Breac and in Stony Corrie (Figs. 2;4, 2.5,
2.6) confirms this complicated history, as no simple age
relationships of one trend relative to another can be
resolved, although dykes or inclined sheets trending 270 -

310 © generally cut dykes or inclined sheets trending

320°-335° in Stony Corrie.
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The northwesterly trend of the dykes cutting the
Western Granophyre at Harris (rose 1, Fig. 2.1) is
somewhat anomalous and may be due to basement control
as postulated for Kilmory and Papadil.

It was suggested in Chapter 1 (p. 13 ) that the
dykes cutting the layered peridotites may have developed
a radial distribution. To test this hypothesis the dykes
from five different localities were plotted on Fig. 2.7
where the abscissa is the strike trend of the dyke in
question and the ordinate is the angular bearing of this
dyke outcrop relative to the centre of the ultrabasic mass
estimated to be at NM 370960. The diagram is heavily
biased from dykes recorded in Harris Bay as the well
‘exposed coastal section revealed relatively abundant dykes
when compared with the inland exposures. A perfect radial
distribution would result in the dykes plotting along Line
A-B in Fig. 2.7. The dykes from the inland exposures
(Barkeval etc.) plot fairly close to A-B however the dykes
from Harris clearly cover the complete ranée of possible
dyke orientations with the majority lying in the range
40°-100°. The Harris Bay section is the best exposed area
and thus could possibly be viewed as the most representative
data set. However, it is possible that the dyke trends in
this area are the product of a radial dyke distribution with

a superimposed NW-SE trending set attributable to basement
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fractures as postulated for the NW-SE trending dykes in
the Western Granophyre.

Despite the limitations of the data andvthe arbitrary
selection of a centre for the ultrabasic mass, the dyke
orientations presented in Fig. 2.7 suggest that a radial
dyke distribution can be discerned in the ultrabasic rocks
of Rhum, a radial dyke swarm will develop when the maximum
principal sfress (P max) is vertical (Robson and Barr, 1964):
thus the radial dyke swarm is supporting evidence for the
upward emplacement of the ultrabasic rocks as envisaged

by Brown (1956) and Wadsworth (1961).

iii) Age relationships

Detailed mapping along well exposed contacts and
the interpretation of the rose diagram trends in Fig. 2.1
has allowed evaluation of the dolerite dykes and inclined
sheets relative to the major igneous bodies and other
minor intrusions on both sides of the Main Ring Fault
(Table 2.1). The change in strike direction across the
ring fault at the Allt nam Ba and between Papadil and
Dibidil (Fig. 2.l1) suggests that the Main Rhum Linear
Swarm is truncated by the fault. Although many of the
dykes in the linear swarm may be contempoﬁaneous with
some of the dykes within the Main Ring Fault, the former

were originally emplaced at a higher structural level.
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There are several episodes of intrusion.within the
Rhum Linear Swarm as some dykes in well exposed traverses
(e.g. at the foot of Glen Shellesder NG 329016) can be seen
to cut older dykes. In addition the thick and thin
conformable sheets truncate and are cut by dykes of the
Rhum Linear Swarm thus allowing some subdivision of the
swarm relative to these stratigraphic indicators. The age
relationship of the Rhum Linear Swarm to the layered peri-
dotites and gabbros is demonstrated on Minishal (NG 358005)
and at the Allt nam Ba (NM 408943) where the dykes can be
seen to be veined and thermally metamorphosed in the
Torridonian sediments but are not found in the adjoining
mafic rocks which are well exposed in and near Allt nam
Ba.

The dykes cutting the post-central complex lavas of
western Rhﬁm are the youngest identifiable dolerite dykes
on Rhum. The sparse dykes cutting the gabbro and peri-
dotite plugs may be of similar age.

The relative age relationships of dykes and inclined
sheets within the Main Ring Fault has been achieved by
mapping the contacts between the rock types involved in
the early "acid" phase of magmatism and between these and
the later basic and ultrabasic igneous rocks. Maps from
two of the critical areas are presented in Figs. 2.5 and

2.6.



Dunham (1968, p.330) noted occasional dolerite
fragments in the explosion breccias of the Northern Margin
Complex which would indicate a "pre-acid" dyke phase.
However, the bulk of the explosion breccia consists of
Torridonian blocks in a2 comminuted Torridonian matrix and
dolerite fragments are extremely rare. Thus the vast
majority of the dykes and inclined sheets»postdate the
explosion breccias. The presence of a liquid-liquid
contact between dolerite and felsite in Stony Corrie,
Dibidil (Fig. 2.6) is evidence of contemporaneous acid-
basic magmatism but such occurrences are rare.

Mapping along the well exposed explosion brgccia—
felsite-tuffisite contacts on Cnapan Breaca (Fig. 2.5)
and between explosion breccia and felsite in Stony Corrie
(Fig. 2.6) has shown that none of the dykes or inclined
sheeté are truncated af these contacts strongly suggesting
the bulk of the dykes and inclined sheets in this area
postdate the emplacement of the acid rocks. Supporting
evidence comes from several contacts on the island listed
in Table 2.2.

As previously stated (Chapter 1, p. 6 ) the contacts
between tﬂe granophyre and the earlier "acid phase" rocks
on Rhum a;e not exposed. However, in Qiew of the close

temporal and spatial association of the acid rocks

proposed by Dunham (1968) it is unlikely that any significant
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dvke phase developed in the tuffisite—graﬁophyre interval.
The contact between the Western Granophyre south
of Harris Mausoleum (Fig. 2.8) shows that the abundant
dolerite dykes and inclined sheets in the granophyre are
not found in the adjacent peridotite. Truncation of
dolerite dykes and inclined sheets perpendicular to the
acid-basic and acid-ultrabasic contacts can be clearly
seen at the localities listed in Table 2.3. These
contacts confirm the impression gained in the field that
- dykes and inclined sheets are less abundant in the ultra-
basic tract.
'In'éonclusion the majority of the dolerite dykes and
inclined sheets on Rhum appear to posﬁdate the emplacement
of the acid rocks and predate the emplacement of the

gabbros and peridotites.

b) Picritic dykes

Olivine phyric dykes are typically black in hand
specimen. They are generally 30 cm to 60 cm thick and
rarely exceed 1 m. Several (but not all) of the dykes
have olivine enriched centres attributed to laminar flow
differentiation during emplacement, a process believed to
have operated in similar but wider picritic dykes on Skye
(Gibb, 1968).

Picritic dykes have been found at several localities

(see Fig. 2.9). They do not represent a single discrete
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magmatic event as several different petrographic types
are represented (Chapter 4, p.94 ). The petrographic
variation makes assessment of their field relationships
difficult. Some (Type 2 picrites p.96 ) contribute to
the Rhum Linear Swarm and a dyke petrographically similar
to these cuts Lewisian inside the Main Ring Fault. Another
petrographically similar dyke cuts the peridotite plug
east of Loch Sgoarishal (NG 351023) suggesting a fairly
young age for these dykes. |

The picitic dykes in the Allt Slugan a Choilich
(Type 1, p. 94) cut inclined sheets and other dolerite
dykes,-a petrographically similar dyke from Rubna nam
Meirlach is cut by a younger dolerite dyke. The picritic
dykes truncated and thermally metamorphosed by the peridotite
body on eastern Minishal (NG 358005) have variolitic
groundmass plagioclase somewhat similar to some of the
dykes in the Allt Slugan a Choilich, thus it is possible
the latter predate the emplacement of the layered series.

In conclusion the picritic dykes postdate the
inclined sheets and some appeér to pre-date the emplacement
of the.peridotites. They are generally fresh suggesting
that they post-date the dolerite dykes and inclined sheets
which are often altered but are occasionally cut by later

dolerite dykes.



c) Big feldspar dykes

The majority of these dykes occur as 0.5 mto 1.5 m
grey-black weathering dykes with abundant (up to 50%) 0.5 cm
to 2 cm diameter tabular euhedral plagioclase phenocrysts.
The'dykes are resistant to erosion and generally form
slight topographic highs in areas of outcrop. They show
no appreciable flow differentiation as phenocrysts are
abundant across the full width of the dyke.

Big feldspar dykes are found on both sides of the
Main Ring Fault (see Fig. 2.11) and the dyke on Bealach
Mhic Neill (NM 378994) appears to cut the fault. However,
another big feldspar dyke on An Mam (NM 382993) located
approximately 50 m south of the Main Ring Fault is cut by
a minor fault sub-parallel to the Main Ring Fault and is
also sheared and crushed suggesting a pre-ring fault age.
On balance the extensive occurrence of big'feldspar dykes
on both sides of the Main Ring Fault suggests they
postdate that event and the shearing in the dyke on An
Mam may be due to later minor movement along the Main
Ring Fault.

That these dykes post-date the acid rocks but pre-date
the layered peridotites and associated gabbros is clearly
seen at the felsite-gabbro contact on Meall Breac (Emeleus
and Forster, 1979, p.18) on the granophyre-peridotite

contacts at Papadil and Ard Nev (Emeleus and Forster op cit.,
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p.39). A 20 cm thick big feldspar dyke cuts a thick
conformable sheet east of Papadil (NM 376914) and a 1 m
thick dyke cuts a thin conformable sheet north of Glen

Shellesder (NG 349006).

d) Parallel inclined sheets

These sheets are generaily composed of a grey weath-
ering aphyric or mildly porphyritic dolerite. Many of
the parallel inclined sheets are very resistant to
erosion and they form a distinctive minor cap rock to
waterfalls in the Allt Slugan a Choilich stream section
SW of Kinloch Castle. When examined in detail, some
sheets can be seen to thin and progressively wedge out
suggesting that individual sheets are not laterally con-
tinuous.

The parallel inclined sheets are abundant in the Allt
Slugan a Choilich stream section and can also be seen
cutting Torridonian sediments north of Corrie Dubh and on
Bealach Mhic Neill. They are not seen in the deep
gully immediately south of the ring fault on the Allt
Slugan a Choilich and thus pre-date the ring féult. They
are cut by picritic and dolerite dykes and by the gabbro
plug east of the Allt Slugan a Choilich (NM 315985).
Their relationship to the Main Rhum Linear Swarm and the
conformable sheets is not known.

Dunham (1962, p.211l) noted that two sets of parallel




inclined sheets were present in the Allt Sluggan a
Choilich, one dipping towards the southwest, the other
westwards. In a later published account (Dunham and
Emeleus, 1967, p.40l1) the authors identified two sets

of parallel inclined sheets in the Allt Sluggan a Choilich,
one set dipping towards Glen Harris, the other dipping in
a southwesterly (as opposed to westerly in the earlier
account) direction. The dip directions of all the
dolerite sheets exposed in the Allt Slugan a Choilich
have been plotted on Fig. 2.10 and only a single dominant
SSW trend is represented. It seems possible that in his
original account Dunham (1962) incorrectly considered the
thin conformable sheets with a regional west to north-
west dip exposed in the lower reaches of the stream wefe
structurally analogous to the southwesterly dipping
parallel inclined sheets situated nearer the central

complex.

Inclined sheets or cone sheets?

The set of dolerite sheets on the northeastern
margin of the complex were originally referred to as
inclined sheets by Harker (1908) but later workers
Hughes (1955), Dunham (1962), Dunham and Emeleus (1967)
have used the term cone sheet to describe both these

and the other inclined dolerite sheets on the island.



The term cone sheet was first used by the authors
of the Mull Memoir (Bailey g;_gl;, 1924, p.6), these
authors plainly state that the term is a synonym of
"inclined sheet" as described on Skye by Harker (1908).
A more precise definition of the term cone sheet is
offered by the authors of the Ardnamurchan Memoir
(Richey and Thomas, 1930, p.56) who state:

"cone sheets consist of relatively thin shéets,

which viewed as members of a suite, occupy
conical fissures that have a common apex
and common vertical axis".

Harker (1908, p.l163) considered the dolerite sheets
dipping north in Dibidil and dipping WNW in the ultra-
basic rocks of Askival to belong to the same set of
inclined dolerite sheets on the northeastern margin of
the complex. It is clear from his original account he
considered these scattered inclined sheets were
analogous to the intense inclined dolerite sheets he had
encountered on Skye (Harker op cit., p.163).

Later workers using the term cone sheet expanded
Harker's (1908) ideas. Hughes (1955, p.132) described
three ages of cone sheet; an earlier set dipping 25° N
was cut by a later set dipping 40°NNE with another set
dipping in a south-westerly direction. He noted that

the age relationships could be reversed and there was no




systematic variation in dip. Dunham (1962, p.212)
correlated the parallel inclined sheets outside the
Main Ring Fault with inclired sheets cutting rocks
inside the fault and ¢onsidered them to be part of a
cone-sheet system.

It is clear from these accounts that the distrib-
ution of inclined sheets within the Main Ring Fault is
erratic. In addition mapping within the fault shows a
multiplicity of inclined dole;ite sheets and dykes
striking and dipping in all directions (see Fig. 2.1,
2.4). The set of parallel inclined sheets on the NE
margin of the complex formed at a different structural
level to sheets within the central complek as the former
are truncated by the Main Ring Fault. Iﬁ view of the
complex and erratic distribution of the inclined dolerite
sheets within the Main Ring Fault it seems unlikely that
they are analogous to the more regular arrays of
concentrically arranged cone éheets in other.Tertiary
centres. The parallel inclined sheets outside the Main
Ring Fault could be part of an incomplete cone-sheet system;
however, their role in the structural history of the

complex is not clear.

e) Thin conformable sheets
Sheets of dolerite generally conformable with the

Torridonian bedding are fairly abundant in the arkosic
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Torridonian outside the Main Ring Fault in northern

and southern Rhum but are absent from the shale-rich
horizons of eastern Rhum. They vary from black to grey
in hand specimen and some specimens contain plagioclase
and occasionally olivine macrophenocrysts. They can
range from 2 cm to 1 m in thickness but are generally
less than 0.5 m thick. They generally possess the
regional Torridonian dip of 20-30°NW but can be trans-
gressive along false bedding planes. They prbduce only
minimal contact alteration in the enclosing sediments.

Although cross-cutting relationships have not been
located it is likely in view of their varied petrocgraphy
that they were emplaced in more than one event. Field
evidence supporting this can be seen east of Kinloch
(NM 410998) where two sheets converge with no intervening
Torridonian screen. They both possess chilled margins on
the adjacent dolerite faces and with the Torridonian
suggesting that the earlier sheet had completely cooled
before the later sheet was intruded.

Sheets - both cut and are cut by dolerite dykes and
have been seen to be cut by picritic and big feldspar dykes.
Direct evidence concerning the relative ages of the thick
and thin conformable sheets is available at Kilmory where
a vertical dyke cutting a thin sheet is truncated by an

overlying thick sheet. Thermally metamorphosed thin
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conformable sheets occur in the contact aureoles of
peridotite and gabbro plugs in Glen Shellesder (NG 351103)
and north of Bealach Mhic Neill (NM 380995). In addition
the gabbro-Torridonian contact west of Papadil Pinacle
(NM 365926) shows truncation of thé thin conformable
sheets by later gabbros.

~ Although the age relationships of the thin conformable
sheets relative to the Main Ring Fault and the inclined
sheets are not exposed, thé former appear to be of an

early age and may predate the formation of the ring fault.

f) Thick conformable sheets

. Two petrographiéally different sets of 3 m thick
conformable sheets have been located on Rhum, one set
outcrops SW of Kilmory, the other NNE of Papadil (Fig. 2.11).
The former consist of a pale grey plagioclésé—clinop&rdxene
phyric dolerite. The sheets are more resistant to weathering
than the enclosing arkoses and produce a distinctive
topography in areas of outcrop. The sheets are occasionally
transgressive and although the majority are of constant
thickness a 0.5 m thick sheet located at Kilmory is -
petrographically identical to the thicker-sheets.

The Papadil sheets are similar in topographic

expression to those near Kilmory but differ as they are

aphyric. They usually possess a 30-40 cm thick vesicular
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band approximately 1 m below the upper contact, in
addition a discontinuous 10 cm thick vesicular band
occasionally develops approximately 75 cm below the
main vesiculated band.

The Papadil sheets-cut dolerite dykes but are
themselves cut by later dolerite dykes; a big feldspar
dyke and a peridotite plug (NM 379917) but dykes cutting
the Kilmory sheets have not been located suggesting they
may be younger than the Papadil type. The relative age
of the Kilmory and the thin conformable sheets have been
discussed previously (p.42 ). 1In éonclusion the thick
conformable sheets are all probably of a similar general
age, postdating the thin conformable sheets and much of
the Rhum Linear Swarm and predating the gabbro and
peridotite plugs.

The thick conformable sheets intrude Torridonian
sediments of different stratigraphic height (the Papadil
sheets lie approximately 3000 m stratigraphically below
the Kilmory sheets). However, this difference in
stratigraphic height is probably fortuitous. The
Torridonian sediments developed their regional northwest
dip prior to the development of the Tertiary complex. The
location of the sheets NW and SSE of the central complex
is probably related to upwelling of magmas along the NW-SE

striking axes identified by Speight (1972, Fig. 1.4). The




ability of the Torridonian to cleave along major
bedding planes allowing sill emplacement in these areas
is probably more important than its location within

the stratigraphic sequence.

2. Gabbro Plugs

Abundant gabbro plugs have been located (Fig. 2.11):
they range in size from 20 m toA150 m diameter and occur
as circular to elongate masses. They are variable in
hand specimen, the majority are medium grained but coarse
grained varieties with pegmatitip patchesbare found in the
Northern Margin Complex (Dunham and Emeleus, 1967, p. 395).
Differentiated gabbros have been located in the northern
Torridonian tract, they are leucrocratic in hand specimen
but as with the less differentiated gabbros the mafics
have been altered.

The gabbros can induce considerable bleaching in the
enclosing sediments up to 30 m from the contacts. The
sediments adjacent to the contacts often show fritted
textures indicative of partial melting and the gabbros
are unchilled. It seems likely that the gabbros infill a
fracture which previously acted as a conduit to overlying
lavas.

The relative aées of the early and late gabbros in

the Northern Margin Complex were discussed by Dunham and
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Emeleus (1967, p.405). The former are characteristically
coarse grained and can contribute to the explosion breccias
whereas the latter are medium grained and cut Lewisian
gneiss, Torridonian explosion breccia, granophyre, the
Main Ring Fault and the peridotite tongues.

Dunham and Emeleus (op.cit) tentatively correlated some
of the altered gabbros outside the Main Ring Fault with the
early gabbros of the Northern Margin Complex on a petrographic
basis. However, the altered early gabbros within the Main
Ring Fault contain both hypersthene and augite and the
plagioclase is characteristically zoned and consequently
contrast with the altered gabbros outside this fault as the
latter lack hypersthene and often contain pseudomorphed olivine.
The early gabbros have a distinctive composition (Chapter 7,
p.24l) and three gabbros immediately NE of the Northern
Margin Complex are compositionally similar to the early gabbros
suggesting that they are coeval. However, the compositional
and pefrographic dissimilarity of the remaining gabbros outside
the Main Ring Fault suggests they are of different age.

The gabbros outside the Main Ring Fault cut the thick
and thin conformable sheets and are generally dyké free in
areas of known high dyke intensity (e.g. the Sgoarishal
area), thus several of.these gabbros are likely to be young -
in age and are probably much younger than the compositionally

distinctive early gabbros within the Main Ring Fault.



The geographic distribution of the gabbro plugs. on
Rhum is shown in Fig. 2.11. There are two main gabbro
plug concentrations in northwestern Rhum and along the
northeastern margin of the complex. A few gabbros
outcrop between Papadil and Dibidil and in the Torridonian
of Mullach Mor whilst others cut the layered peridotites.

Many of the gabbro plugs around Loch Sgoarishal and
east of Papadil are elongate along a NW-SE trend
coincident with the axes of dilation identified by Speight
(1972, Fig. 1.4) and their location is probably attributable
to regional stress patterns. The structural control on
the emplacement of the plugs along the northeastern margin
of the central complex is not clear. However, their
location may reflect the interaction of the NE-SW trending
Rhum sub-swarm axis (p. 29) with the regional stress field

or possibly the Main Ring Fault.

3. Peridotite Plugs
The gabbro and peridotite plugs are often in very
close association (e.g. the two plugs in Glen Shellesder
NG 351103). They tend to be resistant to erosion and
form topographic highs in areas of outcrop, an exception
being the large plug on the north side of Kinloch Glen
(NG 375005). The plugs consist of a medium grained, rusty

brown weathering felspathic peridotite in hand specimen and




individual plugs tend to be homogenous. However, felspathic
peridotite xenoliths have been found in the peridotite
plug east of Loch Sgoarishal (NG(351023) and dunite
xenoliths are abundant in a plug north of Minishal
(Emeleus and Forster, 1979, p.35).

The peridotites can induce considerable bleaching
of the enclosing Torridonian sediments up to 30 m from
the contact although the bleaching is often much less
pervasive. At well exposed contacts, e.g. the western
margin of the plug west of Loch Sgoarishal (NG 342020)
the Torridonian sandstones have suffered severe partial
melting with acicular quartz crystals (paramorphs after
tridymite) embedded in a matrix of acid glass and friiled
quartz grains. The peridotite at this conﬁact and at
other exposed plug margins is unchilled. Dunham and
Emeleus (1967, p.413) suggested these plugs occupied
conduits which had previously fed overlying lavas.

The similarity of the banding in some of the
peridotite plugs to matrix banding in the tongues east
of the Long Loch (Dunham, 1965b) led Dunham and Emeleus (1967)
to suggest they could be of similar age. This late age
is supported by the cross cutting of the thick conformable
sheets and the general lack of dykes in areas of known
high dyke intensity.

The distribution of the peridotite plugs on Rhum is
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shown in Fig. 2.11, the apparent lack within the layered
series probably reflects the difficulty of locating plugs
intruded into an almost identical country rock as detailed
mapping by McClurg (pers. comm.) has located previously
unmapped plugs in the Barkeval peridotites. The elongation
and distribution of some of the plugs is probably attribut-
able to the controls suggested for the gabbro plug distrib-

ution (p.47 ).

4. Acid dvkes

Four acid dykes have been located on Rhum, two have
been discussed previously by Harker (1908, p.140,177),
the others are previously undescribed. Two occur as
leucrocratic spherulites cutting granophyre and Torridonian.
Another, a pifchstone, occurs in a flow-banded deeply
weathered dyke cutting granophyre whilst another, a felsite,
occurs as a black flinty rock cutting sediments in Dibidil.
They are generally thick varying between 1.5 m ﬁo 2 m
however the felsite dyke is less than 50 cm thick. Their
age relationships are obséure, one of the spherulite
specimens is located outside the Main Ring Fault and
the felsite is cut by a dolerite dyke. In view of their
rarity, the close association of two specimehs with
thexWeste;n<3ranophyre and the absence of contradictory
evidence it would seem reasonable to suggest they slightly

postdate the plutonic acid rocks of Rhum.
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Fig, 2.2 Dyke strike orientations in the coastal Torridonian of Rhum,

see Fig 2,3 for the location of the traverses,(Drawn from
data in Speight 1972 Appendix 18).
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Fig. .2 3 Location of traverses represented in
Fig. 2.2. (Taken from Speight. 1972,

Fig.

107).
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Fig. 2.4 Structural analysis of dyke cross-cutting

relationships on (a) Cnapan Breaca (b) Stony
Corrie.

Explanation: :
The ordinate and abscissa refer to dyke strike
trends. A circle indicates that a dyke of the
ordinate orientation cuts a dyke of the abscissa
orientation, a cross indicates the reverse
relationship.. The small symbols refer to one
observation, the larger symbols indicate two
observations, except the largest cross which
is the product of three observations.
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Fig 2,7 Structural analysis of dykes cutting the layered
peridotites, relative to the centre of the ultra
=basic mass, estimated to be at NM370960., The
angular bearing of dykes from localities west
of the Long Loch Fault have been corrected for
the . 1.5 Km northward movement of the layered per-
idotites west of this fault,
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Fig 2.8 Sketch map illustrating some dyke cross-cnttlng
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Fig.2.9 Map showing location of the picrite specimens.
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Fig 2,10

Stereographic represenation of the inclinations
and dip directions of the inclined dolerite
sheets exposed in the Allt Slugan a Choilich,

The inset is a rose diagram of the dip direct=

ions of the sheets represented in the main

figure,
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Dyvkes (including picritic
varieties), inclined sheets
and late gabbro plugs
possibly some peridotite
plugs

Emplacement of the layered
ultrabasic rocks etc.

Ultrabasic tongues and some
plugs, gabbroic plugs.

Big Feldspar Dykes

Main Ring Fault----===c—ew———

Intrusion of the majority
of the dykes and inclined
sheets.

Granophyre

Dyke with ligquid/liquid
contact within the
felsite.

Tuffisite, explosion breccia

Early Gabbro

a) Within the Main Ring Fault b) Outside the Main Ring Fault

Dykes cutting lavas
Lavas and sediments

Dykes cutting the gabbro
and peridotite plugs
including picritic
varieties

Gabbro and peridotite plugs

Big Feldspar Dyvkes

Thick Conformable sheets
(two ages)
Picritic Dykes

Main Ring Fault

Dykes of the Main Rhum
linear swarm (majority of
dykes intruded here)

Thin conformable sheets

Inclined Sheets

Relative

Some dykes probably pre-date
the inclined and thin
conformable sheets

Table 2.1. The sequence of Tertiary minor intrusion.

on Rhum

Some probably
of equivalent age

ages not

known
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TABLE

2.2

LOCATION AND NUMBER OF DYKES OR INCLINED
SHEETS CUTTING THE SEQUENCE
BASAL TORRIDONIAN TO TUFFISITE.

Approx. Contacts
Grid exposed
Locality Reference between
Corrie Dubh NM393978 . Th-Ex-Tu
Corrie Dubh NM393977 Ex-Fe
Cnapan NM391974 Tb-Ex-Tu
Breaca
Dibidil NM394927 Tb-Ex
Shore
Dibidil NM394930 Le-Tu
River
Beinn nan NM398938 Ex-Fe

Stac

Le = Lewisian

Tb = basal Torridonian
Ex = Explosion breccia
Fe = Felsite

Tu = Tuffisite

Approx. number of
dykes or inclined
sheet cutting
contact
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TABLE 2.3

LOCATION OF CONTACTS BETWEEN EARLIER
ROCKS AND GABBRO OR PERIDOTITE

Approx Grid Contact
Locality Reference between
Cnapan Breaca NM394977 Fe-Ga
Meal Breac NM3 85980 ~ Fe-Ga
Bealach-an- NM3 78949 Fe-Ga

Fuhrain

Harris Bay NM3 40950 Gr-Ga+Pe
Ard Nev NM348978 Gr-Pe
Monadh Dubh NM356997 Gr-Ga
Sandy Corrie NM365945 Le-Ga
Le = Lewisian
Fe = Felsite
Gr = Granophyre
Ga = Gabbro
Pe = Peridotite
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CHAPTER THREE

CLASSIFICATION

Introduction

The classification of the basic and intermediate
Rhum minor intrusions is presented in the first part of
this chapter. The second part of the chapter is an
appraisal of the transitional nature of the Rhum
dolerites and gabbros between typical alkaline and
tholeiite magma types. The unusual geochemistry of the
Rhum minor intrusions presented several difficulties
with respect to generally accepted classifications
(eg. the Skye lavas nomenclature; Thompson et al., 1972)
invalidating the use of strictly defined terms (eg.
Hawaiite) to describe the Rhum minor intrusions as

discussed in the text.

I. The classification of the minor intrusions of Rhum
Classifying a suite of igneous rocks serves two
main purposes.Firstly it subdivides the suite into
manageable classes or groups which can be geochemically
and petrographically categorised. This categorisation
allows for intergroup comparison which may subsequently
lead to petrogenetic interpretation. Secondly labelling
of the groups with an approved nomenclature aids com-

parison with similar rock types from other areas.
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Four categories of minor intrusion were recognised
in the field. .The histogram (Fig. 3.1) shows there is a
broad range of compositions from ultrabasic to intermediate.
This diagram allows appraisal of the range in silica
composition in the suite and confirms the separation of
some of the types recognised in the field. However,
subsequent laboratory investigation of the geochemistry
and petrography has revealed distinct sub-groups within
the broad field categories, hence a more detailed classi-
fication is required.

The problems of classifying a suite of igneous rocks
havebeen discussed by the authors of several petrolcgic
texts (eg. Carmichael et al., 1973 p.29; Hatch et al.,
1975 p.185) the principal difficulty being the location
of arbitrary boundaries between successively more
differentiated rock types within the suite. Although
rigid use of these arbitrary boundaries allows for
strict comparison with other authors the transitional
nature and unusual chemistry encountered in the Rhum
suite (discussed later) did not allow application of a
standard nomenclature. Thus an alternative approach was
adopted which involved the grouping together‘of petro-
graphically and/or geochemically similar specimens. A
brief description of the geochemical and petrographic

characteristics of the types of minor intrusion encountered




on Rhum is presented in the subsequent sections.

1) Dolerites
The dolerite specimens were resolved into 12 groups
using geochemical and petrographic criteria. The former

chiefly involved the major oxide (principally SiO_, MgoO,

5
cao, Na20 and K20) and trace element abundances and the
normative mineralogies (chiefly the Differention'Index
(Thornton and Tuttle, 1960) the abundénce of normative
hypersthene, nepheline and quartz and finally the pro-

portion of anorthite in the normative plagioclase). The

main petrographic criteria used were the presence oxr

absence of characteristic phenocryst phases and the degree

of differentiation of the groundmass. Groups 1 to 7 are
basic in composition and include the picritic and big
feldspar dolérites, groups 8 to 12 are intermediate in
character.

A brief outline of the characteristic geochemical
and petrographic features of these groups is presented
below.

Group 1 D.I 6-1°

These picritic dolerites all contain olivine and -
chrome spinel phenocrysts. The main geochemical
characteristics are high MgO (10.0 - 31.0 wt %) and low
$10, (41.0 - 46.0 wt %) and Al,0, (8.0-15.0 ct %). They

are petrographically alkalic in affinity .as they contain
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groundmass olivine but do not generally possess normative

nepheline.

Group 2 D.I. 13-20

The majority of this group are aphyric and are
characterised by unusually high MgO (10.0-15.0 wt %) Ni
(140-425 ppm) and Cr (375-900 ppm) abundances for aphyric
rocks. 8102(44,0-47.0 wt %) total alka1i§1(1,3=2.5 wt %)
T102(190—2,O wt %) and Ba (20-180 ppm) are low. The group
is hypersthene normafive but also displays alkalic traits,

they can be viewed as high-MgO transitional basalts.

Group 3 D.I. 18-25
This group is geochemically transitional between
groups 2 and 4 in that the ranges of the major oxides

(especially MgO, Na,O and K20) and trace elements

2
(especially Ni and Cr) generally lie between the group 2
and group 4 values. All the specimens are hypersthene

normative but the presence of groundmass olivine in some

specimens reveals alkalic traits. Taken as a whole the

group is transitionally tholeiite in character.

Group 4 D.I. 20-30
This is the largest of the dolerite groups and is
petrographically and geochemically diverse. Rocks in the

group typically possess SiO, in the range 46.0-48.0 wt %

2

0, K .0, Tio_, and P_O

and contain less MgO but more Naz 5 5 29




than the group 2 dolerite. Ni values in the range 58-
170 ppm are lower than in group 2 but Cr can reach

the 600 ppm level. Some high total iron, and CaO
variants aré found in this group characterised by Fezo3
and Ca0 values above 13.5 wt % and 12.5 wt % respectively.
Members of the group can be hypersthene or nepheline

normative thus the group is completely transitional in

character.

Group 5 D.I. 15-19
This small group of exceptionally fresh dolerites

is geochemically distinct from the other dolerite groups.

Members of this group are characterised by higher Al

203

and lower total alkalis TiO Zr, Y and Sr than other

2!
Rhum dolerites and closely resemble the low alkali, high
ca0 olivine tholeiite magmas of Skye (Esson et al., 1975;

Matty et al., 1977).

Group 6 D.I. 26-31

Members of this group are only found cutting the
lavas of Western Rhum. They possess slightly higher
A1203 (14.0-16.0 wt %) and much lower MgO contents
(5.5-8.0 wt %) than the dolerites in other groups. They

are predominantly hypersthene normative and can be viewed

as low MgO transitional tholeiites.
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Group 7 D.I. 18-24

This group is characterised by abundant.large
(1-4mm) tabular plagioclase phenocrysts and consequently
possesses high A1203
19.0 wt % and 12.5-15.0 wt % respectively.

and Ca0 contents ranging from 15.5-

Group 8 D.I. 20-40

Specimens in this group have SiO_ contents ranging

2
from 49.0 to 53.0 wt %:; the Nazo, Kzo, TlOzf P205, Ba,
Sr, Nb, Zr and Y values are generally higher than those
encountered in the group 4 dolerites but compositional
overlap between the 2 groups is considerable. Some

members of the group have Fe 03 contents greater than

2
13.0 wt %. The term tholeiitic basaltic andesite

adequately describes the degree of differentiation.

Group 9 D.I. 36-47

Specimens in this small group are characterised by
silica contents greater than 54.4 wt %. Their fraction-
ated nature is also revealed by the MgO, Ca0, Ni and Cr
contents which are lower than those in group 8. The
group's tholeiitic nature is revealed by the presence
of normative quartz and the low total alkalis. They
show only moderate iron enrichment (0.60-0.71) attribut-

able to their normal Fe203 (8.5-11.0 wt %) but high MgO
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(4.5-7.0 wt %) contents when compared with other

tholeiitic rocks of similar SiO2 content.

Group 10 D.I. 30-36
Although the silica content is similar to the

group 4 dolerites (46 -47 wt %) the Na_O, K_O, Ba, Zr

2 2

and Sr contents are appreciably higher. This group

is alkaline and their differentiation indices and
normative anorthite contents fall within the ranges of
the Skye hawaiites (Thompson 23_2;., 1972). Their MgO
contents are much higher than those encoﬁntered on Skye

(7.0-11.0 wt % as opposed to 2.5-5.5 wt %) thus they

can be termed high Mg0O hawaiites.

Group 11 D.I. 41-52

The SiO2 content is similar to that found in the
group 9 rocks however comparisons between the groups
show the group 11 specimens have higher Fe203, Na20, K20,

P205, Ba and Sr contents and lower Ni and Cr values.

Group 1l is not quartz normative and has fairly high
total alkali abundances giving them a distinctly alkaline
character. They are more differentiated than the groﬁp
10 dolerites as the 8102 Ba and Zr contents are

appreciably higher. Their differentiation indices and

normative anorthite contents are similar to those found



in the Skye mugearites (Thompson et al., 1972) but the
MgO content in the Rhum specimens is higher (5.0-6.0 wt %

as opposed to 2.5-4.5 wt %).

Group 12 D.I. 65-66
This group comprises only 2 specimens but they are

sufficiently petrographically and geochemically distinct

to merit a separate group. The group 12 rocks are

3¢ Na20' K20, P205,

Nb, ¥, Sr and Rb contents, the K20, Nazo, Ba and Nb

characterised by high A120 Ba, 2Zr,
levels in particular being much higher than in the
remainder of the suite. Their high differentiation index
and low normative anorthite content is analogous to the
values exhibited by the Skye benmogjtes (Thompson et al.,
op.cit) however the MgO content is once again much higher

in the Rhum specimens.

2) Gabbros

Two main geochemical classes of gabbro plugs héve
been distinguished, a high MgO class and a low MgO class.
The latter class has been further subdivided into three
types, a large group of transitional gabbros, a few
quartz gabbros and one differentiate ofAferrodiorite

composition.

High MgO Gabbros D.I. 16-25

This group is characterised by high MgO, CaO, Ni

12
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and Cr levels and low Nazo, KZO and Tiozy Although
similar to the high MgO dolerite groups 2-4, none of
the gabbro falls exactly within the ranges of any of

the dolerite groups. The group as a whole is transit-

ionally tholeiitic with some nepheline normative menbers.

Low MgO Gabbros

a) Transitional gabbros

The gabbros are characterised by high ca0 (9.4-13.3
wt %) and Sr (204-592 ppm) values and fairly high total
alkali and TiO, contents. They can be either mildly

nepheline or mildly hypersthene normative and thus are

completely transitional,

b) Quartz gabbros D.I. 28-29
These all possess normative quartz and two contain
modal interstitial quartz testifying to their more

differentiated nature. They contain more SiO Na_o,

2’ 2
K20, Ba, 2r, Y, Nb and Rb than the previous low MgO gabbro
type and less MgO, Ca0, Ni, Cr and Sr. They are tholeiitic
in character.

¢) Ferrodiorite D.I. 58

The ferrodiorite contains moderately abundant

interstitial quartz. It possesses high SioO Na,O, K_O.

2° 2 2
Nb, Zr and Y. MgO and Sr, Ni and Cr are present in

extremely low quantities. It shows moderate iron
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enrichment (0.82) which along with the modai quartz
testifies to its tholeiitic nature.

The acid dykes and peridotite plugs are petro-
graphically and geochemically distinct from the
dolerites and gabbros. The peridohles exhibit limited
geochemical variation and geochemical subdivision is
unwarranted. The geochemical variation within the acid

rocks is discussed in Chapter 7 (p249).

II. Appraisal of the transitional nature of the
Rhum Suite

It is generally recognised that there are three
dominant basalt magma types these being thoieiitic
basalt, alkali olivine basalt and the calc-alkali
basait type (Wilkinson 1967, Irvine and Baragar, 1971;
Floyd and Winchester, 1975). The first two magma types
are particularly well documented and embrace basalt
magmas from different tectonic settings, the latter
(referred to as High Alumina basalt by Wilkinson, 1967)
is found in association with calc-alkali differentiates.

The petrological study of basaltic suites over
the past fifty years has clearly established the
differences between typical tholeiitic and alkali
olivine basalts (see reviews by Wilkinson, 1967;
Middlemost, 1975) however the recognition of basalt
magmas with properties intermediate between typical

alkali and tholeiitic basalts (eg. Green, 1970; Bass,



1972; Gass et al., 1973) has obscured the clear cut
distinction between these basalt types.

When plotted onto the standard diagrams (Figs. 3.2
to 3.4) the Rhum dolerites clearly straddle the alkali
basalt - tholeiite basalt discriminant line indiéating
a transitional nature. Whilst transitional basalts are
clearly present the ébundance of what may be termed
"true alkaline" and "true tholeiitic" basalts is
difficult to establish. Reference to tﬁe trace element
data further confuses the issue; Winchester and Floyd
(1975) consider that the Nb/Y ratio is a good indicator
of the alkalic or tholeiitic nature of a basaltic rock.
These authors (op.cit,p.335) suggest that alkaline
basalts and alkaline differentiates posseés Nb/Y ratios
greater than 0.67 which would exclude even the extreme
alkali affinity differentiates in the ﬁhum suite Table
3.1.

It is petrogenetically important to assess whether
a bimodal or unimodal basalt population is represented
in the Rhum suite as magma mixing ih a bimodal population
could account for the transitional types. Previous
discussion of the Tilley~-Muir diagram (Fig. 3.4i by
Cox (1972) shows‘it is unsuitable for this type of
interpretation.

In order to overcome the difficulties of projection




and to make use of all the analytical data available,

it was-decided to investigate the geochemical distinction
between alkaline and tholeiitic basalts using Discriminant
Function Analysis.

Discriminant Function Analysis is a multivariate
statistical technique which linearly combines discrimin-
ating variables (in this case the analysed major oxide
and trace element abundances) to make the classes under-
going analysis (in this case the basaltic magma types)
as statistically distinct as possible. The variables are
first combined into linear discriminant functions (Ap.3.3 ),
the validity of the functions can also be tested with
classification functions (see Appendix 3.2). These
reclassify the cases of known class type into the classes
as defined by the discriminant functibns, a high success
rate in reclassification indicates tha£ there is a
statistical difference between the classes under
discussion. The classification functions can also operate
on cases of unknown class; statistics are available
which show the probability of an unknown case belonging
to any of the analysed classes and also its prokimity to
that class centroid or mean (Appenéix 3.2). These
features are extremely useful as they give a good
indication of the validity of the supposed class of

an unknown case.
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a) Data acquisition

A literature search was undertaken to acqguire
analyses of alkaline, tholeiitic and calc-alkali
basalts. The data sources for the basalts used in the
discriminant analyses and the mean values for each
basalt class are listed in Appendix 3.1. The alkali
and tholeiitic classes include representative analyses
from both continental and oceanic environments, the
latter included ocean floor basalts. The term basalt
in this investigation was defined as anal?ses with SiO2
values ranging 45-52 wt % (cf. Floyd and Winchester, 1975).
An alternative scheme adopted by Pearce (1976, p.l17)
defining basalts as analyses with Ca0O + MgO ranging 12-20
(wt %) waé deemed inappropriate as this WOﬁid have pre-
cludedhmany of the Rhum dolerites under investigation.
Any basaltic suites referred toas transitional between
typical alkaii and tholeiitic basalts were referred to
a separate class and their transitional nature was tested
as part of the investigation. All the cases contained
the major oxides. Many included some trace element data
however several had no trace element analyses. This lack
of trace element data has been encountered by other
workers on compilations of basaltic analyses (eg. Floyd
and Winchester,1975), sﬁfficient numbers of each variable

were included in the compilation to give a representative




data set for each basalt class.

b) Results

The results presented in Table 3.2 and Fig. 3.5
show that the three main basalt classes under investi-
gation are statistically distinct in terms of both major
or major plus trace elements. The discriminant functions
which separate these basalt classes are presented in
Appendix 3.3. This investigation confirms that there
are real and distinct chemical differences between the
alkali, tholeiite and calc-alkali classes and the
classifications proposed by the authors listed in
Appendix 3.1 were valid.The vast majority.of the Rhum
minor intrusion suite classify (as expected) as either
tholeiite or alkali basalts.

A function was then derived to discriminate between
only the alkali and tholeiitic basalt clasé. The function
is listed in Appendix 3.3 and the classification results
are presented in Table 3.3 the high success rate on
reclassification once again confirms that the classes
are statistically separate.

The derivation of the value known as the discriminant
score is described in Appendix 3.2. It is obtained by
multiplying the standardised variable for each case by
the values for each variable listed in the discriminant

function, the score can have either a positive or

'
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negative value or can be zero.

The frequency of the discriminant scores based on
world-wide occurrences for both the alkali and tholeiite
basalt classes, is presented in Fig. 3.6 along with the
discriminant scores of some documented basalts believed
to be transitional between alkali and tholeiite basalts.
The Rhum dolerites, gabbros and lavas are each shown
separately. A positive discriminant score indicates a
basalt of tholeiitic affinity and a negative score a
basalt of alkalic affinity.. A discriminant score close
to zero indicates that the rock is transitional between
the alkali and tholeiite magma types. The alkali and
tholeiite basalt classes show a clear bimodal distribution
with a distinct paucity of cases with discriminant scores
-0.35 to +0.35. Conversely the basalts believed to be
transitional by the authors in Appendix 3.1 have a uni-~-
modal distribution as do the Rhum dolerites. The modal
discriminant score of both these populations lie in the
range -0.35 to + 0.35 thus the existence of truly trans-
itional basalt magmas on Rhum and elsewhere is confirmed.
The Rhum gabbros and the Rhum lavas also span the range
from thoroughly alkaline through transitional types to
thoroughly tholeiitic basalts.

Additional data on basaltic compositions from the
Mull, Ardnamurchan and Blackstones Bank Tertiary centres

and the basalts of the Small Isles is presented in



Fig. 3.7. The basalts from the Small Isles once again
show a broad range of compositions with a distinct peak
in the transitional region. The abundant basalt data
from Skye have been separated into the three different
magma types defined by Mat€§ et al., 1977. The Skye Main
. Lava Series show a bimodal distribution with peaks at
-1.55 and +0.75 probably reflecting the distribution of
the nepheline normative and hypersthene normative basalt
types within the Skye Main Lava Series (Thompsoh et al.,
1972). There is a distinct lack of basalts with zero to
~-0.35 discriminant scores in the Skye Main Lava Series.
The Fairy Bridge magma type (Maté& et al., 1977) appears
to be thoroughly transitional and the low Alkali Tholeiite
magma type spans the range transitional to £horoughly
tholeiitic as expected. The data from’the Tertiary
centres of Ardnamurchan, Mull and the Blackstones span
the range transitional alkali to tholeiite, the Mull
lavas tend to be more alkaline and the Ardnamurchan cone
sheets and the Blackstone Bank g;bbros are generally
more tholeiitic.

In conclusion the validity of the alkaline,tholeiitic
and calc-élkaline basalt classes on a world wide scale
has been confirmed. However, the existence of basaltic
compositions thoroughly transitional between the alkali

and tholeiitic magma types has been convincingly




demonstrated on Rhum, in the Hebrides and elsewhere in

the world.
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FIG 3.4 Tilley-Muir diagram of the Rhum dolerites
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Fig. 3.7 Frequency of the discriminant scores in
some Hebridean basalts. For data sources
see appendix 3.1,
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Group Mean Maximum = Minimum

1 0.2404 0.5000 0.0909

2 0.2356 0.3125 0.1429
3 0.2231 0.2632 00,1429
4 0.1886 0.3043 0.1071
5 0.1389 0.1667 0.1200
6 0.1653 0.1795 0.1481
7 0.2000 0.2727 0.1429
8 - 0.2294 0.6154 0.1000
9 0.2535 0.3043 0.1818
10 0.2990 0.3929 0.1905
11 0.3012 0.3667 0,2222
12 0.5305 00,5610 0.5000

Table 3.1 The range of Nb/Y ratios of the
Rhum dolerite groups.
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TABLE 3.2

CLASSIFICATION STATISTICS FOR THE THOLEIITE ALKALINE AND
CALCALKALINE MAGMA TYPES

Major and trace elements

Actual No. of . .
class cases Predicted Class Membership
1 2 3
Class 1 78 74 1 3
Tholeiite 94.9% 1.3% 3.8%
Class 2 62 3 58 1
Alkali 4.8% 93.5% - 1.6%
Class 3 51 1 0 50
Calc-alkali 2.0 0.0% 98. 8%
Rhum 156 84 68 4
dolerites 53.8% 43 ,6% 2.6%
Rhum 24 12 12 0
gabbros 50% 50% 0.0%
Major elements
Actual No. of
Class cases Predicted Class Membership
1 2 3
Class 1 78 73 2 3
Tholeiite 93.6% 2.6% 3.8%
Class 2 62 3 57 2
Alkali 4.8% 91.9%% 3.2%
Class 3 51 6 4 41
Calc-alkali _ 11.8% 7.8% 80.4%
Rhum 156 , 84 72 0]
dolerites 53.8% 46 .2% 0.0%
Rhum 24 . 10 14 O
gabbros 41.7% 58.3% 0.0%



TABLE 3.3

CLASSIFICATION STATISTICS FOR THE THOLEIITE
AND ALKALINE MAGMA TYPES

Major and trace elements

Actual No of Predicted

Class cases Class Membership

1 2

Class 1 78 76 2
Tholeiite 97.4% 2.6%

Class 2 62 3 59
Alkali 4,8% 95.2%

Rhum dolerites 85 71
156 54.5% 45 . 5%

Rhum gabbros 24 10 14
41 .7% 58.3%

Major elements

Actual No of Predicted
Class cases Class Membership
1l 2
Class 1 78 75 3
96.2% 3.8%
Class 2 62 3 59
4.8% 95.2%
Rhum doleritesg
156 85 71
54.5% 45 . 5%
Rhum gabbros 24 10 14

41 .7% 58.3%

92



CHAPTER FOUR

PETROGRAPHY

Introduction

This chapter describes the variable petrography of
the Rhum dolerites and iﬁcludes a more detailed
description of the petrographical features used in the
classification. The gabbro and peridotite plugs and the
acid aykes are also described and a small section is
devoted to the xenoliths in the dolerite dykes. The
mineralogy and mineral chemistry is described in
Chapter. 6.

Particular attention was paid to petrographic
features which offer insight into petrogenetic processes;
this includes the presence of different phenocryst
assemblages, the relationships of the groundmass minerals
and the development of unusual textures.

Several of the dolerites are amygdaloidal; chlorite
and calcite are by far the most abundant vesicles but
epidote, quartz, amphibole and zeolites can also
contribute. One of the thick conformable sheets (77243)

has a unique occurrence of amygdaloidal hydrogarnet.

Group One
Olivine and to a lesser extent spinel are ubiquitous

phenocryst phases; the group is petrbgraphically variable
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as the phenocryst abundance varies from speéimen to
specimen. Three main petrographic types are represented
in the group, two are characterised by the presence of
pale brown groundmass clinopyroxene; the other by additional
chestnut brown, strongly pleochroic amphibole. The
picritic rocks are often fresh; the general lack of
alteration facilitates comparisons of individual specimens
and enables recognition of subtle differences between the
different petrographic types.

Type 1

These specimens possess variable quantities of
phenocrystic olivine (Fo84-Fo88) and chrome—spinel, the
former can be fresh (53A76, Plate 4.1) or altered (69A76).
The spinel occurs as phenocrysts either enclosed by olivine
or independently, They are usually opaque but red-brown
transluscent varieties are also present. The titanium-
rich aluminous groundmass clinopyroxenes are deep brown
in colour and are strongly pleochroic, they are generally
intersfitial to the elongate, mildly zoned (An55-An78)
plagioclase laths and the abundant altered groundmass
olivine. The plagioclase crystals are generally equi-
dimensional but sparse larger laths may be microphenocrysts.
Most sections contain minor quantities of a green pleochroic
amphibole which partially rims some of the clinopyro#enes,

as well as occurring as an independent groundmass phase.



One section (56A76) exhibits a sharp but unchilled contact
between a normal picrite and a more leucocratic facies.
The latter contains abundant lilac-brown elongate clino-
pyroxene laths,altered feldspar and abundant amygdaloidal
calcite. There is also abundant emerald green, strongly
pleochroic amphibole which both mantles some of the
clinopyroxenes and also occurs independently. Opaque
oxides are abundant in this leucrocratic facies, the
majority are granular but some occur as very elongate
fibrous crystals which are possibly ilmenite. 1In
addition quartz and minor green and brown amphibole
contribute to the vesicle infill and both phenocrystic
and groundmass olivine are absent. This atypical facies
is probably due to crystallisation from a volatile-rich
differentiated liquid.

Three members of this type were collected from the
olivine rich portions of picrite dykes. One fresh
specimen (52A76) contains abundant olivine phenocrysts
upto 6mm in diameter. The brown groundmass pyroxenes
and the mildly zoned plagioclase often interfinger in
variolitic growth structures; (Plate 4.2), as with other
specimens of this type green amphibole is also present.
77179 is similar but there is less phenocrystic olivine,

and the variolitic texture is poorly developed.
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Type 2

Although they are similar in many respects to
Type 1, individual specimens generally have a much
greater range in olivine phenocryst size (0.3-2.5 mm),
finer grained groundmass minerals and less groundmass
olivine. The olivine phenocrysts (Fo84-Fo88) are usually
granular anhedral or subhedral crystals but skeletal
hopper shapes (terminology from Donaldson 1976) are also
found in some specimens (eg. 77052, 77095). A weak
variolitic groundmass texture is found in some specimens
(eg. 77052, 77101). The latter has suffered mild thermal
metamorphism and a peculiar dendritic texture formed by
exsolution of opaque minerals has developed in the olivine
phenocrysts. Plagioclase microphenocrysts have also been
observed in some specimens.

Type 3

These specimens have variable quantities of
phenocrystic olivine and spinel, the latter is always
opaque. They possess olivine (which is usually fresh),
very pale brown coloured clinopyroxenes, plagioclase
and spinel as groundmass minerals. In addition they all
contain a chestnut brown, strongly pleochroic amphibole
(kaersutite) in variable abundance. Thié amphibole
partially and wholly rims clinopyroxene and.can also
be seen replacing the latter. In the freshest section

(77236) if occurs as sub-ophitic plates enclosing all
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the other minerals. The remaining specimens exhibit re-
crystallisation textures of the grdundmass minerals

which vary in degree from specimen to specimen. In
addition the clinopyroxene and to a lesser extent the
olivine phenocrysts can show considerable exsolution of
opaque oxides. Although it can be seen replacing clino-
pyroxene the amphibole appears to be a late stage primary
magmatic mineral as it can develop ophitic relationships
to other minerals and it has been recrystallised along
Qith the other major phases in some of the specimens.

One final specimen (77024) deserves special mention
as it is petrographically unusual. It contains abundant
phehocrystic olivine (Fo76) and chrome spinel, the
former varying in morpholcgy from elongate chain olivines
(Plate 4.3) thfough hopper olivines to granular varieties'
(terminology from Donaldson, 1976). The groundmass is
extremely fine-grained and consists of granular aggregates
of blackened olivine (Fo75), clinopyroxene and plagioclase
(An40-An66), with subordinate opaques. The petrolcgical

significance of this dyke is discussed in Chapter 6 (p.173).

Group Two
Several of the members of this group have no
phenocrysts, others contain very sparse phenocrysts of

altered olivine and titanomagnetite or plagioclase (An60-

An82), others contain all three of the phenocryst phases
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(Table 4.l1). The typical group two specimens are

aphyric and possess neutral coloured subophitic aluminous
clinopyroxenes, zoned elongate plagioclase (An43-An74),
abundant altered groundmass olivine and titanomagnetite
opaque oxides. Several specimens (eg. 77039, 93A76)
exhibit variolitic groundmass textures (Plate 4.4),
composed of fans of radiating plagioclase (terminology
following Lofgren 1974, p.249) with interstitial clino-
pyroxene, olivine and opaque oxide. Several of the
plagioclase crystals in these variolites are hollow cored,
(eg. 77240). Most of the variolites contain sparse
granular olivine phenocrysts (eg. 77039) but hopper
olivines have also been located (77019).

One coarse-grained specimen (39A76) is atypical as
it possesses a pale brown (as opposed to neutral coloured)
ophitic clinopyroxene and fibrous opaques in rounded areas
which may be amygdale infills. Although phenocrystic
plagioclase is sparse it is found in certain specimens.
65A76 and 70A76 contain plagioclase microphenocrysts in
glomerophyric aggregates and as single crystals. These
phenocrysts appear to be in equilibrium with the ground-
mass. Both 77214 and 77245 carry phenocrystic plagio-
clase in addition to subordinate altered olivine; once
again the plagioclase appears to be in equilibrium with

the groundmass but there are suggestions of reaction rims



around several of the plagioclase crystals in the former.

In addition 77214 contains rare, lighter coloured clino-
pyroxene plates in optical continuity with the enclosing
subophitic groundmass pyroxenes which may be micro-

phenocrysts.

Group Three

The group three specimens are petrographically
variable but 4 main types can be distinguished by their
phenocryst content (Table 4.1).
(i) Aphyric. The aphyric varieties typically possess a
neutral coloured interstitial feathery edged Ca-augite,
elongate mildly zoned plagioclase (An50-An67), many of
which have hollow cores. Both granular and skeletal
needle-like titanomagnetite crystals are present, the
granular groundmass olivine is invariably altered. An
extremely fine-grained chilled facies can be seen in
77080 showing these dykes do not have variolitic chills.
Only one true variolite is present in group 3 (77346)
which closely resembles the variolites in group two but
lacks the sparse olivine phenocrysts.
(ii) Plagioclase-olivine phyric. Phenocrystic olivine is
subordinate in quantity to phenocrystic plagioclase in
the plagioclase-olivine phyric specimens. The former is

always altered and some contain included chrome-spinels,

99



100

reaction rims have developed around the plagioclase
phenocrysts in one of the specimens (77251). The calcic .
augites are neutral in colour and vary from granular to
subophitic, the sub-parallel plagioclase needles in

77191 give it a distinctive flow aligned groundmass
texture.

(iii) Plagioclase-clinopyroxene-olivine phyric. Aluminous
clinopyroxene phenocrysts occur in aggregates with either
plagioclase (An82) or with both plagioclase and olivine
whereas the latter two can occuf.as independent pheno-
crysts. Texturally these aggregates resemble xenolithic
accumulations although reaction rims with the groundmass
are not always present. One specimen (77082) contains a
single plate of phenocrystic clinopyroxene in addition
to abundant phenocrysts of plagioclase and altered olivine.
Although it is difficult to be certain, it seems that

the aggregates of clinopyroxene in these rocks are
xenolithic (perhaps cognate in origin) and the pyroxene
is not a true phenocryst phase.

(iv) Plagioclase phyric. The fourth main type resembles
the aphyric rocks but are characteriéed by the presence

of sparse phenocrystic plagioclase.

Group Four
Three main petrographic types can be reccgnised in

Group Four. These are aphyric, plagioclase phyric and
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plagioclase-olivine phyric. Although clinopyroxene,
plagioclase and opaque oxides are ubiquitous groundmass
phases in group four, olivine can be absent.

(i) Aphyric. The aphyric specimens have a variable
petrography, clinopyroxene varies from a neutral coloured
non-pleochroic variety to a deep brown titaniferous
augite. Compositional zoning is marked in some specimens
(eg. 77035, 77012, 95A76) by a diffuse pale brown rim to
otherwise neutral coloured pyroxene. The clinopyroxene
which is a calcic augite in composition, has a variable
habit, the majority is interstitial but ophitic and
granular pyroxenes have also been found (eg. 77176 and
95A76 respectively) there is no consistent relationship
between clinopyroxene colour and habit. Plagioclase
(An40-An43)* generally occurs as small rather elongate
laths but pools of interstitial plagioclase are also
present; some specimens (eg. 41A76, 77086) contain some
moderatgly skeletal plagioclase crystals. Olivine is
always granular in habit and is pseudomorphed by
chlorite, talc etc when present. The opaque oxides
(titanomagnetites) can be found as elongate rods

(eg. 41A76) but the majority are anhedral grains.

(ii) Plagioclase phyric. Plagioclase phenocrysté occur

as single crystals and in glomeroporphyritic aggregates;

*Based on very limited analytical data. 2w Vi, -
#77 A\ 3
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they show mild zoning. Finger print textured reaction
~rims have developed around plagioclase phenocrysts in
several specimens. The groundmass relationships are
variable, several specimens have a differentiated aspect
similar to the group eight specimens (see p.107) whereas
others are typically basaltic. There is no consistent
relationship between the clinopyroxene colour (which is
generally neutral but can be pale brown) and habit (which
is typically either interstitial or granular but can be sub-
ophitic) in these plagioclase phyric specimens.

(iii) Plagioclase-olivine phyric. Phenocrystic plagioclase
can also occur with subordinate altered olivine, the
latter may carry included opaque phenocrysts, the opaque
phenocrysts can also occur as independent crystals. Deep
brown interstitial groundmass clinopyroxene is found in
77073 and the groundmass in 77015 (which carries rare
~phenocrystic olivine) is mildly differentiated; however,
these specimens are atypical. The majority of the
plagioclase-olivine phyric specimens possess neutral or
very pale brown calcic augite;(which is generally inter-
stitial), mildly zoned plagioclase laths and moderately
abundant granular titanomagnetite.

(iv) Plagioclase-opaque oxide phyric. Some specimens
possess plagioclase and opaque phenocrysts without

associated olivine. The latter can occur either as
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inclusions in the plagioclase or as independent
phenocrysts and are rare (sometimes only two per thin
section). The lack of phenocrystic titanomagnetite
suggests that the group four magmas had a low oxygen
fugacity which inhibited the formation‘of phenocrystic
titanomagnetite.
(v) Plagioclase-~clinopyroxene phyric. Phenocrystic
clinopyroxene (generally a calcic augite) always occurs
in association with plagioclase. Although it can occur
in glomerophyric aggregates (47A76 cf. group three) the
majority occurs as single crystals and appears to be a
true phenocryst phase, two specimens (77032, 77351) carry
neutral coloured pyroxene whereas 77348 carries a pale
brown slightly pleochroic variety. 1In all three specimens
the groundmass pyroxene is similar in colour to the
phenocrystic pyroxene.

The high iron variants noted in Chaptef 3 could not
be distinguished from the remainder of group four, they

are generally either aphyric or mildly plagioclase phyric.

Group Five

These specimens all contain calcic plagioclase and
magnesian olivine microphenocrysts either as single
crystals or in aggregates up to 4mm long. The plagioclase

is unzoned and occurs as tabular laths which appear to be
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in equilibrium with the groundmass. The olivine is
generally fresh and usually .occurs as spherical grains
although elongate tabular olivine phenocrysts can be
seen in 77323. The groundmass is distinctive as the
neutral to very pale brown coloured clinopyroxenes are
ophitic with individual crystals up to 3mm long, this
ophitic texture is preserved in the finegrained chilled
specimens (eg. 77056), although it is only weakly
developed in one of the coarser specimens (77323). The
groundmass plagioclaSe occurs mainly as needles embedded
in the pyroxenes but some is interstitial. The ground-
mass olivine is generally fresh and is granular in habit,
the opaque minerals occur as ragged anhedral interstitial

grains.

Group Six

Three petrographic types are developéd in group six.
Specimens SR182, SR159 and SR282 are similar, they
possess sparse, poorly férmed, strongly zoned plagioclase
microphenocrysts in a matrix of grey coloured subophitic
augite, elongate mildly zoned plagioclase laths, sparse
altered olivine, interstitial opaques and devitrified
interstitial glass. One aphyric specimen (SR211l) is
distinctive as it contains a deep lilac, moderately
pleochroic intefstitial clinopyroxene along with fresh

granular olivine, elongate plagioclase and granular
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opagques. The final specimen (SR14l) is atypical as it
is the only post-lava dyke to have suffered serious
alteration. It carries altered olivine phenocrysts in
a groundmass of acicular plagioclase (often with hollow
cores), interstitial pale brown slightly pleochroic

clinopyroxene and small granular opaques.

Group Seven

All these specimens contain variable amounts of
large (up to 6mm diameter) well formed sub-equant
plagioclase phenocrysts; one specimen contains a single
olivine phenocryst. The plagioclase phenocrystsrare
slightly zoned. (An83-An88) and show no signs of reaction’
with the groundmass, they occur as either single crystals
or as 2-4 crystal aggregates. The groundmass typically
consists 3f a neutral coloured ophitic calcic augite
enclosing acicular plagioclase (An38-An4l) and some of
the granular opagques. Some of the specimens were collected
from areas adjacent to later basic intrusions and show
mild recrystallisation of the groundmass minerals. Two
specimens are atypical, 77014 contains fewer plagioclase
phenocrysts and the clinopyroxene is interstitial rather
tﬁan ophitic. The groundmass in 12A76 is coarser than
usﬁal for the group;the sub-ophitic aluminous calcic
augite being pale brown in colour as opposed to neutral.

The only analysed pyroxenes in group seven are from
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12A76 as this was the only specimen with a sufficiently

coarse groundmass.

Group Eight

Four main petrographic types are encountered in
group eight (see table 4.1). Despite the variation in
phenocryst content many of the specimens have petro-
graphically similar groundmass textures. The groundmass
generally contains abundant plagioclase (An26-An68) as
laths and in interstitial pools this imparts a leucocratic
appearance, granular neutral or straw coloured non-
pleochroic augite is subordinate in abunaance to plagio-
clase as are the opaque titanomagnetites. Specimens with
groundmass textures as described above are referred to as
differentiated (as opposed to basaltic) in this account.

Several of the group eight specimens are character-
ised by the presence of brown devitrified glass, some
specimens are virtually hyalocrystalline (eg. 77078) with
plagioclase microlites whereas in others the glass is
interstitial to plagioclase and intersertal clinopyroxene.
A peculiar angular mesh of extremely fine acicular opaques
is developed in the interstitial glass and in some of the
hyalocrystalline specimens (Plate 4.5). Several of the
glassy specimens contain variolitic plagioclase either
as fans as described in group two or as extremely

well developed bow-tie structures (Plate 4.6). The



variolitic plagioclase often nucleates at both ends of
the elongate plagioclase microlites (Plate 4.7). Plagio-
clase is the principal phenocryst phase in these glassy
specimens and occurs as extremely well forméd sparse
crystals.

The aphyric and plagioclase phyric specimens are
similar as both types have a differentiated groundmass,
rare plagioclase microphenocrysts are encountered in the
former but are more abundant in the latter. These micro-
phenocrysts have poor crystal forms and often appear to
be in disequilibrium with the groundmass, some of the
aphyric specimens have basaltic textures and can carry
sparse altered groundmass olivine.

Plagioclase-clinopyroxene phyric and plagioclase-
clinopyroxene-olivine phyric specimens aré generally
similar as they both possess a differentiated groundmass
texture. The olivine is always altered to a green
psuedomorph and is virtually absent in some specimens.

The plagioclase (An44-An80) occurs as altered poorly

formed crystals and the calcic augite is always a neutral .

coloured granular variety, the phenocrysts can occur as

single crystals or in aggregates. The majority of these
rocks have a low phenocryst abundance but some specimens
possess up to 50% phenocrysts (eg. 77040).

Some of the plagioclase-clinopyroxene phyric
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specimens have a peculiar feathery lobate edged neutral
coloured clinopyroxene (Plate 4.8) which can be in.
association with skeletal plagioclase and elongate rod
like opagque oxides. Elongate.rod opagues also occur in

otherwise typical groundmass textures (eg. 75A76).

Group Nine

The phenocryst phases in these rocks are plagioclase
clinopyroxene and altered olivine with subordinate
titanomagnetite microphenocrysts. The plagioclase is
generally more abundant than either olivine and clino-
pyroxene and the latter is subordinate to olivine in the
plagioclase-olivine-clinopyroxene-opaque phyric rocks.
Both the clinopyroxene and plagioclase often develop
reaction rims with the adjacent groundmass and in some
specimens (eg. 29A76) seem to have been partially re-
sorbed. The latter feature is also evident in the
corroded margins of the titanomagnetite micro-phenocrysts
(29A76, 76A76, 77209). The groundmass in these phyric
. rocks is generally leucocratic and very fine grained and
the mafic minerals are generally altered. 55A76 is
unusual as it carries altered, olive green mildly pleo-
chroic amphibole phenocrysts in addition to the plagio-
clase.(An45—An54) andAclinopyroxene phenocrysts. The

fresh groundmass in 55A76 contains abundant plagioclase
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(~~ An47) and subordinate green amphibole, neutral
granular augite, granular opagues and interstitial
quartz. One of the aphyric specimens is hyalocrystalline
with a faint acicular " variolitic texture, the other has
developed a st;onger variolitic texture but differs from
the basaltic variolites as in its more sodic plagioclase

composition.

Group Ten

The majority of these specimens are plagioclase-
olivine-chrome-spinel phyric, the phenocrystic magnesian
olivine varies from fresh to altered and the tabular
plagioclase laths (An63-An70) are generally in slight
disequilibrium with the groundmass. Some contain included
opagque phenocrysts which can also occur as independent
phenocrysts (eg. 77137). The groundmass clinopyroxene
is generally a deep brown pleochroic aluminous titanaugite
and occurs interstitially to piagibclase, K-feldspar,
olivine and opaque oxides. In addition two specimens
(77137, 77184) contain a tan coloured mildly pleochroic
primary amphibole, the groundmass of these two specimens

is very similar to one of the aphyric specimens (32A76)

Group Eleven
These specimens contain only sparsé amounts of the

phenocryst phases (oligoclase feldspar and calcic augite)



which are usually less than lmm diameter. As with groups

nine and ten the plagioclase and clinopyroxene pheno-

crysts often show signs of disequilibrium with the

adjacent groundmass but this is obséured by the generally

altered nature of the specimens. Phenocrystic olivine
where present is always altered and some épecimens
(77279, 77347) carry ilmenite or titanomagnetite micro-
phenocrysts. The groundméss is always leucocratic with
abundant plagioclase, the mafic minerals are generally
altered and the opaque minerals aré usually granular.

The group as a whole is petrographically homogeneous.

Group Twelve

Both the specimens are very similar, they are
leucrocratig with abundant K-feldspar and some plagio-
clase feldspar laths, the parallelism of these imparts
a trachytic texture. The clinopyroxene and brown
hornblende are altered although very rare blue-green
pleochroic amphiboles are fresh. The opagque minerals
(probably titanomagnetite) are small and granular;
apatite needles are fairly abundant as inclusions in

the feldspar crystals. Amygdales infilled with calcite

and chlorite testify to the presence of volatiles in the

original magma.

110



Gabbros
High MgO gabbros

The dominant phase assemblage in moét of the
gabbros is olivine-clinopyroxene-plagioclase-opaque
oxide, however some carry additional hypersthene. The
olivine in the former is always altered although one
specimen has occasional fresher crystals which exhibit
pervasive opague exsolution along cleavages. The
clinopyroxenes are generally sub-ophitic although éome
specimens exhibit interstitial (77031) and granular
(77252) textures, they range from colourless to a very
pale brown. The plagioclase varies from tabular plates
to rather elongate laths and can show extensive alter-
ation. Some specimens (eg. 77256, 77288) have primary
green pleochroic amphibole,which generally mantles
earlier pyroxene;the opague minerals are usually inter-
stitial. Sphene and apatite are minor phases in some
specimens (eg. 77031, 77256) and secondary epidote is
common.

The hypersthene gabbros generally carry olivine
which can be fresh (77104) or altered (77033) but the
olivine is absent iﬁ 77292. The pale pink pleochroic

hypersthene is generally subordinate to clinopyroxene

but is abundant in 77290. The hypersthene is occasionally

- jacketed by the later Ca-rich clinopyroxene in 77033
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Low MgO gabbros

The most distinctive petrographic features in
these specimens is the abundance of sphene, epidote and
apatite (eg. 77098, 77267), the presence of.analcite
and other zeolites (eg. 77067, 77270) and the presence
of brown and green amphiboles which can show spectacular
zonation from their colourless clinopyroxene cores
through brown amphibole to green amphibole (eg. 77270,
Plate 4.9). The gabbros show varying degrees of
alteration of the colourless or brown tinted clino-
pyroxene which can be locally pervasive. The pyroxene
and opaque oxides are generally interstitial to the
strongly zoned somewhat altered plagioclase. The
opaque oxides can develop a distinctive skeletal habit
(Plate 4.10).>

The quartz gabbros are petrographically variable,
but all possess colourless clinopyroxene, granular or
interstitial opaques and interstitial quartz. 77102
is charactérised by the presence of pink pleochroic
hypersthene and strongly zoned plagioclase. In contrast
77103 pdssesses a green pleochroic amphibole which
mantles the earlier pyroxene, this specimen also has
interstitial sphene and epidote. The amphibole in 77274
is brown pleochroic and can be seen both rimming and

replacing the clinopyroxene along cleavages. Both 77103
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and 77274 have turbid orthoclase feldspar which is
intergrown with the quartz in the former.

The ferrodiorite (77264) is similar to 77274 but
is much more leucrocratic, the clinopyroxene is distinctly
granular with occasional fresh areas. The plagioclase is
zoned to alkali feldspar and interstitial quartz is

moderately abundant.

Peridotites

The peridotite plugs are usually composed of a
homogeneous, feldspathic peridotite consisting of
abundant olivine with subordinate chrome-spinel, plagio-
clase and clinopyroxene. Primary chestnut brown
pPleochroic amphibole and brown pleochroic biotite are
minor phases in some specimens (eg. 77086, 77183) and a
green pleochroic amphibole may also be present (eg.77259).
The olivine is typically fresh occurring as rounded to
tabular grains (l-4mm diameter) in a matrix of slightly
zoned plagioclase and a colourless to pale brown clino-
pyroxene. The latter is virtually absent from sohe
specimens (eg. 77051, 77290).

The olivine grain morphology is variable, a few
specimens possess almost spherical olivine crystals .
(eg. 77357) whilst others contain lobate skeletal crystals

up to 7mm diameter (eg. 77089). Although the peridotite
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plugs do not possess chilled margins, specimens from
the marginal facies can be finer grained than those
from the centre of the plug (see Plate 4.11).

The chrome-spinels vary in size from specimen to
specimen ranging 0.02 to O.5mm diameter, they occur as
inclusions in the olivines and as independent phases.
The clinopyroxene and plagioclase always occur inter-
stitially, the clinopyroxene generally postdating the
latter. The inferred order of crystallisation thus
being:

Chrome spinel—olivine—plagioclase—clinopyroxene p

mica and hornblende

Although the plugs are generally petrographically
homogeneous xenoliths of dunite (77285) are abundant in
the feldspathic peridotite plug north of Minishal (77284)
(see p.1l15) aﬁd a skeletal olivine textured xenolith

(77054) has been located in 77055.

Acid dykes

These specimens are petrographically variable and
are best described separately. The felsitic glass
(77159) contains feldspar, opague oxides and quartz
phenocrysts in decreasing order of abundance. The former
have developed fingerprint textures probably attributable
to reheating by the adjacent gabbros, which would alsq

account for the blackening of the glass Specimen 77180
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is a quartz sanidine spherulite which was described
by Harker (1908, p.140) although sanidine was not
included in the original account The quartz phenocrysts
can be deeply embayed although subhedral crystals are
also found The groundmass is texturally variable with
quartz-feldspar spherulites developed amidst aggregates
of 0.05-0.1lmm diameter guartz and feldspar crystals

The pitchstone (77239) was also described by Harker
(op cit. p.177) it carries rare quartz opacue and ortho-
clase phenocrysts in an altered brown glass matrix The
latter contains abundant slightly flow aligned feldspar
crystallites The final acid dyke (77241l) carries moder-
ately abundant plagioclase phenocrysts which are usually
altered to epidote and clay minerals, the groundmaés glass
is devitrified to quartz-feldspar aggregates (cf 77180)

with occasional indications of spherulitic structure.

Xenoliths.

Although xenoliths are not abundant in the dolerite
minor intrusions several different types have been
encountered. Small bodies of feldspathic Lewisian gneiss
have been located in the inclined sheets in the Allt Slugan
a Choilich These have suffered varying ammounts of partial
melting and strong reaction rims can develop around the

fingerprint-textured feldspars Localised production of
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acid magma is indicated by the presence of devitrified
acid glass in one of the specimens (30A76). The dolerite
immediately adjacent to these xenoliths is always chilled
to a tachylite facies One specimen in the same stream
section contains a pure calcic plagioclase xenolith
(78A76b) which has develoﬁed slight reaction rims to the
adjacent unchilled dolerite.

Other dolerites contain gabbroic xenoliths, the
majority of these appear to be cognate as they are
texturally similar despite their coarser size, an
exception being the one-pyroxene gabbro nodule in the
differentiated groundmass of 77112. The petrography
of the xenoliths in the peridotite plugs has been

discussed previously (p 114).
























Phenocryst GP GP GP GP GP GP GP GP GP GP GP GP
Assemblage 1 2 3 4 5 6 7 8 9 10 11 12
A 7 8 31 1 13 3 2 1 2
o1%op 28 8 1 1 1

P1 3 2 12 3 5 8

p1-010p 2 3 12 6 A

P1-Cpx 0p 3 4 16 2 1
P1-Op

P1-01-Cpx-Op 2 7 3 3
Table 4.1. Phenocrystic assemblages in the Rhum dolerite groups, the

figure refers to the number of specimens with that pheno-

cryst assemblage  NB.many of the specimens have less than
5% total phenocryst abundance, it is only the presence of

phases which is recorded here.

A = Aphyric 01 = Olivine Op = Opaqgue Pl = Plagioclase
Cpx = Clinopyroxene

il



125

CHAPTER FIVE

THE MAGMATIC SEQUENCE ON RHUM

Introduction

Analysis of the cross-cutting relationships within
and between the dolerite groups allows a more detailed
description of the sequence of minor intrusions on Rhum
than that presented in Chapter 2 (Table 2.1).The gabbroic
plugs and some gabbros associated with the layered peri-
dotites are also considered and a magmatic sequence which
also includes the lavas of western Rhum is presented

(Fig. 5.2).

a) Dolerites

The proportion of the dolerite groups 1-12 encountered
in each of the major dolerite intervals that were defined
in Chapter 2 is presented in Fig. 5.1. The relationships
illustrated here are discussed along with other relevant
pbservations in the text. As stated in Chapter 3 (p. 82) .
the collection is considered sufficiently representative
of the proportions of the dolerite types on Rhum to allow
qgualitative discussion of their distribution.

The most comprehensive information on cross-cutting
relationships comes from the felsite slabs in Stony
Corrie, Dibidil (Fig. 2.6) but conclusions based on this

are limited because the dolerite groups 1, 2, 9 and 11



are poorly represented and no group 3 or 10 dykes were

found.

(i) Group 1 (28 specimens)

Group 1 magmas are represented in the stratigraphic
intervals B-D (Fig. 5.1) but are not found cutting the
lavas. They are particularly abundant in the Torridonian
outside the Main Ring Fault (which may reflect a sample
bias from the picritic dykes in the Allt Slugan a Choilich)
but more significantly, are the most abundant dolerite
type found cutting the peridotites and gabbros. A cross
cutting relationship has been located between two group 1
specimens (77235 and 77236) which indicates that at least
two ages of picrites are present within the peridotites.
They are known to cut several group 8 dykes and a single
group 9 dyke but are themselves cut by the Kilmory thick
conformable sheets (group 8) and possibly by a single
group 3 dyke SE of Papadil. Although theppicrites are
abundant in the peridotites the former are also cut by
the peridotites on Minishal (Chapter 2, p. 36). To
summarise, the picritic dykes appear to have been intruded
fairly late in the magmatic sequence on Rhum but do span

a considerable time interval.

(ii) Group 2 (20 specimens)
As with group 1, these dykes are represented in the

stratigraphic intervals B-D in Fig. 5.1 and thus probably
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span a considerable time interval. The cross-cutting
relationship betWeen 77212 and 77214 on Dibidil shore
(NM 395927) confirms there are at least two group 2
intrusive events. They are cut by group 4b* dykes and
cut an early gabbro (77033 NM385986)Aand a group 8 dyke
in S tony Corrie Dibidil. Their age relative to other
dolerite groups is not known. The specimens from Dibidil
shore are not crushed or sheared suggestiné they postdate
the Main Ring Fault but one specimen (46A76) appears to
be truncated by the Main Ring Fault immediately south of
the dam on the Allt Slugan a Choilich (NM393983). On
balance they are possibly fairly young in age but not as

young as the picrites.

(iii) Group 3 (17 specimens)

Only one group 3 dolerite is found in the peridotite
stratigraphic interval (Fig. 5.1) and this specimen comes
from the gabbro marginal to peridotite at Papadil, which
is believed to be older than the peridotites (Chapter 1,
P. 8 ). Since the group 3 dolerites have not been found
cutting the layered peridotite sequence, it seems likely
that they pre—date the emplacement of the peridotites.
They are known to be cut by group 4 dykes and one
intrusion cuts the big feldspar dyke (group 7) on Meal
Breac (NM 38498l) whilst another probably cuts a picrite
dyke (group 1) near Papadil. The majority of the

*Group 4b refers to the high iron group 4 variants (Chapter 3,
pP.69)
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specimens from outside the Main Ring Fault are from the
inclined sheets in the Allt Slugan a Choilich which are
believed to be fairly early in the minor intrusion
sequence on Rhum. As with the preceding groups, they
probably span a considerable interval but in view of their
lack within the peridotites may be earlier than the group

1l and 2 magmas.

(iv) Group 4 (64 specimens)

This group is the most abundant dolerite group on
Rhum and many cross-cutting relationships both between
intrusions from this group and with intrusions from other
groups have been observed. They are the dominant dolerite
type in both the Torridonian outside the Main Ring Fault
and‘in'the sequence Lewisian to Granophyre within the Main
Ring Fault but are relatively scarce amongst dolerites
cutfing the peridotites (Fig. 5.1, B-D). They show
complex within-group crosscutting relationships in Stony
Corrie, Dibidil where at least three separate injections
. 'of group 4 magmas have occurred énd many other within-
group crosscutting relationships have been encountered
elsewhere on the island (e.g. Harris Bay, Dibidil Shore).

Members of this group cut a group 2 and a group 3
dyke but the reverse relationship has not been encountered,
and a group 4 thin conformable sheet is cut by a peridotite

plug (NG 349014). Several group 8 dykes are cut by group 4
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dykes, but the latter are cut by the Papadil thick
conformable sheets (group 8) and‘other group 8 dykes.
A group 4 thin éonformable sheet is cut by a group 7
dyvke west of Sgoarishal (NG 348017) and a group 4 dyke
on Dibidil shore is cut by a group 9 dvke (NM 395927).

The high total iron (group 4b) dykes are cut by other
group 4 dykes in Stony Corrie but cut another group 4
dyke on Minishal. Three grﬁup 4b dykes are cut by
group 2, 8 and 9 dykes respectively whilst another dyke
which must be. young in age cuts the peridotite plug west
of Loch Beauty (NG 358012). Thus the group 4b dykes span
a considerable time interval and are included amongst the
youngest known group 4 dykes.

The average analyses of ten group 4 dykes inferred
to be young in the sequence and of eight group 4 dykes
cut by younger group 4 dykes is presented in Table 5.1.
Although the two average analyses are broadly similar
with respect to the major oxides, consideration of the
trace element data suggests that the younger dykes are
slightly more differentiated, as the younger dykes are
depleted in Ni and Cr and are enriched in Zr, Y and Rb,

relative to the average values of the older dykes.

(v) Group 5 (6 specimens)
It is clear from Fig. 5.1 that group 5 dykes are

best represented in the lavas but they are also present in
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the granophyres and in the Torridonian outside the Méin
Ring Fault. Of the 2 specimens not cutting the lavas,the
dyke frbm the granophyre cuts a group 4 and a group 8 dyke
and the dyke from the Torridonian cuts a peridotite plug,
confirming the very young age implied by their presence

in the lavas.

(vi) Group 6 (5 specimens)

These dykes are only found cutting the lavas (Fig. 5.1)
and along with group 5 are the youngest known Tertiary rocks
on Rhum. As with group 5 no within-group crosscutting
relationships have been obserQed and they may represent

a relatively short but discrete chronological interval,

(vii) Group 7 (5 specimens)

The age relationships of the group 7 dykes were
discussed in Chapter 2. They are not found in the
peridotites (Fig. 5.1) and are known to be truncated at
the contacts between peridotite and older rocks (Chapter 2,
p. 37 ). Only limited cross cutting relationships with
other dolerite groups are known. They cut a group 4 dyke
and a Papadil thick conformable sheet (group 8) and are
themselves cut by @ group 3 dyke. Their petrographic
uniformity suggests that they represent a fairly discrete
chronological interval postdating the Main Ring Fault
(Chapter 2, p. 37 ) and thick conformable sheets but pre-

dating the emplacement of the layered peridotites.
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(viii) Group 8 (45 specimens)

The group 8 specimens have the greatest known.time
span of any of the dolerite groups on Rhum. A group 8
episode of intrusion produced the dolerites with liquid-
ligquid contacts with felsite in Stony Corrie (Chapter 2,
p. 34 ) the oldest known dykes on Rhum and they are also
encountered cutting the 1aYered peridotites (Fig. 5.1).
Several of the thin conformable sheets and the inclined
sheets belong to group 8 as do the relatively young
Kilmory and Papadil thick conformable sheets. The former
have distinctive geochemical and petrographic character-
istics and similar dolerites are not encountered within
the Main Ring Fault. However, the Papadil thick conform-
able sheet dolerites may have geochemically similar but
petrographically disimilar analoé% within the Main Ring
Fault.

The general early age of the group 8 dolerites in
Stony Corrie is confirmed by the consistent cross cutting
by later group 4 dykes, a relationship also observed
elsewhere on Rhum, e.g. between 77316 and 95A76 (group 4)
in the Allt Slugan a Choilich (NM 395988) and between
77325 and 77324 (group 4) in the granophyre west of Harris
Bay (NM 355955). They are also known to be cut by picritic
dykes in the Allt Slugan a Choilich (NM 394987) and in

Corrie Dubh (NM 39498l1). As previously mentioned the
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Papadil thick conformable sheets cut group 4 dykes (77174
and 77175) hut are themselves cut Ly a group 7 dyre,

Thus the group 8 magmas were available from very
early in the history of the complex and were still
available after the emplacement of the layered peridotites,
furthermore they are found in éll the different structural
types of dolerite encountered in the field viz. thick

and thin conformable sheets inclined sheets and as dykes.

(ix) Group 9 (8 specimens)

The group 9 dykes appear to be absent from the
peridotites (Fig. 5.1) but are found cutting older rocks
on both sides of the Main Ring Fault. Their age relation-
ships with other groups are uncertain as few crdss—cutting
relationships were recorded. One specimen (77209) from
Dibidil shore cuts older group 4 dykes but other specimens
are cut by group 4 dykes. Another specimen is probably
cut by a group 1 dyke in the Allt Slugan a Choilich and
the age relations of the dykes in Stony Corrie are unknown.
In view of their absence from the peridotites the group 9
dykes may predate the emplacement of the peridotites but

their age relationships are obscure.

(x) Group 10 (6 specimens)
In contrast, the group 10 dykes are found cutting
the peridotites and associated gabbros. The two specimens

are from the Papadil Gabbro and are hornfelsed and thus



are probably pre-peridotite sensu stricto but one specimen
definitely cuts fresh marginal gabbro on Monadh Mhiltich
(NM 997357). One specimen cuts a dyke which probably
belongs to group 4 (from petrography) but their agé

relationships to other dolerite groups are not known.

(xi) Group 11 (5 specimens)

All but one of these dykes are found cutting the
peridotites, the other which cuts the sequence Lewisian
to granophyre cuts a group 8 dYke. No group 11 specimens
have been located in the Torridonian outside the Main Ring
Fault. As the majority'of these group 11 dykes are post
peridotite the group as a whole is judged to be young in

age.

(xii) Group 12 (2 specimens)

Both these intrusions are petrographically fresh:
one cuts the eastern Papadil gabbro ~Torridonian contact
(NM 365917 ) it is believed to be younger than the peri-
dotites in this area because it is not affected by the
thermal metamorphism which affects the other older dolerites
(eg. group 3 and group 10). Their age relations relative

to other dolerite groups are not known,

b) Gabbros
Three of the gabbros under consideration are known

to be early in the history of the complex. Two of these
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intrusions are high MgO gabbros (Chapter 3, p. 72 ) but
one is a quartz gabbro. The latter is similar but more
differentiated than the group 8 intrusions known to be
early from their field relationships in Stony Corrie
(Dibidil) (see Table 5.1). The analyses of the high MgO
gabbros is also presented in Table 5.1 showing that CaO
and MgO rich magmas were also available at an early stage
in the evolution of the Rhum central complex.

The preéise stage that the younger gabbros were
emplaced felative to the dolerite groups cannot be deter-
mined from the evidence available at the present time. A
late age was inferred from the field relationships discussed
in Chapter 2 but there are exceptions (e.g. the altered
gabbro plug at NM 378999, which is cut by three later
dykes). Thus the late gabbros were probably emplaced over

a considerable period of time.

c) Peridotites

Although a relatively young age was inferred for those
peridotite plugs which resemble the matrix-banded tongues
in the Northern Margin Complex (see Chapter 2, p. 48 ), the
age of petrographically dissimilar plugs (e.g. the deeply
weathered peridotite plug on the northside of Kinloch
Glen) have not been unequivocally determined. 1In view of

their probable petrogenetic link with the layered peri-
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dotites (discussed later, p. 260) the proposed age of
these plugs relative to the dolerite magmas of Rhum
becomes increasingly important. The evidence presented
in Chapter 2, with the qualifications outlined above, all
point to a relatively vyoung age for the majority of the
peridotite plugs. A chronological sequence of the
dolerite groups, the gabbro and peridotite plugs and the
acid dykes on Rhum based on the relative age relationships
as discussed in this chapter and in Chapter 2, is presented
in Fig. 5.2. The acid rocks, peridotites and lavas act as
stratigraphic markers and form the basis of the stratigraphy
of the magmas which produced the Rhum minor intrusion suite.
The large estimated time gap between the lavas and
the layered peridotites is based on the existence of rocks
from the Rhum central complex in the conglomerates beneath
the Rhum lavas. The estimated time gap between the
layered peridotites and the acid rocks is based on the
need for multiple dyke injection postdating the acid rocks
and predating the peridotites. Although the peridotite
tongues are believed to predate the layered peridotites
(Dunham,1965b) they are cut by very few dykes hence the
small interval between the two on Fig. 5.3. The age gap
between the early folding (Dunham & Emeleus, 1967, p.395)
and the emplacement of the acid.rocks cannot be estimated

and may be considerably less than the interval indicated
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here.

Two important points are raised by Fig. 5.2; one is
the suggestion that the group 5 and 6 magmas postdate the
evolution of the remainder of the Rhum dolerites, the
significance of this is discussed later (Chapter 7 , p.225);
secondly, the alkaline differentiates (groups 10 to 12)
appear to have been intruded later than the majority of
the dolerite magmas. |

To test whether the basic magmas in the Rhum dolerites
become more alkaline with time the dolerite groups 2, 3 and
4 were plotted on Fig. 5.3 using the division inté dykes
cutting (1) the Torridonian outside the Main Ring Fault,
and (2) the sequence Lewisian to granophyre and (3) the
layered peridotites. The discriminant score derived in
Chapter 3 was used as a measure of alkalinity. The
dolerites both sides of the Main Ring Fault in Fig. 5.3
span a similar range although the dykes cutting the
peridotites do tend to be more alkaline. The distribution
of the individual dolerite groups is shown in Fig. 5.4.
Here,within each group, the dykes cutting the Torridonian
outside the Main Ring Fault and the sequence Lewisian to
grancphyre within the Main Ring Fault cover similar ranges
but the dykes cutting the peridotites tend to be trans-
itionally alkalic.

Although the alkalic nature of dykes cutting the
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peridotifes in Figures 5,3 and 5.4 suggests that the

younger Rhum dolerites do become more alkaline with time, this

assertion must be tempered by the knowledge that;

(1) Group 8 dolerites of tholeiitic affinity cut the
peridotites,

(2) Gabbros with tholeiitic affinities cut the layered
peridotites (specimens 33A76, 77163, 77328, 77383)
thus basic tholeiitic magmas were also available
sometime after the emplacement of the peridotites.

(3) The abundant group 4 dolerites show no trend towards
alkalinity from known cross-cutting relationships.
(This can be shown by plotting the individual dis-
criminant scores (an indicator of alkalinity) of the
group 4 dolerites that were used in the éombilation
of the average analyses of the "young" and "old"

dolerites in Table 5.1). Reference to Fig. 5.5

shows that the early and late dolerites span a similar

range of transitional alkaline and transitional

tholeiitic compositions. The sample sizes are,

unfortunately, too small to interpret the relative

distribution of the peaks.

In conclusion differentiates of tholeiitic affinity
were available throughout the history of the complex
whereas alkalic differentiates are only present in the

later stages. The specimens from the dolerite dykes



cutting the peridotites are consistently alkalic in_
affinity thus there appears to be a trend towards alkalinity
with time in the Rhum minor intrusions. The significance
of the tholeiitic groups 5 and 6 dykes cutting the lavas
is discussed in Chapter 7 (p. 225).

The similarity in the span of transitional
compositions in groups 2, 3 and 4 (Fig. 5.4) in dykes
cutting the Torridonian outside the Main Ring Fault and
the sequence Lewisian-granophyre within the fault suggests
that magmas of essentially similar chemistry were available
both sides of £he Main Ring Fault although for much of
this time the dykes in the Torridonian at the present
erosion level will have been emplaced at structurally
higher levels than their counﬁerparts across the Main
Ring Fault. The predominance of thoroughly transitional
magmas (O to -0.35 discriminant score) in the group 4
rocks within the Main Ring Fault (Fig. 5.5) may possibly
reflect their deeper seated nature (ie. proximity to
parental magma truly transitional in composition) than
the group 4 magmas emplaced at higher levels outside the

Main Ring Fault.
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Fig. 5.1 Frequency distribution of the dolerite
groups between the major country rock
stratigraphic intervals defined in
Chapter 2.

A

Dykes cutting the Rhum Lavas

B = Dykes cutting the Torridonian
outside the Main Ring Fault

'C = Dykes cutting the layered
peridotites and marginal gabbros

D = Dykes cutting the sequence
Lewisian to Granophyre within
the Main Ring Fault




25

o

Frequency
3

15

561789 |10]11|12
i
— | —
1
-
5/6|7|8|9|10/11]12

Dolerite Group

140



149

Fig. 5.2 Schematic age relationships of the Rhum
minor intrusion suite with respect to
the major country rock stratigraphic
intervals. Dotted lines indicate areas
of uncertainty. ’

Key to stratigraphic intervals.

L = The Rhum Lavas

LU = The layered ultrabasic rocks
PT = The peridotite tongues

AC = The plutonic acid rocks

EF = The early folding

Key to minor intrusion suite

1-12 = Rhum dolerite groups

EG = Early gabbros

IG = Late gabbros

A . = Acid dykes

p = Peridotite tongues
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wt %

ppm

SPEC
SlO2
A1203
Fe203*
MgO
cao
Nazo
K50
Ti02
MnO
P205
Total
Ni

Cr
Ba

Zr
Sr

Rb
Zn

Table 5.1 Geochemical comparison of different
aged dolerites and gabbros.

A

47,23
14,50
12.50
8.98
11.83
2.78
0.21
1.65
0,19
0.18
100.05

119
337
103
4
109
20
169
13
106

B

47,35
14,10
13.37
9.20
l10.81
2.43
0.56
1.76
0.19
0.19
99.86

94
233
145

4
129

28
290

19
104

C

77033
49.24
14.39
10.02
11.22
12,14
2,02
0.10
0.62
0.16
0.10
100.01

95
337
72
2
16
9
277
2
64

D

77292

48,98
15,74
11.47

9.74 .

9.99
2.49
0.16
1.17
0.17
0.09
100.00

41
158
117

2

33

10
323

3

76

E

77103
51.42
13.84
13.02
5.72
9,03
3.38
1.01
2.17
0.21
0.20
100.00

32
25
272
6
182
33
190
25
107

A Average of 10 older group 4 doierites

B Average of 9 younger group 4 dolerites

49.9
13.11
15.08
6,17
8,98
3.25
0.67
2.26
0.22
0.24
99.89

29
88
277

163
31
248
31
137

C, D, E Early gabbros within the Main Ring Fault.

F Avefage of 4 early group 8 dolerites

*Total iron as Fe_.O

273
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 CHAPTER SIX

MINERALOGY AND MINERAL CHEMISTRY

Introduction

The mineral chemistry obtained by electron micro-
probe analysis is presented in this chapter, and the
various interpretations which can be put upon this data
are discussed. The analytical technique is described in
Appendix 6.1 and the complete mineral analyses are
presented in Appendix 6.2. Iron was determined as FeO
and is presented as such in the pyroxene, plagioclase,
olivine and amphibole analyses. The Fezo3 contents of
~ the spinels and ilmenites we?e calculated by assuming
stoichiometry of these phases as described by Carmichael
(1967) .

The compositional variation in the pyroxenes and
spinels is considered to be the product of complex inter-
actions between various petrogenetic processes and con-.
sequently requires detailed discussion. The amphibole
(kaersutite) analyses from the type 3 picrites are
presented in Appendix 6.2 but are not considered

further.
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PYROXENES
Introduction

The pyroxene lattice can incorporate virtually all
the major and minor components of an igneous melt under
suitable circumstances. This flexibility, coupled with
their common occurrence in igneous rocks offers valuable
insight into magmatic processes. Pyroxene chemistry is
fundamentally controlled by the host magma chemistry,
however, the ultimate composition is affected by several
other factors (e.g. the temperature, pressure and rate of
crystallisation) and these factors must be taken into
account in any interpretation concerning the host magma
composition.
a) Dolerites

The individual analyses of pyroxenes in the Rhum
dolerite suite have been plotted in the conventional
pyroxene quadrilateral'(Fig° 6.1), the relevant portions
of the tholeiitic Skaergaard trend (Brown, 1957)
and the mildly alkaline Shiant Isles pyroxene trend
(Gibb, 1973) are included for comparison. The pyroxene
from groups 1, 2, 3, 7 and 10 are calcic augites or
salites in the classification of Deer et al. (1966),
the group 4 pyroxenes are calcic augites and the group
8, 9 and 1l pyroxenes are augites. The group 1, 2 and 4
pyroxenes exhibit a slight decrease in Ca with iron

enrichment however this feature is not apparent in the



more limited data for the remaining groups. The pyroxene
suite as a whole is characterised by very limited iron
enrichment, indeed the principal variation within the
pyroxenes in Fig. 6.1 is in the Ca content. This
contrasts markedly with the predominance of Mg2+ - Fe2+
variation over Ca2+ variation in most pyroxene sﬁites,
see for example Gibb (1973 ,Fig.4). Note, however,
that the zoning from core to margins detected in some
pyroxene grains involves iron enrichment with little
variation in the Ca content.

The variation of Al, Ti, Cr, Na and Mn with iron
enrichment is presented in Figs. 6.2 and 6.3. Al and
Ti generally increase with iron enrichment, especially
in the group 1 pyroxenes. This is also a feature of the
Na variation. vIn contrast, Cr exhibits a negative
correlation with iron enrichment. The data for Mn is
more ambiguous, the pyroxenes from the basic dolerites
(groups 1 to 7) show no correlation of Mn with Fe content
and the higher Mn content of some of the pyroxenes from
the intermediate rocks exist over a range of Fe contents.
This variation in Mn is possibly attributable to the
presence or absence of coexisting opaque oxides during
pyroxene crystallisation.

The variation of Al against Ti for the groundmass
pyroxenes and the phenocryst pyroxenes is shown in Figs.

6.4 and 6.5 respectively. A general increase of Ti with

149
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Al is a feature of both diagrams. Ti generally sub-
stitutes in a ratio of approximately 1:5 for the
majority of pyroxenes but several of the'groﬁp 10
pyroxenes in Fig. 6.4 and the group ll pyroxenes in
‘'Fig. 6.5 are Ti enriched for a given Al content when
compared with the remainder of the pyroxenes in the
suite. The variation of Al and Na with Si content for
the groundmass pyroxenes is shown in Figs. 6.6 and 6.7
respectively. Fig. 6.6 shows that Al is present in
excess of the amount required to satisfy the silica
deficiency in the tetrahedral (z ) site thus some of
the Al must be located in the octahedra; (y) site.
In addition Fig. 6.7 shows that Na increases with
decreasing‘si, which implies there is a positive
correlation between Na and Al.

‘'The relative proportions of Al in tetrahedral and
octahedral co-ordination in both the groundmass and the
phenocryst pyroxenes are presented in Figs. 6.8 and 6.9
respectively. The assignment of Al to Afv and AlVi was
made on the basis of 6 oxygens by allotting sufficient Al
to make up the Si deficiency (Aliv) to 2 and allotting
the remaining Al to AlVi° Unfortunately this procedure
relies on the accurate determination of Si and some of
the scatter on Figs. 6.8 and 6.9 is undoubfedly due to

some inaccuracy in the Si determinations. However, this
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is judged not to have affected the overall relationships

in these diagrams. It is clear from f‘igs° 6.8 and 6.9

that although much of the Al is in tetrahedral co-ordination
a considerable amount is in octahedral co-ordination; the

significance of this relationship is discussed below.

Discussion

The principal features of the clinopyroxenes in
the Rhum dolerite suite are the limited iron enrichment
developed in these pyroxenes and, secondly, the high Ca,
Al and Ti contents of many of the pyroxenes. The
variation in pyroxene chemistry is due to simple or
coupled substitution of elements into the pyroxene lattice.
These coupled substitutions are necessary to preserve

+
the charge balance if for example Al3 substitutes for
2+ .
S1 in the tetrahedral site.
- . . 2+ 2+ .

Limited substitution of Fe for Mg in the y site
is partly attributable to cooling rate in that the rapidly
chilled lava suites of tholeiitic and alkalic basalt

. . e s . 2+ 2+
associations generally exhibit much more limited Fe - Mg
substitution in their pyroxenes, than the pyroxenes in
slowly cooled tholeiitic and alkalic intrusions (Carmichael
et al., 1973). The high MgO content of many of the Rhum
dolerites and the high MgO levels in the intermediate

rocks when compared with intermediate rocks from other

basaltic suites is probably another contributing factor
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(ie. the activity of Mg was high in the Rhum melts). It
should be noted however that pyroxene analyses are not

available from the few dolerites with Fe * greater

203
than 15.0 wt%, these would probably extend the known
range of Fe2+ - Mgz+ substitution in the Rhum pyroxenes.

The A1203 content of the Rhum pyroxenes ranges from
1.5 to 9.0 wt% and is highest in the group 1 pyroxenes
(Fig. 6.2). The Al content of pyroxenes is believed to
be a function of Si activity and Al activity in the melt,
temperature and pressure (Le Bas 1962, Brown 1967, Caﬁbell
and Borley 1974, Deer et al. 1979).

The negative correlation of Si and Al and the
positive correlation of Al and Ti can be explained by
the substitution of Al into the pyroxene lattice via the"
Ca Ti A1206 molecule (Yagi and Onuma, 1967), however this
would result in a Ti/Al ratio of 1:2 whereas the Rhum
pyroxenes have a Ti/Al ratio of approximately l: 5,
This suggests that there was also extensive substitution
of Ca-TSchermaks molecule Ca Al2 SiO6° The distribution of Al
into AliV and AIVi sites is known to be in part pressure
related, higher pressures favouring entry into the AlVi
site (Aoki and Shiba 1973). Although manyIOf the ground-
mass pyroxenes fall in the field of igneous rocks in Fig.
6.8, many fall into the field of higher pressure pyroxenes,

but since these groundmass pyroxenes crystallised at low

*Total iron as Fezg

3
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pressures entry of Al as AlVi is nbt solely a function

of pressure. Several of the pyroxene phenocrysts in

Fig. 6.9 also fall in the fields of high pressure pyroxenes
and thus may possibly be the results of higher pressure
crystallisation. These-phenocrysts contain less Al than
the groundmass pyroxenes and this is consistent with the
low Al contents of pyroxenes believed to be high pressure
relicts in the Dippin Sill, southern Arran (Gibb and
Henderson, 1978).

In a low pressure environment, the activity of the .
various melt components is believed to control pyroxene
chemistry. Carmichael et al., 1970 showed that low Si
activity in the melt will favour formation of aluminous

clinopyroxene rather than plagioclase by the equation:

aA .
ac 1281208 = K
aCaA128106,aSJ.O2

thus explaining the observations of Le Bas (1962) who
found an increase in the Al contents of pyroxenes with

increasing SiO, undersaturation of the host magmas. This

2

. . . . . 3+
reaction explains the special case in which Al is

distributed equally between the y and z sites. However,
Caﬁpell and Borley (1974) suggest that the general
equation takes the form

1 Y . - . .
2Y203 2A1203+M928106 (MY)AlSlO6+8102+MO
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or

ZOZ+A1203+2M9281206 = (M3Z)A12812012+25102+MO

+ + + .4+ +
where Y = Al3 ’ Cr3 or Fe3 , 2 = T14 , and M = Fe2 ’

+ +
Ca2 or Mg2 .

These reactions show that an increase in aA1203 and a
decrease in aSiO2 in the melt will favour formation of
aluminous clinopyroxene and that the Al3+ content of the
pyroxene is also dependent on the behaviour of the
octahedrally co-ordinated cations providing the charge
balance. The correlation of Na with Al in Fig. 6.7
suggests that some of the Al in the Rhum clinopyroxenes
may have been incorporated as jadeite, however some of the
Fe probably existed as Fe3+ thus the Na may well be
present as acmite.

Le Bas (1962) showed there was a positive correlation
of the Ti and Al content of pyroxenes and suggested that
the Ti content was a function of the presence of Al3+ in
the z site. This view was supported by Barberi et al.
(1971) who suggested that the low activity of SiO2 in

.the melt was the dominant control over the Ti content of
a pyroxene. This argument was based on the knowledge that
entry of Al3+ into the z site favours Ti4+ entry into

the Y site (Verhoogen 1962) and that substitution of Ca-

+ \ .
Tschermaks molecule (ie. A13 into the z site) 1is favoured
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by low aSiO Conversely Gibb (1973) cast Ti in the

9°
dominant role and suggested that the Al3+ is incorporated
into the pyroxene lattice to balance the high Ti4+ content
of the pyroxene induced by the high aTiO2 in the melt.
These authors have also emphasised the role of co-crystallising
phases on pyroxene chemistry. Barberi et al. (1971)
suggested that crystallisation of plagioclase prior to
pyroxene would deplete the Ca-Tschermaks molecule content
of the melt and thus would reduce the Alzo3 content of the
pyroxenes. Gibb (1973) argues that the onset of titano-
magnetite crystallisation in the Shiant Isles sill reduced
the activity of Ti in the melt thus giving rise to lower
Ti and Al levels in the contemporaneous pyroxenes. It
should be stressed at this point that Gibbs' (1973) study
of pyroxene compositional variation within a closed
system environment is ideally suited to the investigation
of the effect of co-crystallising phases on pyroxene
composition which is not always possible in studies of
pyroxene chemigtry in suites (like the Rhum minor
intrusions) which are derived from different parent
compositions at different stages of differentiation.

Rapid cooling rates are also known to facilitate
the incorporation of Al and Ti into the pyroxene lattice.

High Al and Ti levels have been reported in studies of

lunar pyroxenes (up to 9.4 wt% and 8.5 wt% respectively,
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Brown et al. 1973). These compositions were attributed

to metastable incorporation of the caTiAl O6 molecule

2
during the quench crystallisation of some mare basalts
by Brown et al. (op.cit.).

The aluminous group l pyroxenes may well be a product
of metastable incorporation of Al and Ti as these picrites
will have possessed high liquidus temperatures and several
have a variolitic groundmass. Variolitic supercooling
textures are also a feature of many of the other dolerite
groups (see Chapter 4). Thus incorporation of Al and Ti
during rapid crystallisation may well have played a part
in controlling the groundmass pyroxene chemistry in many
of the Rhum dolerites.

The activity of Si and Al are not believed to have
played a major role in the genesi$ of the Rhum dolerite
pyroxenes as envisaged by Le Bas (1962) and Barberi et al.
(1971) respectively, as early formation of plagioclase did
not adversely affect the entry of Al into the clinopyroxene.
Aluminous pyroxenes occur in rocks where plagioclase was
obviously the earlier phase, e.g. the plagioclase
phenocrysts in the group 7 dolerites and the sparse
plagioclase microphenocrysts in some of the group 1
dolerites. Chrome-spinel is the dominant opagque phase
in groups 1 and 10 thus the activity of Ti is likely

to have been higher in these magmas than in those where
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titanomagnetite is an important phase. Thus the effect
of Ti activity in the magma on pyroxene chemistry as
envisaged by Gibb (1973) may well have played a role in
determining the compositions of the group 1 and 10 pyroxenes
and other pyroxenes in the suite. In conclusion the high
activity of Mg and to a lesser extent Ti, in the melt
coupled with rapid cooling are believed to be the main
controls over the limited iron enrichment and the
aluminous nature of the Rhum groundmass pyroxenes.

Whilst the pYroxene phenocrysts do plot in the higher
pressure field of Aoki and Shiba (1973), their low Al

and Ti contents suggest that the entry of Al into the
octahedral site is more likely to be a function of the

combined activities of Si, Ti and Al rather than pressure.

Pyroxenes as indicators of host magma composition

There have been several attempts to relate the
chemical compositions of igneous clinopyroxenes to host
magma composition. Le Bas (1962) showed there was an
increase in the proportions of Ti and Al in pyroxenes -
from tholeiitic, alkaline and peralkaline hosts respectively
and Coombs (1963) suggested that CIPW norms obtained from
clinopyroxene analyses could be used in much the same way
as whole rock norms to investigate the parent magma type.
More recently, Nisbett and Pearce (1977) utilised

Discriminant Function Analysis to investigate clinopyroxene
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composition as a function of their host basalts tectonic
setting and_concluded that pyroxene chemistry could be
used as indicators of tectonic environment.

In contrast the Ti and Al contents of clinopyroxenes
have been shown to be unreliable indicators of host magma
composition. Gibb (1973), for example, states that the
aluminous clinopyroxenes from the mildly alkaline Shiant
Islands sill fall in the peralkaline field in the SioO_-

2

3 diagram of Le Bas (1962) as do many of the Rhum

A120
pyroxenes,similarly, Beddoe-Stephens (1977) has shown

this diagram to have limited application in calc-alkaline
suites. 1In addition Barberi et al. (1971) have shown

that pyroxene with compositions typical of tholeiitic

suites can develop from mildly alkaline parents fraction-
ating under low and falling oxygen fugacity. The analysed
groundmass pyroxenes in the Rhum dolerites have been plotted
on Fig. 6.10, the discriminant scores were calculated

using the eigenvectors in Nisbettand Pearce (1977, Table 2)
and the discriminant boundaries are redrawn from Nisbett

and Pearce (op. citf, Fig.l) . The Rhum dolerites are

known to be transitional between truly alkaline and truly
tholeiitic compositions, the dolerites lie in a "within
plate” environment and consequently would be expected to

straddle the Within Plate Tholeiite (WPT) and Within Plate

Alkaline (WPA) discriminant line. Less than half of the
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pyroxenes in Fig. 6.10 lie in the WPA field, most of

the remainder plot in the Volcanic Arc Basalt (VAB) and
Oceaﬁ Floor Basalt (OFB) field and only two lie in the
WPT field. This discrepancy is probably due to the low
Fe and Mn content of the Rhum pyroxenes, as VAB pyroxenes
generally contain less qf these constituehts than WPT
pyroxenes (Nisbett and Pearce, 1977).

Whilst the host magma composition must exert a
fundamental control over pyroxene chemistry the other
qontrols discussed earlier in this chapter can cause the
pyroxene composition to deviate significantly from the
expected composition. Consequently it is suggested that
interpretation of host magma composition and tectonic
environment on pyroxene composition alone as argued by

Nisbett and Pearce (1977) should be approached cautiously.

Gabbros and Peridotites

The limited pyroxene data for (i) a high MgO gabbro
(77292), (ii) a low MgO gabbro (77067) and (iii) one of
the peridotite plugs (77.268) is presented in Fig. 6.11.
The pyroxenes from the peridotite plug and the low MgoO

gabbro classify as diopsides and salites respectively

in the classification of Deer et al. (1966). Two types

of pyroxene are found in the high MgO gabbro, monoclinic

augites and enstatitic orthopyroxenes, these high MgO



gabbros are the only rocks in the Rhum minor intrusion
suite to possess a 2-pyroxene mineral assemblage. This
reflects both their hosts' tholeiitic composition and a
slow cooling rate as rapid cooling can produce metastable
subcalcic augite in tholeiitic lavas (Kuno 1955 in Deer
et al. 1979).

The calcic augites plot in a similar position to some
of the group 7 pyroxenes in Fig. 6.1 but are characterised
by lower A1203 and TiO2 contents (approximately 3.0 and
0.7 wt% as opposed to 1.5 and 5.5 wt% respectively). As
with other pyroxenes in‘the Rhum dolerite suite they are
characterised by a low iron content.

The diopsides from the peridotite plug are composition-
ally dissimilar to other pyroxenes in the Rhum dolerite
suite but compare favourably with pyroxenes from the Rhum
layered series. Inspection of the pyroxene analyses in
Table 6.1 reveals that the pyroxenes from the peridotite
plugs are virtually identical to the two average analyses
quoted by Dunham and Wadsworth (1978), except that Ca0 is
slightly higher and Cr,_O_ significantly lower in the

273
latter.

OPAQUE OXIDES
The opaque oxides in the Rhum minor intrusion suite

exhibit a wide chemical variation ranging from Cr-spinels

160
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("chromites") to Fe-Ti spinels ("magnetites") and ilmenites.
Two broad categories can be recognised: Cr-bearing spinels
where Cr is present above trace amounts and Fe-Ti oxides
with only minor Cr content. The majority of the analyses
are from fresh minerals and give totals between approx-
imately 98.5% and 100.5%, the Cr bearing spinels in the
group 2 and 10 rocks are altered and consequently give

lower totals, However, they help illustrate important

relationships and have been included on Fig. 6.12.

Chrome bearing spinels
Cr-rich spinels are abundant in the group 1 rocks
and the peridotite plugs, the majority contain Al> Cr
and are Fe-rich and thus classify as picotite (Deer gg_gi.,l966f
(some however, do contain Fe < Mg)_whilst others contain Al>
Cr and classify as magnesio-chromite (Deer et al., op.cit.).
The remaining Cr—spinels,ihcluding those from 77024, contain
less Cr + Al than the former and show substantial subs-
titution of Fe3+ into the octahedral site.

C s . . + 3+
The variation of the trivalent cations Al3 ., Cr

and Fe3+ is presented in Fig. 6.12. The Cr-spinels from
the type 1 picrites (Chapter 4, p;94 ) contaih more Cr
than the type 2 picrites but less Cr than the spinels
from the peridotite plug,‘the latter contain slightly

+
more Fe3 than the former but the Fe3+ contents of all

these spinels is consistently low. In contrast, the Cr-
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spinels fréﬁ the group 10 specimen (77184) and the group
1 specimen (77024) contain appreciable Fe3+, there is a
consistent decrease in Al3+ with increasing Fe3+ in all
these specimens. The altered spinels in the group 10
rock (32A76) have Fe3+ as the dominant trivalent ion,
the group 2 spinel phenocrysts (from 77039) are more
variable. One contains minor Fe3+ and liés in the field
of the picrite type 1 and type 2 spinels. The other
contains abundant Fe3+ and resembles the fresher Fe-Ti
groundmass opaque oxides in this and other group 2
specimens.

The chemiéal variation in Cr-spinels in basaltic
liquids can result from primary variation in the
composition of liquidus phase and from secondary processes
involving either later reaction with the host liquid or
subsolidus reaction with adjacent phases or both |
(Henderson and Suddaby 1971, Henderson 1975, Ridley et al. 1974,
Ridley 1977, Dunham and Wadsworth 1978). ‘These secondary
processes can make it virtually impossible to elucidate
primary variation in spinels unless the phase is included
in a co-crystallising or slightly later crystallising
phase which effectively prevents reaction between the
spinel phase and the melt. However, even Qhen a spinel
is included in a silicate phase subsolidus reaction with

. the enclosing phase may alter the primary spinel composition.
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Several of the.spinels in the type 1 and type 2
picrites, and all the spinels from the peridotite plug,
were totally enclosed by olivine, Yhe limited chémical
variation within these spinel types stroﬁgly suggests
that their compositions are essentially primary, the
spinels from the type 1 picrites containing more Cr3+
than those in the type 2 picrites. The spinels from
85A76 are similar however, to those from the remaining doleri-
tes,these were not protected by an enclosing silicate
phase and thus may have reacted with the melt,

The extreme compositional variation exhibited by the
spinel phenocrysts in 77039 almost certainly is the result

of @ two stage process.

Primary variation

The controls over primary compositional variation
in Cr-spinels have been discussed by Hill and Roeder
(1974) and Ridley (1977). Variations in the activities
of the various Cr-spinel components in the melt give
rise to the variations in liquidus spinel compositions,
the availability and activity of Cr in the melt is of
critical importance. Cr3+ has a low solubility in

basaltic liquids (™\~/250 ppm at a loglo fo, of -8, Hill

2

and Roeder 1974) and a high octahedral site preference energy.

(Burns 1970, In: Hill and Roeder 1974) consequently

Cr3+ will readily enter a spinel phase and thus promotes
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spinel crystallisation. Variations in the initial Cr
contents of basaltic melts (which reflects the temperature
and pressure conditions in the zone of partial melting and
the mineralogy of the source material) will affect the
Cr/Al ratio of the liquidus spinels. The activity of Al
in the melt must also play a role, however Ridley (1977)

has noted that the high Al 03 magmas do not necessarily

2
contain spinels with a high Al/Cr ratio suggesting the
activity of Al may not be of critical importance in
determining the Cr/Al ratio of the liquidus spinel.

The oxygen fugacity of the melt will determine the
Fe3+ content of the spinels. Hill and Roeder (1974) show

sy . . +
that high oxygen fugacities favour incorporation of Fe3

into spinels mainly at the expense of,Cr3+, thus spinels ﬂ
. . 3+ 3+ . .

with high Fe™ /Cr ratios probably crystallised under

. -5 -1
moderate to high (1og10 fO2 10 to loglO fO2 10 ™)
oxygen fugacities. This effect is mainly due to the
abundance of Fe3+ ions in melts with high oxygen fugacities.
These ions coalesce to produce much greater quantities of
the spinel phase than is produced at lower oxygen
fugacities. Consequently this causes the Cr content of
the magma to be dispersed amongst a large volume of spinel
crystals with a consequent reduction in Cr content of the

individual crystals. In addition, Hill and Roeder (op. cit.

. 4+ .
Fig. 7) have shown that substition of Fe3+ and TJ.4 with
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a concomittant decrease in Al and Cr occurs with
decreasing temperature. The entry of Mg2+ and Fe2+ into
the tetrahedral site is also largely temperature dependent
(Hill and Roeder, op.cit., Fig.7) but will also reflect
the activities of M§+and Fe2+ in Ehe melt.

Liquidus spinel compositions are also affected by
the co-crystallisation of pyroxene which stabilises Cr3+
in its octahedral sites. The reaction relationship
between pyroxenes and spinel postulated by Irvine (1967)
has been demonstrated experimentally by Hill and Roeder
(op. cit.) and accounts for the break in spinel crystall-
isation between early chromites and later titaniferous
magnetites observed in several stratiform intrusions
(Irvine 1967).

As stated earlier the compositions‘of the spinels
from the type 1 and type 2 picrites and the peridotite
plug are considered to be primary. In addition,the spinels
from the Western and Eastern layered series were all
included in olivines (Dunham and Wadsworth, 1978) and
their compositional variation was considered to reflect
primary liquidus variation; similarly the Cr-rich end
members of the Al and Fe reaction trends (Henderson 1975)
and.the most aluminous spinel in SR157* (Ridley, 1977)

were also protected from reaction with the melt and are

primary compositions.

* Specimen SR157 is from the Rhum Lavas.



The spinels have been plotted into Fig. 6.13. The
boundaries differentiate the fields of spinels from
stratiform and alpine peridotites. The majority of the
layered series peridotites lie as expected in the field
of stratifrom chromites. However, the spinels with
higher Mg contents (ie. higher temperature) have Cr/Al
ratios more typical of alpine peridotites. On this
diagram the Rhum minor intrusion spinels lie in the
field of alpine peridotites and the Al-rich Rhum lava
spinel with a Cr/Cr+Al ratio of 1l:1 lies well into the
alpine peridotite field; note once again the similarity
of the spinels from the peridotite plug to the layered
series peridotites.

The differences between chromites from alpine
peridotites and spinels which have crystallised from
basaltic liquids in stratiform intrusion have been
discussed by Irvine (1967), Pinsent (1974) and Greenbaum
(1977). The former have low Fe2+ contents and an
extremely wide range of Cr/Cr+Al ratios whereas the
latter have higher Cr contents, much more restricted
Cr/Cr+Al ratios and have a much larger range of Fe2+
values. In addition stratiform chromites generally have
a greater range in Fe3+ content. 1In his study of the
Blue River Alpine body Pinsent (1974) showed that there

were distinct compositional differences between the
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spinels in the dunites and the spinels in the peridotites.
The formér are characterised by Cr/Cr+Al>0.575 and have
Mg/Mg+Fe2f< 0.60 whereas the latter have higher Al and
lower Fe2+ contents. Pinsent believed that the Cr-rich
spinels in the dunites had crystallised from a basaltic
liquid and states categorically that the spinels in the
peridotites are too Al and Mg enriched to be derived from
a basalt magma under comparable P-T conditions. He
attributed the high Al content of the latter principally
to the P-T controlled metamorphic reaction

Al enstatite + olivine = Al spinel + enstatite

but stated that reaction between the spinels and inter-
stitial liquid (cf. Henderson 1975) may possibly have
played a role. |
Thus, it appears that spinels crystallised from basaltic
liquids at low pressure are characterised by Cr/Cr+Al ratios
> 0.575 and higher Fe2+ contenté than spinels which have
equilibrated at higher pressures and thus emphasisés the

pressure dependence of the Al/Cr ratio.

Secondary variation

The compositional variation resulting from complex
reactions with the host basaltic liquid (an alkali basalt
from Muck and an olivine basalt from Rhum) has been

described in detail by Ridley (1977). The trend developed



by variations in the Al, Cr and Fe3+ contents in a single
specimen from the Rhum lavas (SR157) is presented
in Fig. 6.12. The principal features of the reaction
relationships described by Ridley (1977) are similar for
both specimens, these being (i) a substantial increase in
the Cr/Al ratio, this was mainly attributed to the
peritectic reaction

Aluminous chromite + melt —> plagioclase + chromite

(ii) a gradual increase in the.Fe3+ content by the

. , + + +
substitution of Al3 for Fe3 . The Fe3 does not replace

the Cr3+ because the latter has a much higher octahedral site

preference energy (see p. 163) and is a stable component

of the spinel lattice.

.. . . ., 4+ .
(iii) A gradual increase in the Tl4 content which probably

4+ 3+

. . + . 3+
reflects the coupled substitution Fe%-Tl for Al- Cr
In contrast compositional variation attributable to

subsolidus reactions of spinel in the form

Plagioclase + olivine + chromite = Al-enriched
chromite + liquid
has been described by Henderson (1975) and these "Al
enrichment trends" in the Rhum layered series.chromites
are presented in Fig. 6.12. 1In addition Henderson (1975)
recognised an "Fgfenrichment trend" (see Fig. 6.12) which
he attributed to reaction of cumulus chromite with inter-

cumulus liquid over a large temperature range. This
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interpretation is consistent with the variation in spinel
composition with falling temperature in the data of Hill

and Roeder (1974) as discussed earlier (p.165 ).

Discussion

The spinels from the type 1 and type 2 picrite and
the aluminous spinel from the Rhum lavas undoubtedly
crystallised from a mafiec liquid yet they lie outside
the field of stratiform spinels in Fig. 6.13. One possible
explanation of this anomalous behaviour is that these
spinels crystallised at greater pressures than the spinels
in stratiform intrusions. The variation of spinel
compositions as a function of pressure has not yet been
studied. However, Hill and Roeder (1974) suggest that
the solubility of Cr wiil increase with increasing pressure.
This increase in the solubility of Cr will probably result
in a lower Cr/Cr+Al ratio inAspinels crystallising at
higher pressure providing the oxygen fugacity of the melt
(which controls the activity of Fe3+) is low. A high
pressure origin has also been proposed for aluminous spinel
phenocrysts in ocean floor basalts (Ridley et al. 1974).
Interpretation of the differences between the spinels from the
type 1 and type 2 picrites and the Rhum_lavas is speculative
but one possibility is that the host magma of the latter

contained less Cr than the picritic magmas.
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It could be argued that these low Cr/Cr+Al ratios
in the spinels from the picrites and the Rhum lavas are
a result of reaction with the melt, but Ridley (1977)
demonstrated that reactions of this type will increase
the Cr/Cr+Al ratio but will also increase the Fe3+, Fe2+
and Ti4+ contents and the latter are low in these spinels.
The subsolidus reactions described by Henderson (1975)
do increase the Cr/Cr+Al ratio without altering the Fe3+
content but subsolidus reactions are likely to have been
minimal in these rapidly cooled bodies.

The primary compositions of spinels in the layered
series peridotites have been shown to vary sympathetically
with cryptic variation exhibited by the other phases in
the layered peridotites (Dunham and Wadsworth 1978). The
compositional variation of-the layered peridotite spinels
in Figs. 6.12 and 6.13 is probably a function of their
temperature dependence and related changes in the activities
and solubility of Cr, Al and Fe3+ in the melt. Note,
however, the high Fe3+ and Fe2+ contents of two of these
spinels in Fig. 6.11 and 6.12 suggesting that these spinels
were not totally enclosed by olivine in three dimensions,

The similarity of the spinels in the peridotite
plugs when comparéd with the layered series peridotites
suggests that they may have a common origin. The

dissimilarity of these spinels with those from the picrites
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and in the Rhum lava specimen SR157 indicates that these
picrites and this Rhum lava are not suitable parent
magmas for the Rhum layered intrusion.

The origin of the spinel compositions in 77024, 77039,
77184 and 32A76 are problematic as only limited data is
available. The similarity'of one of the spinel phenocrysts
in 77039 to the spinels from the type 1 picrites was noted
previously. This contfasts with the other Fe3+, Ti4+ rich
spinel in 77039, this variation is probably attributable to
the reaction relatioﬁships described by Ridley (1977) or
may reflect the presence of two generations of spinel
phenocryst in this rock. The variation in the spinel
chemistry in 32A76 is probably a result of the reaction
of a Cr-bearing spinel with the melt. The spinels from
77184 and 77024 subparallel the spinel reaction trend
defined by Ridley (1977). The former have more Fe3+ than
the spinels from the picrites and the peridotic plug which
may be a function of higher initial Fe3+ with subéequent

. . + . .
incorporation of more Fe3 by reaction with the melt.

Iron-titanium oxides

Iron-titanium oxides are .. ubiquitous minerals in the
Rhum minor intrusions other than the group 1 picrites.
They occur as discréte grains of exsolved ilmenite and

magnetite suggesting that they originally crystallised



as homogeneous titanomagnetites which have re-equilibrated
at lower temperatures. Their small size and the presence
of very fine exsolution lamellae has led to severe
analytical problems. Several of the analyses in Appendix
6.2 contain appreciable Si02 (up to 7V 3.0 wt%) which may
be due to the incorporation of small quantities of
silicate phases adjacent to the iron titanium oxides.

In addition several of the analyses do not give totals
within an acceptable range (98.5-100.5%) when recalculated
on a stoichiometric basis. Both these features are
considered to be due to slight movements of the electron
beam during analysis which has resulted in poor quality
data. Because of these difficuties only limited chemical
data on minerals of this composition have been obtained
during this study. These confirm in a qualitative manner
the composition of the opagque minerals in the Rhum minor
intrusions but are not of a sufficiently high standard to

merit quantitative treatment.

OLIVINES

Fresh olivine is only found in the group 1 picrites
and the peridotite plugs, consequently only limited chemical
data are available. The majority of these analyses are of
phenocrysts as most of the groundmass olivines in group 1

are either altered or extremel§ small making them
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unsuitable for analysis. The NiO, Ca0 and MnO contents
of the analysed olivines have been plotted against Fo
content in Fig. 6.14. The most striking feature of this
plot is the bimodal distribution of the Fo content of
the olivines, those from 77024 range Fo74-F077.5 the
remainder range from F684 - Fo88.5.

The olivines in the type 1 and type 2 picrites,
85A76 and the peridotite plugs occur as large granular
crystals in a matrix of plagioclase, clinopyroxene and
opaque oxides, an exception being the single groundmass
olivine in a type 2 picrite. The latter contains less
magnesium than the olivine phenocrysts in this specimen,
this reflects the temperature dependence of the Mg content
of olivines. The olivines from the peridotite plug show
limited variation in Mg content (7V Fo85) and all but one
of the type 1 and type 2 phenocryst olivines exhibit a
limited compositional range (Fo86-Fo088.5). These compo-
sitions are typical of high temperature olivine phenocrysts
in basaltic melts.

In contrast the olivine phenocrysts in 77024 occur
in various morphologies ranging from lattice and chain
olivines, through hopper olivines to granular olivines
(see Chapter 4, p. 97 ). Similar textures have been
described by Donaldson (1976) who showed that olivine

morphology in picritic and basalt magmas varies
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systematically with either the degree of supercooling of
the melt prior to olivine nucleation or the rate of
cooling of the melt or both. High degrees of supercooling‘
and rapid cooling rates favour formation of the lattice
and chain olivines and progressively lower degrees of
supercooling and lower rates of crystallisation produce
branched olivines, hopper olivines and granular olivines
respectively (Donaldson 1976, Fig.8). The limited
compositional range of the olivine phenocrysts of 77024
in Fig. 6.14 contrasts with the large variation in the
morphology of the olivine phenocrysts in this rock. Any
petrogenetic interpretation of the chemistry and olivine
textures in 77024 must take into account the following
features.
(1) The presence of a fine-grained chilled margin
containing abundant elongate olivine crystals.
(ii) The coexistence of a wide range of olivine
morphologies in the central facies of the dyke.
(iii)The limited compositional range (Fo74.8-F076.3)
exhibited by all but one of the olivine phenocrysts
in this dyke.
(iv) The high MgO content (~ 15.5 wt%) of the whole
rock analysis.
The elongate olivines will have been extremely fragile,

however, although some of these crystals are bent the
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vast majority have not been snapped or broken. This
suggests that these olivines crystallised more or less
in situ. It could be argued that the MgO content of
this rock is due to enrichment by the addition of
cumulus olivine. However, the granular olivines are
very similar in composition to more skeletal varieties
an exception being a single granular olivine with a
higher Fo content (Fo77.5 as opposed to Fo076.3). This
similarity in olivine composition. suggests all these
olivines are produced by isothermal crystallisation of
a supercooled MgO rich liquid. The olivine morphology
may also reflect rapid cooling rates and this is
supported by the presence of elongate chain and lattice
olivines in the chilled margin, but the absence of
extreme textures;(e.g. swallow-tail olivines, Donaldson
1976, Fig.8) suggests that the enclosing country rock
(peridotite) was still at relatively high temperatures
(ie. the chilled margin reflects the temperature
difference between the MgO-rich liquid (~ 12 00 oC*) and
consolidated peridotite (~ 9OOOC)),

To summarise, injection of a supercooled MgO-rich
liquid into hot consolidated peridotite resulted in the
in situ development of elongate lattice and chain olivines,
subsequent rapid, virtually isothermal crystallisation,

) *estimate based on the liquidus temperatures quoted by
Donaldson (1976).



produced branched, hopper and granular olivines
respectively, as the degree of supercooling approached
zero.

‘Having rapidly attained equilibrium, heat losses
to the enclosing peridotite resﬁlted in the magma
following a "more normal" crystallisation path with the
development of a fine—grained groundmass composed of
slightly lower temperature phases.

The olivines with Fo contents greater than Fo84 in
Fig. 6.14 generally have NiO contents ranging from 0.3 -
0.45 wt%, no systematic depletion in NiQO with decreasing
Fo content can be discerned in these samples. However,
the olivines in 77024 have significantly lower NiO (0.15-
0.20 wt%). This decrease in NiO with decreasing Fo
content is a typical feature of olivine compositions
(Simkin and Smith, 1970). Sato (1977) has shown that
the majority of mantle olivines contain 0.35-0.45 wt%
NiO, the high NiO contents (0.3-0.4 wt%) of the olivines
with Fo contents greater than 84.0 is probably due to a
high Ni content in their host magmas. The CaO content
of the olivines in Fig. 6.15 varies between 0.15 and
0.65 wt%, the majority of the olivines contain 0.3-0.4
wt% Ca0. The Ca0O content of magmatic olivines is thought
to decrease with increasing pressure (Simkin and Smith

1970). A more recent work by Ferguson (1978) related
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the Ca0 content of olivines to the Ca activity in tﬁe
melt and the dependence of the Ca0 contents of olivine
on the Ca0 content of the host magma has been shown
experimentally by Watson (1979a)., Ferguson (1978) also
suggested that the lower CaO content of olivines in
hypabyssal rocks, when compared with their extrusive
counterparts, was reflected in the ability of Cal0 to
diffuse out of the olivine lattice in the slower cooling
environment.

The MnO content of the forsteritic olivines varies
between 0.15 and 0.25 wt% and increases to approximately
0.60 wt% in the more iron-rich compositions. These are
similar to the values reported by Simkin and Smith (1970)
who also observed an increase in MnO with increasing iron
content.

The olivines in the Rhum layered series vary between
Fo78 and Fo88.5, In addition, they contain 0.17 to 0.40 wt%
NiO (Dunham and Wadsworth 1978) and thus their compositiqns
compare favourably with the olivines in the Rhum minor
intrusions (excluding those in 77024). The layered series
olivines contain less Ca0 (0.02-0.20 wt%, Dunham and
Wadsworth 1978) than the olivines in the Rhum minor
intrusions, the lower content of the former may reflect

the slower cooling rate of their plutonic environment.
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FELDSPARS

Chemical data for the feldspar minerals is only
available for some of the dolerite groups in the Rhum
minor intrusion suite, the limited data for the grdup-4
plagioclase is embodied in Appendix 6.2 but is not
discussed here. The dominant feldspar mineral is
plagioclase but K-feldspars are found in the alkaline
differentiates.

The variation of the plagioclase data in the
picritic group 1 rocks and the basic group 2 and 3 rocks
is presented in Fig. 6.15. There is a wide variation
in plagioclase composition (An80-An40) in the group 1
and 2 rocks. The sparse data for the group 3 rocks
indicate a more differentiated composition (An70-An45).
The overlap in compositions between the phenocrysts and
groundmass compositions in group 2 is also worthy of
note as it emphasises the compositional variability
within each of the dolerite groups.

The compositional heterogeneity of the feldspar
phenocrysts (An84-An88) is a feature of the group 7
plagioclases in Fig. 6.16,as is the separation of these
phenocrysts from the more sodic groundmass (An40). A wide
range of compositions are found in the group 8 rocks
(Fig. 6.17) the phenocrysts range from surprisingly

calcic compositions (these rocks are intermediate);
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however the groundmass plagioclases zone to An30.

The group 10 rocks exhibit an extremely wide range
of feldspar compositions from calcic phenocrysts in
77090 to coexisting albite and orthoclase in tﬁe
groundmass of 32A76 (Fig. 6.17). A less extreme range
from sodic plagioclase (An36) to orthoclase is
encountered in group 11 and the groundmass K-feldspars
in the group 12 specimen (77132) exhibit only minor

variation.
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Fig. 6.1 Clinopyroxenes in the Rhum dolerite suite,

trends developed by the Shiant Isles 8ill clinopyroxe
intrusion calcic augites (Brown 1957)
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Fig. 6.2 Al, Ti, Cr in the Rhum dolerite clinopyroxenes
plotted against Fe/Fe+Mg (all on the basis of
6 oxygens). Symbols as for Fig. 6.1 except
¢ = Group 11.
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Fig. 6.3 Na and Mn in the Rhum dolerite clinopyroxenes
plotted against Fe/Fe+Mg (all on the basis of
6 oxygens). Symbols as for Fig. 6.1 except
¢ = Group 1l1.
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Fig. 6.4 Al v. Ti in the dolerite groundmass pyroxenes,
ratios are the proportion of Ti substituted
relative to Al (all on the basis of 6 oxygens).

Key to symbols in Figs. 6.4 - 6.10

B Group 1 ® Group 8

vV Group>2 -® Group 9

O Group 3 ' @ Group 10

A Group 4 - Group 11
0 Group 7
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Fig.

6.5 Al v. Ti in the dolerite clinopyroxene phenocrysts,

ratios are the proportion of Ti substituted relative
to Al (all on a basis of 6 oxygens). Key to symbols
on p.186.
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. I . .
Fig. 6.8 AlIV v. Alv in the dolerite groundmass pyroxenes,
The fields of pyroxene in igneous rocks and in
basalts with granulites and inclusions are taken

from Aoki and Shiba (1973, Fig. 3). Key to symbols
on p.186.
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Fig. 6.9 AlIV v. AlVI in the dolerite phenocryst pyroxenes.
The fields of pyroxenes in igneous rocks and in
basalts with granulites and inclusions are taken

from Aoki and Shiba (1973, Fig.3). Key to symbols
on p.186.
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Fig. 6.10 Tectonic discriminant analysis of the
Rhum dolerite pyroxenes. The fields
for Within Plate Alkaline (WPA),
Within Plate Tholeiite (WPT), Volcanic
Arc Basalt (VAB) and Ocean Floor Basalt
(OFB) are taken from Nisbett and Pearce
(1977, Fig.l). The discriminant scores
on Functions 1 and 2 were obtained using
the functions listed in Nisbett and Pearce
(op.cit., Table 2). Key to symbols on
p.186. ‘
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Fig. 6.12 Al-Cr-Fe variation in Rhum Cr-spinels.

Key to symbols

O Type 1 Picrite (Gp.l) 1 77039 (Gp.2)
O Type 2 Picrite " —f 77184 (Gp.lO0)
O 85A76 (Gp.l) " ek 32276 (Gp.1l0)

© 77024 (Gp.l) "
V 77268 (Peridotite plug)

o Rhum layered peridotite spinels (Dunham
and Wadsworth, 1978, Tables IV and V).

Ul2—Ul2 Trend of variation exhibited by
layered peridotite spinels of the base
U8—U8 of units 8 and 12 (Henderson,1975,Fig.1l1l).

SR157—0-—0— Spinel variation in the Rhum Lava specimen
SR157, Ridley 1971, Table 2; circles mark
individual data points and the arrow
indicates the direction of zoning from core
to margin.
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Fig. 6.13 Mg/Mg+Fe v. Cr/Cr+Al variation in Rhum
Cr-spinels. The fields of spinels in
stratiform intrusions and in alpine
peridotites are taken from Greenbaum
(1977, Fig.l5). Symbols as in Fig. 6.12.
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Fig. 6.16 NiO, Ca0 and MnO variation plotted against Mg/Mg+Fe
variation in Rhum minor intrusion olivines. Open
symbols are phenocrysts, closed symbols groundmass.
Key to symbols

O Type 1 picrite (Group 1) A 77024 (Group 1)
O Type 2 picrite (Group 1) O 85A76 (Group 1)

V 77268 (Peridotite plug)
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Gp1 Gp2 Gp3

Fig. 6.15 Plagioclase variations in dolerite
groups 1-3. Closed symbols phenocrysts,
open symbols groundmass.
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Gp7 Gp8 Gp9

Fig. 6.16 Plagioclase variations in dolerite
groups 7-9, closed symboOls phenocrysts.
open symbols groundmass.
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1 2 3 4 5

Specimen 7726804 7726805 7726806 9698 DB

SiO2 50.36 50,98 51.34 51.46 51.78
TiO2 0.56 0.55 0.56 0,50 0.30
A1203 4.02 3,77 3.71 3.17 3.12
Cr203 l.40 - 1.32 1.29 0.61 0.68
FeO 4.40 4.45 4,50 5.48 4.14
MnO 0.28 0,17 0.17 - -
MgO 16.34 16.09 16.39 15.63 16.63
Cao 21.40 21.38 21.69 23.09 23.00
Na20 0,27 0.33 0.30 - -
wt % NiO 0.07 0,09 0.04 - -
Total 98.84 99.12 99.99 99.94 99.65
Fe 7.22 7.35 7.36 8,71 6,55
Mg 47,78 47.37 47,79 44.27 46.86
Ca 45,00 45,27 44 .84 47,02 46.60
Mg No 86 .88 86,56 86.65 83.56 87.74

Table 6.1 Pyroxenes in the peridotite plugs and in the
layered series peridotites.

Numbers 1 to 3 Pyroxenes from peridotite plug
(this study)

Numbers 4 and 5 Average analyses of selected
cumulus pyroxenes from the Western Layered Series
(Dunham and Wadsworth 1978 Table V1)

Mg No = Mg/Mg + Fe
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CHAPTER SEVEN

GEOCHEMICAL VARIATION AND PETROGENESIS
Introduction

This chapter deals with the geochemical variation
exhibited by the Rhum minor intrusion suite and con-
siders the various factors which have produced this
compositional variation. A brief assessment of the
effects of alteration on the geochemistry of the suite
is presented in the first section. The subsequent
sections consider in detail the geochemistry of the
ultrabasic, basic, intermediate and acid rocks respect-
ively and a petrogenetic synthesis is presented in
section five.

The analytical procedures used to determine the
major oxide and trace element abundances are described
in Appendix 7.1 and the analyses of all the minor
intrusions are presented in Appendix 7.2. 1In order to
reduce overcrowding on the variation diagrams presented
in‘this chapter, a representative set of the freshest
aphyric analyses was selected for each group, these

analyses are denoted with an asterisk in Appendix 7.2,

I. An assessment of the affects of alteration
Most geochemical studies of igneous rocks are

based on the underlying assumption that the major oxide
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and trace element abundances observed in the analysed
rock are equivalent to the abundance of these bxides

and elements in the original magma; however, petrographic
studies reveal that most terrestrial igneous rocks have
unaergone varying amounts of post-solidification changes
(alteration).

In order to discuss magmatic effects, it is. necessary
to first assess and then minimise the effects of alter-
ation. This problem may be tackled in several ways.

The most obvious solution is to use extremely fresh
material for analysis. However, this may not always be
possible as this extremely fresh material may not be
sufficiently representative of the chemical variation
exhibited by the igneous rock suite.

Various procedures have been recommended to reduce
alteration effects. Irvine and  Baragar (1971) recognised
that the H,0, CO, and 0, content of most apélyses were
unlikely to represent those of the original magma and
recommended that analyses should be normalised to 100%
volatile free. It has also been recognised that oxid-
ation of a rock during alteration will cagse the Fe203/
FeO ratio to déviate significantly from the magmatic
ratio (Irvine and Baragar 1971, Thompson, et al.,

1972, Brooks 1976, Clarke and O'Hara 1979). The

Fe203/Fe0 ratio of a rock is of considerable importance



in determining the proportions of Ne or Hy in C.I.P.W.
normative calculations. The Fe203/FeO ratio is also
critical in the calculations involving the FeO and MgO
distribution coefficients between olivine and magma and
thus merits attention. The problem is best illustrated
by focusing attention on a single analysis and determining
the various Fe203 and FeO values recommended by the various
authors. The procedures adopted are as follows:

(i) Wt% Fe_ O, = wt% TiO_, + 1.5 (Irvine and Baragar 1971;.

2 3 2

(ii) wWt% Fe203 = 1,5 if Na20 + K20 < 4.0 wt% (Thompson,
et al,, 1972).
(iii) Fe203/FeO = 0.15 (Brooks 1976).

(iv) Fe203/Fe203 + FeO = 1.5 (Clarke and O'Hara 1979).

The results are expressed in Table 7.1. Estimated values

for Fe203 range between 1.45 and 2.88 and the Fe203/FeO

ratios vary between 9,150 and 0.344. On the basis of

these calculations the consensus of opinion would

estimate Fe203/FeO ratios of 0.15 to 0.18 in basic magmas.
At an early stage in this study, a Fe203/Fe o ratio

of 0.25 was adopted on the basis of the discussion of

iron oxidation states in Johannesson (1975, p.136) and

this value was used in the subsequent normative calculations.

The evidence presented above would suggest that a lower

Fe203/FeO value would have been more acceptable. This

would have the effect of moving the hypersthene normative

210



specimens in Fig. 3.2 and Fig. 3.3 towards the critical
under

plane of silica1§aturation and moving the nepheline
normative specimens away from this plane giving the suite
a slightly more alkaline character. It does not, however,
effect the conclusions in Chapter 3 concerning the trans-
itional nature of the suite as the Discriminant Function
Analysis procedure operated on total iron in a single
oxidation state (Appendix 3.2).

The Fe203/FeO ratio is also important in assessing
the molar concentration of FeO ( XFeO) for use ih

calculations involving the distribution coefficient (Kd)

of XFeO and XMgO between olivine and magma in the form

_ FeO g0

K = X5 . Xig
M0 JFeO

01 lig

The theoretical composition of the liquidus olivines in
equilibrium with 54A76 have been calculated using the
estimated XFeO derived in Table 7.1 and a Kd value of
0.30 (Roeder and Emslie l970)lthe results are presented
in Table 7.1 and reveal olivine compositions ranging
F090.14-F091.33, thus illustrating the dependance of the

calculated olivine composition on the assumed Fe 03/Fe0

2

ratio.

The main conclusions that can be made from this survey

21
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are, firstly, there is at present no agreement on the

precise Fe 03/Fe0 ratio applicable to basic magmas,

2

and secondly that conclusions based upon assumed or

estimated Fe203/FeO ratios (eg. the transitional nature

of the Rhum Suite based on normative parame#ers) should be

be independently checked by'alternative procedures when possible.
Normalisation of an analysis to 100%

volatile free with a fixed Fe203/FeO ratio actually

alters the values quoted in an original rock énalysis in

an attempt to reduce the effects of alteration when

discussing magmatic processes. A complimentary approach

is to assess the mobility of a major oxide or trace
element during an alteration process, thus giving an
indication of its reliability as a petrologic tool.
Several different types of alteration process have
been recognised. They can operate simultaneously or
independently and each process induces a different geo-
chemical effect. The three main types are:
(i) Weathering
(ii) Hydrothermal alteration caused by the circulation
of groundwater in convection systems around
magma chambers. |
(iii) Zeolitisation attributed to circulation of
alkaline solutions in basaltic lava piles.

" The effects of weathering on the geochemistry of the rocks




presented in this study were reduced to a ﬁinimum

during the sample preparation (Appendix 7.1) as

considerable efforts were made to use unweathered
material. Amygdaloidal zeolites are not common in the

Rhum dolerites but interstitial zeolites are locally

abundant in several of the low MgO gabbros. This

suggests that zeolitisation has not had a profound
effect on the chemistry of the dolerites but may be
more important in the low MgO gabbros.

The diagnostic petrographic features of hydro-
thermal alteration have been outlined by Morriéon (1978)
who recognised three stages:

1) Alteration of olivine to serpentine, chlorite and
iron oxides.

2) Albitisation of plagioclase with patchy development
of calcite and epidote and re-equilibration of the
titanomagnetite to Fe-Ti oxides and sphene.

3) Total re-equilibration of the igneous mineralogy to
a quartz-chlorite-albite-amphibole-sphene-epidote
assemblage.

Although many of the Rhum minor intrusions have suffered

breakdown of olivine to serpentine-chlorite mixtures

(see Chapter 4 ) development of albitised plagioclase,

sphene and epidote is not common. None of the specimens
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have suffered total re-equilibration of their igneous
mineralogy.

The composition of the basalt suffering alteration
is important as this affects the location of certain
elements within the rock matrix (Humphris et al., 1978).
The siliceous'interstitial glass in tholeiite basalts
is metastable and is susceptible to change during zeo-
litisation or hydrothermal alteration. Consequently,
element mobility in tholeiitic basalts is greater than
element mobility in transitional and alkaline basalts
(Humphris et al., 1978, Morrison, 1978).

Studies of element mobility in subaerial and sub-

marine basalts has shown that TioQ_., P Nb, Zr and Y

2* F3%:-
aremmobile in basalts which have suffered moderate
hydrothermal alteration and/or zeolitisation and are
only slightly mobile in extreme cases (Pearce and Cann
1971, 1973; Hermann et al.,, 1974; Smith and Smith 1976,
Ridley et al., 1974, Floyd and Winchester, 1975; Wood
et al., 1976; Morrison, 1978). 1In addition A1203 and Cr
are also considered to bé stable under alteration
(Pearce and Flower, 1976; Humphris and Thompson, 1978).
o 293 K0, Sr, Ba and Rb
have been shown to mobile (Smith and Smith 1976, Ridley

Sio MgO, ca0, FeO, Fe

et al., 1974; Wood et al., 1976; Humphris and Thompson, 1978;

Humphris et al., 1978; Morrison, 1978). However, the degree
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of mobility is dependent on several factors (eg. basalt
composition, type of alteratioh,}degree of alteration).
Of the cited studies it is the works of Wood et al.
(1976 ), Morrison (1978) and Humphris et al. (1978)
which are most relevant to this study as these authors
have assessed element mobility under non-spilitic alter-
ation conditions. The conclusions that can be drawn
from these studies are that SiO_, MgO and Rb may have

2

been mobile and that K20, Sr and Ba probably were mobile
during the hydrothermal alteration of the Rhum minor

intrusions. However, it should be borne in mind that

the transitional nature of many of these Rhum rocks

probably makes them less prone to chemical change than
tholeiitic basalts. One effect which has not yet been
assessed,but may be relevant to any subsequent studies of
element mobility,is that hydrothermal effects are most
pervasive in the gabbros, suggesting that the grainsize
of a rock may also determine its susceptibility to hydro-
thermal alteration. Specimens which exhibit features

" attributable to mild thermal metamorphism (blackening of
the feldspars, clinopyroxenes and olivines by exsolved

- opague oxides) have not been used to illustrate geochemical

variation wher—ever possible.
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summary
The effects of postmagmatic alteration on the geo-
chemiétry of the Rhum minor intrusions has been minimised
by:
(i) Removing all weathered surfaces from specimens
prior to analysis and discarding dolerite specimens
in which albitisation of the plagioclase has
occurred.
(ii) Using analyses normalised to 100% volatile free
with a fixed Fe203/FeO oxidation ratio where

appropriate (a corollary of the analytical

technique employed in this department).

(iii)cautious interpretation of the variation exhibited

by the K. O, Sr, Rb and Ba data. The large variation

2

exhibited by the SiO_, and MgO data is judged to

2

reflect large primary variations which have only
been slightly effected by secondary'processes (ie.

the trends developed by the SiO_ and MgO data are

2

a primary feature in which secondary alteration

has produced scatter around the original trend).
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II. Basic and Ultrabasic rocks

Introduction

This section describes the geochemical variation
exhibited by the dolerite groups 1 to 7 and attention
is also focussed on the gabbroic rocks, although only
the geochemistry of the high MgO gabbros is considered
in detail. The group 7 rocks contain abundant plagio-
clase phenocrysts and consequently do not approximate
liquid compositions and have not been represented
on the variation diagrams. The group 1 picrites exhibit
various quantities of modal phenocrystic olivine
(ranging 1-50%) . However, the specimens with abundant
phenocrystic olivine have been included on several of
the diagrams as they highlight certain geochemical features.
The MgO content of rocks believed to have occurred as

ultrabasic liquids on Rhum is discussed later. (p. 251)
/ ‘

a) Groups 1 to 4

That magnesian olivine has played a considerable
but not exclusive part in the geochemical variation of
Groups 1, 2 and 3 is clear from Fig. 7.1 in that high
MgO rocks show a systematic decrease in MgO with
increasing iron enrichment. The olivine control line
for the Kilsuean 1959 summit eruption is also represented

on Fig. 7.1. The various MgO and Fe20§ contents of the

*total iron as Fey05
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magmas defining this line are attributed solely to the
varying abundance of phenocryétic magnesian olivine (Fo83)
in these lavas (Gunn 1971, Murata and Richter 1966) and
the data points defining this line all fall very close

to it. This would suggest that olivine control is the
only feature contributing to the trends of groups 1, 2

and 3 in Fig. 7.1.

However, reference to Fig. 7.2 reveals that there is
considerable variation in Fezog for a given MgO content.
The Kilaveanl959 olivine control line is alsd represented

in Fig. 7.2 and once again the points defining this
control line fall very close to it. The spread of tﬁe
data points of groups 1 to 3 on Fig. 7.2 suggests that
the geochemical variation of MgO and Fe20§ in these
rocks is not attributable to olivine fractionation alone.

Three different types of picritic magmas were defined
on petrographical'gfounds (Chapter 4, p. 94A) and this
discrimination is substantiated geochemically. For
example, the three picritic types are characterised
by differing Ni contents for a given MgO value (Fig;7.3)
in addition the Type 1 and Type 2 piérites can be.
differentiated by comparison of their Ni/Cr ratios, the
former generally contain more Ni for a given Cr value .

(Fig. 7.4). The picrite specimen 77024 does not conform

geochemically, with any of the picrites types (note, for
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ekample, the exceedingly high Ni values in Fig. 7.3)
‘and thus must be viewed as an independent magma type.
This internal geochemical variation in the group 1
picrifes further supports the conclusion that olivine
fractionation alone (or with Cr spinel) cannot account
for the spread of Fe 0¥ values in the group 1 magmas.

2°3
The variation of the A120 and CaO contents of the

3
dolerite groups l-4 relative to MgO can be seen in
Fig. 7.5 and Fig. 7.6. 1In general, the group 1 rocks
show systematic increases in both A1203 and CaO with
decreasing MgO. A systematic increase in CaO with
decreasing MgO is also a feature of the group 2 rocks
and despite the scatter of the data points a general

increase of Al 03 with decreasing MgO can be discerned

2
in the group 2 rocks plotted on Fig. 7.5. The A1203

and CaO contents of groups 3 and 4 show little systematic
variation with MgO, indeed the group 4 rocks exhibit widely

varying A120 contents for a given MgO content. However,

3
close examination of the group 4 data reveals that the
rogks with lower MgO values generally possess lower CaO
contents. The group 3 rocks exhibit greater geochemical
'homogeneity than group 4 - this is a clear feature in
Fig. 7.5 and Fig. 7.6 and also in Fig. 7.2. In the

latter variation diagram the group 4 rocks exhibit a

systematic increase in Fezo§ with decreasing MgO.
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Having established the relationships between the

* Al_O_, and CaO contents of groups 1,

MgO and the Fe203, 50,

2, 3 and 4 it is useful to characterise their A1203 and

Ca0 variation relative to their iron enrichment (Fe20§/

Fe_ 0 ¥+ MgO) ratios. The CaO contents of the group 1

203
rocks show systematic linear increases with increasing
iron enrichment in Fig. 7.7. Herver, only a general
non-linear increase in Aly03 can be discerned .in

Fig. 7.8 emphasising once again that there are séveral
different magma types represented in group 1. The
group 2, 3 and 4 rocks exhibit a range of CaO and A1203

values for a given iron enrichment ratio in Fig. 7.7

and Fig. 7.8 respectively. However, viewed as a whole
these basic rocks exhibit a fairly constant range of
ca0 and A1203 contents over a wide range of iron enrich-
ment values (approximately 0.45 to 0.625); with a slight
decrease in the CaO and A1203 contents when the iron:
enrichment ratio exceeds 0.625.
The principal geochemical features described above
can be summarised thus:
(1) The group 1 rocks and the group 2 rocks possess
internal variation in cao, A1203 and Fezojiwhich
cannot be explained by olivine fractionation alone.

The group 2 rocks occasionally contain plagioclase macro-

phenocrysts (Chapter 4, Table 4.1) but these are
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not encountéred in the group 1 rocks. Thus, whilst
plagioclase may be responsible for some of the
compositional variation in group 2, the CaO and
A1203 variation in group 1 qan be explained only by
invoking control by the phases plagioclase and/ér
aluminous clinopyroxene neither of which are found
as phenocryst phases in this group. The variation
of Fezog values for a given MgO content in Fig. 7.2
can only be attributed to an iron bearing phase
other than olivine , possibly pyroxene.

(ii) The group 4 rocks show a systematic decrease in

MgO with increasing Fezog which cannot be explained

by fractionation of forsteritic olivine (Fig. 7.1
and 7.2), thus it is necessary.to invoke control by
either a less magnesian olivine or control by MgO
in pyroxene. It is difficult to explain the sharp
change in slope between the MgO rich groups 1 - 3 ,
and the group 4 rocks in Fig. 7.1 by change in
olivine composition alone; thus, pyroxene control
over the group 4 trend appears reasonable. However,
the petrographic data presentea in Table 4.1 shows
clinopyroxene is a rare phenocryst phase in the
group 4 rocks and orthopyroxene is absent.

(iii) The group 3 and 4 rocks possess an egsentially

constant range of CaQ and A1203 values over a wide
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range of iron enrichment ratios (Figs. 7.7 and 7.8).
This relationship precludes orthopyroxene control

as this would increase the CaO values with increasing
iron enrichment. Extensive plagioclase fractionation

would cause A1203 and Ca0 depletion whilst holding

the iron enrichment ratio constant, thus plagioclase
control can explain some of the variation of CaO

and A1203 perpendicular to the trend but cannot explain

the trend itself. The Ca0 and A120 depletion in

3

the group 4 rocks with iron enrichment ratios greater
than 0.625 is possibly attributable to plagioclase

fractionation.

The plot of CaO against the CaO/Alzo (Fig. 7.9)

3

shows that the CaO/A1203 ratio in the group 2, 3 and 4

rocks decreases systematically with decreasing CaO. This

trend results from depletion of both Ca0 and A1203 with cao

being more rapidly depleted than A1203. This relationship also
precludes extensive calcic plagioclase control over the

A1203 and Ca0 levels in theseé rocks, as plagioclase contains

more A1203 than Ca0. The group 1 picrites also show a

systematic relationship between Ca0O and A1203. In this

latter trend CaO depletion relative to A120 is less

3
marked. A range of plagioclase compositions have been

plotted in Fig. 7.9 and indicate that plagioclase can

account for the scatter across the trend but cannot account
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for the trend itself.

Fig. 7.10 plots Ca0 against A120 for groups 2 to 4,

3
despite the scatter a general increase in A1203 with
decreasing Ca0O can be discerned. The points X1 and X2

on Fig. 7.10 are the calculated residual liquid compositions

following 25% subtraction of a calcic pyroxene (Ca0 = 20%,

A1203

2%) and an aluminous calcic pyroxene (CaO = 20%,

Al

2O3 10%) respectively from the high lime liquid X.

The slight Al O3 enrichment with decreasing CaO can thus

2
be best explained by aluminous clinopyroxene control.

The point X3 is the calculated residual liéuid composition
after subtraction of 20% plagioclasé (An76) from the high
lime liquid and illustrates that calcic plagioclase alone
cannot control the observed trend. It is possible that
the trend developed in Fig. 7.10 is ﬁhe result of the
joint influence of both plagioclase and a diopsidic

pyroxene. The general increase in Na_O, Sr and Ba with

2
decreasing CaO in the group 2-4 rocks implies that plagio-
clase has not played a significant role in their genesis,
consequently it is suggested that the trend in Fig. 7.10
is largely the result of aluminous clinopyroxene control.
The group 4 rocks with approximately 9-10 wt% CaO and

13.5 wt% A1203, are A1203 depleted when compared with
other rocks with similar Caovcontents. This suggests

that plagioclase has played a role in the genesis of the

former.
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The coﬁpositions of diopside and the compositional
range of the sparse clinopyroxene phenocrysts occurring
in groups 3 and 4 along with the projected trend for
groups 2 to 4 have been plotted in the inset of
Fig. 7.9, The depletion in CaO suggests that
the controlling phase was a Ca-rich clinopyroxene as
Ca0O-poor clinopyroxenes (with Ca0O approximately 13-14
wt% Ca0) would not produce marked Ca0O depletion. However,
the Ca-rich clinopyroxene phenocrysts plotted in Fig. 7.9
and 7.10 contain insufficient A1203 to produce the

observed trends. A suitable clinopyroxene would contain

18-20 wt% Ca0 and 8-10 wt% Al,0 Pyroxenes with this

3

sort of composition have been recorded in plutonic nodules

occurring in alkali basalts (e.g. Binns et al., 1970).

The increase in Fe203* with limited MgO depletion

exhibited by the group 4 rocks (Fig. 7.2) indicates that

this controlling pyroxene probably had a high MgO/FeO ratio.
Some of the trace element data for groups 1 to 4 is

presented in Fig. 7.11 and the major oxides Kzo and TiO2

are plotted against Zr in Fig. 7.12. The group 1 rocks

are characterisedlby low abundances of Zr, Nb.and Ba but

Sr can reach the 300ppm levels K20 and TiO2 are generally

low. The groups 2 to 4 rocks exhibit systematic increases

in Nb and Y with increasing Zr, Ba is generally low but

increases to the 500ppm level in some of the group 4 rocks.
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Sr and TiO2 shows a somewhat scattered but general
increase with increasing Zr, KZO is generally low in all the

basic rocks. The K20 content of the nepheline-normative

2O is generally

members of group 4 are anomalous in that K
lower than in the hypersthene normative specimens, this
is also a feature of the Skye Main Lava series basalts

(Thompson et al. 1972) and a possible explanation is

discussed later.

b) Groups 5 and 6
Introduction

It was suggested in Chapter 5 (p.135) that the Rhum
dolerite groups 5 and 6 (and by inference the Rhum lavas)
postdate the mantle partial melting event which gave rise
to the Rhum Central Complex and its associated minor
intrusion suite. This suggestion.is based on five main
lines of evidence which are:
(1) The similarity of groﬁps 5 and 6 to the Preshal
Mhor and the Main Lava Series magma types of Skye
respectively (Mattey et al. 1977, Thompson et al. 1972)
and their dissimilarity to the magma types in the Rhum
Minor Intrusion Suite.
(ii) The dissimilarity of the Rhum lavas énd the Rhum

minor intrusion suite.



(iii)The extensive time interval represented by the
conglomerates underlying and interbedded with the Rhum
Lava succession.

(iv) The relative ages of Rhum and Skye deduced from
both geological and geophysical evidence (p. 235).

(v) The disposition of the group 5 and 6 dykes relative

to the Skye dyke swarm.

Before comparing groups 5 and 6 with the basic

magmas of Skye it is necessary to discuss the term
 "magma type" in its Hebridean context. Three magma

types have been recognised on Skye and'have been referred
to as the Skye Main Lava Series magma types, the Fairy
Bridge magma type and the Preshal Mhor magma type (Mattey
et al. 1977). These authors noted that there was
considerable geochemical variation within each type.

but showed that each possessed a distinctive (and there-
fore diagnostic) geochemicai fingerprint. Whilst
recognising the overall geochemical similarity of the
Preshal Mhor magma.type to low alkali —high calcium
‘olivine fholeiite magmas in the Mull dyke swarm, these
authors were deterred from grouping the Mull and Skye
dykes of similar overall chgmistry into a single overall

magma type because they considered it possible that the

Mull dykes were not chemically identical to those on Skye.

In a more recent review, Thompson (1978) has further

226
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emphasised this point and states that:

"It méy be most satisfactory at present to treat
each geographically-distinct igneous suite as a separate
local magma type and postpone the Province-wide correlation
of these until adequate data are available". It is
evident that, despite their similarities, each of the
Tertiary centres in Northwest Scotland and Northern
Ireland, is in many respects unique, therefore it is
reasonable to suggest (as Mattey et al. 1977 and Thompson
1978 have done) that each centre may possess magma types
unique to that centre; however, there is a current trend

in the research on these Tertiary Central Complexes to

equate any refractory basalt compésition with the Preshal
Mhor magma type of Skye (eg. Skelhorn et al. 1979, Gamble
1979). It will be shown later that refractory basalt
magmas do occur on Rhum but cannot be equated with the
Preshal Mhor magma types as defined by Mattey et al. 1977.
It is suggested that research workers follow the philosophy
outlined by Thompson (1978) and treat each centre as an
individual entity rather than invoking tﬁe Skye magma
succéssion as the "norm" (as done by Gamble 1979) and
assess in detail the relationships of the magmas within
each complex before making sweeping comparisons with

other centres.
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The chemical analyses of all the group 5 dolerites
are presented in Table 7.2 along with an average analysis
and the range of the major oxides and trace elements of
the Preshal Mhor magma type and the refractory magmas
found on Rhum. The diagnostic features of the Preshal

Mhor magma type (Mattey et al. 1977) are:

(1) ca0 > 11.00 wt%.
(ii) Low Na20, KZO' T102, P205, Nb, Zr and Y

abundances.

(iii)Distinctive Ti/Y and Zr/Y ratios.

Visual inspection of the analyses reveals that the major
oxides and trace element abundances of group 5 dykes all
lie with the range of values present in the Preshal Mhor
magma type and the values quoted in the group 5 specimens
closely resemble the average quoted values of 15 represent-
ative Preshal Mhor magma type analyses. An exception to
this is the K20 abundance in the group 5 dolerites which
is consistently lower than the average Preshal Mhor magma
type value. The diagnostic Ti/Y and Y/Z2r ratios of the
group S5 specimens also lie within the ranges quoted for
the Preshal-Mhor magma type. It has béen suggested by

Sun et al. (1979) that 2r and TiO, approximate middle REE

2
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in behaviour and Y approximates heavy REE in behaviour.
These characteristic ratios are thus a function of source
composition and more importantly the depth and degree of
partial melting thus explaining the importance which
Mattey et al. (1977) place on these parameters. Inspection
of the gabbro analyses presented in Table 7.2 reveals

that refractory basalt magmas do occur on Rhum and are

0, K_.0, Tio_, Zr and Y

characterised by Cao, Na2 5 5 P205,
abundances similar to the Preshal Mhor magma type.
However, all but one of these gabbros possess Ti/Zr
ratios outside the diagnostic values for the Preshal Mhor
magma type and all but one have ¥Y/Zr ratios distinctly
lower than those found in the Skye magmas. Thus, the
group 5 dykes are extremely similar, if not identical to
the Preshal Mhor magma type of Skye but are dissimilar £o
the Rhum refréctory basalt fypes. When éompared with
other dolerites in the Rhum suite, group 5 are character-
ised by higher AJ_ZO3 and by much lower MgO and Ni values
than other olivine phyric dolerites.

The group 6 dolerites are chemically heterogeneous,
although three of the specimens are very similar (and
may be sampled from the same dyke, see p. 297). An
average of these has been presented along with other

group 6 dolerites and some Skye Main Lava series analyses

in Table 7.3. One of the specimens (SR211l) is slightly
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nepheline normative, the remainder are hypersthene
normative.

The group 6 dolerites are only found cutting the
Rhum Lavas. They are geochemically distinct from the
other Rhum dolerites in that all the group 6 dykes have
low MgO, Ni and Cr and higher Nazo, In addition, SR211

is characterised by much higher Al 03'than usually found

2
in Rhum basic magmas (cf. group>5); SR141 and the average
analysis of SR159, SR182 and SR282 (analysis 7, Table 7.3)

have distinctly higher K_O, Ba and Rb than other members

2
of the Rhum dolerite suite. They compare more favourably
with some of the low MgO gabbros (eg. 77261) but the
latter have suffered fairly extensive hydrothermal
alteration whereas all but one of group 6 (SR14l) are
exceedingly fresh.

It is not possible to correlate group 6 with basic
magmas from Skye with the same degree of certainty as
group 5 because only limited trace element data for the
Skye Main Lava Series have béen published. However,
inspection of the analysed Skye Main Lava Series
(Thompson et al. 1972) supplemented with analyses supplied
by I. Williamson (unpublished data) has revealed analyses
of the Skye Main Lava Series basalts comparable to the

Rhum group 6 dolerites. The similarity of SR211 and SK291

(Table 7.3) is quite striking and SK932 and SK280 are also



quite similar. Analysis 7 (Table 7.3) comparés
favourably with 751218 and SK956. The similarity of
SR141 to 751201B is less convincing in that

Fe_ O, in SR141 is slightly higher, TiO, is considerably

273 2

higher and K_O is appreciably lower, however the overall

2
impression is that group 6 compare favourably with the
Skye Main Lava Series and are dissimilar to the remainder
of the Rhum Minor intrusion suite.

The relationships between the Rhum Lavas and the
Rhum minor intrusion suite are discussed more fully in
Chapter 8. The main conclusion that can be drawn from a
comparison of the Rhum lavas and the Rhum minor intrusions
is they are geochemically dissimilar, as the high MgO, cCaoO,
Ni and Cr fingerprint of the basic minor intrusions cannot
be discerned in the basic lavas.

The conglomerates underlying and interbedded with
the Rhum Lava succession contain abundant examples of
all the rock types represented in the Rhum Central Complex
(Chapter 1, p. 11 ). The common occurrencé of allivalite
clasts confirms that the central complex was unroofed
prior to the eruption of the lavas. Petrographic exam-
ination of some of the dolerite cobbles has shown (as
expected) that specimens of the Rhum dolerite suite also
occur in these conglomerates. Specimen SR140/3 is petro-

graphically identical to some of the petrographically
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distinctive big feldspar dolerites (eg. 77047, 77258)

and the mildly plagioclase-clinopyroxene phyric specimen
79012 is petrographically similar to some of the group 8
specimens. These relationships indicate that the cover

over the central complex and its associated minor intrusions
was removed by erosion during the Tertiary, postdating the
emplacement of the layered ultrabasic rocks and predating
the eruption of the lavas.

It is suggested here that the period of time represented
by the layered ultrabasic emplacement-lava eruption interval
was long enough to allow extinction of the Rhum partial
melting event. The actual duration of this time interval
can only be assessed unequivocally by radiometric dating,
however a more qualitative approach can be made by
analogy with the erosion rates encountered in more recent
volcanoes which have been radiometrically dated.

Erosion rates are dependent on two main factors,
firstly lithology and secondly climatic conditions. It is
difficult to estimate the thickness of the strata originally
overlying the Rhum central complex but the presence of
inverted tridymite in some of the partially melted
Torridonian sediments puts an upper limit in the region
of 3.0 Km (depths calculated using the stability field of
tridymite figured in Deer et al. 1966 p.348, with an

upper temperature limit of lZOOOC and a rock density of 2.73).
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A depth of 2 km was suggested by Dunham (1970, fig. 1,

P. 26 ). This is based on the assumption that the

roof of the magma chamber coincides with the Torridonian-
Lewisian unconformity. Emeleus (in press) has pointed
out that the Lewisian cobbles in the conglomerates do

not show the effects of partial melting characteristic

of the Rhum Lewisian at the present erosion level. This
suggests that a considerable thickness of Lewisian
gneisses overlay the central complex and 2 km may be
viewed as a minimum value.

The rocks overlying the central complex thus
comprised;Lewisian gneiss and Torridonian arkose sedi-
ments, in addition the possibility that a lava pile was
also present must be taken into account if Brown's (1956)
open system fractionation model for the Rhum Magma chamber
is valid.

Evaluation of the Tertiary palaeoclimate is
intrinsically subjective, however the presence of
laterite weathering deposits in the lava successions of
Skye (Anderson and Dunham 1966) and Antrim (Emeleus and
Preston 1969, p.21l) in conjunction with the presence of
active water erosion indicated by the river systems
envisaged in the Tertiary by Geike (1896) and Emeleus
(1973) suggests an environment in which erosion rates

will have been high. This conclusion is corroborated by
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the presence of felsite boulders up to 2 m diameter in
the Rhum conglomerates (Emeleus pers. comm.).

The erosion rates on the Indian Ocean volcanic
island of Reunion have been asseesed by McDougal (1971)
who found ﬁhem.to be rapid,in the order of 680-850 cm/
1000 years. In addition he showed that the plutonic
rocks (syenites) in the core of the extinct volcano
(Piton des Neiges) had been uncovered within the last
0.2 my and probably within the last 0.07 my indicating
how quickly a central complex can be unroofed under
favourable circumstances.

It is difficult to evaluate whether the erosion rates
over the last 0.07 my on Reunion can be applied to the
Rhum Tertiary situation. Lateritic boles are present in
the lava sequence of Reunion (McDougal, 1971) and in
Tertiary lavas of Great Britain, thus there are similarities
but Reunion has sub-tropical oceanic island climate whereas
Rhum will probably have been more continental. The
rainfall on Reunion is likely to have been higher than
the Tertiary rainfall on Rhum and as the palaeoclimate
suggested for the British Tertiary (Anderson and Dunham,
1966) is analogous to that found in the Northern Mediter-
ranean at the present day. In view of these differences
it is probable that any calculations based on the erosion

rates of Reunion will give a minimum estimate of the time
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interval between the emplacement of the ultrabasic
complex and the eruption of the lavas on Western Rhum.

The calculations pertaining to a depth of cover of
either 1.5 km, 2.0 km and 2.5 km and with erosion rates -
of 680 or 850 cm/1l000 years are presented in Table 7.4.
The minimum value (0.176 my) calculated from a depth
of cover of 1.5 km and an erosion rate of 850 cm/1000
year is a considerable period of time and would probably
be sufficient for a partial melting event to become
extinct, the actual ultrabasic emplacement-lava eruption
interval is probably greater than the quoted minimum
estimate.

Gravity surveys have revealed considerable positive
Bouguer-anomalies over Rhum and Skye which are attributed
to bodies of dense basic rocks approximately 10 km to
20 km diameter respectively which extend to depths of
approximately 15 km (McQuillin and Tuson 1963, Bott and
Tuson 1973). Magnetic surveys have revealed that the
basic rocks underlying Rhum are characterised by a
reversed magnetic anomaly whereas the basic mass under -
lying Skye is reversely magnetised at depth beneath the
Cuillins but is normally magnetised under the Redhills
(Bullerwell, 1972). The relationships indicate that
" the Skye centre spans a magnetic reversal.whereas Rhum

does not, thus the centres are of different (although
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possibly overlapping) age.

It is of course a prerequisite to the hypothesis
advocating a Skye source for the group 5 and 6 dolerites
that the Skye Tertiary igneous centre (or at least the
generation of the Skye Main Lava Series and Preshal Mhor
magma types) postdate the Rhum centre. The relative ages
of these Skye magma types have been assessed by Mattey
et al. (1977) who considered the Preshal Mhor magma type
to be generally younger than the Skye Main Lava series
magma type.

The evidence concerning the relative ages of the
Tertiary centres of Rhum and Skye is sparse and equivocal.
A radiometric (K/Ar) age for the Western Granophyre is
58 my (Emeleus pers. comm.), this compares with K-Ar dateé
59 my to~~ 55 my and Rb-Sr dates of 52t3 and 51t4 for the
Skye Lavas and the Redhills granophyres respectively
(Brown and Musset 1976). These authors consider the
young ages (< 55 my) for the Skye lavas are due to
resetting Dby hydrothermal alteration associated with the
Redhills granophyres and considered the dates of 59.2t0,7
and 59.3tl.0 my from lavas outside the O18 depleted hydro-
thermal aureole (Taylor and Forrester 1971) to be more
realistic. This would suggest the Skye Lavas are coeval
with the Western Granophyre.

Conflicting evidence comes from the interbasaltic
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conglomerates located towards the base of the Skye lava
series in southwest Skye. These conglomerates contain
granophyre pebbles which cannot be derived from the Skye
Redhills granophyres as field evidence has shown that
these postdate the lavas. Some of the granophyre pebbles
are petrographically similar to the granophyres in the
Rhum granophyres (I.T. Williamson pers. comm.). In
view of the presence of granophyre pebbles in the inter-
basaltic conglomerates of Cénna which are petrographically
identical to the Western Granophyre of Rhum (EmeleusAl973)
and the sub-marine connection between the lava piles of
Skye and Canna along the Canna Ridge (Binns et al. 1973)
it seems reasonable to suggest that the granophyre pebbles
in the Skye interbasal.tic conglomerates are derived from
Rhum, |

To summarise, the relative ages of the Rhum and Skye
centres assessed by radiometric methods would suggest that
Rhum and Skye are coeval whereas the bulk of the geolcgical
evidence favours Rhum as the older centre. Evaluation of
radiometric ages is extremely difficult as indicated by
the degree of error on published analyses; in addition,
the resetting of ages by hydrothermal activity must also
"be taken into account. In view of these known difficultiesof
radiometrically dating the British Tertiary centres it is

perhaps not surprising that these dates conflict with the

-



geqlogic evidence. The bulk of the evidence available

at this time suggests that the Rhum and Skye centres are

of different age and that Rhum is the older of the two.
The geometry of the Skye dyke swarm was determined

by Speight (1972) and the distribution of the Skye

magma types within the swarm was investigated by Mattey

et al. (1977). These authors showed that the Skye dyke

swarm at the present erosion level consists predominantly

éf the Preshal Mhor magma type with subordinate Skye Main
Lava Series and Fairy Bridge type dykes. Furthermore,
Mattey et al. (1977) found that there was spatial geo-
chemical variation across the swarm with the bulk of the
Preshal Mhor type dykes being located within 6 km of the
central axis of the swarm.

The orientation of the dykes cutting the Rhum lavas
relative to the trend of the Skye dyke swarm is presented
in Fig. 7.13 where it can be seen that the Rhum dykes
generally strike NW-SE and span the strike direction of
the Skye dyke swarm. However, only very limited conclus-
ions may be drawn from this observation as the Rhum sample
population is very small. The Rhum dykes lie approximately
25 km from the centre of the Skye dyke swarm on Sleat and
represent a dilation of approximately 0.66%, thus if they
are members of the Skye dyke swarm they can only be

considered as outliers. Mattey et al. (1977) located dykes
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of Presﬁal Mhor and Skye Main Lava series magma type

up to 18 km and 16 km respectively from the central
axis of the Skye swarm. Their sampling range extended
to only 18 km from the central axis of the swarm thus
the possibility of the Rhum dykes being outliers of

the Skye swarm cannot be rejected on the basis of their

observations alone

Summary

The evidence discussed previously shows that the
group 5 and group 6 dolerites are very similar to the
Preshal Mhor and the Main Lava Series magma types of
Skye. A period of time greater than 0.176 my elapsed
following the emplacement of the layered peridotites
and prior to the eruption of the lavas of western Rhum,
this time interval is judged sufficient to allow
extinction of the Rhum partial melting event. Although
the relative ages of the Rhum and Skye Centres have not
been unequivocally determined the bulk of the evidence
>availab1e at this time suggests that Rhum is the older
centre. Although the Rhum dykes cutting the lavas are
displaced 25 km from the centre of the Skye swarm they

represent less than 1% dilation and could be outliers

of the Skye swarm. Their general NW-SE strike direction

is compatible with the regional dyke swarms of both Rhum
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and Skye (Speight, 1972) and cannot be cited as evidence
in favour of a Skye or Rhum origin.

In conclusion, although there are many uncertainties
pertaining to the hypothesis that Rhum group 5 and group
6 dykes are outliers of the Skye regional dyke swarm it
is suggested the group 5 and group 6 dykes are genetically
related to the Skye pértial melting event and not the

Rhum partial melting event.

¢) Group 7

| The outstanding petrographic feature of group 7 1is
the presence of abundant (up to approximately 50%) sub-
equant plagioclase phenocrysts. The compositions of the
plagioclase phenocrysts in the three specimens investi-
_gated by microprobe analysis are very similar and only
mild zoning (An88-An84) was detected. If these dolerites
were the result of in situ crystallisation of an aluminous
‘magma, one would expect the phenocrystsvto exhibit sub-
stantial zoning; furthermore,the subequant faces suggest
that these crystals grew in a low nucleation density
environment‘in which the effect of adjacent crysﬁals on
the growing faces was minimal. The large plagioclase
phenocrysts contrast markedly with the extremely fine-

grained groundmass, thus it is suggested that these

dykes are produced by intrusion of a magma carrying



241

abundant cumulus plagioclase.

The composition of the interst%él liquid in 77258
was calculated by subtraction of a composition equivalent
to the observed modal percentage of plagioclase and the
result is presented in Table 7.5. This interstitial liquid
is SiO2 enriched and A1203 depleted suggesting that some
of plagioclase (possibly overgrowths on original cores)
is not cumulus. It is difficult to be sure what pro-
portion of the plagioclase in these rocks is non cumulus,
however the lack of detected zoning suggest it is not
considerable.

One possible source for these cumulus plagioclase
crystals is the high level magma chamber associated with
the Rhum central complex. However, there is a distinct
lack of other phenocryst phases in the group 7 dolerites
thus it is unlikely that they are produced by flushing
out of the magma chamber floor as one would expect
additional phases to be involved. An alternative
explanation is that they represent a magma fraction of
plagioclase flotation cumulates as this adequately

explains the lack of other cumulus phases.

d) Gabbros
The high MgO gabbros contain approximately 10-12
wt% MgO and are consequently MgO depleted when compared

with the dolerite groups 1 and 2 (Fig. 7.1, 7.2). They



are characterised by slightly higher A1203 but similar
Cca0 contents relative to the group 2 to 4 dolerites in
Fig. 7.5 and Fig. 7.6 respectively. They also possess
lower iron enrichment ratios than the majority of the
group 2-4 dolerites in Fig. 7.7. They generally contain

higher Ca0O for a given CaO/Alzo ratio than the group

3
2-4 dolerites in Fig. 7.9 but follow the trend produced
by the dolerites in this diagram. Similarly they exhibit

a slight increase in Al O3 with decreasing CaO in Fig.

2
7.10, an exception being the aluminous gabbro specimep
77104.

An important geochemical feature of these high MgoO
gabbros is theAexceedingly low abundance of the incom-
patible trace elements Zr, Nb, Y and Ba and the incom-

patible major oxides TiO, and K _O. This is a clear

2 2

feature of Figs. 7.11 and 7.12 respectively.

The low abundance of the incompatible elements
suggests that these magmas were produced by a high degree
of partial melting. In addition their low Ni conteﬁt
(41 to 215ppm) suggests that they have also undergone
significant olivine fractionation. The sympathetic

relationship of Ca0 and Al_O

594 in Figs. 7.9-7.10 may be

attributable to either differing degrees of partial
melting of mantle material containing aluminous calcic

clinopyroxene and/or fractionation of an aluminous clino-
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pyroxene. This is discussed in more detail in section
five (p.262 ).

The low MgO gabbros are characterised by MgO contents
of less than 9.0 wt%, their differentiated character
when compared with the high MgO gabbros and the dolerite
groups 2 to 4 is clearly visible in several of the
variation diagrams (eg. Fig. 7.1, 7.2, 7.5 and 7.7).
However, their high Ca0 contents distinguish them from
the intermediate rocks (Figs. 7.6 and 7.7), as do their
Zr, Y and T102 contents (Fig. 7.11] and 7.12). The Ba
and Sr data in Fig. 7.11 must be viewed cautiously as
these gabbros have suffered significant hydrothermal
al#eration (p. 215). Their ca0O and CaO/Aizo values are

3
juxtaposed with the group 2-4 dolerites in Fig. 7.9.

_E) Peridotites

An average analysis and the range of compositions
encountered in the peridotite plugs is presentea in
Table 7.;6° The compositional variation in Fig. 7.14
largely reflects the abundance of modal magnesian olivine.
The scatter around.the trends in Fig. 7.14 are attributable
to variations in the proportion of plagioclase and clino-
pyroxene in the groundmass of these peridotites, as
plagioclase is a ubiguitous interstitial phase whereas

clinopyroxene may or may not be absent (Chapter 4, p.113).
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A possible source for the magmas which gave rise to the

peridotite plugs is discussed later. (p. 260).

II. Intermediate rocks
Introduction

The differentiates exhibit considerable geochemical
variation. Two main series were recognised in Chapter 3
a series of differentiates with alkalic affinities
(groups 10 to 12) and a series with tholeiitic affinities
(groups 8 and 9), the gabbroic differentiates are also
tholeiitic in affinity. These intermediate rocks generally
display sympathetic variation of their major oxides with
increasing SiO2 content. .Although these features have not
been displayed diagramatically in this account this
relationship should be bourne in mind in assessing other
geochemical features described here.

It is clear from Fig. 7.2 that several of the inter-
mediate rocks continue the Fezog enrichment, MgO depletion
trend characteristic of the group 4 rocks. These roéks
have been plotted onto Fig . 7.1 where it can be

seen they continue the trend developed by the group 4

rocks. The remaining differentiates in Fig. 7.2 follow

*x

203
been

haveZcontrolled by either a different phase or phases

an Fe + MgO depletion trend and consequently must

than those responsible for the iron enrichment trend or

by similar phase(s) of different composition.



Intermediate rocks of the Fezgg + MgO depletion trend.

The variation of MgO against Fe20§/Fe20§ + MgO is

presented in Fig. 7.1 where it can be seen that although
the intermediate rocks possess generally similar iron
enrichment ratios to the basic groups 2 to 4, the
differentiates of tholeiitic affinity generally possess
lower MgO for a given iron enrichment ratio than the

basic rocks and the same is true for the more advanced
alkali differentiates (groups 11 and 12); however,

group 10 fall in the same field as the MgO rich.group 4

~rocks. Some of the relationships in Fig. 7.2 have already
been described but the fact that the group 10 rocks are MgO
 fich and lie within the group 4 field is worthy of note,
as is the scatter of both the alkaline and tholeiitic

differentiates along the Fezog + MgO depletion trend.

These relationships°suggest that the intermediate rocks

of this trend are controlled by a pyroxene phase poorer

in MgO than that producing the Fe_0* enrichment trend.

2°3

Some of the Fezog depletion may be due to titanomagnetite

control as there is a slight decrease in TiO2 with

decreasing Fe in the intermediate rocks (Fig. 7.15).

*
203

The plots of MgO against A1203 (Fig. 7.5) and caO

(Fig. 7.6) show that the intermediate rocks generally

possess similar levels of A1203 to the basic rock groups

2 to 4 and show few signs of A1203 depletion with
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decreasing MgO. The aluminous nature of group 12 in

Fig. 7.5 is worthy of note. 1In contrast, CaO in both

the alkalic and tholeiitic differentiates shows marked
depletion with decreasing MgO in Fig. 7.6. This
sympathetic relation of MgO and CaO precludes orthopyroxene
control but suggests that a Ca-rich clinopyroxene could
control this trend. The lower CaO levels in the
differentiates are highlighted in the plot of Ca0 against
iron enrichment ratio (Fig. 7.7).

The relationship of CaO to Al O3 in the intermediate

2

rocks is presented in plots of Ca0O against Al O3 (Fig.

2

7.16) and the ratio CaO/A1203 (Fig. 7.17). The relation-

ships of the various groups (which reflect different
degrees of differentiation) on Fig. 7.16 are complicated,
as there is much greater variation in the levels of CaO

and A1203 in the differentiates than was encountered in

the basic groups 2 to 4 (Fig. 7.10).
There is a marked decrease in CaO with a slight

decrease 1in A1203 with increasing differentiation in

groups 10 and 11. However, dgroup 12 shows extreme CaO

depletion coupled with A1203 enrichment. Despite the

variation in A1203 abundance a general trend of a CaO

depletion for roughly constant Al O3 can be discerned in

2
the tholeiitic differentiates. Fig. 7.17 shows that

there is a decrease in the CaO/A1203 ratio of the
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differentiates with decreasing CaO suggesting that clino-
pyroxene has played a major part in the decrease of Ccao
with differentiation in the intermediate rocks.

The CaO depletion and A1203 enrichment in group 12

can be accounted for by invoking Ca-rich clinopyroxene

as the only controlling phase. However the A120 depletion

3
with increasing differentiation in groups 10 and 11 and

the constancy of A120 with CaO depletion in the tholeiitic

3
differentiates is best explained by invoking limited
plagioclase control, as one would expect an increase in

Al (cf. group 2 to 4) if clinopyroxene were the only

203
controlling phase.

These hypothesescan be assessed by referring to the
trace element data presented in Figs.7.11,7.12. 2r is
used as a fractionation index in these plots.

A general feature of these plots is a systematic
linear increase of both Nb and Y in the intermediate
rocks with increasing Zr. There is considerable scatter
of the Sr and Ba data which is probably due in part to
alteration effects. Despite the scatter, Sr generally
shows a slight initial increase with increasing Zr
relative to the basic rocks, then maintains a roughly
constant abundance with increasing Zr. Exceptions to

this are the group 10 rocks with high Sr (™ 400 ppm)

at the Zr 130 ppm level and the slight increase of Sr



in the group 12 rocks. Ba exhibits similar relationships
to the Sr data in that Ba increases and then maintains
roughly constant values with increasing Zr, however the
high Ba rocks (~ 500 ppm) at the 125 ppm Zr level are
less well marked and the group 12 rocks are distinctly
separate from the other differentiates. No distinction
between the alkaline and tholeiitic differentiates can
be made using the Nb and Y data, however the tholeiitic
differentiates generally possess lowef Sr and Ba for a
given Zr value.

The lines M1 and M2 on Fig.7.11 refer to the trends
developed in the group 1 and group 2 lavas of Mull,
(Beckinsale et al. 1978). Note that the general increase

in the Y and Ba with decreasing Zr is the reverse of the

relationship for the Rhum minor intrusions in the case
of Y, .and Ba is not nearly so depleted in the advanced
differentiates of Rhum when compared with Mull.

The extent of plagioclase control over the geo-
chemistry of the alkaline rocks can be assessed from
the Sr and Ba data. The group 10 rocks generally have

high initial Sr and Ba abundances but the group 11 rocks

are Zr enriched (ie. more differentiated) and can be depleted

in Ba and Sr relative to group 10. The group 12 rocks
are greatly enriched in Ba relative to groups 10 and 11

and Sr relative to group 11. The Ba and Sr depletion

2L8
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with differentiation in groups 10 and 11 can be explained
by plagioclase control, the high levels of Sr and Ba in

group 12 coupled with the high K, O (Fig. 7.12) and A120

2 3

abundances precludes extensive plagioclase control during

the evolution of these rocks. The fact that Sr is less

abundant in the group 12 rocks than in the group 10 rocks

suggests that the former are not directly genefically

related to group 10. The sharp increase and then roughly constant
values of Ba and Sr with increasing differentiation in

the tholeiitic intermediate rocks suggests plagioclase

control was important in producing the geochemical

variation in the more differentiated specimens.

III.Acid Rocks

The analyses of the four aéid minor intrusions are
presented in Table 7.7 along with an average analysis of
the plutonic acid rocks of Rhum and a differentiated acid
dyke from Eigg. Specimens are somewhat similar to the
acid plutonic rocks,however one of the specimens (77180)
is extremely differentiated and is more similar to one
of the felsite dykes of Eigg (Anal.E6, Table 7.7). The
acid rocks of Rhum and the Small Isles (Ridley, 1973)
haVQTSEOtted in Fig. 7.18. The Rhum plutonic rocks lie
in a tightly constrained field, the Rhum acid hybabyssal

rocks are less tightly constrained but do not exhibit,

the wide variation of the Small Isles acid volcanics.



The origin of the acid magmas of Rhum were discussed
by Dunham and Emeleus (1967) and Dunham (1968) who

concluded that they were the result of partial melting

of Lewisian gneiss. In a review of the Tertiary acid igneous

centres,Meighan (1979) noted that if zircon acted as a
refractory phase during partial melting of Lewisian

gneiss the resulting acid magmas would contain less Zr
than the gneiss. Support for this view comes from the

experimental work of Watson (197%) who has demonstrated

the low solubility of Zr in peraluminous melts (~ 100 PpPm) .

The acid plutonic and acid minor intrusionsof Rhum have
higher Zr levels than the Lewisian gneisses of Rhum and
northwest Scotland (Meighan 1979, Table 6). These
relationships support the contention of Meighan (1979)
that the Rhum acid mégmas may have been produced by
fractional crystallisation of a basic tholeiitic magma.
The paucity of intermediate rocks in the Rhum minor
intrusion suite (see Fig. 3.1) would argue against the
production of the Rhum acid magmas by fractional crystal-
lisation of a tholeiitic parent. Furthermore, one might
expect more than one major episoae of acid magmatism if
the acid magmas are due to fractional crystallisation
of a basaltic parent. The high Zr contents of the Rhum
magmas are compatible with an origin by partial melting

of Lewisian gneiss, if refractory zircon crystals are
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removed along with the acid magma whén the magma
serparates from its source.

In conclusion the close temporal association and
general similarity of three of the minor acid intrusions
withbthe plutonic acid rocks of Rhum suggests they have
a common origin. The fourth acid dyke more favourably
compares with one of the Small Isles felsite dykes
(Ridley 1973). It is located on the southernmost tip
of Rhum (less than 8 km from Eigg) and possibly is

genetically related to the Eigg acid association.

IV. Petrogenesis
a) Ultrabasic magmas and ultrabasic liquids in the
Rhum minor intrusion suite.

The term ultrabasic is applied to igneous rocks
with less than 45 wt% SiO2 (Williams et al. 1955,
Wyllié 1967). The existence of ultrabasic magmas on
Rhum cannot be in doubt since several of the group 2
dolerites, the vast majority of the group 1 picrites and
all of the feldspathic peridotites in the peridotite
plugs contain less than 45.0 wtx Sioz, Whether these
compositions ever existed as liquids at high crustal
levels is much more open to debate. The possible presence

of ultrabasic liquids in the upper crust is an extremely

controversial subject. The main arguments both in
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favour and against the existence of ultrabasic liquids
have recently been reviewed by Clarke and O'Hara (1979)
who categorised the two antithetic views.

(i) Bowen (1928) considered that all high magnesian
lavas were olivine phyric and that no basaltic liquids
with normative olivine greater than 10% can exist in
nature. With this interpretation, based on liguid

line of descent arguments, low MgO basalts are primary
and related high MgO compositions are enriched in early
formed olivine.

(ii) However the discovery and interpretation of
spinifex textured koma tites as quenched high MgO
liquids (eg. Cox 1978) has led to the converse view in
which the high MgO liquids are primary and the related
low MgO basalts are derived by a process of olivine
fractionation. These diametrically opposed views 1lead
to the problem of how can cumulus-olivine enriched
compositions be distinguished from a liquid composition.
It is generally assumed that aphyric basalts closely
approximate liquid compositions as evidenced by the use
of aphyric rocks in illustrating liquid lines of descent
(eg. Yodef and Tilley 1962; Thompson et al. 1972). This
procedure has already been -adopted in this study and on
this basis the majority of the fine grained essentially

non-porphyritic rocks of group 2 are liquids and several
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are ultrabasic liquias containing up to 15 wt% MgO (eg.
44A76, 93A76, 77121, 77122). Additionally although the picritic
rock 77024 contains abundant olivine phenocrysts, the
textural variation and limited compositional.variation
of the olivine phenocrysts are consistent with the
interpretation that this specimen reflects the isothermal
crystallisation of a supercooled ultrabasic liquid with
15.5 wt% MgO (Chapter 6, p. 173)-

The type 1 picrites have MgO contents ranging from
14,8 to 30.9 wt%. One of the specimens (77321) is the
chilled margin of a picrite dyke and contains 9.04 modal
% olivine microphenocrysts. The observed composition of
77321 and the calculated olivine-free liquid represented
by this specimen are presented in Table 7.8 (Anal. 1 and 2).This
procedure estimates the ultrabasic liquids in the type 1
picrites can contain up to approximately 19.5 wt% Mgo,
thus implying that the group 1 rocks with MgO greater
than 19.5 wt% are cumulus olivine enriched and rocks
with less than 19.5 wt% have suffered olivine fractionation.
The varying abundance of MgO in these type 1 picrites can
be explained by a flow differentiation process (cf. Gibb
1968) which can produce magmas containing abundant olivine
(MgO enriched compositions) with concomittant Mgo
depleted magmas in other parts of the same dyke. In
this process it is considered that an MgO-rich magma
with approximately 10% olivine microphenocrysts was

intruded into a fissure. Rapid chilling at the margins
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produced a chilled high MgO rock equivalent to the
liquid composition + 10% olivine microphenocrysts
(77321). The magma within the fissure started to
crystallise large quantities of olivine and subsequent
flow movement of the magma through the fissure caused
the olivine to differentiate into cumulus olivine enriched
portions and olivine depleted portions. Thé MgO content
of a specimen from a flow differentiated dyke is con-
sequently dependent on two factors:
(i) The amount of cumulus olivine in the
specimen
(ii) The degree of olivine fractionation which

the interstitial liquid has undergone.
This latter point explains the low MgO content of the
virtually aphyric spécimenv54A76 (1.5 modal % olivine
phenocrysts) with 14.89 wt% MgO. This specimeh has
suffered olivine removal and is a fraétionate of the
original magma. The olivine that crystallised from the
original magma fraction contributed to the cumulus-
enriched portion of the dyke. Specimens like 71A76 with
11.6 modal % olivine phenocrysts and 19.6 wt% MgO
represented fractionated interstitial picritic liquid
plus cumulus olivine. The schematic relationship between
four specimens with varying MgO contents is presented
in Fig. 7.19. Specimens 52A76 and 77321 are from the
same intrusions. However, both 54A76 and 77A76 are

from different dykes.
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One difficulty pertaihing to this hypothesis is
that the observed modal abundance of olivine pheno-
crysts in the tﬁin sections of the group 1 sﬁecimens
does not always vary sympathetically with the MgO
content. This is exemplified by comparison of 53A76
and 71A76, the former has a higher MgO content (20.73
wt% MgO as opposed to 1959 wt% MgO) but possesses,
less olivine phenocrysts (6.4 modal % as opposed to
11.7 modal %). This may possibly be due to the former
having a higher MgO content in the interstitial liquid,
(ie. the interstitial liquid in 53A76 has suffered less
olivine fractionation than the liquid portion of 71A76)
but probably reflects the fact that olivine is unevenly
distributed in the samples. This means that the thin
sections may not be strictly'representativé of the
chemically analysed material. Fortunately thé olivine
microphenocrysts in 77321 are evenly distributed
throughout the sample thus modal analysis of this
specimen will give more reliable results than modal
analysis of other type 1 picrite specimens.

The type 2 picrites generally contain less MgO
than the type 1 picrites (10.7 to 20.4 wt% as opposed
to 14.8 to 30.9 wt%) which suggests that the liquid
producing these dykes contained less MgO than that

involved in the genesis of the type 1 picrites. ‘“his



cannot be demonstrated unequivocally due to the
uncertainties in the modal analysis procedure discussed
above. However, the presence of olivine phenocrysts in
the low MgO specimens (eg. 77093 with 10.71 wt% MgO)
and the abundant olivine in the higher MgO specimens
(77101 contains 21.5 modal % phenocrystic olivine for
a MgO content of 20.36 wt%) is in accordance with this
interpretation. Unfortunately none of the type 2
picrite specimens are from the chilled margin of these
dykes making it impossible to calculate a ligquid
composition.

The type 3 picrites also possess a lower range
of MgO compositions than the type 1 picrites (12.4 to
25.8 wt%). By analogy with the type 2 picrites the
liquids involved in these dykes probabiy contained less
MgO than the calculated MgO content of the type 1
picrite liquids. The presence of abundant kaersutite
suggests that these magmas contained substantially more
H20 than the other picrite magmas. In addition, these
picrites contain significant quantities of nowrmative
nepheline and contrast with thé hypersfhene normative
type 1 and type 2 picrites. The relationship of the
type 3 picrites to other members of the Rhum minor
intrusions suite is not clear and their origins remain

Obscure.
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Several authors (eg. Mattey et al. 1977, Donaldson
and Brown 1977, Jakobsson et al. 1979) have suggested
that enrichment in cumulus olivine in phyric rocks can be
discerned by comparing the observed core compositions of
the olivine phenocrysts with the calculated composition
of olivines which would be in equilibrium with the whole
rock composition if the latter was indeed a liquid.
These calculations are based on the distribution
coefficient of FeO and MgO between olivine and the host
liquid (see p. 211). The results of the calculations
for the type 1 and type 2 picrites excluding the extremely
olivine rich rocks 52A76 and 77179 but including the
calculated liquid composition of 77321 are presented in
Table 7.9. The calculations are based on an Fe203/Fé}Fe203
magmatic ratio of 1.5 and a K3 value of 0.30 as recommended
by Clarke and O'Hara (1979).

The observed Fo content of the olivine phenocrysts
in the type 1 and type 2 picrites range Fo88.5 - Fo85 and
Fo88.5 - Fo86 respectively. This suggests that all of
the type 1 picrite compositions and more importantly,
sample 54A76 and the calculated phenocryst free composition
of 77321 which are believed to be ultrabasic liquids in
this study are enriched in cumulus olivine. éimilarly
the type 2 picrites with MgO> 13.46 would also be

cumulus enriched by this line of reasoning. It must be
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noted however that tﬁese calculations are subject to
uncertainty in both the estimate of the Fe3+/Fe3++Fe2+
ratio of the magma and also the value of Kd, estimates of
the latter vary between 0.26 and 0.39 (Roeder and Emslie
1970; cawthorn et al. 1973, Sato 1977) with 0.30-0.33
being the generally accepted value (Thompsoﬁ 1974b,
Mattey et al. 1977, Donaldson and Brown 1977). This
flexibility allows for an alternative explanation of

the discrepancy between the calculated and observed
olivine phenocryst compositions. The presence of
variolitic groundmass textures in the type 1 and type 2
picrites was noted in Chapter 4 and these were attributed
to supercooling. Similarly the unusual olivine textures
in 77024 were considered to reflect nucleation and growth
in a supercooled ultrabasic liquid. The calculated
liquidus olivine composition of 77024 is Fo091.04 and

the observed olivine composition is approximately Fo75-
Fo76 (Fig. 6.15) thus supercooling causes é considerable
reduction in the liquidus olivine composition. Consequently
the observed liquidus olivine composition in the type 1
and type 2 picrites may be the result of a small degree
of supercooling which produced variolitic textures in

the interstitial liquid but did not affect the olivine
crystal morphology. The composition of mantle olivines

is considered to be between Fo094 and Fo90 (Clarké and
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O'Hara 1979). Cohsequently it is possible that the
calculated liquidus olivine compositions of the Rhum
ultrabasic rocks indicate that they existed as liquids

in equilibrium with mantle olivines. Supporting evidence
for this contention comes from the spinel compositions

in the type 1 and type 2 picrites, the high Al content

of these minerals is copsidered to reflect crystallisation
at depth prior to emplacement in the upper crust (Chapter
6, p. 167).

A comparison of some ultrabasic rocks in the Rhum
minor intrusions with the picrite dykes of Skye and some
worldwide rocks believed to have existed as high MgO
liquids at high crustal levels is presented in Table 7.8.
An importan; feature of Table 7.8 are the differences in
the MgO contents of the Rhum rocks (Analyses 1 to 6) and
the two picrite dyke chilled margin compositions from
Skye_(Analyses 7 and 8, Gibb 1976). This relationship
is exemplified by the high MgO content of a chilled Rhum
picrite (77321 with v 22 wt% MgO) and the Skye dykes
(v 10-15 wt% MgO) and suggests that the picrite dykes
of Rhum involved a liquid with higher MgO than that

involved in

the Skye picrites. This is perhaps not surprising as
both the basic and intermediate rocks in the Rhum minor

intrusion suite are MgO enriched when compared with rocks
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of analogous differentiation in other Hebridean suites
(see Fig. 8.1).

The remaining analyses in Table 7.8 are from high
MgO lavas with olivine phenocrysts. The lava compositions
are judged to have existed as liquids within the upper
crust and their olivine phenocryst content is believed
to reflect equilibration of the initial liquid compositibn
to 2 low pressure environment.

The peridotite plugs are ultrabasic in composition,
and consist of abundant large granular olivines in a
coarse grained matrix of interstitial plagioclase and
clinopyroxene. These textures suggest that these plugs
are not the crystallisation products of extremely MgO
rich liquids but are the result of crystallisation of a
crystal mush rich in cumulus olivine and spinel. A
possible source for these crystal mushes is the magma
chamber responsible for the layered peridotite rocks of
Rhum and the compositional similarity between the minerals
in one of the plugs (77068) and the minerals in layered
series was noted in Chapter 6. Although many of the
plugs are petrographically very similar to 77068, others
are not. Consequently, the plugs may have tapped a magma
source over a period of time and the limited data on
the mineral chemistry of the plugs should be treated with

caution. It is tentatively suggested that these plugs
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represent the flushing of an olivine rich mush from the
high level Rhum magma chamber. A corollary of this
suggestion is that pure olivine rocks (dunites) which
have not yet been observed in the layered peridotites

at the present erosion'levelb(Brown 1956, Wadsworth 1961)
are present at depth, as abundant dunite xenoliths have

been located in one of the peridotite plugs.

b) Assessment of the degree of partial melting.

It is extremely difficult to distinguish between
the effects of progressive partial melting and
fractional crystallisation in the Rhum minor intrusions
with the available data: rare earth element and isotope
analyses on critical compositioné would no doubt lead
to less equivocal interpretations. However, the available
evidence suggests that the differentiates are more likely
to be the products of fractional crystallisation (cf. the
Skye lavas, Thompson et al. 1972, Thompson 1974a) than
limited partial melting as proposed for the differentiates
in the Mull lava succession (Beckinsale et al. 1978).

Sun et al. (1979) have suggested that plots of Ti
ppm against ﬁhe ratio CaQ/TioO

and A1203/Ti0 (Fig. 7.20

2 2

and 7.21 respectively) can give an indication of the
degree of partial melting for the primitive members of

a rock suite. The main points to note in Figs. 7.20
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and 7.21 are the low Ti content of the high MgO gabbros
and 77024 and the separation of the type 1 and type 2

picrites. The former generally have lower CaO/TiO2

ratios (ie. higher CcaO and Al_O, contents

and A12O3/T10 293

2

for a given Ti content).
The trends developed in both Fig. 7.20 and 7.21

are due to increases in the Ca0O and A1203 content of the

rocks with decreasing Ti02. Similar trends in mid-ocean
ridge basalts were attributed to various degrees of

partial melting by Sun et al. (1979). 1In their inter-

pretation the rocks with high TiO2 contents and low

caQ/Ti0O,. and Al_0O_/TioO

5 205 P ratios were the products of

limited partial melting. At these low melting levels
the bulk of the Ti (which is an incompatible element)

enters the melt but the majority of the CaO and A1203

is retained in the refractory residue. Increased partial

melting increases the Ca0O and Al O3 contents of the melt

2

and reduces the levels of TiO2 in the melt by dilution.

These relationships indicate that the high MgO gabbros,
77024 and one of the group 2 rocks are the product of
substantial partial melting.

The interpretation of the relationships between the

compositions with lower TiO_ contents and higher CaO/TiO

2 2

and A1203/Tio2 ratios and the compositions with higher

TiO2 contents in the remaining rocks is much more



difficult. It was stated earlier that the dominant
control over the Ca0 and A1203 contents of the group 1
to 4 rocks was a calcium rich aluminous clihopyroxene.
The trends in Figs. 7.20 and 7.21 could be interpreted
as either the result of progreésive partial melting of
a Ca-rich aluminous mantle clinopyroxene or fraction-

ation of this composition from melts with low TiO2

contents and high CaO/TiO2 and A1203/Tio2 ratios or both.

Another important relationship which comes out of
these diagrams is that the high MgO group 1 and 2 magmas

have variable TiO_. contents and CcaQ/TiO

2 5 A1203/T10

2

ratios. Although the concentration of TiO_ in the group

2

1 -rocks will depend largely on the volume of olivine
phenocrysts in the sample, the presence of olivine will

not affect the CaQ/Ti0O_. and A1203/Ti0 ratio of the

2 2

rock. Note for example that the calculated 1iquid.
composition of 77321 after subtraction of 10% olivine
increases the TiO2 content but does not alter the ratios
in Figs. 7.20 and 7.21. The group 1 and 2 rocks are
MgO rich and probably have not suffered substantiai

loss of olivine during ascent. This suggests that the

TiO, levels in these rocks approximate the primary TiO

2 2

contents of the melt which implies that most of group 1
and 2 are the product of smaller degrees of partial

melting than the high MgO gabbros. This interpretation
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is consistent with the abundance of the other incompatible
elements (Ba, Nb, Z2r, Y, Sr, Rb) in these rocks.

It was noted earlier that several of the nepheline
normative compositions in the group 4 dolerites contain

less K20 than the hypersthene normative compositions.

It is generally accepted that nepheline normative magmas
are produced by lower degrees of partial melting than
hypersthene normative compositions as this explains

the general high abundance of the incompatible elements

including K20 in the former. The anomalous behaviour

of KZO has also been observed in the nepheline and
hypersthene normative lavas of Skye (Thompson et al. 1972,

Thompson 1974a). These authors suggested that K20 in

the mantle underlying Skye was housed in the K_O bearing

2

mineral phlogopite making K, O a compatible, not incom-

2

patible, element. In this model small degrees of partial
extract small quantities of K,0 from the mantle giving

low K20 nepheline normative basalts. Increased partial

melting results in total consumption of the phlogopite

giving rise to higher K,O contents in the hypersthene

2
normative lavas. This interpretation by Thompson and
co-workers may also explain the lower K20 contents of
the nepheline normative group 4 rocks on Rhum.

In their studies of the Mull lavas, Beckinsale

et al. (1978) found that the intermediate rocks of their
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groups 1 and 2 contained less Y and Sr respectively

than the related basalt compositions. They suggested
that these intermediate rocks were the product of limited
partial melting at different levels. In this model the
Y and Sr in groups 1 and 2 were retained by the source
rock (garnet lherzolite.and plagioclase lherzolite
respectively) until increased partial melting consumed
the garnet and plagioclase fractions of the lherzolite
source releasing Y and Sr into the melts. The converse
relationship (ie. a general increase in both Y and Sr

on differentiation) is found in the Rhum minor intrusions.
This contrary relationship may be interpreted as either
production of intermediate rocks by limited partial
melting of a spinel lherzolite source (as neither Y

and Sr would be retained) or the Rhum intermediate rocks
were produced by fractional crystallisation,

The presence of ihtermediate rocks throughout the
sequence of minor intrusion on Rhum (see Fig. 5.2) lends
support to an origin by fractional crystallisation in
that fractionated magmas held within the mantle or lower
crust would be available for intrusion thrqughout the
history of the complex. 1In addition, the phases controlling
the chemiéal trends in the differentiated compositions
(calcic aluminium poor clinopyroxene, olivine and

plagioclase) are all present as low pressure phenocrysts



in these rocks,

c¢) Relative depths of the petrogenetic processes.

There are two main factors to be taken into account
in this discussion. First, the transitional nature of
the Rﬁum minor intrusion suite as demonstrated in Chapter
'3 and second, the suggestion made earlier that the
majority of the group 1 and 2 rocks are the product of
small degrees of partial melting.

The existence of a thermal divide separating
nepheline normative and hypersthene normative compositions
along the di-fo-an join in the simplified basalt tetra-
hedron at one atmosphere has been convincingly demonstrated
by several experimental petrologists (Yoder and Tilley 1962,
O'Hara 1963, Presnall et al. 1978). This divide effect-
ively separates the crystallisation paths of alkaline
basalts and olivine tholeiites and prevents the derivation
of alkaline basalt from olivine tholeiite (and vice versa)
by fractional crystallisation at atmospheric and low
pressures.

This divide is known to break down at higher pressures
but the precise depth to which it extends is not known.
O'Hara (1968) suggested a limiting pressure of 8 kb for
this divide but more recent work by Presnall et al. (1978)

-Si0,, suggests that it extends

in the system CaO—MgO—A1203 5
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to pressures of only 3 kb. The latter recognised that

the effect of Na_O on their simplified basalt compositions

2
"would increase this limiting pressure to approximately
4 kb but did not discuss the effects of iron and Ti02.
These authors also noted that the disposition of the
isothermal surfaces along the join di-fo-an would allow
derivation of simplified tholeiite basalt compositions

from simplified alkali basalt compositions between 3 and

20 kb total pressure.

Recent geophysical work on the continental margin
off Northwest Scotland has shown that the Hebridean
crust is approximately 27 km thick (Bott g;_g;.Al979).

This is considerably less than the 40 km estimate of
Thompson (1974a,p.334). The thermal divide discussed
above would extend to approximately 18 km ("~ 4 kb) and
consequently would not be operative in the lower crust
and upper mantle.

The transitional nature of the Small Isles volcanics
(Ridley 1970, 1971), the Ardnamurchan cone sheets (Holland
and Brown 1971), the Skye lavas (Thompson et al. 1972,
Thompson 1974a), the Mull lavas (Beckinsale et al. 1978)
and other world wide transitional basalts (eg. southwestern
Australia, Green 1970) is believed to reflect derivation

below the low pressure thermal divide in the simplified

basalt tetrahedron. A similar explanation is proposed
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for the transitional nature of the-Rhum minor intrusions.
Previous discussions on the depth of origin of the trans-
itional Hebridean basalts (Ridley 1971, Holland and 3rown
1971, Thompson et al. 1972) have been based on earlier
estimates of the depth extent of the di-fo-an thermal
divide which necessitate derivation from pressures
greater than'8—lo kb (~~ 35-40 km). However, the evidence
presented earlier does not necessitate such deep level
control over the petrogenetic processes which produced :
the Rhum minor intrusion suite. Independent evidence
.frém experimental data led Thompson (1974a) to propose

a depth origin of 60 km (~ 17 kb) for the primitive

Skye main lava series basalts. In addition, the geo-
chemical arguments of Beckinsale et al. (1978) require
derivation of the group 1 Mull lavas from a garnet
lherzélite source. A possible depth estimate of 80 km
(~ 25 kXb) for the source of these Mull lavas can be

made from the stability field of garnet presented by
Carmichael et _al. (1973, Fig. 13.1). It was shown
earlier (p.224) that the dominant control over the CaoO
and A1203 variation in the basic Rhum minor intrusions
was probably exercised by an aluminous MgO rich, calcic
clinopyroxene which is not, however, preserved as pheno-
crysts in these rocks. The Al O, content of clinopyroxenes

23

is believed to increase with increasing pressure (Aoki and



Shiba 1973, Thompson 1974b, Wass 1979) (but see p. 157)
and mantle pyroxenes are MgO rich. In addition, the
composition of the Group 1 rocks are believed to have
been equilibrated with mantle olivines. Consequently
it is suggested that the group 1l picrites and the other
basic minor intrusions are derived from a high pressure
source within the upper mantle.

In the absence of experimental data and any
significant geochemical constraints, estimates of the
relative source depths of the basic Rhum minor intrusions
is purely speculative, however the progression towards
alkalinity and the general increase of MgO content
with time as noted in Chapter 8 requires explanation.

The earliest basic rocks on Rhum are incompatible-
depleted gabbros which are considered to be the products
of substantial partial melting. These were then

followed by the voluminous group 4 and group 8 compositions
which account for the bulk of the Rhum minor suite with
the MgO rich group 1 and group 2 magmas entering at a
later stage (Fig. 5.2). O'Hara et al. (1975) have noted
that MgO rich compositions can be produced by limited
partial melting of a garnet-lherzolite source at
approximately 30 kb (95-100 km), this may well explain
the high abundance of incompatibles in the type 1 and

type 2 picrites (especially type 1). It is tentatively
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proposed that the progression towards alkalinity and
high MgO compositions in the Rhum minor intrusions with
time reflects a general increase in the depth of partial
melting with a limited degree of partial melting at the
deeper levels producing more alkalic melts.

The compositional variation within the basic rocks
and the coexistence of nepheline normative and hypersthene
normative compositions may reflect simultaneous different
degrees partial melting at different levels or}cyclic
reversals in the degree of partial meltingvat the same
depth, or both. In addition mantle heterogeneity may
be a contributing factor. |

The majority of the intermediate rocks are believed
to be the product of low pressure fractional crystall-
isation of basalt magma at depths up to 15 km (the extenﬁ
of the fo-an-di thermal divide) as this explains the
divergence towards extreme alkaline and tholeiitic
compositions. The main phases producing the variation
will have been olivine,plagioclase, clinopyroxene and
to a lesser extent Fe-Ti oxides. Olivine and Cr-spinel
may have also fractionated at high level but slow
ascent through the mantle and the lower crust would.
favour olivine and spinel fractionation en route. The
extent of possible deeper level fractional crystallisation

cannot be accurately gauged from the available data but



the sparse differentiates following the iron enrichment
and MgO depletion trend in Fig. 7.2 are probably the
product of higher pressure fractional crystallisation.
In addition, the high normative olivine contents of

the group 10 rocks (15.8% - 25.3%) suggests these magmas
could have been in equilibrium with mantle olivine,

implying a higher pressure derivation.

The effects of crustal assimilation.

Recent work on the Nd and Sr isotope ratios of some
basalts from Eigg, Muck and Skye (Carter et al., 1978) has
shown that crustal contamination has played a role in the
genesis of these rocks. 1In view of the 27 km thick
crust underlying Rhum, there is a distinct possibility
that there has been interaction of mantle derived magmas
with salic crustal rocks during the ascent of magma to
high crustal levels. The total absence of mantle derived
plutonic ﬁodules in the Rhum minor intrusion suite and
in the Hebridean basalts in general lend support to this
suggestion as the nodules may have been lost by a settling
or filtering process during ascent of magmas through the
crust. It is very difficult to assess the extent of
crustal contamination in the Rhum minor intrusions. The
general lack of gneissose xenoliths and xenocrysts (p. 115)

in the Rhum rocks suggests that incorporation of crustal
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material may have been limited. In addition Carter et al.

(1978) note that the most contaminated lavas did not
have SiO2 contents commensurate with the bulk assim-
ilation of a corresponding proportion of Lewisian gneiss
and suggested that Sr and Nd were extracted from
basement rocks preferentially with respect to Si02.
Whilst the findings of Carter et al. (1978) will be

of considerable importance in any isotope study of
Hebridean igneous rocks including the Rhum minor
intrusions, the extent of crustal contamination on the

bulk compositions of the Rhum rocks may have been

minimal.
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. Fig.

7.1
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MgO v. iron enrichment in the Rhum minor intrusion suite. o
Olivine control line for Kilaue? (1959) plotted using data
in Gunn (1971, Table 1).

Key to symbols.
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Fig.

7.2 MgO v. Fe_O_* variation in the Rhum minor
intrusion“stite. Olivine control line for
Kilavea (1959) plotted using data in Gunn
(1971, Table 1). - |

Symbols as in Fig. 7.1.
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Fig. 7.3 Log Ni v. MgO variation in dolerite groups 1-4.

Symbols” as

o
i

0

2]
"

for Fig. 7.1 except:

Group 1 type 1
Group 1 type 2
Group 1 type 3

Group 1 (77024)
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Fig. 7.4 Log Ni v. Log Cr in dolerite groups 1-3.
(Note that this diagram includes all the
picrites listed in appendix 7.2). Symbols
as in Fig. 7.1.
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Fig. 7.6 MgO v. CaO0 variation in the Rhum minor
intrusion suite. Symbols as in Fig. 7.1
except H= high iron differentiates.
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Fig. 7.7 Ca0 v. iron enrichment in the Rhum

' minor intrusion suite. Symbols as

in Fig. 7.1 except H= high iron
differentiates.
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Fig. 7.8 A1_0O_ v. iron enrichment in the Rhum
mihor intrusion suite. Symbols as in
Fig. 7.1 except:

Group 1 type 1

Group 1 type 2

5 o= W

Group 1 type 3

Group 1 77024

xI
It

High iron differentiates
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Fig.

7.9 ca0 v, Ca0O/Al_O_ variation in group 1-4
dolerites and gabbros (excluding gabbroic
differentiates). The inset marks the
compositional field of the clinopyroxene
phenocrysts found in these rocks relative
to the trend developed by the gabbros and
the dolerite groups 2-4 in the main diagram.
See text for discussion., Symbols as in
Fig. 7.1.
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Fig.

7.10 ca0 v. Al _O_ variation in the dolerite groups 2-4
and the higg MgO gabbros. Points X1 and X2 are
the calculated residual liqguid compositions following
25% subtraction of a calcic pyroxene (Ca0 = 20%,
Al,03 = 2%) and an aluminous calcic pyroxene (Ca0 =
20%, Aly05 = 10%) respectively from the high lime
liguid X. Point X3 is the calculated residual liquid
composition after subtraction of 20% plagioclase
(An76) from the high lime liquid X. (See discussion
on p.223). Symbols as in Fig. 7.1.
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Fig.

7.11 Nb, Y, Sr and Ba v. Zr variation in

/

the Rhum minor intrusion suite. Lines
M1 and M2 refer to the trends developed
in the Mull lavas (Beckinsale et al.,
1978, Fig.5). Symbols as in Fig. 7.1
except:

&= all group 1.
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Fig. 7.12 T102+K20 v. Zr variation in the Rhum
minor Intrusion suite. Symbols as in
Fig. 7.1 except:

A= all group 1,
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Fig 713 Strike orientation of dykes cutting

the Rhum lavas. Lines Aand S refer
to the Skye swarm at Arisaig and

Sleat (taken from Mattey et al 1977 figl)



Fig.

7.14 Major oxide chemical variation in the
peridotite plugs. D.1l. is the Thornton-
Tuttle (1960) Differentiation Index.
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Fig.

7.15 Fe203* v, TiO2 variation in the intermediate
minor intrusions. Symbols as for Fig. 7.1.
High iron differentiates not included.
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Fig. 7.16 Ca0 v. Al,03 variation in the intermediate
rocks. Direction of fractionation vectors
for calcic-clinopyroxene (CC) aluminous-
calcic-clinopyroxene (ACC) and plagioclase
(An76) taken from Fig. 7.10. Symbols as in
Fig. 7.1. High iron differentiates not
included.
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Fig. 7.17 ca0 v. Ca0/Alp03 variation in the intermediate
minor intrusions. Solid line refers to a range
of plagioclase compositions (An20-An60). Symbols
as in Fig. 7.1. High iron differentiates not
included. '
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e v
o RHUM HYPABYSSAL
s RHUM PLUTONIC.
v A SMALL ISLES PITCHSTONE
A
v SMALL ISLES FELSITE

50

Fig.7.18. Rhum and Small Isle acid rocks projected into the normative system Qz-Or-2Ab.
The phase boundary feldspar + quartz + liguid at 500 bars is taken from
Ridley (1971, Fig.3). Rhum hypabyssal (this study), Rhum plutonic (Dunham
1968, Table 3), Small Isles acid rocks (Ridley 1973, Table 6).
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Fig. 7.20 Ti v. CaQ/TiO, variation in the dolerite groups
1-4 and the early (high MgO) gabbros, 77104 not
included. C refers to the calculated liquid.
composition of 77321. Symbols as in Fig. 7.1.
The field of mid-ocean-ridge basalts (MORB) is
taken from Sun et al. (1979, Fig.l).

80¢E



309

(OL¥ ) Widd 11
oL

I i i : 1

A
n
+ “o O<—3
M, bo
My Ko NF @
A ~N DDDE
N % Nno
\Y} N =

0

201L/70VD

(44

143

9L

g1t



Fig. 7.21 Ti v. Aly03/TiO, variation in the dolerite
groups 1-4 and the early (high MgO) gabbros,
77104 not included. C refers to the calculated
liquid composition of 77321. Symbols as in
Fig. 7.1. The field of mid-ocean-ridge basalts
(MORB) is taken from Sun et al. (1979, Fig.l).
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Specimen

Total alkalis TiO MgO

Fe O_%*
54276 12496 1.65 1.38 14.84

Method Fe20

1 2.88
2 1.50
3 1.45
4 1.67

Table 7.1

Method 1
Method 2
Method 3
Method 4

3

FeO Fe203/FeO Calculated liquidus
olivine composition

(Fo)
8.38 0.344 91.33
9.62 0.156 90.17
9.66 0.150 ' 90.14
9.46 0.176 90,31

Calculated Fe,05 ratios and liquidus olivine
compositions in 54A76 to show the affects of
the various iron oxidation state procedures
advocated by different authors.

Irvine and Baragar (1971)
Thompson et al, (1972)
Brooks (1976)

Clarke and O'Hara (1979)

#Total iron as Fe203
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Skye Group S dolerites High MgO Gabbros

1 2 3 4 5 6 7 8 9 10 11 12 13 14 16
Specimen Average = Max Min 77056 77323 SR151 SR229 SR238 SR284 77031 77033 77257 77292 77320 77104
Si0, 47,98 46.37 50.03 46,35 46.34 46.57 47.50 46,75 47.61 49,95 49,24 47.15 48,98 46.14 47,42
Al,04 16,35 13.86 21.34 14.43 15,92 15,78 14.53 16.18 15.05 14.82 14.39 15.12 15.74 15.44 15,94
Fe5032 11.66 7.42 15,22 12.73 12.01 12,41 13.28 12,26 12.94 10.37 10.02 - 10.52 11.47 12.14 9.97
MgO 8,34 6.28 11.83 9,92 10.02 9.23 8.39 8.96 8.51 10.71 11,22 11.95 9.74 11.68 10,48
cao 12,10 10.87 13.57 13,56 12.49 12.58 12.85 12.58 12.68 10.18 12,14 11.57 9.99 10.45 12,95
Na,0 2.12 1.71 2.72 1.70 2.01 2.16 1.96 2.04 1.82 2,18 2.02 2.28 2.49 2.36 1.88
K50 0.16 0.04 0.22 0.08 0.05 0.05 0.06 0.05 0.05 0.56 0.10 0.22 0.16 0.23 0.17
TiOp 1.02 0.38 1.42 0.97 0.92 0.99 0.16 0.94 1.09 1.02  0.62 0.95 1.17 1.27 0.96
wt % Mno 0.18 0.1l0 0.23 0,20 0.18 0.19 0.19 0.19 0.19 0.15 0.16 0.16 0.17 0.16 ' 0.14
P05 0.09 .0.05 0.14 0.07 0.08 0.08 0.10 0.08 0.10 © 0.08 . 0.l0 0.10 0.09 0.12  0.09
Total 100,00 100.01 100.02 100.04 100.02 100.03 100.04 100.02 100,01 100.02 100.00 99,99 100.00.
Ni - - (121) - (203) 163 176 149 920 147 108 157 95 215 41 174 209
cr - - (381) < (457) 454 484 441 420 418 430 440 337 833 158 321 785
Ba = - (6) - (16) 29 24 272 45 170 68 101 72 72 117 97 51
Nb. 5 o] 1) 9 (2) 3 3 3 4 3 3 6 2 o) 2 1 3
Zr 49 20 (30) 83 (46) 43 42 © 45 56 47 47 86 16 56 33 79 61
Y 25 .8 (16) 37 (25) 21 21 25 24 23 23 17 9 15 10 19 12
Sr 118 95 (106) 167 (143) 119 20 118 101 98 105 149 277 181 323 184 193
Rb 1 o (0) 8 - 2 1 2 2 2 1 14 . 2 6 3 7 3
ppm  Zn - - (67) - (77 76 74 85 77 74 na. 56 64 60 76 86 46
Ti/Z2r 121 100 144 135 131 132 124 120 139 71 232 102 212 96 94
Y/7r 0.51 0.40 0.66 0.49 0.50 0.56 0.43 0.49 0.49 0.20 0.56 0.27 0.30 0.24 0.20

Zr/Nb 9.8 6.8 13.8 14.3 14.0 15.0 14.0 15.7 15.7 14.3 8.0 - 16.5 26.3 20.3

Table 7.2 A comparison of the Skye Preshal Mhor magma type with the Rhum group 5 dolerites and the early gabbros,.

Analysis 1 Average of 15 representative Preshal Mhor type dykes and lavas (Mattey et al. 1977 Table IIA) water free
Analyses 2 - 3 Compogitional range of Preshal Mhor magma type, (Mattey et al., 1977, Esson et al, 1975).
Trace element data in brackets (I.T..Williamson - unpublished data)
Analyses 4 - 9 Group 5 dolerites (this study) ‘
Analyses 10 - 16 High Mgo gabbros (this study). All but 77104 are either known or inferred to be early in
the Rhum sequence,

*Total iron as Fe,04 na = not analysed
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1 2 3 4 5 6 7 8 9

Spec. SR211 SK291 SK932 SK280 .SR141 7512108 A 751218 SK956

Si0g 45,76 45.67 44,89 44.81 47.96 47.36 49.44 49,47  48.57
Al,053 16.98 16.28 16.04 15.48 14.69 15.00 14,19 14.35 15.70
Fe,03% 14.32 13.85 14.76 13.98 14,25 13.12 14,17 13.23 12.98
MgO 7.95 8.43 9.97 10.02 7.53 9,72 5.81 6.48 7.00
cao 9.70 10,33 9,29 9,91 10.63  11.04 10.50 10.94 10.29
Na,O0 3.08 2.83 2,81 2.71 2.72 2.02 3.01 2.92 3.02
K50 0.11 0.31 0.22 0.25 0.12 0.39 0.71 0.16 0.59
TiOp 1.74 1.73 2.05 1.80 1.76 1.44 1.81 2.10 1.41
MnoO 0.18 0.22 0.21 0,22 "~ 0.16 0.17 0.21 0.19 0.22
wt % P50sg 0.19 0.20 0.20 0.19 0.18 0.19 0.22 0.15 0.22
Total 99.01 99.88 100.44 99.37 100.00 100.45 100.07 99.99 100.00
or 0.7 1.9 1.3 1.5 0.7 2.3 4.2 1.0 2.6
Ab 25.3  22.1 22,0 20.5 23.3 17.2 25.7 25,0’ 24.0
An 32.6  31.2 30.7 29.9 27.8 30.9 23.4 25,9 30.8
Ne 0.6 1.2 1.0 1.6 -
Di 12.2 15.8 11.7 15.4 19.9 18.7 23.1  23.0 14,3
Hy - - - 11.7 11.4 10.3 15.5 9.9
ol 21.1 20.3 24.8 23.5 8.8 12.8 5.5 1.7 11.5
Mag 3.9 3.7 4.0 3.8 3.8 3.5 3.8 3,6 3.6
Ilm 3.3 3.3 3.9 3.5 3.4 2.8 3.5 4.0 2.8
Ap 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.4
D.I. 26.5 25.1 24.4 23.5 24,0 19,5 30.0 25.9 26.7

Table 7.3 A comparison of selected Skye lavas[Rhum dolerite group 6.

Analyses 1, 5, 7 Group 6 (This study)

Analyses 2 - 4 and 9 Skye Main Lava Series (Thompson et al. 1972)

Analyses 6 and 8 Skye Main Lava Series (I. T, Williamson unpublished data)
*#Total iron as Fe203, all norms calculated with an Fe203/FeZO3 + FeO = 0.25
A = average analysis of SR159 SR182 and SR282

e
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Thickness of Erosion at Erosion at
overburden 680 c¢m/1l000 y 850 cm/1000 y

1.5 km- 0.220 my 0.176 my
2.0 km 0.294 my 0.235 my
2.5 km 0.367 my 0.294 my

Table 7.4 Calculated duration of layered ultrabasic rock -
lava eruption interval.



wt %

equivalent
wt % pc

Table 7.5

Sio
Al,_03
Fe 03
‘MgO

cao

* Average of 7 analyses of group 7 phenocrysts

*%* Modal percent converted to equivalent wt %

Calculated interstitial liquid composition in

SPEC
77258

Pl

47016
33.04
0.65
0.19
16.97
2.58
0.02

0.02

CALCULATED
COMPOSITION* LIQUID

49.60

6 .04

15,51

12.28

11.61

a big feldspar (group 7) dolerite.
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wt %

Total

bpm

Table 7.6

Sio
Al_0O3
Fe203
MgO

CaoO

Ni
Cr

Ba

Zr

Sr

Rb

Zn

Average
40,90
7.84
12.05
33.13
4,24

0.72

1915

2398

30

30

72

74

Max imum

42.14

lo0.81

14.43

4] .91

2535

4456

ol

53

11

147

110

317

Minimum
39.30
4.08
10.55
26.60
1.95

0.18

1233

2214

13

22

47

Average composition and the range of compositional

variation in the peridotite plugs.
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Table 7.7 Comparison of Rhum plutonic, Rhum hypabyssal
’ and Eigg hypabyssal acid rocks.

Analyses 1 = 3 Average and range of Rhum pluton
(Dunham 1968 Table 3)

Analyses 4 - 8 (this study)
Analysis 9 Cleadale felsite dyke (Ridley 1973 T:

*(includes 1.8% Acmite)



1 2 3 4 5 6

Average Max Min 77159 77239 77241
Sio 70.74 72.54 69,39 69.52 71 .68 69.36
A1283 12.69 13.82 12,00 13,49 13.03 13.78
Fe,0 % 5,04 5,43 3.50 4.86 4,91 5,22
Mg% 0.79 1.14 0.32 ~ 1.18 0.36 0.84
cao 1.74 2.33 0.97 2.03 2.70 1.15
Na_O0 4,12 4,28 = 3,92 4,73 4,41 4,72
K25 3.21 3.68 2.68 3.18 2.15 3.99
T1O0, 0.66 0.81 0.42 0.74 0.59 0.71
MnoO 0.15 0.36 0,06 0.09 0.10 0.08
wt % ons 0.13 0.20 0.03 0.19 0.05 0.1l1
Total 99,27 100.01 99,98 100.16
Ba 1176 1317 1033 896 847 -
Nb - - - 14 20 19
zZr 324 411 266 349 704 664
Y - - - 36 74 59
Sr 221 249 197 188 367 130
Rb 93 99 59 88 181 115
ppm Zn - - - 108 115 -
Qz 29,78 ' 22.8 30,2 21.0
Cor 0.38 - - —
or 19,12 18.9 12.8 23.7
Ab 34.68 40.2 37.5 40,1
An 5.97 6.2 9.4 4.7
D1 1.38 2,2 3.1 0.3
Hy 2.20 6.6 4.4 7.2
Mt 4.03. 1.3 1.3 1.4
11 1.30 1.4 1.1 1.4
ap 0.3 0.5 0.1 . 0.3

6LE



TABLE 7.8

COMPARISON OF RHUM HIGH MgO LIQUIDS WITH OTHER HEBRIDEAN AND WORLDWIDE HIGH MgO'COMPOSITIONS
Analyses 1-6 (this study); Analyses 7-8 (Gibb 1976, Table 1l); Analyses 9-10 (Clarke 1970, Table 1)
Analyses 11-12 (JakobSon et 2l. 1979)

1 2 3 4 5 6 7 8 9 10 11 12
Spec 77321  77321L 77024 44A76 54A76  93A76 - RE78 ~ REL49
Si0y  42.66 42.38 44.S1  45.69 45.09 46.62 45.64 46.54 45.6. 44.4 46.21 46.21
Al,03 12,06 12.90 14.96 14.31 13.30 12.94 13.11 14.77 10.8 10.2 13.69 13.00
 Fep03* 11.93 12.87 11.72 10.86 12.18 12.03 11.95 11.36 11.4 12.1 9.32 10.08
MgO 21.69 19.60 15.55 15.73 14.84 14.89 14.58  9.86 19.7 18.6 18.15 18.78
cao 8.41  8.97  9.93 10.75 11.29  9.85 10.72 12.06 9.2 9.7 10.99 10.79
Naz0 1.16 1.24 2,18 1,08 1,56 1.65  1.39  1.53 1.04 1.37 1.32 1.16
K50 0.20 0.22 0.05 0.35 0.09 0.30 0.13 0.14 0.08 0.13 0.01 0.05
Tio, 1.50 1.60 0.88 1,00 1.37 1.41  0.78  1.17 0.76 1.18 0.41 0.50
Mno 0.16 0.17 0.17  0.14 0.17 0.18 0.16  0.19 0.18 0.17 0.15 0:16
P, 05 0.23 0.25 0.08 0.09 0.15 0.13 0.08  0.07 0.09 0.14 0.02 0.05
Total 100.00 100.00 100.03 100,00 100.04 100.00 98.54 97.69 98.85  97.99 100.27  100.78
or 1.2 1.3 0.3 2.1 0.5 1.8 0.8 0.9 0.5 0.8’ 0.1 0.3
Ab . 9.9  10.0  14.9 9.2  13.3  14.1 12.1  13.4 9.0 12.0 11.2 9.8
An 27.4  29.2 33,0 33.5  29.3  27.3  29.9  34.1 25.1 22.0 31.6 30.1
Di l10.5  11.2_ 12.3_ 15.8  21.1  17.0 19.4  22.0 16.7 21.3 18.4 18.4
Hy 1.0 1 2 10.8 2.8 12.5 10.8 15.8 15.9 . 5.6 5.3 7.6
ol 43.4  40.9  32.8  23.6  26.7 21.1  22.8 8.2 28.1 32.4 30.1 30.0
Mt 3.2 3.5 3.1 2.9 3.3 3.2 3.3 3.1 3.1 3.3 2.5 2.7
I1 2.9 3.1 1.6 1.9 2.6 2.7 1.5 2.3 1.5 2.3 0.8 1.0
Ap 0.5 0.6 0.2 0.2 0.4 0.3 0.2 0.2 0.2 0.3 0.0 0.1
p.I. 11.1 11.6 16.9 11.3 13.9 15,9  12.8  14.2 9.5 12.7 11.3 10.1
Modal % 9.1F% 0.0 + A 1.45 A ~r20 A - - 22.6 26.8

ol pc

+1 includes 0.3%Ne; +2 includes 1. 8%Ne; *Total iron as Fe,03: % Olivine phyric but see Chapter 6; % modal%
converted to equivalent wt% to calculate 77321L; All norms calculated water free with an Fe203/FeO+Fe203 ratio
nf 0.25. A = aphvric. ) .
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Specimen

53A76
54276
69A76
71276
77876
77077
77321
77321L"
7734L

Type 1 Picrite

Modal %
olivine
phenocrysts

6.4
1.45
n.d.
n.d.
n.d.
10.2
9.4
0]
6.3

MgO wt%

20.73
14.84
18.47
19.59
19.42
15.19
21.69
19.60
15.74

Calculated
liguids
olivine

composition (Fo)
93,13
90,31
91.88
92.15
92.40
30.86
93,29
91.09
90.62

Observed range of olivine phenocryst
compositions Fo 84.9 - Fo 88.8

Specimen

77052
77093
77095
77101
77107
77224

Type 2 Picrite

Modal %
olivine
phenocyrsts

15.8
n.d.
n.d.
21.9
n.d.

n.d.

MgOo wt %

16.14
10.71
12.74
20.36
18.24
13.46

Calculated
liguids
olivine

composition (Fo)
90.65
86,76
88.44
92.55
91.64
88.60

Observed range of olivine phenocryst
compositions Fo 86.9 - Fo 88.8

Table 7.9 cCalculated liguidus olivine compositions in the type 1 and type 2 picrites; see text
for discussion of modal data and interpretation.

tcalculated olivine phenocryst free composition.

n.d. = not determined.

TAY
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CHAPTER EIGHT
THE PROBLEM OF THE RHUM LAYERED SERIES PARENT MAGMA
AND THE RELATIONSHIP TO OTHER HEBRIDEAN SUITES

Introduction

This chapter is split into two sections. Part
one deals with the enigmatic question of the composition
of the magma parental to the Rhum layered peridotites.
The various hypotheses pertaining to this composition
are discussed in detail and an alternative hypothesis
is presented. The second section compares the Rhum
dolerite and Rhum lava suites and the relationship of
the former to some other Hebridean basaltic suites is

mentioned in brief.

I. THE PROBLEM OF THE RHUM LAYERED SERIES PARENT MAGMA
Introduction

‘The layered ultrabasic rocks of Rhum consist of a
subhorizontal alte;nation of olivine-rich (feldspathic
peridotite) and plagioclase-rich (allivalite) layers that
were originally thought to represent a succession of
sill-like injections of peridotite and allivalite
magma (Harker 1908), but are now interpreted as a
cumulate sequence dominated by a large scale alternation
of‘olivine—chrome spinel cumulates and olivine plagioclase p

clinopyroxene cumulates, (Wager and Brown 1968). Each
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peridotite layer and the overlying allivalite layer

are thought to be the complémentary products of a single
major episode of crystal accumulation and are referred
to as units., Fifteen units have been recognised in

the 750m sequence forming the twin peaks of Askival and
Hallival in eastern Rhum (Brown 1956). These units vary
between 15m and 150m in thickness and the peridotite |
member is generally considerably thicker than the
allivalite. By contrast in Southwest Rhum, only three
complete units (B,C,D) varying between 300m and 500m in.
thickness have been recognised in the 1400m succession
of Southwest Rhum (Wadsworth 1961). These are underlain
by harrisites and cumulates believed to represent the
top of another unit (A). The intervening ground between
the two documented areas is presently undergoing detailed
research (J. McClurg pers. comm.).

The ultrabasic rocks are thought to represent the
uplifted central portion of the high density mass known
to underlie Rhum (McQuillin & Tuson, 1963). The absence
of a definite chilled margin has lead to various hypotheses
concerning the composition of the magma responsible for
the ultrabasic rocks. As stated earlier Brown (1956),
Wadsworth (1961) and Wager and Brown (1968) convincingly
demonstrated that the majority of these peridotites were

the product of crystal settling and related processes.
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Any hypothesis concerning the parent magma composition
must take into account the abundant constraints which
these and subsequent studies (Donaldson et al. 1973,
Donaldson 1975, Henderson and Gejbels 1977,Dunham and Wadsworth,
1978) place on the parent magma composition.

There are four current hypotheses concerning this
parent magma and the proposed compositions pertaining
to three of these hypotheses are presented in Table 8.1.
Having established that the concept of cumulus phases
and intercumulus liquids were relevant to the Rhum
pluton, Brown (1956) noted the extensive zoning of
the interstitial minerals in a specimen from unit 3 and
suggested that the interstitial liquid in this ortho-
cumulate rock approximated the primary unmodified parent
composition. He estimated the composition of this liquid
by subtracting the proportion of the chemistry equivalent
to the cumulus phases (50%) from the whole rock analysis
(Analysis 1, Table 8.1).

An alternative hydrous felspathic peridotite parent
magma was proposed by Donaldson et al. (1973) aﬁd later
discussed in moré detail by Donaldson (1975). These
authors showed that magmas of this composition were
available in the peridotite breccias of western Rhum
and were responsible for the production of the poikilo—
macro-spherulitic feldspars up to lm diameter which are

best developed in the Dornabac breccia. These feldspars



(composition An80) were considered to reflect rapid growth
under conditions of low nucleation density. No zoning

was detected between the nucleus and ray extremity and

the absence of an overlying liquid preclﬁded an inter-
pretation of these unzoned feldspars as adcumulus grthh
phenomena. 1In his later paper Donaldson (1975) emphasised
that the unzoned, calcic compositions of the more normal
textured plagioclase in other breccias on Rhum could not
be explained by the adcumulus growth hypothesis as the
matrix liquids were intruded into semi-consolidated
peridotite and were consequently not in contact with 6ver—
lying‘liquid° In addition he noticed that the calcic
anorthosite~gabbro veins which extend from the breccias
into the adjacent peridotites were the filter pressed
residual liquids from the breccia matrices. These veins
contain at least 10% more normative anorthite than basalt
and must have been derived from a relatively mafic parent.
The Eastern Layered Series peridotites contain a very
small proportion of late stage primary hydrous phases

and this argues against a hydrous parent. Donaldson (1977)

has since restated his opinions and now considers a calcic

parent akin to the Preshal Mhor magma type and the eucritic
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dykes of Skye to be a suitable parent. A hydrous feldspathic

peridotite magma is considered to be an unlikely parent

composition and is not discussed further.



A detaiied hypothesis advocating a eucrite parent
(Analyses 2 and 3, Table 8.l1l) which was intruded with
olivine and chrome-spinel phenocrysts at a temperature
slightly above the plagioclase liquidus was outlined
'by Gibb (1976). The main justification for this proposal
was the abundance of this type of magma in and around the
Skye central complex and the suggestion of Gibb (1976)
that the Rhum and Skye centres may have been comagmatic.

Finally, there is a growing body of opinion that a
refractory magma akin to the Preshal Mhor magma type of
Skye (Mattey et al., 1977) may have parental to both
the Rhum layered peridotites (Donaldson 1977, Dunham and
Wadsworth 1978) and other Hebridean layered intrusions
(Skelhorn et _2al. 1979, Gamble 1979). There is some
confusion in terminology regarding this proposed parent.
Dunham and Wadsworth (1978) explicitly state that the

low-alkali, high-calcium tholeiite of Esson et al. (1975)

(which equals the Preshal Mhor magma type of Mattey et al.

1977) is a likely parent. Similarly gSkelhorn et _al.
(1979) draw attention to £he compositional similarity
of the chilled margin of the Ben Buie intrusion with

the Preshal Mhor magma type. In his account of the
anorthosite dykes of northwest Skye, Donaldson (1977)
noted the striking similarity of the interstitial liquid

in these dykes with Preshal Mhor magma type. However,

326



327

in his discussion of the parent magma compositions of the
layered basic and ultrabasic rocks of Skye and Rhum he
considers "high-lime liquids" (in the sense of Drever

and Johnson 1966) to be suitable pareﬁts. Despite these
difficulties in terminology it is clear that these |

authors (perhaps with the exception of Donaldson 1977)

consider the Preshal Mhor magma type sensu stricto to

be the ﬁhum parent magma. Finally it should be noted

that both Dunham and Wadsworth (1978) and Gamble (1979)
considered the eucrite parent of Gibb (1976) to be a "high
calcium low alkali tholeiite" (Dunham and Wadsworth op.cit.
p.355, Gamble op.cit. p. 5 ); however, it will be shown later

that this is clearly not so.

Constraints on the parent magma composition

The moét obvious constraint on any parent magma
coﬁposition is that it must be capable of crystallising
phases compositionally identical to those found in the
layered peridotites. Whilst this is obviously difficult
to show unequivocally, it is a clear feature of the
reasoning behind both Brown's (1965) and Gibb's (1976)
hypothesis in that these magmas would crystallise the
high temperature minerals Cr-spinhel, forsteritic olivine,
calcic plagioclase and diopsidic pyroxene,A Minerals of

this composition do occur in the picritic dykes of Skye



(Gibb 1968). The mineralogy of the Preshal Mhor magma
type was investigated by Esson et al. (1975) who.show that
the compositions of the olivine and plagioclase phenocrysts
are similar to those in the Rhum layered series and the
groundmass pyroxenes are also.sufficiently calcic.
However, no spinel phenocrysts were observed and the
composition of the groundmass spinels is titanomagnetite
not Cr-spinel. This discussion is not intended to quibblé
over minor detail as both Bréwn (pers. comm. 1976) and
Gibb (pers. comm. 1977) presented the analyses quoted in
their accounts to illustrate the broad type of magma they
were discussing,not the precise parent composition,
However, the discrepancy in spinel composition noted
above is judged to be significant.

The broad sequence within each unit of olivine
Cr-spinel cumulates successively overlayed by olivine-
plagioclase and plagioclase-clinopyroxene cumulates

infers the following order of low pressure crystallisation:

Olivine - plagioclase -~ clinopyroxene

In addition,the presence of several discrete Cr-spinel

layers at the base of several units (Brown 1956) indicates

Cr-spinel preceeded olivine. The sequence of crystallisation

01> Pl - Cpx in compositions 1 to 3 (Table 8.1) has been
confirmed experimentally at atmospheric pressure by

Forster (1978) who also showed spinel preceeded olivine in
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compositions 1 and 3. It must be noted however that

the melted compositions were Cr free and the crystall-
isation behaviour of spinel in these charges is
consequently not strictly comparable with Cr-bearing
compositions. The melting relationships of two Preshal
MHor type basalts was investigated at atmospheric pfessu;e
by Esson et al. (1975) who showed that plagioclase Qas

the liquidus phase, closely”followed by dlivine'then
clinopyroxene then magnetite. The Rhum magma chamber

was emplaced at very high crustal levels (the overburden

was estimated to be 1.5 to 2.5 km thick in Chapter 7, p.233) .

This slight increase in pressure is unlikely to reverse
the order of crystallisation determined at atmdspheric
pressure by Esson et al. (op.cit.). ThusAthe presence
of plagioclsase aé the first liquidus phasé in the Preshal
Mhor magma type means this basalt does not‘satisfy‘a
fundamental requirement of a Rhum layered series parent
magma. Note however that Dunham and Wadsworfh (1978)
consider the crystallisation of each unit begins within
the allivalite of the underlying lithological unit (ie.
below the allivalite-peridotite phase change which marks
the junction between the lithological units)‘whiph

perhaps surmounts this difficulty.

One of the main points to come out of Brdwn's (1956)

and ¥Wadsworth's (1961) studies was the distinct lack of

optically detectable cryptic variation within the Rhum
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ultrabasic sequence. Subsequent mineralogical
investigations by electron microprobe analysis has

shown there is slight but significant cryptic variation
within each of peridotite units (Dunham and Wadsworth
1978) with the phases in each unit attaining a
temperature minimum some way below tﬁe lithological

top of each unit. Brown (1956) considered each unit

to be a product of the accumulation of unzoned high
temperature minerals from a basaltic parent, the absence
of complementary differentiates necessitating an open
system fractionation environment. To explain the lack of
cryptic variation Brown (1956) cited the synthetic

system Di-An~Fo (Osborn and Tai£ 1952, in Brown op.cit.)
which indicated there would be a small drop in temperature
from the liquidus to the three phase cotectic. However,
more extensive experimental investigation in the system
Di-~-Fo-An-Ab (Yoder and Tilley 1962) showed that there

" would be a considerable drop in temperature to the three
phase cotectic. This wofk prompted Wager and Brown (1968)
to invoke the process of delayed crystal nucleation.in a
supersaturated magma to explain the lack of cryptic
variation. This hypothesis was questioned by Gibb (1976)
who considered in the light of his previous work on

this topic (Gibb, 1974), that supersaturation of
plagioclase was unlikely to occur in a slow cooling

plutonic body the size of the Rhum intrusion. It should
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be noted, however, that delayed nucleation of olivine

in supercooled liquids has been invoked to explain the
peculiar textured olivines (harrisite) in the Rhum

intrusion (Donaldson 1974) showing that supercooling is a viable
petrogenetic process within the Rhum peridotites. The |
fall in temperature from the olivine liquidus to the
clinopyroxene liquidus in Brown's (1956) proposed parent

was shown to be in the order of lOOOC by Forster (1978) .
which suggests that considerable cryptic variation

(greater than that found by.Dunham.and Wadsworth, 1978)

would be expected if a basalt was the parent magma (but

see later discussion, p.333).

The fall in temperature from the olivine liquidus to
the clinopyroxene liquidus is substantially reduced in
Gibb"s (1976) hypothesis in that the magma enters the
chamber with olivine and Cr-spinel in suspension at a
temperature just above the plagioclase liquidus. In
this model the Cr-spinel and olivine are precipitated
to form the sp-olivine camulates and the olivines are
thought to re-equilibrate to slightly lower temperatures
during descent, Crystallisation and settling of
plagioclase then clinopyroxene ensues, producing the
ol-pl and pl-cpx cumulates. Early experimental work
on this type of magma (Gibb 1971) showed that the

temperature drop from the entry of plagioclase to the
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entry of clinopyroxene was probably small (Aw lOOC),
However, subsequent work has shown this to be erroneous
and the plagioclase-clinopyroxene temperature interval

is estimated to be in the order of 450C (Biggar and Gibb, 1976).
Experimental work on Analyses 2 and 3 (Table 8.1) has
shown an even greater plagioclase~clinopyroxene temper-
ature interval of appro#imately 80° (Forster 1978). The
main conclusior that can be drawn from these experimental
investigations is that the fall in temperature from the
plagioclase liquidus to the clinopyroxene liquidus in

the Skye picrites is not compatible with the limited
cryptic variation encountered in the Rhum layered
peridotites.

An alternative explanation of the lack of cryptic
variation in the Rhum periodites has been advanced by
Usselman and Hodge (1978). These authors believed that
the thermal history of the liquid involved in open system
fractionation could be modelled numerically. They
showed that a limited number of replenishing intervals
and volumes can produce the situation where heat lost
during cooling equals the heat of input on replenishment.
Thermal'modelling of the Rhum magma chamber, showed that
the constancy of process producing the individual units
yielded a steady thermal fractionating state with a

limited temperature interval. This has important
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repercussions for the proposed Rhum layered series
parents (especially Brown's 1956 basic parent) as the
small fluctuations (less than lOOC) around the olivine-
plagioclase cotectic (Usselman and Hodge 1978, Fig.7) show
that little cryptic variation would be expected in these
phases in passing from unit to unit. Unfortunately
Usselman and Hodge did not show the effect of clinopyroxene
cryétallisation on their model as this may upset the
delicate thermal balance attained along the olivine-
plagioclase cotectic, however the prior crystallisation
of spinel before olivine may reflect the rapid cooling
of magma on entry into the open system magma chamber.
These difficulties | w;thstanding, the thermal model
discussed above does seem.to provide a viable explanation
of the limited cryptic variation within each unit and
explains the constancy of composition between successive
units within the peridotite sequence.

One feature of the Rhum ultrabasic rocks is the
complete separation‘of the Cr-—-spinel, into distinct
seams at various_lebels within these rocks. The
calculated settling rates of olivine and‘Cr—spinel
through a basic magma is presented in Téble 8.2, (For
discussion of the methods used in these calculations see
Appendix 8.1). The gross differences between the

settling rate of olivine and Cr-spinel (chiefly a



function of their disparate size) suggest that the latter
would not be capable of forming a separate cumulate
horizon and argue in favour of in situ crystallisation
of all the phases in the magma chamber. In addition both
Henderson and Gejbels (1977) and J. McClurg (pers. comm.)
have noted the presence of olivine cumulates both over-
lain and underlain { by thin spinel seams which once
again is not compatible with Gibbs (1976) hypothesis.
Another constraint on the pérent magma composition
was given by Hendefson and Gejbels (1977) who showed the
plagioclase within the Rhum peridotite are characterised
by light REE enrichment, which is strong evidence for a
light REE enriched parent. In their discussion of fhis
observation Henderson and Gejbels (op,cit.) considered
this argued in favour of a basaltic parent produced by
limited partial melting and argues against a Preshal
Mhor magma type parent as these have light REE depleted
patterns (Mattey et _al. 1977) and are believed to be
products of substantial partial melting (ThompsonA_gE_c'_:t_]_.°
1972; Thompson 1974a;Mattey et al.1977; Wood 1979). There
is no REE data concerning the eucritic picrite dykes of

Skye.

Estimates of the volumes of basalt magma (Analysis 1,

Table 8.1) which produced the exposed peridotite sequenée
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on Rhum have been made by Henderson and Gejbels 1977.Calculations
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based on an assumed Ni Kd coefficient of 10 between

olivine and magma (reasonable in view of the data in

Hart and Davis (1979, Fig.5)) and a NiO content of olivine
in the range 0.23-0.25 wt%:;indicate large volumes of basalt
magma (2,200 kms) are required by a basalt parent. This
volume estimate is probably too high as Dunham and Wadsworth
(1978), show the Rhum olivines can possess up to 0.4 wt%
NiO. Nevertheless a large volume of magma is a pre-
requisite of a basait parent. The high Ni content of the
eucrite parent (Analysis 2 and 3, Table 8.1l) drastically
reduce the necessary volume of the parent liquid. The
peridotite sequence in the eastern and western layered
series is known to be approximately 2.2km ﬁhick (Dunham

and Wadsworth 1978) but is believed to be underlayed by
15km of high density rocks (McQuillin and Tuson, 1963).
Although the underlying rocks probably contain a proportion
of differentiated material, a basalt parent will require
that enormous volumes of differentiates (~ 4Ox103 km3)
would have been expelled from the magma chamber, and the
bulk of these rocks must have been removed prior to the
eruption of the lavas of western Rhum (p.233). A high

MgO parént with an attendant low NiQO olivine-magma Kd
(between 3 and 6, Hart and Davis 1979, Fig.7) and high
bulk magma Ni cOnteht will drastically reduce the volume

requirements of the parent‘magma.
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Donaldson (1974) has shown that olivine textures
very similar to those in the harrisitic or crescumulate
peridotites of Rhum can be reproduced experimentally in
supercooled magmas with low nucleation densities and high
normative olivine. It can be argued that these cres-
cumulate olivines are the product of upward growth of
olivine from the magma chamber floor in a stagnant basalt
magma (Wager gg_é;, 1960) but the evidence presented by
Donaldson (1974, 1976) is more convincing, thus a high
hormative olivine content (20-30%) appears to be a
requisite of the Rhum parent magma. High normative olivine
is a feature of one of the Skye picrites (Analysis 3,
Table 8.1) but Gibb's (1976) model envisaged crystallisation
of olivine prior to entry into the magma chamber and
cannot explain these\crescumulate textured rocks. The
Preshal Mhor magma type (Analysis 1, Table 7.2) has a
normative olivine content of approximafely 15 wt% and does
crystallise olivine but the Ni and Cr contents are
relatively low. Donaldson (1977) explicitly states that
these low trace element abundances support the proposition
that these magmas "have fractionated large amounts of
olivine and Cr-spinel during ascent ffom the mantle".

Thus it appears that this magma type would be incapable
of crystallising the large volumes of olivine encountered

in the Rhum peridotites and possibly could not produce
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the crescumulate textured olivines.

Finally, any proposed parent Qill gain credence
if magmas of similar composition are known to exist
on Rhum. The similarity of the proposed basalt parent
to the marginal gabbro of the northeastern margin of
the peridotite sequence was noted by Wager and Brown
(1968) and this study has shown that magmas broadly
similar to the Preshal Mhor magma type were available
at an early stage in the evolution of the complex. 1In
addition Preshal Mhor type magmas have been located as
dykes cutting the Rhum lavas but these are considered
to postdate the evolution of the Rhum magma chamber (see
detailed discussion in Chapter 7, p.239 ) and consequentiy
may not have been available during the formation of the
Rhum layered peridotites. The broad similarities of the
Rhum group picrites with the Skye picrites was noted
in Chaptér 7, P. 259, but the latter are different in
detail‘(especially the lower MgO content) with respect
to the Rhum picrites.

The existence of high MgO liquids on Rhum has been
demonstrated in this study (see Table 7;8 and discussion
in relevant text) and it is suggested thét magmas of this
type are the parent magma to the Rhum~1aYered peridotites
‘as they satisfy the necessary requirements of a Rhum

parent magma discussed above.



These ultrabasic.liquids crystallise minerals of
the correct type (Cr-spinel, forsteritic olivine etc.)
and by analogy with experimental work on rocks of similar
composition (Gibb 1971, Forster 1978) will crystallise
these minerals in the requisite order. Note however that
the compositional dissimilarity of the Cr-spinel compos-
itions in the type 1 and type 2 picrites (and the Rhum
lavas) with respect to the primary spinels from the
layered peridotites (Fig. 6.13) suggest that the former
are not the precise parental magma type. These ultra-
basic magmas (with high normative olivine) will be capable
of_producing crescumulate textured olivines on super-
cooling and their high MgO and Ni contents are commen-
surate with the production of limited volumes of
differentiates. One problem which has not been convincingly
overcome is the limited cryptic variation within the
peridotite units, however, if the thermal model of
Usselman ahd Hodge (1978) is applicable to Rhum then this
.ultrabasic liquid parent will be as applicable as a baséltic
parent. Confirmation of this hoWéver requires more detailed
experimental ana thermal modelling to produce an unequi-
vocal interpretation.

In conclusion the Preshal Mhor magma type is believed
to be an unsuitable parent magma for the Rhum layered

peridotites. The basalt parent of Brown (1956) and the
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eucritic parent with olivine + Cr-spinel ip suspension
of Gibb (1976) have certain disadvantages which are
overcome by a high MgO - high ca0 ultrabasic parent.
Magmas of the latter composition have been shown to
have existed on Rhum during the Tertiary, consequently
it is suggested that these-Rhum magmas are the parent

magma to the Rhum layered peridotites.

IT. A COMPARISON OF THE RHUM DOLERITES WITH THE RHUM
LAVAS AND OTHER HEBRIDEAN SUITES.

The geochemistry of the Rhum lavas has been
presented in the revised Rhum Memoir (Dunham et al.,
in press) and the comparisons made here are consequently
based on as yet unpublished data. Four series of

mineralogically and chemically distinct lava flows of

olivine basalt, hawaiite,basaltic-andesite and icelandite

have been distinguished on Rhum and these are referred
to as the lava groups 2 to 5 respectively (Emeleus 1976,
ADunham et al.,, in press). Another basalt type géo—
chemically distinct from the former occurs as clasts in
the conglomerates associated with the lavas (Group 1,
Dunham et al., in press). The current investigation of
the petrographic and compositional variation of all the
rock types found as clasts in thesebconglomerates is
very important, as these conglomerates are the only key

to a better uhderstanding of the geological history of
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Rhum in post ultrabasic emplacement and pre-lava times.
Although both the lava and the dolerite suites
contain a mixed assemblage of transitional basalts
(Chapter 3, Fig. 3.6 ) and basaltic differentiates,
comparisons of the dolerite groups with the lava groups
of énalogous composition has revealed important
differences between the two suites. In addition, the
dolerite groups 1-3 and the differentiated dolerite
groups 11 and 12 have no analo%% in the Rhum lava pile.
The tholeiitic lava group 1 basalts are similar in
some respects to the more tholeiitic members of the
dolerite group 4. However, there are differences in
the A1203, MgoO and»NaZO abundances, the A1203 content
of the dykes is somewhat lower and the MgO and Na20
contents higher than the levels in the lava group 1
basalts. Comparisons of the A1203 and MgO contents of
the lava group 2 basalts and the more alkalic group 4
dolerites, the Hawaiites of lava group 3 and dolerite
group 10 and the basaltic andesites of lava group 4 and
the dolerite group 8 reveal similar discrepancies. The
difference in MgO content of the two suites gives lower
iron enrichment values for the dolerites (Fig. 8.1).
Although the icelandite lava group 5 and the dolerite

group 9 rocks have similar SiO2 contents they differ

greatly in the relative abundances of Al_O

5937 MgO, cao,



K.0, TiO, and P these being lower (with the exception

2 2 205
of MgO and Ca0O) in the dolerite dykes.

Some of the dolerite specimens were collected frdmb
dykes believed to have acted as feeders to overlying
lavas (p.27 ). The geochemical differences outlined
above suggest that these dykes did not feed the lavas
now preserved in situ or in the conglomerates of western
Rhum, but to earlier lavas which were eroded prio: to
the‘eruption of £he lavas of western Rhum. This
emphasises the point made in Chapter 7 (p.232 ) that
there is a considerable erosion interval postdating the

emplacement of the dykes and preceeding the eruption of

the lavas.

The high levels of MgO in the Rhum dolerite suite
when compared with other Hebfidean suites has been
mentioned in Chapter 3 (p. 79 ). The well documented
magma types of Skye (Thompson et al. 1972; Mattey'gggzL,
1977) and some average compositions of the tﬁoleiitic
Ardnamurchan cone sheets-(quland and Brown, 1971) have
been plotted along with the Rhum ddleriteS'and the Rhum
lavas in Fig. 8.1. This standard plot is generally
used to illustrate the differences between tholeiitic
differentiation (Fe-enrichment with limited>alkali

enrichment) and alkalic differentiation (little Fe-
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enrichment for large increases in total alkalis) but

is used here to emphasise the dissimilarity between

the Rhum dolerite suite and the other Hebridean suites.
Note that the group 1 and group 2 lavas of Mull
(Beckinsale et _al. 1978) are compositionally similar

to the Skye Main Lavas Series basalts (Beckinsale et al.
1978, p. 421).

Two other points of interest concerning the Rhum
minor intrusion suite in its Hebridean context merit
"discussion. The Rhum dolerites are characterised by
fairly low concentrations of the incompatible elements
(Ti, K, P, Nb, Z2r and Y) and Morfison (1978) has shown
this is also a feature of the Mull and Skye lavas. This
suggests that the mantle underlying theAHebridean.centres
was depleted in incompatible elements prior to the
generation of the Tertiary magmas . This may be a primary
feature of this mantle which accreted with low incom-
patible element concentrations early in the Earth's
history or may reflect thorough leaching of incompatibles
during an earliér regional partial melting event. The
presence of Permo-Carboniferous dykes in the Hebrides
has been noted by Speight (1972) and Permo-Carboniferous
dykes in general are known to be alkalic in composition
( MacGregor, 1948 ). It is possible that the Permo-

Carboniferous partial melting event removed the bulk of
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the incompatible elements leaving only an incompatible
depleted residue available for the Tértiary éartial
melting event.

The zoning of the Skye lava pile from alkalic
basalt to tholeiitic basalt was considered to reflect
a progressive increase in the degree of partial melting
by Thompson et al. 1972 and Wood 1979. Similar zoning
of lava piles in Iceland and Troodos led Gibson et al.
(l976)td-propose this QasZéeneral feature of basalts
from extensional tectonic environments. The Rhum minor
intrusion suite however shows the reverse éituation in
that the earliest known igneous rocks on Rhum are
incompatible-depleted tholeiitic gabbros (ﬁk Preshal
Mhor tholeiite of Skye) and there is a prqgression
towards more alkalic (and more magnesian) compositions
with decreasing age. In view of the known differences
in the sequence of intrusion of analogous rocks on
Rhum and Skye (the generalised sequence lavas - basic
and ultrabasic intrusives - granophyre, on Skye is the
reverse of the Rhum sequence), it is perhaps not sur-
prising_that the trenas of basicAmagma composition

associated with the centres are so dissimilar.
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Fig. 8.1 Fe_O_*%*/Fe_O * 4 MgoO v. Nazo + K20 variation

2 3

in“sdome HébFidean suites.

Key to symbols

O

O

o

Rhum dolerite suite (this study)

Average composition of Rhum Lava
groups (Emeleus in Dunham et al.
(in press).

Skye Preshal Mhor mégma type (Mattey
et al., 1977, Table IA).

Skye Fairy Bridge Magma type (Mattey
et al., 1977, Table V).

Skye Main Lava Series magma type
(Thompson et al., 1972, Table 1).

Average composition of Ardnamurchan
cone sheets (Holland and Brown, 1971,
Table 1).
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TABLE 8.1

SOME PROPOSED RHUM LAYERED SERIES PARENT MAGMAS
Analysis 1 Brown (1956, Table 8, anal.l)
Analysis 2-3 Gibb (1976, Table 1, B,c)

1 2 3

sio, 46,80 46.54 45.64
Al,o, 18.60 14.77 ' 13.11
Fe,0, 1.40 3.75 3.69
FeO 7.70 6.85 7.43
MgO 10.90 9.86 14.58
cao 10.60 12.06 10,72
Na, O 2.70 1.53 1.39
K,0 0.30 0.14 0.13
TiO0, 0.80 1.17 0.78
P,0, 0.04 0.07 0.08
Mno 0.0 0.19 0.16
Cr203 0.04 440 ppm - 0.14
or - 1.8 0.9 0.8
Ab 19.2 13.4 12.1
An 37.8 34.1 29.9
Ni 2.0% - —
Di 11.9 22.0 19.4
Hy - 15.8 10.8
o1 23.2 8.2 22.2
Mt 2.7 3.1 3.3
Ilm 1.5 2.3 1.5
Ap 0.1 0.2 0.2

*All norms calculated with a fixed Fe,0 /Fe20 +FeO ratio
of 0.25. Analysis 1 is hypersthene norm%tive 1f the norm
is calculated with the.Fe203 and FeO values quoted by
Brown (1956).
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Viscosity Viscosity Viscosity Viscosity Viscosity
Particle (poises) (poises) (poises) (poises) (poises)
diameter 100 300 500 1000 3000
cm/sec cm/sec cm/sec cm/sec cm/sec
i 1 mm 0.2287 0.0762 0.0457 0.0228 0.0076
Olivine
(Fo85) 3 mm 2.0580 0.6860 0.4116 0.2058 0.0686
0.3 mm 0.0848 0.0283 0.0170 0.0085 0.0028
"Cr-spinel

0.4 mm 0.1507 0.0502 0.0301 0.0151 0.0050

Table 8.2. Comparison of calculated settling rates (cm/sec) for olivines and Cr-spinels in the
Rhum layered series to illustrate that olivine will settle much faster than the
latter. For discussion of the calculation method see Appendix 8.1.
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SUMMARY OF IMPORTAN‘I‘ POINTS

Several interesting facts concerning the Rhum minor
intrusions have resulted from this investigation. A wide
range of rock types came under scrutiny and the synthesis
of their field relationships as expressed in Chapters 2
and 5 has allowed appraisal of the probable sequence of
magma evolution on Rhum. The contrast between the Rhum
sequence and that found in other well studied Hebridean
centres (eog; Skye, Thompson et al., 1972; Mull, Beckinsale
gg_gl,,ll978) emphasises the complexity of mantle processes
which can operate in a small area over a relatively short
period of geological time.

The Discriminant Function Analysis technique applied
to basalt classification in Chapter 3 has shown that there
are real and distinct differences between the tholeiite,
alkali olivine basalt and calc-alkali basalt magma types.
Although the existence of basalts compositionally trénsitional
between alkali olivine basalt and tholeiite basalt has been
appreciated for several years this, statistical approach
produced a method for numericaily defining their transitional
nature and allows for numeric comparisons of the departure
of any basalt composition from the typical alkali olivine
basalt or tholeiite basalt compositions.

The petrographic and mineralogical studies show that

mineral textural and compositional variation in the Rhum



‘minor intrusions can be related to a variety of magmatic
processes. The unusual texture of the minerals occurring
in several of the dykes are similar to those produced in
experimental charges and suggest that supercooling has
played a role in the genesis of several of the Rhum dykes.
Previous studies of compositional variatioﬁ in spinel
minerals has shown they are sensitive indicators of
magmatic change and providing the effects of primary and
secondary variation can be disentangled they can be useful
petrogenetic indicators. If future experimental studies
concentrate on the roles of compositional variation and
pressure in spinel genesis it is possible that this mineral
type may offer great insight into magma genesis.

The geochemical data presented in Chapter 7 shows
that liquids with approximately 15 wt% MgO were not
uncommon oﬁ Rhum during the Tertiary and may alleviate
several difficulties concerning the genesis of the Rhum
layered peridotites and possibly the layered basic rocks.
in other Hebridean centres. Two principal trends are
developed by the basic and intermediate rocks of Rhum,
these being an iron enrichment - MgO depletion trend and
an iron depletion - MgO depletion trend as exemplified in
Fig. 7.2. These are broadly considered to reflect the
differences between mantle and crustal petrogenetic

processes. The petrogenetic discussion of these trends
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in Chapter 7 attempted to distinguish between mantle
and crustal processes but the lack of more sophisticated
geochemical data (especially REE) precludes an unequivocal

interpretation.
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Appendix 1.1

List of publications made during the course of this

study.

Forster, R.M. 1978, Preliminary atmospheric pressure
melting relations 6f some proposed Rhum parent
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Emeleus, C.H. & Forster, R.M. 1979. Field guide to
the Tertiary Igneous rocks of Rhum. Nature
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Forster, R.M. The Tertiary minor intrusions of Rhum.
In: Dunham et al. (in press). The Geology of the
Small Isles of Inverness-shire. Mem. Geol. Surv.
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Appendix 2.1 Strike orientations plotted in Fig 2.1



Appendix 2.2

Strike and dip directions of the inclined
sheets included in Fig 2.1
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Strike
125
155
120
160

80

110

5
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125
110
125
135
135

20
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110
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40W
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Strike
155
60
40
100
15
.90
90
60
90
110
90
60
45
90
80
105
30
80
75
105
125
125
100
135
90
20
40
150
40
110
100
20
50
145
150
110
25
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*
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60S
508w
25NW

* includes the parallel inclined sheets which were not plotted on 10
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Appendix 3.1

DATA SOURCES FOR BASALT ANALYSES USED.IN THE DISCRIMINANT

ANALYSIS WITH THE NUMBER OF ANALYSES USED FROM EACH SOURCE

I Tholeiites

Continental

Brooks and Nielson (1978)

Cox and Horung (1966)

Cox et al. (1967)

Dunham and Kaye (1965)

Holmes (1936)

.Holmes and Harwood (1929)
Lipman and Moench %}972)
Sukeswala and Poldeyart (1958)
Wilkinson (1968) "

SN WEH N WW

Oceanic island

(%)

Baker et al. (1974)
Carmichael (1964)

Gass et al. (1973)
Gunn et al. (1971)

hw o,

XI Alkaline

Continental

Baker et al. (1973)

Barber et al, (1970)

Brown and Carmichael (1971)
Gass and Mallick (1968)

H W adh W

Gibb and Henderson (1978)
Kesson (1973)

Lipman (1969)

Saggerson (1970)

5, S 7 I N

IIX Calk~alkaline

Beddoe-Stephens (1977)#*
Brothers and Martin (1970)
Fitton (1971)

Gill (1970)

Gunn and Mooser (1970)
Hemming (1974)

Jakes and Smith (1970)

BN D g

IV World-wide transitional

Baker et al. (1977) 1
Basgs (1972)*

Cox et al. (1970)

Gass et al. (1973)

Green (1970) *

B O b N

V Hebridean

Beckinsale et al. (1978)= 11
Holland (unpublished data) 16
Mattey et al. (1977) 25

*Cited at end of main text

Ocgan Floor

Baragar et al, (1977)
Cann (1970)

Engel and Engel (1964)
Engel et al, (1965)
Fisher et al. (1968)
Kay et al, (1970)

Muir and Tilley (1966)
Ridley et al. (1974)*

(includes Iceland)

MacDonald and Katsura (1964)

‘McBirney and Williams (1969)

SigGalda’”  (1974)
Wood (1978)

Oceanic (includes Grenada)

Arculus (1976)
Baker (1969)
Baxter (1976)

Gass et al. (1973)

Gunn and Watkins (1976)

Gunn et al. (1970)

Irrabalo (1969)

MacDonald and Katsura (1964)
McBirney and Williams (1969)
Strong (1972)

Keller (1974)
Kuno (1960)
Lowder and Carmichael (1970)

Lopez-Escobar and Frey (1977)

Nichols (1971)
Smith and Carmichael (1968)
Wise (1969)

Hei: . et al. (1966)
Lipman and Moench (1972)
Tonguy (1978)

Waters (1961)

Mitchell et al. (1976)
Ridley (1973)* '
Thompson et al. (1972)*

WWHENDNDW

[T
NwWwadwLWN WwphwoN

nw N

47
43

369



370-.

STATISTICS ON SOURCE BASALT COMPOSITIONS

THOLEIITE BASALTS

VARIABLE

TOTAL NUMBER OF CASES=78

NO OF CASES WITH VARIABLE

ST=DEV ~ MAXIMUM  MINIMUM SKEWNFgS

MEAN

CTORNTONANTAMETSCCLEON
ST LN=STOAMALNOL S
© ® 00600000000 O0HGsI s
MERVRNET QT NN TIRMECRNS

[ [}

LTNEONTA~MEIIITOITI®
© 6000008600000 0CO0OCOO
Ot NMA=DARDDINTONDT D -
T - —<y Mg 1D

AN DN=ANNTTANISTISISD
°°"°.°....'.I'°.'°°
MAT NG Mot T DD VLT G vt
D) =t o Ll =€ (UNC & N

M M T s

FMIDTMOAMIOTNECOME NN
UDAUD ST R MO (S D O 0 U (I
°°°°°“'°°°°0°°ﬂ'n'°
et B DT REND T ETTONOD
CEONS S

— -

MTOIDNCARTINRNOCTESANMN
PN N O N T e VN T QR O U v
°°°uoon°oﬂ°°°°°°°°°
O DO NR=RNEDCANDNTO®
Fwtos oo DV Seimmm =
o= o0 O ow

0000 &S 30 00 0O O @ 00 NS MHOUOIN T
P PP UG N PN (3 73 P T U ) oo

[=]
Rt
w
mal
NO< O o O
C w00 D CooT
e OB T OB Z O\ IO CZDZ
DT OLZX =TA 2O NN N

NUMBER OF CASES=62

TOTAL

NO OF (CASES wITH VARIABLE

ALKALI OLIVINE BASALTS

VARIABLE

ST=DEV MaAXI#HUM MINIMUM SKXEWNESS

MEAN

CSINOEENIYMINSIATLNES
NOCR LM RANEC T LT TIION—
"o a0 bOE®MOOOGD0OC0O0OR

[ ] ] 4 o0

XANMtTCLE PR T ITRIITNEECR
©0>»PH0000000O000C00CO0O0OC

L RSOMNOG=RSINILIOONIN—MS

X - ey L= 0 N

849657W585..ﬂ”4
DAD = UAT NTI T
P 0O ODOCOO6OGB OO
AT OMODNT DO RNTTIWUICRT
Deototom CONSCTC R w
TUIN =2t i) e

-

O =R DTT OO T NN
PN DU OUND UM, 17U A D L
o 00 O000eCODaG O 60 0O O00C O
et (oD G RO DT T RO i)
Lal g Nab - of ol o
——t—— o~

O TACA=TNLCOTENLCONNN
PIOTOSRNIDT = TN TR NMNT
T T--- - - T-  -  - I --
MU= EADS e N R TN T M DM L v ™)
G e o DAONN NN
iy o D

VOV U OV NV N N RN N, 1S (VDN OIS

O IC OGO OGN D DN NT NIYT Mo

[=4

[T8]

[T

[ = ]
NC L Q N O
cn—CoONOCOCOO

ot BOUHC G O Z O XAD O XOT
DA T LI X T ZOMZ N> NN

TOTAL NUMBER OF CASES=SY

CALC=ALKALY BASALTS

.SKENNESS

STeDEV ~ MAXIMyUM MLNIMUH

MEAN

NO OF CASES WITH VARIABLE

VARIABLE

ASOY OO MITTANRANYE SV
MEON— AL O T TIACTOM
¥ 9000000000000 O OO0
Rt GINVIT RN vt D U vttt (o N 1O S e OV
o0 ] ]

.485274292””..6“3“.0”““
ﬂoooovocnv.uovonewon
817370.ﬂd@d|ﬂ67195,b|¢
et s N

- -

1563’93“87%‘.\ﬂﬂﬂ.uﬂﬁﬂ.
NRELMNOMINT A.\ld.d\,,d.unu.
® 0 5 0 80O e OO B0 SO D 0D
NN IMMet QAT =M TN T .08
LeIs ol ol of MR =Moo ym
MECN = O ouoa

a2 SN 3 U = onT. b - 2o SR J ViV ol oNT o VA <o o WL gl oF V]
R etMONANAM QetT T DL =T O we
© 0 0000 6eO OO 0000006000
BNttt DS ST TOANTDNOONO
T T T e

-t o~

OSSO MNOT e TMHOXTMELONNC D
TN TDDLOERN=OUNTNT OO0
0O 000000000 COOCOC0C 00O C0
SNROO TNt READ L DONT
o -3 IO AT
L] o>

" ot et o e ot ot ot D PIN T RO IO

DO IO N INUROUNT VN (vl e DN w0

o

w

[F N

Ml
NO < O o~ W0
SO OoONCOOO

Pt SOOI T O 7 N X I XDTF
DI =T OZY IO ZTOCTRNIAL N




371

Appendix 3.1

References

Arculus R, J. 1976, The geology and chemistry of the alkali
basalt and andesite association of Grenada, lLesser
Antilles island Arc. Geol. Soc. Am. Bull. 87, 612-624.

Baker B. H., Goxrdon G. G,, Leeman P. W. and Lindstrom M. M.
1977. Geochemistry and petrogenesis of a basalt-benmoreite-
trachyte suite from the southern part of the Gregory Rift,
Kenya. Contrib. Mineral. Petrol. 64, 303-332.

Baker I. 1969. Petrology of the wvolcanic rocks of St Helena
Island, South Atlantic. Geol. Soc. Am. Bull. 80, 1283-1310.

Baker P. E., Brosset R., Gass I. G. and Neary C. R. 1973,
Jebel al Abyad: a recent alkalic volcanic complex in
Western Saudi Arabia. Lithos 6, 291-303.

Baker P, E., Buckley F. and Holland J. G, 1974. Petrology and
.geochemistry of Easter Island. Contrib. Mineral. Petrol.
44, 85-100.

Baragar W. R. A., Plant A. G., Pringle, G. J. and Schau M.
1977. Petrology and alteration of selected units of Mid-
Atlantic Ridge basalts sampled from sites 332 and 335 D.S.D.P
Canadian J. Earth Sci. 14, 837-874.

Barberi F., Borsi S., Ferrara G., Marinelli G. and Varet J.
1970. Relations between tectonics and magmatology in the
northern Danakil Depression, Ethiopia. Phil. Trans. Roy.
Soc. A257, 293=311,

Baxter A. N. 1976. Geochemistry and petrogenesis of primitive
alkali basalt from Mauritius, Indian Ocean. Bull. Geol.
Soc. Am, 87, 1028,

Brooks C. K. and Nielson T. E. D. 1978, Early stages in the
differentiation of the Skaergaard magma as revealed by a
closely related suite of dyke rocks. Lithos 11, 1-14.

Brothers R. N. and Martin K, R. 1970. The geology of
Macauley Island, Kermadec Group, South West Pacific.
Bull. vole. 34, 330-346,

Brown F. H. and Carmichael I. S.E. 1971. Quaternary volcanology
~ of the Lake Rudolf region: II The lavas of North Island,
South Island and the barrier. Lithos 4, 305-323..

Cann J. R, 1969, Spilites from the Carlsberg Ridge, Indian
Oceano Jo Peto lOp l"’lgo



372

Carmichael I. S. E. 1964," The petrology of Thingmuli, a
Tertiary volcano in eastern Iceland. J. Petrol. 5,
435-460,

Cox K. G. and Horwng G. 1966. The petrology of the Karroo
basalts of Basutoland. Am, Miner., 51, 1414-1422,

Cox K. G., Macdonald R, and Hofmng G. 1967. Geochemical and
petrographic provinces in the Kafroo basalts of Southern
Africa. Am. Miner. 52, 1451-1474.

Cox K. G., Gass I. G. and Mallick, D. I. J. 1970. The
peralkaline volcanic suite of Aden and Little Aden,
South Arabia. J., Petrol. 11, 433,

Dunham A. C. and Kaye, M. J. 1965. The petrology of the Little
Whin Sill, County Durham. Proc. Yorks. Geol. Soc. 35,
229-276 °

Engel A. E. J. and Engel C. G. 1964. Igneous rocks'of the
East Pacific Rise. Science 146, 477-485,

Engel A. E. J., Engel C. G. and Havens R. G. 1965. Chemical
characteristics of oceanic basalts and the upper mantle.
Geol., Soc. Am. Bull., 76, 719=734,

Fisher R. L., Engel C. G. and Hilde R. W. 1968, Basalts-
dredged from the Amirante Ridge, Western Indian Ocean.
Deep Sea Res. 15, 521-534,

Fitton J. G. 1971. The petrogenesis of the calk-alkaline
Borrowdale Volcanic Group, Northern England. Unpublished
Ph.D. Thesis,University of Durham. '

Gass I. G. and Mallick D. I. J. 1968. Jebel Khariz: an upper
Miocene strata volcano of comenditic affinity on the
south Arabian coast. Bull., Volc. 32, 33-88.

Gass I. G., Mallick D. I. J. and Cox K. G. 1973. Volcanic
islands of the Red Sea. Jl. Geol. Soc. Lond. 129, 275_-—310°

Gibb F. G. F. and Henderson C. M. B. 1978. The petrology of
the Dippin Sill, Arran. Scott. J. Geol. 14, 1-27.

Gill J. B. 1970. Geochemistry of Vitu Levy, Fiji and its
evolution as an island arc. Contrib. Mineral. Petrol.
27, 179-=203.

Gunn B. M. and Mooser F. 1970. Geochemistry of the volcanics
of central Mexico. Bull. Volc. 34, 577-616, '



Gunn B. M. and Watkins N. D. 1976. Geochemistry of the
Cape Vexrde Islands and Fernando de Noronha. Bull
Geol. Soc. Am., 78, 1089-1100, '

Gunn B, M., Coy-Y1ll R., Watkins N. D., Abranson E. and
Nougier J. 1970. Geochemistry of an oceanite-—-ankaramite
basalt suite from East Island, Crozet Archipelago.
Contrib, Mineral. Petrol. 28, 319-339.

Gunn B, M., Abranson C. E., Nougier J., Watkins N. D. and
Hajash A, 1971. Amsterdam Island, an isolated volcano
in the Indian Ocean. Contrib. Mineral. Petrol. 32, 79-92,

Heier K. S., Chappell B. W., Arriens P. A. and Morgan J. W.
1966. The geochemistry of 4 Icelandic basalts. Norsk.
Geol. Tiddsk. 46, 427-431.

Hemming R. F. 1974. Geology and petrology of Rabaul Caldera,
Papua New Guinea. Bull. Geol. Soc. Am. 85, 1253-1264.

Holmes A. 1936, A record of new analyses of Tertiary igneous
rocks (Antrim and Staffa). Roy. Irish Acad. Proc. 43
Sec B no 8, 89-94,

Holmes A. and Harwood H. F. 1929, The tholeiite dykes of the
North of England. Miner. Mag. 22, 1-52.

Irrabolo E. 1969. Variation trends in basaltic rocks of the
Canary Isles. Bull. Volc. 33, 729=777.

Jakes P. and Smith I, E. 1970. High potassium calc-alkaline
lavas from Cape Nelson, Eastern Papua. Contrib. Miner.
Petrol., 28, 259-271.

Kay R., Hubbard N. J. and Gast P. W. 1970. Chemical
characteristics and origin of ocean ridge volcanic rocks.
J. Geophys. Res. 75, 1585-1613.

Keller J. 1974. Petrology of some volcanic rock series of the
Aeolian arc, southern Tyrrhenian Sea. Contrib., Mineral.
Petrol., 46, 27-47,

Kesson S. E. 1973. The primary geochemistry of the Morana
alkaline volcanics, south east Australia - evidence for
upper mantle hetereogeneity. Contrib. Mineral. Petrol.
42, 93-108.

Kuno H. 1960. High Alumina Basalt. J. Petrol. 1, 121-145.

373



374

Lipman P, W. 1969, Alkalic and tholeiitic basaltic magmatism
related to the Rio Grande depression, southern Colorado
and Northern New Mexico. Bull. Geol. Soc. Am. 80, 1343~
1354,

Lipman P, W. and Moench R. H. 1972. Basalts of the Mount
Taylor volcanic field, New Mexico. Bull. Geol. Soc. Am.
83, 1335-1344.

Lopez-Escobar L., Frey F. A, and Veraga M. 1977. Andesites and.
~ High Alumina basalts from the central-south Chile High
Andes: Geochemical evidence bearing on their petrogenesis.
Contrib. Mineral., Petrol. 63, 199-228,

Lowder G. G. and Carmichael I. S.E. 1970, The volcanoes and
caldera of Talasea, New Britain, Geology and Petrology.
Bull. Geol. Soc. Am. 81, 17=38, '

MacDonald G. A. and Katsura T. 1964. Chemical compositions of
Hawaiian lavas. J. Petrol., 5, 82-133,

McBirney A. R, and Williams H. 1969. Geology and petrology of
the Galapagos Islands. Mem. Geol. Soc. Am. 118, '

Mitchell J, G., Jones E, T. W, and Jones G, T. 1976, The
composition and age of basalts dredged from the Blackstones
igneous centre. Geol. Mag. 113, 525-533.

Muir I. D. and Tilley C. E. 1966, Basalts from the northern
part of the Mid-Atlantic Ridge. Part II. J. Petrol. 7,
193-201.

Nichols I. A. 1971. Petrology of the Santorini Volcano,
Cyclades, Greece. J. Petrol. 12, 67-119.

Saggerson E, P, 1970. The structural control and'genesis of
alkaline rocks in Central Kenya. Bull. Volc. 34, 38-76.

" Sigualdson G. E. 1974, Basalts from the centre of the assumed
Icelandic mantle plume. J. Petrol. 15, 487-524,

Smith I. A. and Carmichael I. S. E. 1968. Quaternary lavas
from the southern cascades, Western U.S.A. Contrib.
Mineral. Petrol. 19, 212-228,

Strong D. F. 1972. The petrology of the lavas of Grande Comore.
J. Petrol. 13, 181-217,

Sukeswala R. N. and Poldervaart A. 1958. Deccan basalts from
the Bombay area, India. Bull. Geol. Soc. Am. 69, 1475-1494.



375

Tonguy J. C. 1978. Tholeiitic basalt magmatism of Mount
Etna. Contrib. Mineral. Petrol. 66, 51-57.

Waters A. C. 1961. Stratigraphic and lithologic variations
in the Columbian River basalts. Am. J. Sci. 259, 583-611l. -

Wilkinson J. G. F, 1968, The magmatic affinities of some rocks
from the Tweed shield volcano, SE Queensland - NE New
South Wales. Geol. Mag. 105, 275-289,

Wise W. S. 1969. Geology and petrology of the Mt Hood area:
- a study of High Cascade volcanism. Bull. Geol. Soc., Am.
80' 969'='1006e

Wood D. A, 1978. Major and trace element variation in the
Tertiary lavas of eastern Iceland and their significance
with respect to the Iceland geochemical anomaly.

J. Petrol. 19, 393-436. '



376

Appendix 3.2

Discriminant function analysis

The analysis was performed using the procedure
discriminant in the Northern Universities Multiple
Access computer (NUMAC) SPSS statisticai package
version 8 at Durham University (Nie et al., 1975).
The first stage in the analytical procedure was the
recalculation of Fe203 + FeO to total iron as FeO the

major oxides in all analyses were then normalised to

total 100%. The second stage in the analytical pro-

cedure was standardisation of the data variables (both

major oxide and trace elements) to Z scores by sub-
tracting the mean of the distribution for each variable

i and dividing by the standard deviation.

This standardisation equally weights the variability

of say SiO, at 45-52 (wt %) and the variability of Rb

2
(0-50 ppm) about their respective common means. In
accordahce with standard trace element prbcedure a Loglo
transformation was performed on the trace elements to
produce a normal population distribution.

Discriminant analysis then acts on these standardised

variables and forms one or more linear "functions in the



form:

Di = dilzl + diZZZ +.0.0.d1ipZp

where Di is the score on the discriminant function i,
the d‘'s are weighting coefficients and the Z's are.

the standardised values of p discriminating variables.

Option 1 of procedure Discriminant (Nie et al., op.cit)

was invoked to include cases with missing values.

The classification functiqns were in the form:

. = C,.V. + C, ipvP + Ci
Cl cllvl Cl2V2 + CilpVP Cci0

where Ci is the classification score for each class,
the Cij's are the classification coefficients with
CiO being tﬁe constant and the V's are the raw scores
on the discriminating variables. A'separéte classif-
ication function was derived for each class and each
function weighted acéording to the size of the class.
These classification functions were derived from the
individual group covariance matrices.

Procedure discriminant produces two probability
statistics during the classification of a case into a
group. The value P(X/G) gives the.probability of a
case in a group which has a location as far from the
group centroid (see bélow) as the case in question.
The value P(G/X) is the probability of that case

belonging to the group it has been classified into.
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A high P(G/X) value indicates that the case in guestion
is more likely to belong to that group than any of the
other groups and providing the P(X/G) value is also high
the classification is valid. This latter probability
provides the necessary constraint on for example classi-
fication of an igneous suite which includes intermediate

rocks with high SioO These would be preferentially

20
classified as tholeiite as opposed to alkali basalt

(in that Si0O, is an important component in the discriminant

2
function)_but they would lie a long way from the group
centroid (ie. low P(X/G) and the mis-classification
would be detected. -

The value known as the group centroid is the mean
of the discriminant score for each group on its
respective function(s),ie. the most likely situation of

a member of that group with respect to the discriminant

function (s).



Appendix 3.3

Standardised Canonical Discriminant Functions

MAJOR OXIDES ONLY

FUNC 1

sio -2,55413
21,6, ~2.15715
TOTALFE( ~2,00173
Mgo -2,20393
ca0 -2,13883
Naj0 -0.52234
KpO =0,50462
TiO, -0, 76063
Mno -0,56885
P,05 0.21650

Group Centroid

FUNC 1
Tholeiite =0.7734¢°
Alkali 2,15513
Calc-alkali =1.43698

FUNC 2

-2,30421
-1.89696
-2.24044
-2.82525
~2,34856
~1.03540
=0,01291
-1.87916

0.06925
=-0,01302

FUNC 2

~0,97010
0.22543
1.20963

FUNC 1
sio ~2.45367
A1253 ~1.71555
TOTALFEQ ~1.81133
MgO ~-1.64695
cao =1,70922
Naj0 =0,11566
K50 ©0,18248
Tio, ~0,95737
Mno -0,42719
P,05’ 0,01778

Group Centroid

MAJOR OXIDES AND TRACE ELEMENTS

FUNC 1
5i0; 1.56944
A1,0, 1.14233
TOTALFEQ 0.93003
Mgo 0.89251
cao 1.10176
Na,0 0.11080

0 0.25193
Ti0, 0.08724
Mno 0.67999
Py05 -0.21569
Ni 0.38956
cr 0.51407
Ba -0,56523
Mb 0.32225
Zx -0,15130
Y -0,28276
Sr -0,35734
Rb 0.13891
zn -0,01709

Group Centroid

FUNC 1
Tholeiite 0.63726
Alkali =2.31720
Calc-alkali 1.,84237

FUNC 2

1.87389
1.41384
1.73647
1,99830
1.80435
0.65778
-0,11967
1.54733
-0,07930

0.01949

0.30412
=0.45891
-0.15776
=0,19077

0.14434

0.19448

0.71693
-0.18489
-0,32845

FUNC 2

1,02875
-0.44057
-1.31308

FUNC 1

~1.53514

1.93131

FUNC 1

sio, 1.37565
‘Al,03 0.,70378
TOTALFE(Q 0.65459
MgO 0.17576

ca0 0.69055

Na,0 -0.33114
K20 ~0,40389
TiO, 0.27646
Mno 0.49545
P20g -0,10802
Ni 0.23780
Cr 0.24169
Ba -0.57506
Nb 0.20345
Zr ~-0.06704
Y -0.14930
Sr 0.24242
" Rb -0,05511
Zn -0,11609

Group Centroid

FUNC 1
Tholeiite =1.60125
Alkali =-2,01447
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Unstandardised Canonical Discriminant Functions

These are derived in an analcocgous manner to the standardised functions listed previously
but will operate on data which has not been normalised to Z scoreg providing the penultimate
product is multiplied by the constant listed at the end of each discriminant function.

FUNC 1
5i0; -1,898049
Al,04 -1.287582
TOTALFEO -1.322826
MgO -1.080723
cao -1.445055
Nas0 -0.,7757832
K0 -1.007275
Ti02 -1.028659
MnO ~-13.38699
P20 0.7172462
(CO%STANT) 158.4481

Si02
Alzoi
TOTALFEO
MgO

Ccao

Na20

Kzo
Ti0O
MnoO
P,0

g °

Cr

Ba

Nb

2r -

Y

Sr

Rb

Zn
(CONSTANT)

2

*computer notation E-0l = 1

MAJOR OXIDES ONLY

FUNC 2

~-1.712328
-1,132277
-1.,480578
-1.385393
-1,586755
~-1.537783

-0,2576487E-01*

-2,541340
1.629625
-0,4312484E-01

153.8755

sio,
A1203
TOTALFEO
MgO

Cao

Nay0

K0

TiO2

MnO

P205

FUNC 1

-1.682596
-1,161031
-1.148963
~0,7849087
-1.165026
-0,1787287
0.4473243
-1.150076
-9,857938
0.6661001E-01

(CONSTANT) 135.4631

MAJOR OXIDES AND TRACE ELEMENTS

FUNC 1

1.166300
0.6818425
0.6146039
0.4376528
0.7443850
0.1645537
0.5028897
0.1179788

16.00260

~0.7145491
0.1002807
0.1252376

-0.1385052
0.9957589E-01%

~0.3798900E-01

-0, 7689975E~0L

-0.8600952E-01
0.3864681E-01

~0,4727808E-02

»

-89,35329

o—l

FUNC 2

1.392542
0.8439041
1,147533
0.9798891
1,219076
0.9769390
-0.2388704
2,092575
~1.866279
0,6455399E~01
0.7828676E-01
0.1118012
-0.3865885E~01
~0.5894766E-01
0.3624231E-01
0.5289183E-01
0.1725599
-0.5143928E-01
~0.9085518E~01

-120,9608

Si02
A1203
TOTALFEQ
MgO
Cao
Na20
Ky0
T:.O2
MnO
P,0
N °
Cr

Ba

Nb
Zr

Y

Sr
Rb
Zn

(CONSTANT)

FUNC 1

0.9433487
0.4762943
0.4152199
0.8376549E-01
0.4706844
-0,5117261
-0.9900758
0.3321041
11.43313
~0.4047525
0.6129370E-01
0.5842955E-01
-0.1435192
0.6130612E-~01
-0.1661615E~01
-0.4003399E-01
0.5959392E-01
-0,1561139E-01
-0.3299191E~01

~-64,04783



Specimen list with compositional type,location,enclosing country

rock (CR), strucial type (SR) and relevant cross-cutting relation-

Appendix 5.1

ships,

Key to compositional types,

1-12 Dolerite groups, F denotes a high variant,

HEG

LMG

P

A

High Mg0 Gabbro
Low ligO Gabbro
Peridotite

Acid

Key %o country rocks

LA
PBE
NG
GR
U
FE
BX
TB
T0
LE

Lavas

Layered peridotites
Marginal gabbros
Granophyre

Tuffisite

Felsite

Explosion breccia
Torridonian 1inside MRF
Torridonian gutgide MRF

Lewisian gneiss

..

Key to structural types
DY Dyke

Is Inclined sheet

TCS ' Thin conformable sheet

THC Thick conformable sheet
PIS Parallel inclined sheet
Pl Plug

Spec Type

10476
12476
14A76
15476
16476
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Fig 2.9
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Fig 2.9
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NM39579639

HM38589845

Fig 2.9
NM39369841
Fig 2.9
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Fig 2.9
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Fig 2.9
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DY
TCS
DY
DY
TCs
TCS

PIS
PIS
PIS
PIS
PIS

DY
PIs

DY

PIS

DY
PIS
P18

PIS

X=Cutting

Cuts an early gabdbro

Guts 22476

Cuts 41A76 ..

Cuts 33476

Cut by MRF

Cuts S0A76

P
i

Cuts PIS

DY Cuts 81A767
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93476
S4AT6
95476
77002
77003
77004
77005
77008
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77015
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77033
77034
77035
77036
77039.
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77068
77070
77071
77075
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77076
77077
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NM39459859 TO PIS
W1%9519877 TO DY
N " © TO PIS
XM41099646 TB DY
M40929550 PE DY
40849574 PE DY
30849575 PR DY
MA0849576 PEB DY
WANRTYSe0 PR DY
H40819593 PE DY
Pig 2.8 GR DY

" GR DY

" GR DY

M " GR DY
n GR DY

" GR DY

" GR-PE DY
33559360 pi DY
KM3%5359716 P DY
Pig 2.9 PE LY
Fig 2.1 T0 PL
439169725 PE DY
¥ig 2.11 ’ PL
N1 38599860 EX DY
" EX DY

Fig 2.9 EX DY
NM358569866 EX DY
NH38499840 FE DY
ni48506%9831 FE DY
NM38519850 FE DY
" FE DY

Pig 2,11 FE DY
N138419852 FE DY
NG 25690130 TO DY
Fig 2.11 TO PL
Fig 2.9 T0 DY
Fig 2.1 T0 PL
Figp 2.11 T0 PL
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Fig 2.1 TO PL
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o TB DY
Pig 2.9 T8 DY
Niv39429807 TB DY
35409807 TB Y
HM:A93%59801 T3 Y

X=Cutting

Cuts 95476,77316

Also on Fig 2.1
Alsoon Fig 2.9

Cuts Dornabac dbreccia

Cuts 77033 *
Cuts 77033
Cuts 77033
Cuts 77033

Cuts 77046
Cuts 77047
cuts 77361 (PP)

Cuts 7705i (pp)

cuts 77055 (PP)

Liq-liq contact with FE

Cuts 77075
Cuts 77075
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NG 32720202 0
NG32690204 |, TO
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Fig 2.11 T0
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Fig 2.11 T0
Fig 2.9 T0
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Fig 2.11 TO
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Fig 2.9 LE
Fig 2.11 TB=-EX-LE
Fig 2.11 B
Fig 2.11 0
" T0

Fig 2.9 T0
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Fig 2.1 70
Ni138639356 FE
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Fig 2.11 70
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Fig 2.9 MG

X-Cutting

Cuts 77078
Kilmory type
Pos'n WRT MRF ?

* Dunham 1968 P1_25

Extremely fresh .
Xilmory type

Kilmory type

Euts 173

35 .
Lig-liq contact with FE

Liq-11iq contact with FE
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Cut by a basic dyke

Papadil type

Cuts' 771797
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NG 34790175 70 TCS
Fig 2.1 70 PL
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X=Cutting

Cuts 77245
Cuts 77204,77245

Cuts 77208

Cuts 77212

Cut by a Gp 7 DY
Papadil type
Cut by 77205

Cuts 77251

Kilmory type
Kilmory type

cut by 77268 (PP)

Spec Type
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77537
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77342 1
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77544
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Fig 2.11
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L

NM38559350
Fig 2.1

NM39169713
NM35069685
NM33409846

Fig 2.11
Fig 2.9
NM354595458
N}M33129564

N¥55109563

m33939562
Yig 2.6

NM39409846
NG35700416

X=cutting

Lig-1iq contact with FE

Chill to 52476
Cuts 77325

Cuts 77335
Cuts 77343,77149,77339,77333

Cuts 77332

Cuts 77149,77334,77335,77343
Cuts 77343

Cuts 77339

Cuts 77339 Also on Fig 2.9
Cuts 773539

. Cuts 77339,77343

Cuts 77343,77350

Cuts 77149
Cuts 77149

Cuts 7735%,cut by a 1HC
CHE pers collection
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APPENDIX 6.1

ELECTRON MICROPROBE ANALYSIS

The machine used wag a Cambridge Instrument Company
Geoscan Mark II operated at an accelerating voltage of
15 KU and a specimen current of 40 nanoamps. The
focussed beam diameter is in the order of 2-5 Y .

Samples were prepared as pplished thin sections and
where possible were simultaneously carbon coated with
the standards to ensure a un}form carbon coat thickness.
Both standards and samples were stored in a dessicator
between analysing sessions to prevent deterioration of
the carbon coat.

All analyses were made on a wavelength dispersive system
with three analysing crystals - LiF, K.A.P. and P.E.T.
Analyses prior to January 1979 were made using a single
spectrometer, all subsequent analyses made simultaneous
use of two spectrometers. The general analysing
conditions for each element are shown in Table A6.1.

Data handling follows the general method described
by Sweatman and Long (1969) and was performed by an on-
line Varian 620 L/100 computer. The program Tim 3
{written by Dr. A. Peckett) performs a ZAF (Atomic number,
Mass absorbtion, Fluorescence) correction on peak and

background data for samples and standard. In general 4 to 6

ten-second count accumulations are obtained and
averaged for each peak and background position, for
each element. Background values determined for each
mineral type were used throughout each analytical
session,

Calculated'detection limits for the elements in
Table A6.1 are believed to be 200-500 pm and overall
accuracy for the major constituents (> lO.wt%) is

. +
estimated to be -2% (Pinsent, 1974).



11
12
13
14
19
20
22
24
25
26
28

TABLE A6.1

OPTIMUM ANALYSING CONDITIONS AND STANDARDS USED IN ELECTRON MICROPROBE ANALYSIS

Element

Na
Mg
Al
Si
K

Ca
Ti
Cr
Mn
Fe
Ni

Line

Analysing

crystal
K.A.P,

Counter

Peak

53°14"
43%42¢
3632
109°18"
50°20°
113
86
69
62
57
48°34:

o2'
05"
16°
48"
20!

O 0O 0O o o o o o o

Background

Standard

Jadeite

MgoO

A1203
Wollastonite
K-feldspar
Wollastonite
TiO2

Cr203
Rhodonite

Fe

Ni

g8 E
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APPENDIX 6,2

SPECIMEN
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‘Appendix 6.3
Table of mineral aﬁalyses° The specimens in each mineral type
are arranged in the ascending order of their respective dolerite
-groups, with the gabbro and peridotite mineral analyses located
at the end of each section., Note that iron is given as Fe2+ in
all analyses;(including the opaque oxides), NA= not analysed,
Guide to analysis numbers,
The first 5 characters refer to the specimen number,
01,02 etc refer to the mineral analysis number for that specimen.

G and P refer to groundmass and phenocrysts respectively..
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APPENDIX 7.1

X-ray Fluorescence Analysis

Samples were fragmeﬁted and stripped of weathering
using a Cutrock Engineering hydraulic splitter. Further
fragmentation to an aggregate of < lcm chips was échieved
with a Sturtevant 2"x 6" Roll Jaw Crusher. Grinding of
this aggregate to a fine powder was accomplished in a
Tema Laboratory Disc Mill with a tungsten-carbide grinding
barrel. Grinding took 1-4 minutes.

Several grams of powder were then compressed into
bri quettes using a hydraulic press, operated at 800-900
kg/cm2 (5-6 tons/inch2)° A few drops of an inert organic
binding material (Mowiol) was added to the powder, prior
to compression to aid cohesion.

Major and trace elements (excluding some Nb and Rb) were
;nalysed on a Philips PW1212 automatic spectrometer into
which the bricquettes were loaded by a Torrens Industries
TE108 Automatic Sample Loader. Routine operating conditions
for this machine are given by Reeves (1971).

The major and minor elements Si, Al, Fe, Mg, Na, K,

Ti and P were determined in a single analytical session
using a Cr target and an evacuated tube. Mn was determined
separately using W radiation. The accumulation of counts

for the unknowns was based on a 'fixed count' time for a

422
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monitor. This minimises machine drift or instability.
Data handling was performed using an iterative
procedure described by Holland and Brindle (1966) and
Reeves (1971). Standards used in this calibration were
the international standards, AGv1l, BCR1l, BR, DTS1, G1,
GH, GR, PCCl, SY-1 and W-1 (for compositions see
Flanagan, 1973). The departmental secondary standard
Na-1 with 20-50 wt% A1203 was used to control A1203
calibration beyond the range of the international
standards (17.25 wt%). K. O in specimens with < 0.07 wt%

2

K2O was redetermined with longer (100 seconds) counting

times to increase the precision of the K20 determination
at low concentrations.

Three checks were made to eiucidate the scope of
variation possible for each quoted major oxide determination
thus giving an estimate of the precision of the procedures
outlined above, these are as follows:

(1) Two separate briguettes were made from the same
powdered sample (77192, an olivine phyric dolerite).
The replicate analyses are presented in Table A7.1l.
Only small differences occur in the values quoted
for the replicate determination excluding perhaps
Na20 which varies from 2.31-2.52 wt%.

(2) Two samples (52A76, 77047) which were analysed on

the first day were re-analysed at the end of the last
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day to estimate any variability within the run
due to machine instability; The replicate analyées
on these two specimens are also presented in Table
A7.1 where slight variations can be seen in the
values quoted for each element.
(3) The percentage error due to the variation in the
counts of standards (each of which was analysed
four times during the run) were assessed for 6
representative standard compositions. The
compositions of these standards and the error for
each major oxide determination are presented on
Table A7.2. It is clear that although precision
declines with decreasing concentration the errors
on the standards in Table A7.2 are generally small.
An exception being the composition Gl which exhibits
larger errors.
The checks outlined above suggest that small variations
in run conditions over a period of days do occur but
these do not significantly affect the reliability of the
results. The reasons for the larger errors on Gl aie
not clear but inhomogeneity within the briguette is one
possible explanation. It must be stressed that these
results ére based on limited data and can_only be viewed
as a rough guide to the precision of data produced by

the PW1212. A rigorous check of the precision of
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PW1400 prior to its routine use as an operating

instrument and the discontinued use of standard Gl is
recommended.

The trace elements Ba, Nb, Zr, Y, Sr, Rb,‘Zn, Ni

and Cr were determined using W radiation. Nb and Rb
were redetermined on a PW1400 using Rh radiation and

longer counting times (100 seconds) in samples with

< 6 ppm and 10 ppm respectively. Peaks and backgrounds
obtained for standards and unknowns were converted to

the function (P/B-1). This function when plotted against
standard concentrations produces a straight line from
which unknoﬁn concentrations can be directly obtained.

This calculation was per formed usiﬁg the program TRATIO
(written by R.C.0O. Gill). Mass absorbtion.and matrix
effects are compensated for by the (P/B-1) function using
scattered background radiation as an internal standard.
TRATIO also allows correction for the interferences of

Sr K on 2r K& , Rb Ko on Y KX and Y Ko on Nb KX
using experimentally determined interference factors.
The redetermined Nb and Rb values were calcﬁlated using the
function (P/B-1), direct and were in tolerable agreement
with the earlier determinations. The longer counting times
over one peak and two background positions lowered the
detection limit of these elements to 1 ppm with an estimated

N :
error of -0.5 ppm at this concentration.
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The standards used were synthetic, spiked glasses
produced by the Pilkington Research Laboratory for use

in lunar investigations (Brown et al., 1970).



TABLE A3.1l
REPLICATE DETERMINATIONS OF MAJOR OXIDE ANALYSES

Anélyses 1 and 2: Analyses of two different bricquettes made from the same finely crushed sample
Analyses 3 and 4: Analyses of the same bricquette at the beginning and end of the same run
AnalYSes 5 and 6 : n " " " - " 1" 1] n n 1} " 1} [} (1}

1 2 3 4 5 6

Deviation ‘Deviation Deviation
Spec. 77192 (a) 77192 (b) from mean 77047 77047 from mean 52A76 52A76 from mean
510, 46.54 46.61 I 0.08  49.99 49.70 Y o.15  4a1.18 41.21 ! o.02
A1,0, 15.04 15.08 f 0.02  18.94 18.95 f 0.01 '8.77 8.74 f 0.02
Fe 0%  11.20 11.02 ;.0.09 7.18 7.24 - 0.03  12.16 12.15 - 0.0l
MgO 12,99 12.78 fo.11 5.62 5.66 ¥ 0.02  30.52 30.44 % 0.04
cao 10.05 10.02 f0.02  15.10 15.28 ¥ 0.09 5.58 5.64 To.03
Na,0 2.31 2.52 To.11 1.98 1.98 0.62 0.67 Io.03
K,0 0.46 0.46 | 0.08 0.08 0.14 0.14 |
Ti0, 1.20 1.20 o 0.91 0.91 0.82 0.82 o.01
Mno 0.16 0.17 L o.01 0.10 0.10 0.17 0.17
PO, 0.12 0.14 I o.01 0.08 0.09 Io.01 0.08 0.08

LiY



Wt%
Sio2

BR

Comp
38,20

A1303 10,20
Fe203 12,88

Mg0
Ca0l
Na20
K20

Ti02

P205

V%
8102

A1203

Fe203
MgO0
Cal
Na20
K20
Ti02
P205

W%
Si02
Al203
Fe203
Mg0
Ca0
Na20
K20
Tio2
P205

13.28
135,80
3,05
1.40
2,60
1.04

W1
Conp
52.64
15.00
11,09
6,62
10,96
2.15
0.64
1.07
0.14

DTS
Comp
40,50

0.24

8,64
49,80

0.15

0,01

0,00

0.01
00,00

Mean Counts
67923
86680

100780
96292

179566
28343

.56617

127306
13678

Mean Counts

94908
141896
95819
41064
139079
20248
26252
52847

1751

Mean Counts

57770
2016
107481
418756
2456
788

715

837

32

Range of %ge

error. (%)
0.14-0,38
0.21=0,39

" 0.35-0.53

0093-1029
0.51-=0,55
1,16=3,23
0.40-0,84
0,25-0,46

2,02=2,16

Range of %ge

error(+ )
0044“0037
0072‘=1 o 34
0,21=0,33
1,08=1,61
0035‘0053
0°64“0079
0077“0089
0,46=0,72
0,40-0,40

Range of %ge

error +
10,21-0,22
3.05=3.94
0,68=0,40
0094-1024
1975=2o61

11,37-16.19
2094-2.73 .

0.42-1:19

68,25=157,1

Conp

54,50

13.61
13.40
3046
6.92
A5027
1.70
2,20
0,36

Comp

65,90

14.75
4.05
2,40
2,50
3,80
4,50
0,65
0.28

Comp

72.64

14,04
1.94
0.38

1.39°

3032

5.48
0,26

- 0,09

BCR1

Range of %ge

Mean Counts error(+)

103424
122427
114147
19039
86876
28572
64615
116977
3804

GR

0,22~0,29
0.21-0.48
0,38=-0.47
1,22-1,62

Range of %g¢

Mean Counts error (+)

134043
133556
39061

. 22130
30477
31562
156947
37429
2794

G1

Oo94"1=:1 2
0037-0044
0064“0967
1.28~2,00
0927“0048
1,04=1,69
0.41-0.43
0955“1020
9.24-13,28

Range of %ge

Mean Counts error (=)

150040
129702
17638
4226
16086
28544
176739
14419
732

2965"5063

6.06=6,39
0,46-0,61

9,80-=11,17
3951-8016

4066"5005

5°58=6°O1
1.47-3.19

24.34-17.04

Table A3,.2 Estimated precision of the major oxide determinations

based on the range of .error around the mean counts value

& LY
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Appendix 7.2
Table of major oxide and trace element analyses.

These are arranged in'ascending order of the dolerite groups with D
followed by the high Mg0O gabbros, the low Mg0 gabbros and the
peridotite plug analysgs. The CIPW norms are presented on p458

* indicates an analysis plotited in Chapter T,

"The following average analyses were also plotted in Chapter 7
Group 3

The average of 4 similar parallel inclined sheets,(72476,73A75,
T7318,77356). |

Group 8

Average of 5 Kilmory thick conformable sheets,(77092.77105,77108,
77271,77272).

Average of 3 Papadil thick conformable sheets,(77174,77243,77244).
Average of 4 dykes with liquid=liquid contacts with felsite in

Stony Corrie, Dibidil,(77061,77127,77145,77306).
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Table of CIPW Norms,

These were calculated using the program NORMCAL, written by
R.C.0.Gill, witha fixed Fe203 / FeO ratio of 0.25.DI refers to

the Thornton-Tuttle (1960) Differentiation Index.,
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Appendix 8.1

Calculated olivine and spinel settling rates in

basaltic magmas.

The behaviour of fluids interacting with dispersed
particles can be predicted from the Reynolds Number (NR)

of the system. This is the ratio of inertial force to

viscous force and can be expressed as follows:

UL~

ROy

where U is the relative velocity of fluid and particles
(cm sec _l)
L is the particle diameter (cm)

A is the density of the fluid (g cm_3)

M is the viscosity of the fluid (poises)

Large values of Reynolds Number (NR>' 10,000) imply only
slightly viscous behaviour and the development of turbulent
flow, while small values indicate highly viscous behaviour
and the operation of a laminar flow regime.

Natural systems involving magma and crystals have very
small Reynolds Number (< 0.1) and under these circumstances
it has been suggested that Stokes Law may be used to estimate
the settling velocity of crystals in a basaltic liquid
(Wadsworth 1973, Donaldson 1974). The assumption that
basalt liquidus phases will sink in a basalt liquid is a

fundamental premise of the cumulus theory in igneous

L72
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systems advocated by Wager and co-workers (e.g. Wager

et _al., 1960, Wager and Brown, 1968) which has recently
been challenged by McBirney and Noyes (1979)5 These
authors note that the olivine crystals in the KilaueaIKi
1959 crater lava lake in Hawaii had not settled in the:
years following this lake's emplacement and suggested that
Stokes Law was not appliéable to crystals in igneous
melts. It is beyond the scope of this thesis to reassess
the role of crystal settling iﬁ the genesis of the Rhum
layered peridotites. However, it may be pertinent that
the mafic parent advocated in Chapter 8 of this thesis
would be less viscous than a basalt parent and consequently
may be less susceptible to the criticisms of the role of
crystal settling in the Skaergaard parent levelled by
McBirﬁey and Noyes (1979).

Stokes Law may be stated as follows:

U = D2 (PP -~ F)g

18y

where U is the terminal settling velocity of the particle

(cm sec 7)
D is the particle diaméter (cm)
Ap is the particle density (gm cm—3)
AP is the fluid density (gm cm_3)

. -2
g is the acceleration due to gravity (980 cm sec )
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Y is the viscosity of the fluid (poises)
and is applicable to streamline motion of spherical
particles. The olivines and chromites in the Rhum layered
series are not spherical but Wadsworth (1973) suggests that
providing the grains do not have extreme shapes the calculated
results for a sphere of equivalent diameter hold reasonably
well (within 20%). In addition the lack of data concerning
magma density and viscosity introduce more uncertainty into
the results presented in Table 8.2 consequently these
figures can only be viewed on a comparative basis (ie. large
olivines will settle faster than small olivines).

The mineral density value AP at 1000°c for olivine
(Fo85) and Cr-spinel used in the calculations.was 3.22 and
4.53 respectively (Birch et al., 1942). Various estimates
for magma viscosity ranging from 300 to apﬁroximately 3000‘
poises have been made (Macdonald 1963, Bottinga and Weill
1970, McBirney and Noyes 1979) so the calculations were made
for a range of magma viscosities. Various estimates have
also been made for magma densities (A2 F), these are: 2.7-
2.8 Dunham and Emeleus (1967), 2.64-2.78 Botfinga and
Weill (1970), 2.58 Wadsworth (1973). The calculatiqns
made here assumed a magma density of 2.8, whilst this may
lead to difficulties with respect to the cumulus theory in
that plagioclase may not sink in a magma of this density it

does not affect the conclusion drawn from Table 8.2 that
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olivine will sink much faster than Cr-spinel. The settling
rates for both minerals will increase if a lower magma
density valuelhad been chosen. A comparison of olivine
and spinel settling rates in a magma of density 2.5 and 2.8

respectively is made below to illustrate this point.

Mineral Particle Viscosity Settling
type Ap AF diameter (poises) rate

ol 3.22° 2.8 1 mm 300 0.0762 cm/sec
ol 2.5 1l mm 0.1307 "
ol " 2.8 3 mm .  0.6860 "

ol " 2. 3 mm " 1.1760 "
Cr-Sp 2.8 0.3 mm " 0.0283 "
Cr-Sp 2.5 0.3 mm " 0.0332 M
Cr-Sp 2.8 0.4 mm " 0.0502 "
cr-Sp 2.5 0.4 mm " 0.0589 "

The particle diameters for Cr-spinel and olivines were
measured in three thin sections from the Unit 11/ Unit 12
junction in the Durham University collections. The olivines
range from 0.8-3.0mm in size and the largest spinels were

0.4mm diameter,
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Fig. 2.1l Location map of some Rhum
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