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Abstract

This work is concerned with the lower part of the
Eastern Layered Series (LELS) of Rhum, and with the
marginal relationships of the ultrabasic complex in
eastern Rhum.

The Lower Eastern Layered Series comprises
approximately Units 1-5 of previous workers. Remapping
has revealed considerable along-strike lithological
variation in the units of the L.E.L.S. It is suggested,
on the basis of field and geochemical evidence, that two
layers formerly regarded as ‘conformable intrusive
sheets of fine grained olivine gabbro', may be evolved
allivalite lavers rather than later intrusions. Xenolith
suites in these lavers and elsewhere, indicate a
component derived from the roof or walls of the magma
chamber. Cryptic variation is more extensive in the
L.E.L.S. than in other parts of Rhum: olivine forsterite
content varies from 85.6 to 70, and clinopyroxene
MgX100/(Mg+Fe) varies from 88 to 74L. Post-cumulus
effects and sub-solidus re-equilibration have altered
the initial compositions of the mineral phases. The
migration of interstitial liquids has had a major effect
on mineral chemistry. Replacement of plagioclase-rich
rocks by peridotite is a significant process in parts of
the sequence. This is ascribed to disequilibrium between
migrating pore liquids and plagioclase. The data are
consistent with ~a model of repeated replenishment by
picritic magma, although the replenishing liquids may
have been slightly 1less magnesian than those
subsequently available during the formation of the upper
ELS.

Re-examination of the eastern margin of the
ultrabasic complex suggests that the ultrabasic rocks
formed more or less in situ, and that fragments of the
roof to the intrusion occur in places. Locally under
these roof fragments variolitic olivine-rich gabbros are

developed, which may represent the chilled margin to the

ultrabasic complex.
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CHAPTER ONE
1.A. INTRODUCTION

The island of Rhum is remarkable among the Tertiary
volcanic centres of western Scotland for the extensive
development of layered ultrabasic rocks. These rocks
outcrop principally in central and eastern Rhum; to the
west is an older Tertiary granophyre, while the northern
and extreme eastern parts of the island are made of
Precambrian clastic sediments.

The wultrabasic rocks have recently been divided
into three lithostratigraphic units: the Western and
Eastern Layered Series, and the Central Series (fig 1.1)

The Western Layered Series (WLS), first defined by
Wadsworth (1961) and modified by McClurg (1982), is
almost wholly comprised of crescumulate rocks. At its
base, on the western side of Harris Bay, these are
olivine-plagioclase crescumulates, while further up the
sequence olivine-rich rocks are dominant.

The Central Series (CS), defined by McClurg (1982)
and Volker (1983) has a transgressive contact with the
WLS and post-dates it. It forms a lobate mass, elongated
north-south, comprising a wide variety of ultrabasic
cumulates and intrusion breccias. Layering is only
locally well developed and is often highly deformed. The
CS also shows a transgressive relationship to the
Eastern Layered Series.

The Eastern layered Series (ELS) was first defined
by B8rown (1956) although McClurg (1882) and Volker
(1983) were the first to map its western boundaries. The
ELS 1s characterised by regular, large-scale rhythmic
lavering, with alternating layers of olivine-
and olivine-plagioclase cumulates, the latter known
locally as allivalites (Harker, 1908).

This work is concerned with the lower parts of the
ELS, hereafter known as the LELS, and with the eastern

marginal relationships of the ultrabasic mass.

1.B. RHUM GEOLOGY- GENERAL
In order that the LELS rocks can be sensibly







discussed, it is necessary to put them in their
geological context; this requires an outline of the
general geology of the island. The following account

refers to fig. 1.1.

1.B.1 Lewisian Rocks

Lewisian gneisses occur at a number of places
around the island. However, all occurrences are within
the ring fractures which surround the central complex.
This clearly indicates an episode of central uplift
(Bailey, 1945). In a few localities the gneisses can be
seen 1in unconformable contact with basal Torridonian
sediments (Dunham and Emeleus, 1967). Gneisses form the
roof rocks to the Western Granophyre, on the summit and

eastern slopes of Ard Nev.

1.B.2 Torridonian Rocks

The sandstones of northern and eastern Rhum were
early recognised as Torridonian in age (eg Giekie,
1897). Black and Welsh (1961) subdivided the sequence,
and correlated it with the Diabeg group of the Scottish
mainland. The basal group of coarse sandstones only
occurs within the ring fracture system. Away from the
central complex the Torridonian sediments have a gentle

regional dip to the west or north-west.

1.8.3 Mesozoic Rocks

Outcrbps of Triassic sediments with cornstones
occur in north-west Rhum (Bailey, 1945), probably
representing the eastern margin of the Minch basin.

Slivers of limestone have long been known in
eastern Rhum, near the margin of the ultrabasic complex
(Geikie, 1897; Hughes, 1960). Although considered
Lewisian by Hughes (1960), later work produced a few
fossils of Mesozoic age (Ounham and Emeleus, 1867).
Recent work by Smith (1985) has shown these limestones
to be associated with sandstones and shales, and that
they are probably equivalent to the Jurassic Broadford
Beds of Skye and Raasay. The sequence occurs as a fault

slice in the ring fracture zone, Jjust inside another
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fault slice containing Lewisian gneiss. While the
distribution of gneiss provides evidence for central
uplift, the presence of these rocks, stratigraphically
higher than anything else seen in the pre-Tertiary of
Rhum, is «clear evidence for central downfaulting

(Emeleus et al, 1985).

1.B.4 Early Tertiary Rocks

Basaltic dykes occur right through the period of
Tertiary activity on Rhum; these are not discussed here.
A  thorough account of recent ideas on early Tertiary
activity can be found in Emeleus et al, (1985), on which
the following account is largely based.

(a)Explosion Breccias

The first major signs of Tertiary activity on Rhum
are seen in explosion breccias (but see section (d)).
These occur only within the ring fractures around the
central complex, although they are probably related to a
subsidence event along one of these faults, and it is
rather difficult to disentangle the effects of tectonic
and explosive brecciation. They are mostly made of
shattered basal Torridonian rocks, although gneiss and
gabbro are also found. This explosive volcanism 1is
clearly a near-surface phenomenon.

(b)Felsites and Tuffisites

Intimately associated with the explosion breccias,
and cutting them, are felsite masses and tuffisite
dykes. At least some of the felsites are probably
ignimbrites formed subaerially (Williams, 1985).

(c)Granophyres

A large mass of granophyre occurs in western Rhum.
Its contacts with the Torridonian sediments to the north
are faulted. This is presumably a continuation of one of
the ring fractures seen in the easter part of the
complex, but correlation is difficult due to poor
exposure of the faults, later movement on the
north-south Long Loch fault, and the intrusion of the
ultrabasic complex across the 1line of the ring
fractures. Other small granophyres occur near the north

end of Long Loch, and at Papadil.
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(d)Basalts

Basalts occur in two distinct settings in Rhum. A
few flows of;basalt. hawaiite and icelandite occur in
western Rhum, 'infilling Tertiary river valleys cut into
the granophyre and the Torridonian sediments.
Conglomerates: under these flows include clasts of
peridotite, ailivalite and other rocks from the central
complex. These lavas are thus a late feature, following
erosion and ;unroofing of the central complex (Black,
1952; Emeleué, 1985).

Basalts : also occur with the Mesozoic sediments of
eastern Rhuﬁ (Emeleus and Forster, 1879; Smith, 1985).
They are hiéhly sheared and altered, with zeolites and
epidote in a@ygdales. Smith (1985) states that they are
in unfaultea, unconformable contact with the Jurassic
rocks. They are therefore much older than the basalts of
western Rhum, and if the explosion breccias and felsites
really are Qurface products, they must pre-date them as
well, having been eroded off by the time the explosive
volcanism éccurred. They may be the only remnants of
pre—Centralf Complex Tertiary plateau basalt activity
left on thm. Such activity might be expected, as most
of the othgr Tertiary centres of western Scotland have
plateau basalts formed before the onset of central
activity.

(5) Tﬁe Ultrabasic Complex

The uitrabasic rocks were first examined in detail
by Harker; (1908). He regarded them as having been
produced by successive, more or less conformable
injectionsf of peridotite and allivalite magmas. Wager
and Brown (1951) recognised similiarities with the rocks
of Skaergéard. and proposed a cumulate origin for the
layered focks. Subsequent work by Brown (1956) and
Wadsworth;(1981) supported this idea. Both stressed the
role of 'periodic replenishment in the Rhum magma
chamber. 'Rhum was used as one of the type examples in
the development of cumulate terminology (Wager, Brown
and Wadsworth, 1860).

Harker (1908) regarded the ultrabasic rocks as a

laccolith, more or less sitting on top of a Palaeozoic
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thrust. Bailey {1945) reinterpreted the thrust as a
ring fault. Brown (1956) agreed with Bailey that there
had been uplift along a ring fault, but that a second,
later inner ring fault had brought up the layered rocks,
in a semi-solid state, this later ring fault now being
filled by a gabbroic ring dyke. Dunham (1962, 1964)
examined the marginal relationships around Meall Breac
and Cnapan Breaca and found intrusion breccias and
hybrid rocks developed between the marginal gabbro ring
dvke and the country rocks.

This "uplift-with-ring-dyke” model has recently
been questioned (Faithfull, 1985; Emeleus et al, 1985).
Many contacts between the ultrabasic rocks and the
country rocks are not steeply inclined; low-angle
contacts are found with the Western Granophyre on Ard
Nev and Ard Mheall, and with Torridonian and early
Tertiary rocks on Cnapan Breaca and Beinn nan Stac. It
has been suggested that some or all of these contacts
may be unfaglted igneous contacts (this work; Emeleus at
al 1985; R. Greenwood{ pers comm 1985), implying that
what had previously been regarded as a later gabbro
intrusion may be, at least in part, the marginal facies
of the ultrabasic magma chamber.

Brown (1956) and Wadsworth (1961) could find little
or no cryptic variation in the Rhum cumulates; however
more recent work (Dunham and Wadsworth, 1978) has
confirmed its presence on a rather limited scale, in

both the ELS and the WLS.

1.C. PREVIOUS WORK ON THE LELS

Harker (1908) noted that the layered rocks low down
on the eastern slopes of Hallival and Askival differed
from those higher up. The lower rocks had less well
developed layering and lamination, and they were
mineralogically more complex, rarely showing the mono-
or bi-minerallic modes of the upper rocks. Accordingly,
he mapped the lower part of the layered sequence as a
separate “"eucrite” intrusion.

Brown (1956) noted the same differences, but

instead interpreted them in terms of interstitial liquid
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retention 1in the lower rocks, in contrast to the upper
ELS where adcumulus growth had displaced the melt.

Since then, no systematic work has been carried out
on the LELS, although various studies on isolated topics
have been made. Such works will be referred to in the

text as and when appropriate.

1.D. THE PRESENT WORK

The present work is based on fieldwork carried out
during 1980, 1981 and 1982. Remapping of the LELS and

its margins was undertaken as existing maps (Brown,1956)
proved to be lacking in the necessary detail. Mapping
was carried out on aerial photographs and transferred to
the 1:10000 topographic map produced by Glasgow
University. During the course of this work it became
apparent that much of what had been mapped as intrusive
gabbro cutting the layered rocks, was itself layered and
shared many features of the LELS allivalites. In
addition the LELS proved to exhibit marked lithological
changes along strike. Studies of bulk-rock and mineral
geochemistry were undertaken to examine the extent of
cryptic wvariation in the cumulates, and to examine the
relationships between the various gabbros and the
layered rocks. In conjunction with other contemporary
workers on Rhum, considerable evidence has been built up
supporting an important role for post-cumulus processes
in shaping the chemistry and modal mineralogy of the
layered rocks now seen.

The margins of the complex were also re-examined.
The "Marginal Gabbro" ring-dyke of Brown (13856) 1is
reinterpreted as a complex zone of hybrids and gabbros,
which may represent the original margins to the
ultrabasic magma chamber. In a number of localities

fragments of the roof are preserved.



CHAPTER TWO
MARGINAL RELATIONSHIPS

The layered rocks of eastern Rhum are bounded
to the east by a zone of gabbros and hybrid rocks,
hereafter referred to as the Marginal Suite, largely
occupying the 1line of a previously existing ring
fracture. The country rocks outside this zone are mainly
Torridonian sediments. These also occur locally within
the ring fracture, where they are extensively cut by
early Tertiary acid intrusive rocks and basaltic dvkes.

This chapter deals with the igneous rocks of
the Marginal Suite, and the country rocks immediately

adjacent (fig 2.1).

2.A. TORRIDONIAN ROCKS
As mentioned above, the complex is bounded to the east
by a series of Torridonian sediments with a regional dip

o o
of about 10 to 20 to the north-west. Thus as the

contact is followed to the east and south , the complex
abuts against successively lower members of the
sequence.

The Torridonian sediments of Rhum have been
divided (Black and Welsh; 1961) into 5 units, of which
only the lowest three occur in the area mapped. The
Basal Grit occurs only within the ring fractures, where
it forms the area around Cnapan Breaca, overlying the
layered 1rocks. At this locality the rocks are tightly
folded and very steeply dipping or vertical (Dunham,
1968) . They comprise coarse gritty sandstoneswith rare
shaly or silty intercalations. Further outcrops of this
sandy facies occur in the Allt nam 8a valley. Here they
are neither so tightly foldedaor steeply dipping. Above
the basal grits which are about 100m thick, lies a thick
( 400m +) sequence of dominantly silty or shaly clastic
sediménts' known as the Bagh na h-Uamha shale. This is
found both within the ring fractures, where it is seen
to overlie the basal grit, and outside, where it is the

lowest exposed member of the Torridonian. Outside, and
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away from the ring faults the Torridonian rocks have a
gentle regional dip to the north-west, and hence along
most of the eastern contact of the complex these shaly
rocks comprise the country rocks to the intrusion.
Above the shale lies the Rubha na Roine arit.
This comprises some 1200m of pebbly grits and arkosic
sandstones of rather different mineralogy to the basal
grits ( Black and Welsh, 1961). The distribution of the
Rubha na Roine grit and the Bagh na h-Uamha shale along
the eastern contact of the intrusion is complicated by
numerous small faults, some of which ( e.g. at NM410964)
are probably associated with the ring faulting, while
others may be much earlier, perhaps associated with the

thrusting at Welshman's Rock ( Emeleus, 1980).

2.B. MORPHOLOGY OF THE MARGIN

Where the Marginal Suite is roughly coincident
with the trace of the ring fracture, between the Allt
nam Ba and Cnapan Breaca, it forms a zone between 0-140m
wide although it is usually 10-100m across. Over this
area the 2zone occupied by the Marginal Suite is
approximately vertical. Although often deeply weathered,
the rocks show no signs of shearing or faulting which
might be related to movement on the ring fracture, and
in places the Marginal Suite appears to cut the ring
fault (NM409839675). It thus post-dates movement on the
ring fractures.

Where Torridonian and early Tertiary rocks
occur within the ring fractures, they overlie rocks of
the Marginal Suite. Thus, at Cnapan Breaca, the contact
between the Marginal Suite and the older rocks dips
about 10° to the NE at the eastern end, and about 40° to
the N at the W end. At Beinn nan Stac the contact dips
at about 15° to the SE. These low-angle contacts appear

to pass laterally, and downwards into the vertical

contacts mentioned previously.:

2.C. FIELD RELATIONS

Torridonian sediments show signs of thermal
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metamorphism for some distance from the margin of the
central complex. Bleaching of the normally pink Rubha na
Roine Grits is developed in a zone several hundred
metres wide. Closer to the complex the sediments show
signs of partial melting with the development of small
veins and segregations of quartzo-feldspathic material.
This generally occurs within 100m or so of the Marginal
Suite. These veins are noticeably more common in the
Rubha na Roine Grits than in the Bagh na h-Uamha shales,
as might be expected from the lower solidus temperatures
of arkosic assemblages. Within 10-20m of the Marginal
Suite melting 1is often very extensive: in the sandy
facies a spherulitic texture (Fig 2.2) indicates the
presence of devitrified glass, and in the shaly rocks a
swirling flow banding is often developed suggesting that
the rocks were very mobile. Further evidence for this
can be seen at NM40989638, where remobilised Bagh na
h-Uamha shales contain dykes which break up into trails
of blocks (Fig 2.3 )towards the Marginal Suite. At this
same locality the melted sediments include a block of
coarse-grained (cumulate? -see section D) olivine gabbro
perhaps derived from the layered rocks. Similiar
occurences of peridotite blocks are seen on the NNE
flank of Ainshval (C.H. Emeleus, pers comm).

The Torridonian rocks are variably deformed in
the zone around the central complex. Much of this
deformation may be associated with early movements on
the ring fractures rather than the emplacement of the
ultrabasic rocks (Emeleus et 2al,1985). At the northern
end of the area, around Cnapan Breaca, the sediments dip
steeply away from the ring fracture; around the Allt
Mhor na h-Uamha the dips are variable and hard to
determine where the rocks are melted. South of the Allt
na h-Uamha a steep anticline running N-S is preserved
within a fault (ring fracture? - Emeleus et al,1985). To
the south of this dips tend to increase in towards the
central complex, up to 80o in places.

In this inner melted zone, and particularly in
sandy or arkosic rocks, veins of intrusion breccia with

fragments of fine-grained basic material in an acid
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groundmass are locally common. In some cases small dvykes
with chilled margins have caused extensive melting
around theif contacts, and have been back-veined and
hybridised, implying that the sediments were very hot at
the time of intrusion.

Intrusion breccias generally form the edge of
the MarginaL Suite against the sediments, although again
they tend gto be better developed against sandy rocks
than shaly;ones. At Meall Breac the breccia includes a
block of peridotite (C.H.Emeleus, pers comm), although
normally théy consist of fine-grained basalt and gabbro
fragments ?et in a matrix of melted Torridonian
sediments. :Hybrid rocks are common in small quantities
associated With these breccias in the outer parts of the
Marginal Suite. In places however, more extensive bodies
of hybridsfoccur egs NM40879472,NM4D629438. These seem
often to 'have behaved as discrete intrusive bodies,
injecting fback into the gabbros of the inner marginal
zZone, or out into the country rocks. Locally chilled
contacts c¢an be seen between different bodies of
hybrids, a good example being at NM40339746 where two
distinct diorites can be seen in contact.

Large masses of hybrid rocks are formed under
the low-angle contacts at Cnapan Breaca and Beinn nan
Stac. At the latter locality, Bagh na h-Uamha shales and
Tertiary ?elsite are underlain by a zone of melted
material fwith the development of acid and intermediate
hybrids. fIn places (NM39599418) underlying these a
fine—graiﬁed basic rock can be seen chilled against the
hybrids. fThis rock coarsens rapidly away from the
contact, ‘with a strong variolitic texture developed at
right angies to the contact. Given the position of this
dolerite.; overlying lavered rocks, it is possible that
it may r@present the chilled margin of the ultrabasic
intrusioﬁ, but unfortunately the relationship between
the chi#led rock and the layered rocks cannot be
determined due to lack of exposure. It is worth noting
that a similiar situation occurs at NM38259460, in upper
Glen Dibidil where felsite is underlain by a zone of

hybrids, which in turn are underlain by a chilled
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F Nearly flat-lvying zone of gabbro and

hybrid bodies with intrusion breccia at

upper margin.
G Gradational contacts of layered rocks with

Marginal Suite.
H Layered rocks sharply cut by Marginal

Suite gabbro.



variolitic-textured gabbro rich in olivine. Not far
below layered':gabbros (allivalites?) can be seen. A
schematic representation of the situation under Cnapan
Breaca and thefarea to the south is shown in Fig 2.4.

Genefally, over most of its extent in eastern
Rhum, the maiginal suite is very badly exposed,
weathering to: a lush green trench, although the more
dioritic and afid rocks are often rather more resistant
to weatheriné. Good exposures are found in the Allt na
h-Uamha, whefe the river has cut through deeply
weathered gabBro. Some of the freshest gabbro specimens
have come frbm the cores of weathered gabbro spheroids
at this localﬁty.

It ;is often difficult to distinguish the
gabbroic rocks of the marginal suite from altered
allivalites occurring in places just within the contact.
This  has léd to an overestimate of the extent of the
marginal gabpro on the maps of Brown ( 1956) and Emeleus
( 1980). The criteria used here to distinguish the two
types of rock are : 1. lack of layering structures in
the marginai gabbro. 2. lack of good cumulus textures in
the marginal rocks, although large olivine phenocrysts
are occasiénally seen and sub-ophitic texture is often
found. 3. .clinopyroxene generally has a distinctive
granular hgbit, and often has abundant fine exolution
lamellae oﬁ Fe-Ti oxides in the marginal rocks. 4.
abundance of green fibrous amphibole in the marginal
rocks. 5.’ Fe-Ti oxides usually occur as large
well-formed crystals in the marginal suite. 6. abundance
of quartz-rich mesostasis in even quite fresh marginal
rocks.

ﬁhe contacts of the marginal gabbro are not
well expdsed. While the intrusion breccias and acid
hybrids along the outer margin are frequently exposed
the mainf body of mafic and dioritic rocks cannot
generallyfbe seen in contact with them. The contact with
the layeied rocks is even more poorly exposed. In the
Allt na ' h-Uamha a nearly continuous exposure through
highly weathered gabbro to allivalite can be seen but

sharp contacts are lacking. In the Allt Mhor na h-Uamha
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the contact bétween the layered rocks and the marginal
suite 1is marked by a waterfall, and appears to be fairly
sharp. On the north side of Beinn nan Stac peridotite
can be seen cut by a coarse gabbro ( NM39719412), but
whether this gébbro is part of the marginal suite is not
certain. Norm?lly the layered rocks are undeformed
towards the Marginal Suite, however just north of the
Allt nam Ba,fthe allivalites of Unit t develop steep
dips to the wést (up to 400) near the margin.

Apaft from rheomorphic veins, acid rocks are
rare within the main marginal complex. One interesting
occurrence is.a small vertically zoned body found within
gabbro at NM40679722. This consists of coarse grained
mafic diorites at the base, grading through fine grained
diorites up to mafic microgranite with clots of diorite
caught up iﬁfit, all over a distance of 2.5m.

Andther acid rock, which may or may not be
genetically .linked to the marginal suite is seen at
NM40449661. . Here a small composite sheet, 10cm to 30cm
thick 1is seén cutting allivalite, with a dip of 13° to
the west. This has felsic margins and a basic core of
basalt which is chilled against them. This is only the

second recorﬂed example of an acid intrusion cutting the

layered series (Volker,1983), away from the marginal
zone. '
2.D. PETR@GRAPHY OF THE MARGINAL SUITE

There is a wide range of rock types
representedf in this suite, from granitic and
microgranitﬁc facies to olivine bearing gabbros with a
wide rangé of intermediate types. Grain size is also
highly variable, although the olivine bearing rocks are
often fairly coarse grained ( up to 5mm) and the acid
varieties father fine grained.

For the purposes of petrographic description
the suitef will be divided into three groups: basic

types, intermediate types and acid types.

5(1) The Basic Rocks.

These are gabbros or dolerites with or without
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olivine. The most basic varieties are olivine-rich
gabbros and dolerites, although these are very rare. One

such is the fine-grained chilled picrite seen on Beinn

nan Stac. The olivines in this rock are skeletal and
show good optical zoning (Fig 2.5), presumably due to
rapid quenching, with little time for equilibration.

This may imply a late age for this picrite, as elsewhere
Zoning seems ﬁo have been removed by slow annealing. A
similiar.rockyksaa). rather coarser in grain size occurs
in upper Dibidil (Fig 2.6), although olivine zoning 1is
less marked. Another rock with skeletal olivines occurs
as a xenolifh within partially melted Bagh n h-Uamha
shale (see séction B.). In this case the olivines are
enclosed in plates of plagioclase and clinopyroxene (Fig
2.7); somewhai similiar rocks occur in places within the
LELS. :

By far the bulk of the marginal suite is
composed ofi gabbros, often with a little olivine.
Commonest a#e gabbros with subhedral olivines and
plagioclases: and subophitic augite and a little
orthopyroxene ( especially rimming olivine). Euhedral or
blebby Fe—T@ oxides are common. Amphibole and biotite
may be minor phases, rimming oxides or pyroxenes. A
little quarﬁz-alkali feldspar~rich mesostasis may occur.
Olivine is:generally unzoned, at least not visibly in
thin section. Clinopyroxene generally shows zoning,
often picked out by a clear rim on a core showing
exsolution offopaques and plagioclase is usually
normally zqﬁed, especially around the mesostasis areas.
Where encldsed in clinopyroxene plaglioclases may be only
weakly zoned.

In the olivine-free varieties, the
clinopyroxénes normally have a distictive gfanular
texture (Fig 2.8) and are often clustered with oxide
grains. Twinning is common in these granular pyroxenes.

Just NW of the summit of Beinn nan Stac,
adjacent ;to a large hybrid diorite exposure, abundant
loose bloéks of a spectacular ‘'black and white' ophitic
gabbro occur. This rock contains no olivine, but

unusually. for the Marginal Suite, shows alkaline
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Fig 2.9 Analcime-rich mesostasis with apatite (A),
sphene (S), epidote (E), and spherulitic chlorite (C).
The small dark fibres in the analcime are probably a

dark brown amphibole. Loc 47. NM39309419.
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Fig 2.10 Clinopyroxene altering to secondary green
fibrous amphibole (A) and biotite (B). Note also clear

rim of pyroxene on cloudy core. Loc. 1758B. NM40909672.

20






affinities. The mesostasis in this rock consists of
clear analcime which includes euhedral crystals of
sphene, apatite, amphibole, epidote and spherulitic
chlorite (Fig 2.9) Almost identical assemblages have
been described from teschenite veins near Long Loch
(Kitchen, 1985), who argued for a late~magmatic origin
for the analcime.

{2) Intermediate Rocks.

The intermediate types are marked by the
abundance of amphibole and the lack of olivine.
Frequently an acicular habit is marked, particularly in
mafic phases ~ this is rare in the basic varieties.
Fresh clinopyroxene is not common although much of the
amphibole is clearly secondary after clinopyroxene (Fig
2.10). Orthopyroxene is locally abundant as acicular
crystals with strong red-green pleochroism. Subhedral
grains of magnetite or ilmenite are very abundant in
some rocks but others contain very little.

{3) Acid Rocks.

These appear generally to be slightly
contaminated varieties of melted Torridonian or acid
Tertiary country rocks.

A frequent occurrence in the partially melted
Torridonian rocks is of fine grained gritty rocks with a
spherulitic texture, especially well picked out on
weathered surfaces (Fig 2.2). In thin section these show
relict corroded clastic grains set in a fine grained
quartzo-felspathic matrix, often containing acicular
inverted tridymites (Fig 2.11).

The acid rock from the composite sheet is
shown 1in Fig 2.12. It is a drusy granophyric
microgranite «consisting of quartz, rather altered
perthite, magnetite and biotite. A little apatite,
pyrite and zircon are also present. Whether this is

related to the marginal suite is uncertain.

E. CONCLUSIONS
(1) The Marginal Suite 1is not a simple
ring-dyke. The inner and outer contacts are generally

sub-parallel and are either vertical, or dipping out
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from the centre of the central complex at low to
moderate angles. It is a complex zone containing many
distinct bodiles of intermediate and basic rocks.

{2) The outer contact is marked by melting of
the Torridon&an sediments, and the development of
intrusion brchias and hybrid rocks. fFragments of rocks
from the layered series are occasionally caught up in
these intrusion breccias.

(3)’ Under some of the low-angle contacts
chilled picriites and olivine-rich gabbros are found
between hybrig rocks and the layered series.

(k)i In places the Marginal Suite may show an
intrusive relationship to the layered rocks; in others
there is an a&most insensible gradation between the two,
and the Marg;nal Suite may represent a marginal facies
to the magmé chamber in which the layered rocks were
formed. !

(5) There is no direct evidence that the
Marginal Suite occupies a ring fracture. Although it
follows generplly the traces of older ring fractures, in

|
places it transgresses them.
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i CHAPTER THREE
THE LAYERED ROCKS

The LELS comprises some 250m of olivine and
olivine-plagioclase-{(clinopyroxene) cumulates. Whereas
the upper ELS rbcks are mainly adcumulate and
heteradcumulate peridotites and troctolites, in the LELS
orthocumulates and mesocumulates are common (Brown;
1956), and troctolitic allivalite is relatively rare.
Peridotite forms the bulk of the upper ELS sequence; in
the LELS, about 607 of the thickness is allivalite.
Chrome-spinel seams and harrisite layers are often
associated with the wupper ELS peridotites, but
chrome-spinel seamé are rare, and harrisites unknown in
the LELS. Many of the "allivalites” of the LELS are
locally rather deicient in olivine; these gabbroic
rocks are includedrin the term "allivalite” to emphasise
their relationshipito the layered rocks, rather than the

later gabbro plugs and sheets.
|

3.A. Sub-division of the LELS

Brown (1956) divided the Eastern Layered
Series into 15 Lnits, each of which he considered
represented the prbducts of crystallisation of at least
one pulse of basaltic magma. Each unit he defined as
"olivine rich rockipassing gradually up into one rich in
plagioclase.” Some units present no problems in
definition: for example units 1,7,9,10 consist of a
peridotite laver overlain by an allivalite. Other units
are more complex: for example units 2,3,8,11,12 contain
subsidiary “"units” - with thin allivalites within the
peridotite, and/or‘peridotites within the allivalite. It
is thus rather arbitrary whether these are designated as
single units or as'many distinct units. Brownh recognised
this problem and argued that units should be defined on
the basis of laterally persistent dominant lithologies,
ighoring thin or ihpersistent layers.

Remapping {(Fig 3.1) has revealed however that

the lateral litho;ogical change is a common feature of

2l






the LELS, and thﬁs means that it is not possible to
subdivide the LELS into 5 units, each comprising a
persistent peridoiite overlain by a persistent
allivalite. Poor exposure away from the Allt nam Ba area
makes it impossible to correlate exposures along strike
accurately. This: causes certain problems in the
nomenclature of units away from the type section. For
example, the peridotite defining the base of Unit 4 in
the Allt nam Ba fhins and disappears to the north, and
the allivalite of Unit 3 passes up into that of Unit &.
Due to poor eprsure it is not possible to determine
accurately wheref Unit 3 ends and Unit 4 begins: this
thick allivalite 1is thus referred to as Unit 3/4
allivalite. The main allivalite of Unit 2 in the Allt
nam Ba also disappears to the north, and the peridotites
of Units 2 and 3 pass directly into one another. The
resultant peridotite is referred to as Unit 2/3
peridotite. ;

Since the work of Brown (1956) each unit has
been interpretea as the product of the crystallisation
of a pulse of pasaltic magma. However, as discussed
later (Section 6.B) this needs to be extended to each
minor peridotiﬁe/allivalite alternation. Thus no
genetic significance can be attached to the term "Unit”
- some units dq represent the crystallization products
of one magma puise, others represent a complex sequence
of crystallization and replenishment. The term "unit" 1is
merely one of cbnvenience.

A further complication is introduced by the
role of post-Qumulus processes in shaping the present
day distribution of peridotite and allivalite layers.
There 1is good evidence, in Units 2,3, and 6, and
elsewhere in 'Rhum (Butcher,1984; Young,1984) that
allivalite layérs have suffered post-cumulus replacement
by peridotite; This is discussed in detail elsewhere
{section 7.C),. but it seems clear that many allivalites
have been redubed in thickness and/or lateral extent by
these processés. It 1is even possible that whole
allivalite 1gyers have been completely replaced by

peridotite. This makes it even more difficult to relate
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the peridotite/allivalite cycles now seen to the
original cumulates formed from distinct batches of
magma .

Bearing ‘all this in mind, the LELS has been
divided into 5 units on the basis of a measured section
in the Allt nam Ba where exposure is best. These units
are used purely for stratigraphic convenience. In view
of the considerable differences between Brown's (1956)
map and that of the current work, it is likely that not
all of the units defined here correspond exactly to

those defined by Brown.

3.B. Field Relations
3.8.1 Unit One

This unit «can only be identified with
certainty in the Allt nam Ba, where it comprises some
20m of peridotite (base not exposed), overlain by 30m of
allivalite.

The peridotite, which 1s rather poorly
exposed, is highly weathered. It is mostly unlayered,
although one outcrop does show a diffuse 5 - 10 cm scale
layering, caused by variations in the proportions of
intercumulus clinopyroxene and plagioclase. At NM4O067
9451, it is cut by several irregularly orientated coarse
gabbroic veins. These are regarded as late "squirts” of
interstitial 1liquid emplaced into fractures in the
cooling cumulate pile. (Brown; 1956, Butcher; 1985).
Blebs of sulphide minerals up to about 1cm across are
falirly common in the peridotite.

The contact with the allivalite 1is exposed in
the stream bed of the Allt nam Ba, and in two small
tributary streams to the north. It seems to be sharp and
planar, although close examination is difficult due to
the steady flow of water. The basal parts of the
allivalite are poorly layered and troctolitic. Large
blebs of sulphide minerals are common in the lowest 2 -
3m, up to about 1cm across. With increasing height,
clinopyroxene becomes more abundant and the rocks
develop good 1layering. The layering is on a 1 -30cm

scale and 1is rather diffuse, reflecting slight
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variations in cliﬁopyroxene cantent. It is best picked
out on weathered s@rfaces.

The midd}e and upper parts of the allivalite
are very poor in olivine - none is seen in thin section,
although rare rusty}weathering crystals on the outcrops
suggest it may not'be totally absent. This part of the
sequence 1is charact;rised by wispy layering, with coarse
grained, well laminated clinopyroxene-rich rock
enclosing fine gréined lensoid layers of plagioclase
-rich rock. :

In the toﬁmost parts of the allivalite olivine
is again abundant, énd clinopyroxene content is reduced.

Xenoliths are not uncommon in the allivalite.
Most of these are slab-like masses of beerbachite lying
sub-parallel to the'layering. They are especially common
on the ridge formed by the allivalite, just to the north
of the Allt nam Ba (about NM4073857). Xenoliths are
absent from the peridotite.

To the north of the Allt nam Ba, a number of
allivalite outcrops may be tentatively described as
laterally equivalent to the Allt nam Ba sequence. The
scattered and poorly exposed outcrops at NM410955 may
belong to Unit 1; they appear to wedge out to the north.
The allivalite outcrops in the Allt na h-Uamha may also
be equivalent, although they are rather more
feldspar-rich and iclinopyroxene-poor compared to the
Allt nam Ba sequence. Just inside the marginal gabbro in
the Allt Mhor na h-Uamha, a small outcrop of allivalite
underlies peridotite; it resembles the allivalite of the
upper part of Unit 1, although it is only faintly
layered. .

3.8.2 Unit Two

Of all the units in the LELS, Unit 2 bears the
greatest resemblancé to those of the upper ELS.
Peridotite 1is predéminant over allivalite (50m of
peridotite; about 15@ of allivalite) and the allivalite
is a clinopyroxene-pqor troctolite.

The Unit has a slightly undulating or nearly

planar contact with the underlying allivalite of Unit 1,
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Fig 3.3. Upper of unit 2 allivalite heavily

pért
disrupted by finge# structures. The honeycomb-textured
peridotite above tﬁe overhang is unit 3 sensu stricto.
The underlying, more feldspathic rock includes unrotated

|
relict blocks of aliivalite. Loc 198. NM40549478.
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well exposed in seéveral of the streams comprising the
Allt nam Ba. There 'Ls no basal chrome spinel seam. A few
metres above the base an allivalite layer is developed.
This layer is quite thick and coherent in the
southernmost exposures but to the north it becomes
increasingly distdrbed, being mixed with the enclosing
peridotite by slumping and loading. Although exposures
are not particulérly good, the slump folds appear to
have no constant ciosure directions, and hence slumping
caused by down-s;ope movement 1s less likely than
deformation under conditions of fluidisation perhaps
induced by shock. There is also a suggestion of
along-~strike lithological change in this layer. The
material which has been mixed in with peridotite is well
laminated and poor:in clinopyroxene, while the coherent
outcrops to the south show little lamination and are
richer in clinopyroxene.

Above tpis deformed layer is a considerable
{25m +) thickness|of poorly exposed peridotite, which is
unlayered or shows a 5 - 15cm scale diffuse layering on
weathered surfaces. It 1is overlain by a thin (3m)
disturbed layer ;of troctolitic allivalite, rather
discontinuous aldng strike. The upper surfaces of many
of the peridotiée loads within this layer show the
development of finger structures. This allivalite 1is
only seen between;NM40489460 and NM406239472.

The uppér part of Unit 2 peridotite above this
layer consists ?f 14m of well layered honeycomb
peridotite, rather more feldspathic than the peridotite
lower down in the unit.

The main allivalite of Unit 2 in the Allt nam
Ba shows evidenbe of a complex history. The bottom
contact is not well exposed but seems to be planar and
sharp. In the exbosures at NM40509474, the allivalite
contains three thﬁn peridotite layers which are not seen
to the south. Eacﬁ of these has a sharp planar base ( no
chrome spinel seams) and an upper surface marked by
upward protrusions of peridotite into allivalite -
hereafter referred to as finger structures. The

allivalite above the lowest peridotite has well
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Fig 3.4. "Inverted mushroom” style load structures
unit 2 allivalite.‘The upper surfaces of the loads show

small finger structures. Loc 198. NM40549478.

Fiécgjﬁ:_giﬁmped and mixed peridotite/allivalite in the
lower part of unit 3 allivalite. Allt nam Ba.



developed recumbent slump folds -~ these are sharply cut
across by the %inger structures (Fig 3.2). A little to
the north these peridotites thicken somewhat, and
deformation beéomes marked, with the peridotite layers
becoming 1ocaliy discontinuous due to loading, with
flame structuﬂes of allivalite injecting the
peridotites. Fihger structures are more prominent than
they are furthér south. A few tens of metres further
north, the allivalite presents a different spectacle
(Fig 3.3). The upper part has been extensively disrupted
by finger development, with merging of the subsidiary
peridotites leaving only a few relict fragments of
allivalite. All ' these 1relict fragments have their
lamination and iayering parallel to the general dip of
the 1layering. The peridotites often show "inverted
mushroom” style ioad structures, the upper surfaces of
which show the dévelopment of small fingers (Fig 3.4).
These structures,}and other similar ones are abundant in
Rhum, and they ére taken as evidence of replacement
(Robins, 1982; Butcher et al, 1985). They are discussed
in more detail in ,section 7.C.

The mai& allivalite of Unit 2 cannot be traced
north beyond NM40949540, and the peridotites of Units 2
and 3 cannot be ahcurately distinguished. However, in
the stream around, NM408964, a number of small isolated
allivalite outcrops are seen, which may perhaps be

ascribed to Unit 2.

3.8.3 Unit Three

Unit 3 .is the most extensive in the LELS,
exhibiting considérable lateral changes in lithology.
The boundary with. Unit 4 is only clear-cut in the
southern part of the area; to the north the allivalite
of Unit 3 mergesé with that of Unit 4 due to the
northward tHinning of Unit & peridotite. In the measured
section in the Alltlnam Ba the unit is about 36m thick,
of which 23m is allivalite.

The contact with Unit 2 is well exposed in the
Allt nam Ba, andlis sharp and planar, except where

finger structures (see previous section) have cut
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through the undeflying allivalite. There is no chrome
spinel seam. Ab%ut 2m above the base 1is a thin,
discontinuous and highly disturbed allivalite layer. A
metre above thiﬁ is a small anorthositic allivalite
layer with small (ca. 1ecm) finger structures along its
base. This 1ayerishows no sign of deformation. The top
surface 1is sharp and planar and is overlain by 5m of
honeycomb—weathe;ed peridotite. Above this is 27Tm of
allivalite. Therlowest parts are highly deformed, with
schlieren and uénses of peridotite, which slightly
further wup form a slightly more coherent layer (Fig
3.5). Above th;s the allivalite becomes increasingly
rich 1in clinopfroxene and less well laminated. The
pyroxene~rich upper parts have a vague layering on a 5cm
- 1m scale, picked out by variations in pyroxene content
and the presencé or absence of large (1cm) poikilitic
olivines. This Isame part of the sequence 1s prone to
crumbly weathering and has a rather altered appearance.
This may be rel;ted to a nearby gabbro intrusion (see
next section). |

The peridotite of Unit 3 1is not well exposed
to the north of the Allt nam Ba, and north of NMLO%MAHT
merges with that:of Unit 2. Exposures at NM40859621 show
peridotite overlying a thin troctolite layer. The upper
part of this %ayer is anorthositic and has a
chrome-spinel seam developed along the top of it. Two
thinner, and raéher deformed chrome-spinel seams occur
within the periddtite one or two cm above. These are the
only chrome-spinel seams seen in the LELS, and this is
the only place Qhere peridotite overlies anorthositic
allivalite. The association of chrome-spinel seams with
anorthosite—periqotite contacts i1s a marked feature of
the ELS, the contacts between Units 7 and 8, and Units
11 and 12 being éood examples.

To the north of the Allt nam Ba the
troctolitic lower part of Unit 3 allivalite is less well
developed, and clinopyroxene 1is a major phase
throughout. Minér peridotite layers do occur in the
lower parts, but it is not possible to correlate these

with those seen|in the Allt nam Ba. Good exposures of
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the main allivalite can be seen in the lower parts of
the cliff 300m NNE of Loch Coire nan Grunnd. At
NM40799620 abundant lensoid layers of fine grained
anorthositic material can be seen. These layers are
generally 1-5cm thick, and can be traced along strike
for up to a meter or so. They have sharp, although often
deformed contacts with the material above and below (Fig
3.6). A little further up the cliff, at NM40759625, an
unusual (for Rhum) channel-like structure can be seen.
This contains a number of dish-like layers, separated by
erosive(?) surfaces. The axis of the channel dips at 240
to the WSW, about the same as the adjacent rocks. These
dish-like layers are stacked approximately vertically,
and extend several meters up the cliff face. Although
the upper parts are somewhat inaccessible, they appear
to be richer in olivine than those lower down. The width
of the “channel” is difficult to gauge due to the
steepness of the terrain, but is at least 10m.

In the Allt Mhor na h-Uamha, at NM40369716, a
fine-grained clinopyroxene rich layer contains abundant
tiny blebs of sulphide minerals.

Xenoliths of beerbachite are not uncomman in

the middle and upper parts of Unit 3 allivalite.

3.8B.4 Unit Four

The peridotite which defiﬁes the base of Unit
& 1in the Allt nam Ba is very thin (<3m). Where it 1is
best exposed, around NM40489483, it has a very weathered
and altered appearance. Veins of gabbro are common in
this area, and it may be that a sub-surface gabbro
intrusion has affected the cumulates. To the south the
peridotite becomes rather fresher in appearance, while
to the north it thins and cannot be traced north of
NM40519485.

The pefidotite has a sharp and planar contact
with the overlying allivalite, which is a well layered
troctolitic typé, at least in the Allt nam Ba. This
passes into poorly layered clinopyroxene and Fe-Ti oxide
rich material with abundant xenoliths of beerbachite,

gabbro and ultrabasic rocks. To the north of the Allt
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nam Ba the troctolitic facies is not well developed, and
the orthocumulates of the upper part of Unit 3 pass up
into those of Unit 4 with no clear boundary.

This part of Unit 4 allivalite to the east of
Loch Coire nan Grunnd contains "xenoliths" of
troctolitic allivalite set in a clinopyroxene rich
cumulate. These xenoliths were obviously in a soft
plastic stage as they are deformed and folded in with
the enclosing material (Fig 3.7). Above these deformed
cumulates in this area are undeformed, well layered
orthocumulates with layers rich in magnetite. Epidote 1is
common as an interstitial mineral in certain layers.
This facies is not developed elsewhere: generally the
xenoliths become ’more abundant with height until
suddenly there 1is a sharp decrease in grain size over
about 2m. The upper part of Unit 4 allivalite over 1its
entire exposed length is comprised of this fine grained
facies. Just below this fine-grained layer in the Allt
nam Ba at NM404948 a thin {( 1 - 2m ) peridotite layer
occurs, cut by abundant gabbro veins like those seen at
the base of Unit 4 nearby.

This fine —grained 1layer 1is very rich in
xenoliths and was mapped by’Brown (1856) as an intrusive
sheet of olivine gabbro, although he seems to have used
the presence of xenoliths to delineate its contacts,
thus obscuring the fact that xenoliths appear much lower
down in the sequence than the fine-grained rock types.
Brown states that "“( the gabbrol] ....is free from any
form of banding or igneous lamination...”
Re-examination during the course of the present work
however, has revealed that abundant vague wispy
layering, and lamination of plagioclase is also common.
The conformable, gradational nature of the bottom
contact and the presence of xenoliths in both the
underlying allivalite and in the fine-grained layer may
cast doubt on an intrusive origin for this body of rock.

A preliminary examination of the Askival
Plateau Gabbro (APg& ), a body of rock superficially
resembling the fine grained facies in Unit 4, show it to

be clearly intrusive with abundant net-veined contacts.
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The APG clearly cross-cuts the layering of Units 9
and 10, and has caused considerable deformation of the
layering in these 'units. Butcher (1984) in a more
detailed study also found a ghost stratigraphy preserved
in the .APG based on the distribution of xenoliths.
None of these features are seen in the fine
grained layer of Unft 4, suggesting a different origin,
although the lithologies are very similar even down to

the presence of layéring within the AP

3.6.5 Unit Fivé

Unit 5 péridotite forms a thick, continuous
layer from Cnapan B?eaca south to the corrie just north
of Beinn nan Stac, where it thins and disappears. It is
not well exposed, but where seen shows a faint honeycomb
layering.

In the measured section it is about 6m thick,
and neither the Jppernor lower contacts are exposed.
Above this is about 3m of troctolitic allivalite, which
passes up into thelmain allivalite which is very rich in
clinopyroxene. Elsewhere this troctolitic layer is
absent; the peridotite passes gradationally upwards into
the allivalite. This is wunusual in Rhum; most
peridotite/allivalite contacts are very sharp. The
contact 1is gradaﬁional over about 2m, and is well
layered on a 2—5cm;scale, with alternating olivine-rich
and plagioclase-rich layers, the former becoming thinner
and less clearly marked upwards (Fig 3.8).

The aliivalite of Unit 5 corresponds to the
upper "intrusive:sheet of fine-grained olivine gabbro”
of Brown (1956). As with the lower sheet, it is
difficult to disprove an intrusive origin, although the
gradational 1lower contacts, lack of net-veining and
deformation 1in the surrounding rocks, and the presence
of good layering suggest similiarities with the LELS
allivalites rather than the intrusive gabbros.

The Unit 5 allivalite is not so rich in
xenoliths as the‘fine—grained facies of Unit 4, although
beerbachite and gabbro xenoliths are locally common. The

latter are particularly common in the upper part of the
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Fig 3.10. Allivalite layer occurring in the lower part
of unit 6 peridotite. Almost the entire thickness of the

layer is shown. Loq 234. NM39629455.

Fig 3.11. Disappearance of unit 6 allivalite through
fingering. A few hetres to the right of this photograph
the allivalite is over 2m thick. Loc 235. NM39629466.
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allivalite in Bare ECorrie (NM398971); they are
frequently magnetic.

Layering ié well developed in places within
Unit S5 allivalite, ﬁostly rather diffuse and without
dramatic changes in modal mineralogy between layers.
Locally however, stfiking concentrations of ilmenite
occur as thin layeré (Fig 3.9). At this locality the
oxide-rich layer appears to divide around a beerbachite
xenolith, and there ;s a suggestion of an unconformable
contact, the oxide—rich layver cutting off the underlying
layering which has a;slightly steeper dip.

In the measured section, Unit 5 allivalite
contains a thin lensoid peridotite layer about 10m below
the top. This peridotite has a gradational lower
contact, and a fairiy sharp upper contact. It displays
excellent laminatidn of elongate olivines in its basal
portions. :

The uppef part of Unit 5 allivalite develops
in places f(eg NM39699718) a rather pale, well layered
facies. Brown (1958) interpreted these as relics of the
allivalite which ﬁad been intruded by the sheet, but
explicit evidence ?or this is lacking. A very similiar
facies is developed in Unit 8 allivalite at NM94859683.

Brown's R1958) map shows the "upper sheet”
cutting across the ‘allivalites of Units 5,6 and 7 below
Clough's Crag, and wused this as evidence for the
intrusive nature ;of the sheet. However the sheet 1is
nowhere seen in contact with the allivalites, and
lateral wedging oQt of the layers (seen at eg NM) is a
more likely explan?tion.

Between the top of Unit 5 allivalite and Unit
6 allivalite at ﬂM. a previously unmapped allivalite
layer occurs. It is of distinctive appearance, the lower
part beiling trocﬁolitic with scattered large green
clinopyroxene oichrysts, and the upper part being much
finer grained and richer in pyroxene (Fig 3.10). One
might be tempted fo term this Unit 5.5, but for the sake
of terminological simplicity, and to avoid setting
dubious precedents, i1t is perhaps better included as a

sub-unit of Unit 6.
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The main allivalite of unit 6 is highly
discontinuous along strike, due to the "fingering"”
process mentioned earlier (3.B.2). This is shown in Figs

3.11 and 3.12.

3.B.6 Gabbro plugs and sheets

Previous mqbs of the LELS have shown differing
numbers of small gabbro intrusions in a variety of
places. Much of this confusion has stemmed from the
rather "gabbroic” appearance of the LELS rocks, together
with the extent of l#teral lithological variation, which
was not previosly récognised. Most of these have been
reinterpreted as clinopyroxene-rich allivalite in the
present work. However, several small plugs and inclined
sheets of gabbro 'have been mapped on the basis of
transgressive or chilled margins and lack of layering.
Two of these are iﬁtruded across the upper contact of
unit & allivalite,;cutting both it, and the overlying

peridotite.

3.C. PETROGRAPHY
Good accounts of the petrology of the LELS are given by
Brown (1956) and Harker (1908). For the sake of brevity,
and to avoid excessive duplication, only a general
account, together;with some new observations, will be

given here.

3.C.1 Peridoﬁites

The peridotites are composed of four main
minerals: olivine, plagioclase, clinopyroxene, and
chrome-spinel. Oiivine and chrome-spinel are the only
cumulus phases. Other minerals occur 1in small
quantities: phlobopite, kaersutite, orthopyroxene,
hornblende, variqus sulphide minerals, and a variety of
secondary alteration products such as chlorite, talc(?),

and serpentine.

3.C.1.a Textures
Olivine forms between 407 and 80/ by volume of the LELS

peridotites. The dunitic facies locally developed 1in
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other parts of the ultrabasic complex are naot seen in
the LELS. Some o% the rocks seen in the peridotite
layers of the LELS are not strictly peridotites, being
rather deficient in olivine, however they are included
here on the basis of association, and in the absence of
cumulus plagioclas?. Indeed, according to some
definitions, certain of the peridotites would not be
regarded as cumul{tes at all, as the cumulus grains
(olivine) do not ’form a touching crystal framework
(Fig 3.13). However, in view of their close association
with rocks of impeccable cumulate credentials, and the
fact that they are c@early not representative of liquid
compositions, this is not considered crucial. According
to McKenzie (1985), #ompacting layers of olivine + basic
melt may well develbp upward-moving melt-rich “waves”
with non—touéhing grains. This is a plausible process in
layered intrusions (Sparks et al, 1985), and this may
account for the l?cal absence of grain supported
textures. A similiar process has been invoked by
Donaldson (1982) td explain the formation of certain
harrisite layers. .

Olivine «crystals tend to be smaller and more
widely spaced when enclosed in clinopyroxene oikocrysts
than when enclosed iﬁ plagioclase (Fig 3.14). This is at
first sight somewhat paradoxical, as clinopyroxene
normally crystallisés after plagioclase in Rhum. Thus

early crystallising plagioclase might be expected to

preserve the high-porosity, uncompacted cumulus
textures, and preveht further growth of the enclosed
olivines, while the later-formed pyroxene would

|

crystallise in the interstices of better compacted,
larger grains. A number of factors may be significant
here. Delayed nucle?tion of plagioclase, so that it
nucleates simultaneously with pyroxene, has been
suggested by McCluré (1982) as an explanation for
enhanced Al1_O conte@ts of CS clinopyroxenes. There 1is

2°3
some evidence that Aléo3 contents of LELS clinopyroxenes
tend to be higher than those of the upper ELS (section),
however this textura} phenomenon has been observed by

Volker (1983) in many 'upper ELS peridotites, so this is
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unlikely to be suf#icient explanation.

Recent work at Cambridge University by D.
McKenzie and R. Hunter (R. Hunter, pers comm) suggests
that the small-scale structures of many cumulate rocks
may be controlled by the post-cumulus minimalisation of
grain-boundary ene}gies. ie textural equilibration. If
all grains are of the same phase, and mechanically
isotropic, this will eventually result in 120° triple
junctions. However!equilibrium inter-grain angles for
mixed grain assemblages may be very different. Thus
clinopyroxene will fend to creep along olivine-olivine,
plag-plag, or plag-olivine boundaries. This is
frequently seen (Fig 3.15). Likewise, interstitial basic
melts may form open'channels along grain boundaries, and
be expelled from 'the crystal pile as the matrix of
cumulus grains defo;ms. This process may be important in
producing adcumulates.

Similar processes may explain the smaller and
scarcer olivines within clinopyroxene oikocrysts. There
is good evidence in some specimens for considerable
post-cumulus texturai modification of olivines enclosed
within pyroxenes. E;ongate olivine crystals in sample
USA1YT break up into trails of rounded blebs when an
individual crystal crosses from a plagioclase oikocryst
to a clinopyroxene iFig 3.15), the blebs remaining in
optical continuity.é In this same rock "necking"” of
olivine crystals in 'pyroxenes can be seen (Fig 3.16),
similar to that often seen in elongate or planar fluid
inclusions in fluorite or quartz. Incipient "necking” of
olivine <crystals iﬁ plagioclase is also seen, but is
less well developed.

Given this, is it possible to say anything
about the original textures of LELS rocks? Approach to
textural equilibriuh is indicated by constant
inter-grain angles at any given type of grain boundary.
Thus all plag-plag-plag or olivine-olivine-olivine
contacts would be 120° and all plag-plag-olivine
contacts would have. a constant angle, as would
plag-plag-cpx,. and éo on. This is rarely seen 1in the

LELS except in very fine-grained layers, and in the
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Fig 3.16. Peridotite from unit 5. Note "necking" and
break-up of elongate olivine at point A. XP. Sample

USA17ii.

Peridgiite ?rom unit 2 showiﬁg very local

development of 120° triple junctions between olivine

grains. XP. Sample U2P9.
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xenoliths from ;Units &4 and 5. Very local textural
equilibrium is sometimes developed, but adjacent grains
may not be in edquilibrium (Fig 3.17). Thus most of the

LELS rocks are some way from equilibrium, and thus

retain, to a gréater or lesser degree, their original
textures.

The Aormal habit of olivine 1is
rounded-granular, but locally, particularly in the

peridotites of Iunits 4 and 5, elongate habits are
common. In theseicases the olivines display lamination,
roughly parallelito the general dip of the layering. The
lamination of qlivine crystals is independant of the
enclosing oikocr&sts (Fig 3.32c}), unlike that seen in
plagioclases in tpe allivalites (section 3.C.3.a). In a
specimen from the minor peridotite within unit 5
allivalite, therle appear to be two intersecting
laminations (Fig 3.18). Similiar structures in Unit 9
allivalite have been ascribed to nucleation and growth
of "pseudo~ cumulus” olivine crystals within the crystal
mush (Young and bonaldson. 1985). In this case a more
likely explanation 1is that the lamination sets each
represent sectioks across two large, and only
sub-parallel, platy olivine crystals. Sections cut at
right-angles to |that in Fig 3.18 show a few large
crystals of complex habit, showing little lamination or
elongation, rathér than large numbers of small
sub-parallel cryspals.

Elongate and/or skeletal habits are more
common in the basal parts of peridotites; the middle and
upper parts are usually dominated by the rounded-
granular habit. This is particularly well marked in the
peridotites associated with unit 5.

A feature shown by several peridotite samples
is the preferential concentration of chrome-spinel
crystals on the Lpper surfaces of olivine grains (Fig
3.19). Volker (1983) observed this in peridotites of the
upper ELS on Trailval, and considered it evidence for
the sinking of chrome-spinels within the interstitial
liquid. This see%s likely, particularly as several of

the LELS chrome-spinel concentrations show fining-upward
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size grading (Fig 3.19). This has implications for the
rheology of the interstitial liquid. Such small
chrome-spinels Qould be most unlikely to sink if the
interstitial magma had a significant shear strength, as
suggested by McBirney and Noves (1978}). The sinking of
these small crystals suggests that earlier sinking of
the olivines, which would have much larger Stokes
settling veloci€ies. is quite plausible, although they

do not show evidence for size-grading.

3.C.1.b Peridotite mesostasis minerals
As @entioned above, a number of hydrous

phases are found in the LELS peridotites. These
typically occur as interstitial clots up to Smm or so in
diameter, and they may enclose cumulus olivines. The
commonest assemblage is kaersutite/phlogopite with
lesser ammounts; of green hornblende, apatite, and
chloritic alteration products. The kaersutite may form
discrete crystals, or, more commonly, overgrowths at the
margins of intercumulus pyroxene crystals. Frequently
the kaersutite has an overgrowth of green hornblende
(Fig 3.20). Thé core of these clots is usually a
chlorite/ fibrous amphibole assemblage, which may
include apatite crystals, or discrete amphibole crystals
with brown kaersutite cores, and green hornblende rims.
Phlogopite is usually found associated with kaersutite
in the outer part of the clot, although phlogopite also
occurs as isoléted flakes without other accompanying
hydrous phases. Large plates may poikilitically enclose
olivine crystals, which show no signs of alteration.

Orthopyroxene occurs 1in several peridotite
samples, and hasfbeen found in peridotites from all the
LELS units. It normally forms poikilitic plates similar
in habit to clinopyroxene, although enclosed olivines
tend to be rather ragged in outline, suggesting a
reaction relatiohship. Wherever orthopyroxene occurs, it
seems to be unstable, often altering to, or being rimmed
by, kaersutite ; or hornblende (Fig 3.21). Most
orthopyroxene crystals are largely altered, even where

adjacent olivine or clinopyroxene is fairly fresh.
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Fig 3.20. Hydrous minerals in peridotite from unit 2.
Clinopyroxene (c) has overgrowth of kaersutite (k),
which in turn has;a rim of green hornblende (h). A large
flake of phlogopite (p) is also visible. PPL. Sample
uzPi1t.
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Fig 3.21. Interstitial orthopyroxene crystal being made
over to hornblendé, kaersutite, and chlorite. XP. Sample

UtpPs4.
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Further :indications of late-stage liquids
available 1in the' peridotites are provided by veins
cutting the peridétites of units 1 and 2/3. These are
coarse-grained and unchilled, and are very similar in
appearance to thé “contemporaneous ultrabasic veins”
described by Brown (1956) and Butcher (1985). However
the veins examinéd in the LELS are all highly
fractionated, and: are teschenitic or syenitic rather
than wultrabasic. They all have clinopyroxene, as large
neutral-coloured ifregular crystals, which may be rimmed
by dark-blue amphibole or chlorite (Fig 3.22), alkali
feldspar, and abﬁndant Fe-Ti oxides. Some veins have
abundant plagioclase, showing intense normal zoning over
a more homogeneous calcic core; in others perthitic
alkali feldspar 1is dominant. Zircon and sphene occur
widely in small guantities; apatite is very abundant
(Fig 3.23); a paie greenish yellow mineral with high
birefringence and straight extinction forming tiny
elongate crystals,;and more rarely, thin overgrowths on
clinopyroxene mayj be aegirine. Kaersutite is not
uncommon, usually;as small inclusions within the large
clinopyroxene crjstals. Fibrous zeolites and possibly
analcime also occqr in small quantities. Kitchen (1985)
has described similar veins in CS peridotites from near
Long Loch. The presence of both silica oversaturated
{orthopyroxene) and undersaturated alkaline (kaersutite,
analcime, aegiride) assemblages assoclated with LELS
peridotites is curious. The alkaline assemblage seems to
be later, in that orthopyroxene is out of equilibrium
wherever seen, being made over to the amphibole-rich
assemblage. The liquids available at very late stages to
form veins when' 'the peridotites were cool enough to
undergo brittle ffacturing are thoroughly alkaline.

3.C.1.c Sulphide minerals

Sulphide minerals are not uncommon in trace
quantities in Rhum peridotites (Volker, 1983), however
unit 1 of the LELS is strikingly rich in sulphide blebs
of large size, which may form 571 of the rocks.

The sulphide minerals in unit 1 peridotite
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form intercumulds blebs and masses which are locally
large enough té enclose several olivine crystals.
Sulphides are not seen as inclusions within olivine
crystals (cf Volker, 1983) nor are they associated with
chrome-spinel (cF Young, 1984, and Dunham and Wilkinson,
1985). The mine&alogy is fairly simple: pentlandite,
magnetite, pyrrho@ite and a little chalcopyrite. This 1is
a common assemblage found 1in many layered basic and
ultrabasic complexes. Pentlandite and pyrrhotite usually
form coarse-textured composite grains (Fig 3.24), or
smaller dispersed blebs intergrown with fine-grained
maghetite, which'I may coalesce to form larger masses
poikilitically enélosing magnetite crystals (Fig 3.25).
The largest magnetite/sulphide blebs, which may enclose
many olivine crystals, tend to be sulphide-poor at the
margins, with laﬁge sulphide aggregates in the central
parts. Exsolution of pentlandite within pyrrhotite

grains 1s rare (cﬁ sulphides in unit 1 allivalite).

3.C.2 Peridotite/allivalite contacts .
Several types of peridotite/allivalite contact can be
distinguished in the LELS.

{i) Contacts which are planar and the boundary
between the 1ayers€is sharp, on a grain-size scale. Any
lamination present is parallel or sub-parallel to the
contact. This is the most common type of contact.

(ii) Contacts with chrome-spinel seams. Only
one such contactiis seen in the LELS (see 3.B.3). In
thin section this éhows the chrome-spinel layer, and the
peridotite sharplj truncating the lamination of the
allivalite (Fig 3.%5). A similar relationship was found
by Young (1984) at ‘the Unit 11/12 boundary. He ascribed
this to the therbal erosion of the allivalite by
overlying picritic 1iquid, producing a reaction-crust of
chromite. :

{iii) Cobtacts which have been deformed by
slumping or loading. In thin section these show mixing
of the two populétions of cumulus grains: rounded
olivines and chrohe—spinels from the peridotite, and

plagioclase and irregular olivines from the allivalite.
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Fig v.30 Fingexr from unit & allivalite, with elongate
olivines in the finger orientated parallel to the finger
maxrgins. A few of the cumulus plagioclases show slight
upward deflection against the finger. Alan Butcher

sample no. GMBFC. Approx 2X.
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In some cases the two populations are well mixed (Fig
3.27), in others mixing is less complete (Fig 3.28). The
degree of mixing often varies considerably, even within
a given layer. This is probably a function of both the
severity of the disturbance causing the mixing, and of
the degree of consolidation of the cumulates.

{iv) Contacts with finger structures. Despite
the evidence from larger-scale field evidence that these
are replacement structures, on a microscopic scale they
are very similar to type 1 contacts (Fig 3.29), except
that the peridotite cuts across allivalite lamination.
In a few cases however, a small degree of upward
deflection of plagioclase crystals can be seen adjacent
to the finger. If elongate olivines are present in the
peridotite, these are aligned parallel to the finger
margins {Fig 3.30; see also Butcher et al, 1985). This
implies that the olivines in the peridotite were much
more mobile than the plagioclases in the allivalite, as
the o0livines have been capable of being rotated, or
growing from a melt, while the plaglioclases have
preserved earlier structures with little deformation.

{v) Contacts gradational on a scale of 10cm -
2m. In the LELS these are mainly found in unit 5. The
main peridotite grades up into the overlying allivalite
over a distance of about 2m. This zone is clinopyroxene
rich peridotite at the base, and olivine-rich allivalite
at the top. The intervening rocks are well layered, the
layering distinguished by variations in the quantities
of olivine + poikilitic clinopyroxene, and cumulus
plagioclase + olivine. The cumulus plagioclases show a
marked normal zoning, with minor oscillations (Fig
3.31}).

The minor peridotite within unit 5 allivalite
has a sharp top, but a gradational base. A section
across the lower contact is shown in Fig 3.32. Abundant
elongate olivines appear 1in the upper part of the
allivalite, and the amount of cumulus plagioclase
diminishes with height until it disappears, over a
distance of about 0.5m. The olivines 1n the basal part

of the peridotite are skeletal and elongate, but further
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up the rounded—granulér habit becomes dominant.
:
3.C.3. Allivalites
The alliva%ites are characterised by the
presence of cumulus ﬁlagioclase The main minerals are

|

plagioclase, olivine,:clinopyroxene, orthopyroxene, and
ilmenite, with lesserfammounts of phlogopite, zeolites,
clinozoisite, hornblehde, chlorite, sulphides, apatite,
sphene, and locally qﬁartz.

|
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3.C.3.a Textures

i

Plagioclase forms >50/ of all allivalites
except locally, in; thin laminae which may consist
largely of clinopyro%ene or olivine.

Plagioclase crystals are often laminated,
particularly in rockg with little clinopyroxene. Indeed
there is a rough inv;rse correlation between the amount
of clinpyroxene andfthe development of lamination. In
individual specimeng lamination 1is often poorly
developed, or absentL where the crystals are enclosed in
clinopyroxene oiko%rysts, while outside the oikocrysts
lamination is pronounced (Fig 3.33). This contrasts with
the situation 1in ;peridotites where lamination is
unaffected by enclosure (Fig 3.32c). There is also a
tendency for the deésity of plagioclase crystals within
oikocrysts to Dbe fmuch lower than outside. The same
situation occurs @here olivine forms oikocrysts
enclosing plagiocla%e, although this is much rarer.

In the c%se of peridotites this low crystal
density was ascriped to post-cumulus textural
modification (section3(() but in allivalites this
phenomenon occursf in rocks which are clearly not in
textural equilibr#um, and it occurs regardless of
whether the oikoéryst is clinopyroxene or olivine,
suggesting that ihis is not a major factor here. In
addition, texturalsequilibration in peridotites does not
affect 1amination£of the crystals; thus it is proposed
that both the lowfplagioclase crystal density and the
lack of laminatiob are early features of allivalites,
which are preserv?d only where oikocrysts protect them
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3.33 Allivalite from unit 5. The plagioclases

Fig
enclosed in the clinopyroxene oikocryst are unlaminated,

while those outside display good lamination. XP. Loc

14b. NM39589721. L

Fig 3.34 Contact between coarse and fine grained layers
The fine grained layer shows a

in unit 3 allivalite.
Loc 183.

high degree of textural equilibration. XP.

NM40799620.
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from the effects of later compaction. The cumulus
plagioclase crystals within oikocrysts often do not form
touching crystal frameworks; assuming that the
oikocrysts do not conceal cumulus clinopyroxene cores,
this 1implies that settling of plagioclase was not a
major factor in producing allivalites.

Some allivalites may have primary lamination.
Where chrome-spinel seams truncate the lamination of
underlying allivalite, the lamination must have
developed at a very early stage, before formation of the
oxide layer.

Sudden changes 1in plagioclase grain size
define certain types of layering, particularly common in
units 1 and 3 (Fig 3.34). These layers are usually
somewhat lensoid in form. Fine-grained layers have been
described by Thy and Esbensen (1980) from Lille-Kufjord,
and ascribed to fluctuations in the nucleation rate.
However these have since been shown to be flattened
xenoliths ({R.S.J. Sparks, pers comm). The LELS layers
show an overlap of grain sizes at the layer boundaries
(Fig 3.3¢), which might suggest a primary “cumulate”
origin. However texturally they are very similar to
anorthosite xenoliths seen in units 4 and 5 (section
3.C.3.d), including the presence of rare large clustered
plagioclase crystals. It is proposed that these layers
are xenoliths of plagioclase-rich material which was
poorly consolidated when brought to the floor of the
magma chamber, and was flattened during deposition and
compaction. Pyroxene oikocrysts were able to grow across

the xenolith/ cumulate boundary prior to compaction.

3.C.3.b Minor phases in allivalites

Most allivalites contain small quantities of
minerals other than those mentioned above. Phases
recorded include clinozoisite, phlogopite, hornblende,
fibrous zeolites, apatite and sphene. Using
autoradiography of polished slabs, Williams (1978) was
able to detect tiny crystals of zirconolite and
baddelyite 1in the mesostasis of LELS rocks, but these

have not been definitely identified in this study.
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Fig 3.35 Clinozoisite-rich “clot" in allivalite from
unit 3. Other minerals include sphene (s), hornblende
{h), prehnite (p) and chlorite (c). The large grain at
the top left is an orthopyroxene, much altered to
amphibole; at the top right is a plagioclase crystal.
PPL. Sample U3A2.

fonm

Fig 3.36 Small dispersed sulphide blebs in unit 1

allivalite. Partially uncrossed polars. Sample UTA3.
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Clinozoisite is not uncommon as small patches
occupying the interstices between plagioclase crystals.
However, locally it forms larger “"clots” up to 7Tmm ih
diameter, intergrown with hornblende, prehnite, sphene,
phlogopite and apatite. An as-yet-unidentified brown
mineral 1is common as tiny radiating masses with high
birefringence 1in the interstices between clinozoisite
crystals (Fig 3.35). These assemblages occur in rocks
containing fresh olivine, although adjacent to the
larger clots olivine is often altered to fine grained
talc(?), chlorite or phlogopite. Against these larger
clots plagioclase may be slightly sericitised, and may
be partially replaced by clinozoisite, although the
smaller patches do not appear to be associated with any
alteration.

There is some evidence from the Marginal Suite
{Fig 2.9) and from alkaline veins in the peridotites
near the Long Loch, that clinozoisite may be on the
liquidus of certain magmas in the Rhum complex. It is
suggested that these clot assemblages are related to
local 1late-stage enrichment in water, and that they
crystallised, at least in part, from a melt, rather than
forming from previously existing minerals. It is
difficult to see how they could be produced by pervasive
or channelled hydrous alteration of the cumulates, given
the lack of localisation along fractures, and the close
association with fresh olivine and plagioclase. These
clots are particularly common 1in the middle parts of
unit 4 allivalite, and in unit 3 allivalite.

Allivalite§ within a few metres of the
marginal suite somtimes have small quantities of a

granophyric mesostasis.

3.C.3.¢c Sulphide minerals
The alliva;ite of unit 1, like the peridotite,
is remarkably rich iﬂ sulphide blebs. In the basal parts
of the allivalite they may form up to 57 of the rock,
and the blebs may reébh tcm in diameter. The mineralogy
is similar to perﬁdotite assemblage, except that

chalcopyrite forms aglarger proportion of the blebs in
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Fig 3.37 Exolution lamellae of pentlandite in large
pyrrhotite grain from unit 1 allivalite. Note large,
early formed "flame"'lamellae, and later, finer and more
regular lamellae. Partially uncrossed polars. Loc 152a.

NM40649452.

Fig 3.38 Composite sulphide bleb from unit 1 alllvallte,

consisting of pyrrhotite (po) with pentlandite
exolution, chalcopyrite (ch), pentlandite (pn),
mackinawite (mk) and cubanite {(cb). The bleb is rimmed

by a fine-grained magnetite/sulphide intergrowth. PPL in

0il. Loc 152a. NM40649452.
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the allivalite, and magnetite is less abundant. The
smaller blebs (Fig 3.36) are usually composite grains of
pvrrhotite, chalcopyrite and pentlandite. The
pyrrhotites show well developed flame and lamellar
exolution of pentlandite, particularly in the larger
grains (Fig 3.37). The largest blebs show complex
exolution with lamellae of cubanite and mackinawite in
the chalcopyrite (Fig 3.38). In addition to the
fine-grained magnetite found around some of the blebs,
large cumulus ilmenites are also fairly common in the
basal parts of unit 1 allivalite. Further up the
allivalite, the sulphide blebs diminish in size and
abundance; the proportion of pentlandite also
diminishes.

The sulphide-rich layer in unit 3 contains
only small composite grains of pyrrhotite and chalco-

pyrite.

3.C.3.d Xenoliths
The xenoliths found throughout the allivalites
of the LELS fall into three main groups:{1) fine-grained
basic 1rocks, sometimes associated with calc-silicates,
here termed beerbachites, (2) fine-grained plagioclase
-rich 1rocks often well layered, termed anorthosites and
(3) coarser grained gabbroic rocks, termed gabbros.
Xenoliths are almost exclusively restricted to
the allivalite layers, although Smith (13985) records a
single calc-silicate xenolith in the peridotite of unit
2. Wherever allivalite blocks are enclosed in peridotite
in the LELS, they are associated with finger structures
and replacement, and thus are not true xenoliths.
(i) Beerbachites
Brown (1956) recorded peridotite xenoliths as
being abundant in'parts of the LELS. However, all the
brown-weathering xenoliths examined here have proved to
be fine-grained granular rocks, very similar in texure
and mineralogy to the beerbachites reported by from
Ardnamurchan. Peridotite xenoliths do occur in Rhum, eg
in allivalites of the CS to the north and west of Long

Loch, but these retain their cumulate texture (I.Young,
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Fig 3.39 Beerbachite xenolith from unit 5, consisting of

plagioclase, olivine and clinopyroxene. XP. NM 40199499,

— — — e e e e

Fig 3.40 Beerbachite xenolith from unit 4 with “"clots”
of calc-silicate minerals {(c), rimmed by fassaite (f).

Natural light. Loc 176a.
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pers comm). A typical beerbachite is shown in Fig 3.39.
They consist mainly of equal-sized polygonal grains of
plagioclase, olivine, clinopyroxene, magnetite, and
often orthopyroxene. Most inter-grain angles are about
1200, regardless ?of the phases 1involved, but
clinopyroxene occasionally forms sub-poikilitic grains,
or rims around other phases. A faint lamination is often
evident. This has probably developed during recrystall-
isation, as para;lel planar structures are absent in
these rocks. A few beerbachites contain larger porphyro-
biasts of plagioclase or olivine. Irregular veins of
clinopyroxene or ﬁine—grained plagioclase are common.
The latter particularly, are often associated with clots
rich in calc-silicqtes. These are invariably zoned with

an outer 2zone of fassalte, and a core of intergrown

garnet, diopside, sometimes plagioclase, and small
quantities of vermiculite (Fig 3.40). Where the fassaite
adjoins the beerbachite, there is often a zone of

intergrown magnetite blebs (Fig 3.41). Across this zone
the optical properties of the pyroxene changes, a yellow
tint becoming increasingly intense towards the core of
the clot, and associated with this, an increase in the
dispersion. The iﬁnermost fassaites show intense
anomalous blue interference colours. A few of these
clots contain a little clinozoisite, or low-Fe epidote.
This asspciation of calc-silicates with
fine-grained basic hornfelses strongly suggests that
these rocks were originally amygdaloidal basalts, and
thus represent material derived from the country rocks
of the intrusion. Amygdale assemblages of calcite,
calcium zeolites and celadonite or chlorite would have
roughly the correcf chemistry to produce the observed
metamorphic minerals. The Rhum ultrabasic complex 1is
nowhere seen 1in contact with amygdaloidal basalts;
presumably they foimed roof or wall rocks to the upper
part of the magma chamber, since eroded away. This
implies a high-level origin for the ultrabasic complex,
with the magma cha%ber in contact with hydrothermally
altered basalts. Angdaloidal basalts which pre-date the
ultrabasic rocks aie seen in the complex fault zone on
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the south-east flank of Beinn nan Stac (Smith, 1985).

(ii) Anorthosites

~ The anorthosite xenoliths are usually angular
and well 1layered and laminated. Mafic minerals are
almost invariably poikilitic in habit, although large
well-formed orthopyroxenes occur in one specimen (Fig
3.42). The main mafic silicates are clinopyroxene and
olivine, although the sample with the 1large
orthopyroxenes contains a thin layer rich in inverted
pigeonite (Fig 3.43). Magnetite blebs are locally
common. The layering in these rocks is defined mainly by
changes 1in the abundance, or types of mafic minerals
present, and to lesser extent, by changes in grain size.
The layering is usually on a tmm-1cm scale. Some layers
consist of 100/ plagioclase. Optical zoning is faint, or
absent 1n the plagioclases, which are generally
bytownites. A few specimens contain larger, sometimes
glomeroporphyritic plagioclase crystals. These xenoliths
are thus very similar 1in texture to the lensoid,
fine-grained, plagioclase-rich layers seen in units 1
and 3. It may be that these layers formed from “"soft",
xenoliths of the same material, which was able to deform
during deposition and compaction, wheras the angular
xenoliths of units 4 and S5 represent better consolidated
material.

The strongly layered and laminated aspect of
the anorthosites, together with their mineralogy
suggests that they may be of cumulate origin. However
the grain sizes of both the xenoliths and the
fine-grained layers are very similiar to those of the
beerbachites, and locally, where particularly rich in
mafic minerals, they resemble some of the beerbachites.
Given the high degree of textural equilibration in these
fine-grained rocks, it 1s difficult to say much about
thelir origonal textures, however it is unlikely that the
anorthosites represent metamorphosed volcanic rocks in
view of their high plagioclase content. Unlike the
beerbachites the anorthosites are never associated with
calc-silicate minerals, further suggesting a different

origin. A sedimentary origin is also possible; this
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might explain the layering, but again it is hard to
envisage sediments of the correct bulk composition. A
cumulate origin is thus preferred.

It is ' tentatively proposed that while the
beerbachites rep&esent the basaltic country rocks, the
anorthosites rep}esent fine-grained evolved cumulates
formed at the roﬁf of the intrusion. The abundance of
orthopyroxene may be explained by the ponding of light
magma, contaminafed by silicic country rocks at the
walls, under the roof. The development of such a upward
convecting boundéry layer would be very likely, if as
has been suggested (chapter 2) the Rhum complex is
largely in situ, and walled by low melting-point arkoses
and granophyres.

The 1roof rocks, both cumulates and basalts,
were able to sink or be carried down to the floor of the
magma chamber throughout the formation of the LELS
allivalites. Well-consolidated cumulate material is most
abundant in unitsfk and 5, where the greatest abundance
of beerbachite is found, suggesting that considerable
quantities of rbof rocks were dislodged during the
formation of thesé units.

(iii) Gabbros

The gabbro xenoliths are coarser than the
others, and their textures are very similar to those of
the rocks in which they are enclosed (Fig 3.44). They
are extremely abundant in parts of unit 5 allivalite, of
which they may form >50/Z. They are characterised in thin
section by intensé clouding of mafic phases by exsolved
magnetite. Many specimens are rich in poikilitic
orthopyroxene. Aé well as cumulate textured gabbros,

rocks with sub-varioclitic textures are also found.

3.C.4 Gabbro blugs and sheets
The main minerals are clinopyroxene and
plagioclase. The' former 1is usually pale brown with
marked normal zoning. Sector zoning 1is occasionally well
developed. Habit Qaries from euhedral prisms to ophitic
intergrowths with plagioclase. The latter forms narrow

laths, generallyi showing strong continuous normal
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zZoning. Other minerals present are Fe-Ti oxides, as

large irregular grains; olivine, usually as large
altered grains, and green amphibole. A fine-grained
mesostasis 1s often present, wusually altered to
chlorite; this 1is one of the best features for

distinguishing the gabbros from the clinopyroxene-rich

allivalites.

3.0 Conclusions

(1) The morphology and distribution of the
allivalite and peridotite layers of the LELS have been
affected by a number of post-cumulus processes including
deformation of poorly consolidated crystal mushes, and
later, by replacement of allivalite by peridotite.

{2) The allivalite horizons contain varying
quantities of xenolithic material derived from the walls
or roof of the magma chamber, including amygdaloidal
basalts, which are not now seen as country rocks. This
implies a high-level for the magma chamber, not far from
its present position.

(3) The layers richest in roof-or wall-derived
xenoliths are also richest in orthopyroxene, as are the
cumulates seen.in these xenolith assemblages. This may
suggest ponding of silica rich magmas at the top of the
chamber.

(4) There is evidence that some peridotite
layers may have been more mobile and permeable than
overlying allivalites.

(5) Crystal settling may have been a
signhificant process in the formation of peridotites, but
other than the presence of xenoliths, there is no
unambiguous evidence 1in the LELS allivalites for
settling being important.

(6) The textures of the cumulates are affected
to varying degrees by post-cumulus processes, some of
which may be sub-solidus. Most LELS rocks are not in
textural equilibrium. Lamination may be a primary
feature of olivines in peridotites, but lamination of
plagioclase ih allivalites mostly originates during

compaction. This is not always the case though. Where
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lamination is truncated by chrome-spinel seams {(unit 3,
unit 11/12) lamination must be a very early feature,

probably primary.
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CHAPTER FOUR
BULK-ROCK CHEMISTRY

A selection of rocks from the Marginal Suite, the
gabbro plugs and sheets, and the LELS have been analysed
by XRF techniques at Durham University. Both major and
trace elements were determined on pressed powder
pellets. Major element count data, corrected for
instrument drift and mass absorption effects, was
processed using the program MANAPF4, based on one
provided by J. Esson of Manchester University. Trace
element data were processed using the program TRATIO,
written by R.C.Op Gill at Durham University. Analyses of
selected international standards are given in appendix
1.

-Particular aims of this work were (i) to examine
the chemical variation in the Marginal Suite, and to
evaluate possible mixing processes; (ii) to investigate
the status of the allivalites of units 4 and 5, which
Brown (1956) regarded as intrusive gabbros; {iii) to
investigate the relationships between the LELS, the

Marginal Suite, and the gabbro plugs and sheets.

4. A THE MARGINAL SUITE

The marginal suite comprises a wide range of
compositions from picrites and olivine-rich gabbros, to
dioritic and granitic rocks. The field relations
{Chapter 2), strongly suggest mixing of mafic magmas and
melted country rocks as being an important process in
producing the observed variation.

This can pe evaluated in a number of ways. Where a
suite of rocks covers a wide compositional range (as
here), plotting highly compatible elements against
highly incompatible ones permits discrimination of
mixing and fractionation (Fig 4.1t1). Using Cr vs Ba, or
K20, the Magginal Suite falls on a strongly curved
trend. Mixing between the most basic and most acid
end-members should give a straight line. However this

diagram does:not show that mixing has not occurred. It
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Fig 4.1b Cr vs K20 plot for the Marginal Suite and the

gabbro plugs and sheets. Symbols as above.
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does illustrate that most of the intermediate rocks have
not been produced by mixing picritic rocks and felsite
or sediments, but cannot rule out mixing between low-Cr
basic rocks and acid melts. It is noteworthy that
several of the basic samples do show slightly enhanced
Ba and KZO' suggesting that small ammounts of
contamination may have occurred.

Another method for distinguishing fractionation and
mixing in tholeiitic sequences has been used by Marshall
and Sparks (1984). Ti and P are strongly enriched in
intermediate tholeiitic fractionates, while mixing
lJow-Ti,P acid rocks and low-Ti,P basic rocks can only

produce low-Ti,P intermediate hybrids. The Marginal

Suite shows both trends (Fig 4.2), indicating that some
of the diorites are hybrids, while a few are
fractionates. The maximum TiO2 and P205 contents occur

at about 771 MgO; this is higher than the value in other
tholeiitic suites where it is usually about 4-571 (see
for example Marshall and Sparks,1984) However the number
of samples on the fractionation trend is relatively
small and cannot be regarded as a complete sample.

To quantify mixing processes, it is essential to
identify the correct end-members. Although picrites
occur 1in the Marginal Suite, they do not seem to have
mixed with acid material on a large scale {(see above).
The only evidence of contamination in these rocks is
enhanced incompatible trace elements. Fig 4.2 suggests
that more fractionated gabbros (about 10/ MgO) may be
the usual basic end member, as this is the value at
which the mixing and fractionation trends diverge.
Picritic liquids may not mix readily with acid melts for
several reasons. There is likely to be a considerable
viscosity différence, even if the acid melts are locally
superheated, and this inhibits mixing (Campbell and
Turner, 1986) . High density contrasts would also
decrease the tendency to mix, and the great difference
in liquidus temperatures between picrite and granite may
result in quenching of the picrite before mixing could
occur. Thus it appears that hot picritic liquids were

not prone to mixing with acid melts; only cooler, less
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Name AV.SLT LNDSHL BNSSST 6.48

Sioc2 73.64 71.40 79.67 69.80
Tio2 0.63 0.65 0.58 0.86
Al203 12.86 13.64 10.56 12.40
Fe203 0.46 0.49 0.36 0.59
FeO 3.07 3.29 2.38 3.90
MnO 0.01 0.086 0.05 0.09
MgO 1.3686 1.71 0.65 0.80
Ca0O 1.02 1.18 0.68 2.44
Na20 2.62 2.73 2.34 3.76
K20 3.13 3.23 2.86 3.72
P205 0.12 0.186 0.05 0.23
LOI ND ND ND ND

Total 98.92 98.55 100.19 98.59
Trace elements in ppm.

BA 912 1007 769 1184

NB 12 11 12 14
ZR 299 291 356 240
Y 24 23 19 39
SR 183 210 141 223
RB 101 100 91 96
ZN 35 39 21 82
cu -- -- -- 217
NI 10 12 5 21
CR -- -- ~-- 2

Table 4.1 Analyses of possible acid end-members for the
hybrids of eatern Rhum. 6.48 is a felsite from Beinn nan
Stac. LNDSHL: average Loch na Dal Shale (=Skye equivalent
of Bagh na h-Uamha Grit). AVSLT: average Skye Sleat Group
(=Rhum Torridonian). BNSSST: average Beinn na Seamhrig
Sandstone (=Skye equivalent of Rubha na Roine Grit).

Torridonian data from Donnellan (1981).
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Torridonian sediments and felsite normalised to marginal
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(1981). LNDSHL= Loch na Dal Shale, BNSSST= Beinn na
Searraig Sandstone, AVSLT= average Sleat Group. These
are the Skye equivalents of the Bagh na h-Uamha Shale,
the Rubha na Roine Grits, and the Rhum Torridonian

respectively.
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dense and more vi?cous basic liquids would mix.

Identificatibn of the acid components is more
difficult. Possibilities include Rubh na Roine Grit,
Bagh na h-Uamha Shale. and felsite. Detailed chemical
data on the Torridonian rocks of Rhum is lacking.
However extensivé data for the laterally equivalent
rocks in Skye is available (Donellan, 1981), and his
average values fbr these units are used in this study.
Comparison of thése analyses with limited unpublished
data for the Rhum:Torridonian {R. Greenwood, pers comm)
shows good agre?ment. In the western part of the
complex, granophyre is likely to be a major contaminant.
Unfortunately the major-element chemistry of these
groups 1is remarkably similar (Table 4.1). In an attempt
to resolve this, &odified "spidergrams” for the various
possible contaminants, normalised to one of the Marginal
Suite gabbros, afe shown in Fig 4.3. The patterns for
the hybrids are:shown in Fig 4.4. Assuming that the
normalising rock'is close to the basic end-member, the
hybrids should éhow patterns parallel to the acid
end-member with thch they mixed. The patterns for the
contaminants are very similar, except for Zn and P,
which are > 1 :in the felsite, and are < 1 in the
Torridonian rocks.

The patterns for the hybrids in most cases are
consistent with ﬁixing with these components, although
the marked deplet;on in Ni and Cr, together with -ve Sr
anomalies, suggeﬁts fractionation combined with mixing
for many rocks.%The role of felsite and Torridonian
rocks 1is difficul& to distinguish. High P hybrids could
be explained by félsite contamination; but P also tends
to increase with fractionation, so this is not a useful
discriminant. 2Zn does not show much change with
fractionation in the gabbro plugs and sheets (Fig 4.5),
and thus it maj be a better guide to contaminants.
Hybrids with Zn m%rkedly greater than 1 on Fig 4.4 must
have been conta@inated by a high Zn material, ie
felsite. Low Zn hjbrids may be Torridonian-contaminated.

Palacz(1984),;and Palacz and Tait (1985), using Pb

and Sr isotopes, ?rgued that the Rhum ultrabasic magma
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chamber was walled jby Lewisian amphibolite-facies
rocks, and had since been emplaced upwards along faults.
However, if has has been argued in Chapter 2, the
complex is largely in situ, it is difficult to see how
liquids residing in the chamber become contaminated with
such rocks. However, their data (Fig 1, Palacz and Tait,
1985) do not exclude:contamination by rocks of similar
isotopic compositions to the Skye acid intrusives.
Recent work by R. Greenwood (pers comm) on the Sr and Pb
isotopes of Rhum felsites, indicates that they fit these
requirements well. Thus evidence in the Marginal Suite
for contamination by felsites fits i1n well with the
isotopic evidence for such contamination in the main
body of the magma chamber. The new isotopic evidence
also supports the idea of a high-level, in situ origin
for the ultrabasic complex, walled in part by earlier
Tertiary acid rocks, father than a tectonically emplaced
chamber which evolved at depth enclosed by Lewisian

rocks.

4 .B GABBRO PLUGS AND SHEETS

Most of these bodies are mineralogically and
petrographically similar (section 3.C.4), and thus it
would seem reasonable to propose that they are also
chemically related. Indeed, on Figs 4.2a and 4.2b, they
fall roughly on the Marginal Suite fractionation trend.

It is possible to model the major element chemistry
of these rocks by subtracting magnesian olivine,
plagioclase and diopsidic clinopyroxene from rock 53A,
the quenched marginal picrite : . However there
is not a perfect correlation between the quantities of
these phases which have to be removed; thus the evidence
is somewhat ambiguous.

Trace element data (Fig 4.6) do not support
extensive plagioclase fractionation, as there is no -ve
Sr anomaly developed. However, they support the idea of
marked olivine fractionation, and perhaps a little
clinopyroxene. Sampie 53A shows the expected trace
element pattern for a high-Mg parent to the gabbros,

except for Ba and K which are markedly enriched. This 1is
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almost certainly due to slight contamination by melted
country rocks. {(see previous section). Ni falls off much
faster than Cr in the rocks showing slight Ni and Cr
depletion, presumably because the crystallising
assemblage was rich in olivine. However the most evolved
rocks (lowest Ni and Cr), show relative depletion in Cr,
suggesting that Cr-rich phases such as clinopyroxene, or
perhaps oxides, had become liquidus phases.

A curious feature shown by these gabbros is the
apparent lack of Zr enrichment with fractionation,
suggesting that the.crystallising assemblages had bulk

distribution coefficients of about 1 for 2Zr.

4.C THE LAYERED ROCKS

As the rocks of the LELS are cumulates, and the
compositions are controlled by the relative proportions
of three main minerals (Fig 4.7), whole rock analyses
are of little use in examining trends in the liquids
from which they crystallised. Interpretation is further
complicated by evidence for migration of intercumulus
liquids, for example the instability of intercumulus
orthopyroxene in peridotites, and the replacement of
allivalite by peridotite. (see chapters 5 and 6). This
implies that intefcumulus assemblages need not be
fractionates of the same liquids which formed the
cumulus crystals in a given rock. Thus concentrations of
incompatible elements need not be related to retention
of melt in equilibrium with the cumulus phases.

Despite these problems, it is possible to use the
whole-rock data to assist in classifying the xenolithic
layers 1in units 4 and 5. Brown (1956) argued that they
were 1intrusive gabbros, whereas the present work has
cast doubt on this (chapter 3). In terms of their
chemistry they seem to be related to the cumulates,
rather than the <clearly intrusive gabbro plugs and
sheets. This 1s shown in Fig 4.8. To test this
hypothesis more rigorously, the analyses:ihese three

groups of rocks were analysed using cluster analysis.

4.C.1 Cluster'Analysis
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OVERLEAF F1i1g 4.9 Dendrogram for the LELS allivalites,
“sheetrocks”, and gabbro plugs and sheets. Sample
numbers are shown down the left hand side of the
diagram. Prefixes to sample numbers indicate the group
to which they belong: 2=zallivalites, 3=sheetrocks,
t=gabbro plugs and sheets.
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Cluster analysis is a multivariate statistical
technique for classifying unknown objects. It makes no
assumptions about the data, and seeks to determine any
natural groupings or clusters of the data in
multidimensional space. A good simple review of the
technique can be found in Le Maitre (1982).

The results of cluster analysis obtained on
analyses of allivalites, "sheetrocks”, and clearly
intrusive gabbro plugs and sheets is shown in Fig 4.9.
This was performed using the MIDAS statistical package
on the Durham University mainframe computer.

Cluster analysis first involves the calculation of
a "similarity measu;e" between evey object in the data
set. This can be calculated in a nmber of ways, but the
method wused here is Euclidean distance, calculated as
follows:

Dij = (X.k—Xjk) ‘h
w:ﬁre Xik and xjk are the k variables of the i and
3 objects respectively, and p is the nomber of
variables. Dij is 0 for identical objects and becomes
bigger with increasing dissimilarity. To avoid problems
with the combination of 71 and ppm data used here, the
data has been standardised, with equal weight given to
all variables.

Having obtained a similiarity matrix by the above
procedure, the objects can be linked together to form
clusters or groups by increasing the distance
incrementally such that two objects or clusters combine
at each step to form a new cluster. Thus at a distance
of 0, all the objects are distinct, but at a distance of
382 all the rocks fall into one cluster. There are
various methods for linking objects and clusters; the
one used here 1is complete-linkage. This combines
clusters on the basis of minimising the maximum distance
' between objects in two clusters. It is customary to
represent this clustering behaviour onh a dendrogram.

Looking at Fig 4.9, it can be seen that the
allivalites and sheetrocks all fall inside a common
cluster at a distance of 77. The gabbro cluster does not

merge with them until a distance of 381. These are the
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Fig &4.10 Normative: compositions of LELS rocks and
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alkaline veln, square = marginal picrite 53A.

9l



two main clusters in the dataset. Within the allivalite/
sheetrock cluster.! the two groups can also be
distinguished althodgh many of the allivalites are more
similar to the sAeetrocks than they are to other

allivalites. i

4.C.2 Norms oﬁ LELS rocks

CIPW norms wére calculated wusing an assumed
Fe3+/Fe2+ ratio of d.15 (Brooks, 1976). Most of the LELS
rocks are olivine anb hypersthene normative with no free
quartz and thus ark broadly tholeiitic. However the
alkaline vein fromlUnit 3 peridotite (Sample 163) is
nepheline normative’ (Fig 4.10). This rock 1is also
notably rich in onsiand TiO2 (Appendix 2).

|

4.0 CONCLUSIONS

(i) The Margin?l Suite shows evidence for mixing
with both Torridonién sediments, and felsite. However
many rocks also sﬁow signs of being fractionates.
Although picritic ro?ks occur in the Marginal Suite, and
are contaminated, pa?ticularly with regard to Ba and K,
the intermediate rocks have mostly been produced by
mixing of more evolved gabbros with melted country
rocks. :

{ii) Most of th% LELS rocks are olivine-hypersthene
normative, althoughl late fractionated veins 1in

peridotites may be nepheline normative.

(iii) The finejgrained, xenolithic layers in the

|

the other LELS alliwalites. They are distinct from the

allivalites of units 4 and 5 are chemically similar to
clearly-intrusive gabbros. While this does not disprove
an intrusive origin, taken together with the field and
petrographic evidenc%, it supports their being regarded

as part of the layered series.

)
I
|
|
|
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CHAPTER FIVE

MINERAL CHEMISTRY

A  range ‘of minerals from the LELS and
associated xenoliths have been analysed by electron
microprobe. Data for unit 1 were obtained using WD
ﬁpectrometry on the Cambridge Instruments Geoscan at
Durham University. Additional nickel analyses for sample
U1P3 were made by WD analysis at Leicester University.
Data for the other units, were obtained using ED
spectrometry on thg Geoscan at Machester University
Geology Department, except for the sulphide phases which
were analysed by EDS on the Cameca microprobe at

Manchester.
5.A THE LAYERED ROCKS

5.A.1 0Olivine

5.A.1.a Forsterite content

Forsterite content (Fo) ranges from 85.6 to
69.8. The LELS olivines thus show a slightly greater
range, and are more iron-rich than those from other
parts of the Rhum layered sequence (Table 5.1).

There are marked stratigraphic controls on
this wvariation: the peridotite olivines are more
forsteritic than those of the allivalites. These

variations are discussed 1in detail 1in the followiling

chapter.
Range Reference
LELS 86-70 This work
(1)_ {2)

T4 (1) McClurg, 1982
(2) Palacz,198¢

upper ELS 89

(1) {2)

CS 91 -78 {3) Volker,1983
(4) McClurg, 1982
WwLS 868-78 Dunham and Wadsworth(1978)

Table 5.1 RangeS in olivine composition from

different parts of the Rhum complex.
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5.A.1.b Nickel content

Nickel is often used as an indicator of
fractionation 1in magnesian olivines, being highly
compatible, as they are less prone to later
reequilibration. Only a limited number of reliable
nickel analyses are -available for LELS olivines, as most
of the analyses were performed using ED spectrometry;
however some data are available for unit 1, performed
using WD analysis at Durham University.

The relationship between olivine Fo content
and Ni content has fuelled a number of petrological
speculations (egs Duke and Naldrett, 1978: Tait, 1985).
Data for unit 1 are shown in Fig 5.1, together with the
line separating olivines from sulphide-undersaturated
magmas (high Ni) and those from sulphide-saturated
assemblages (low Ni) (Duke and Naldrett, 1978). Using
this division McClurg {1982) proposed a sulphide
-saturated parent for the ELS and sulphide-undersatur-
ated parent magmas for the CS. Tait (1985) has
criticized this conclusion, arguing that the olivines
with high N1 at a low Fo content in Unit 10 are the
result of semi-equilibrium crystallization from highly
magnesian magmas, the Fe/Mg ratio equilibrating with
that of the magma during cooeling, while early high Ni
contents are retainéd. Only tiny quantities of sulphides
are seen in unit 10, and Talit does not regard them as
having played a significant role in controlling olivine
Ni contents. In unit 1 however, Ni-rich sulphides are
abundant, and assuming a magmatic origin, must have
affected the magma Ni content.

The wunit 1 olivines fall on either side of
Duke and Naldrett''s curve; however all the Unit 1 Ni
contents are much lower than those (based on limited
data) from a chilled picrite in the Marginal Suite,
which shows no evidence for sulphide-saturation. The
data show a positive correlation between Fo and Ni
contents, but there is much scatter, and within a given
sample, Ni may véry considerably. Some of the more

evolved olivines in the allivalite are anomalously rich
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in Ni.

Additionai analyses of Ni in olivines of
sample U1P3 revealed a marked heterogeneity in its
distribution. Olivine grains not in contact with Ni-
rich sulphide blebs have relatively constant NiO
contents of 0.10-0.13 wt 7. (Mean:0.12). Those in
contact with Ni-rich sulphide blebs have variable, and
significantly higher NiO contents, between 0.13 and 0.21
wt 7. (Mean:0.175)..Lhe most Ni rich analyses come from
rims of olivine c¢rystals adjoining a pentlandite
grain.There are two possibilities: first, that the Ni
rich olivines are primary compositions which have
somehow been protected from Ni loss during later
equilibration, or ‘second, that the low-Ni grains
represent initial compositions, which have locally been
enriched 1in Ni by diffusive exchange with the
pentlandite. The former 1is implausible given the lack of
a suitable “"sink” into which Ni would be likely to
migrate from olivine. The pentlandite has an Ni content
of 217; using an olivine Ni1i0 content of 0.21%, this
gives a partition coefficient, D, of:
oMt - we 7 N o Jwt Z Ni_ . =21/0.164=128.

sulphide olivine

This is somewhat higher than the
experimentally determined values of Boctor (1980,1982},
who found an average D=36 at 14000C, for sulphide melt/
olivine, but lower than the value obtained by Rajamani
and Naldrett (1978) who obtained average D=274 at 1255°C
for sulphide melt/basalt melt partitioning. Both these
results were obtained at lower Ni contents than seen 1in
unit 1, and there ié evidence that f(02) may also be an
important factor {Boctor,1982), so the agreement 1is
fair. There is also some evidence that D may increase
with decreasing temberature {Barnes and Naldrett, 1385).
Similar equilibration would explain the anomalously high
Ni contents of the evolved olivines in sample U1A1%,
which is also sulphide-rich.

If the NiO contents of 0.1-0.137 seen in
sample U1P3 are primary magmatic, this suggests a

Ni-depleted magma,. given the Fo content of 83.5, and
probably requires :that the Ni-rich sulphide melt was
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Fig 5.2a Fo content vs MnO for unit 1 olivines.
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Fig 5.2b Fo content vs Ca0 for unit
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Fig 5.3 Clinopyroxere compositions for LELS rocks. Heavy
dashed field: all Fore compositions, solid line field:

compositions. Also marked: dashed

|
line=Skaergaard trepd. light dashed field: upper ELS and

mean core

CS trend (Volkexr, 1983).
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exsolved prior to the crystallisation of olivine,

although fracticnal c&ystallisation of large amounts of

|
oclivine might be ablF to produce similiar effects. As

the base of unit 1 1% not exposed, 1t 1s difficult to

choose between these hypotheses.

5.A.1.c¢ Ma%ganese contents

As with N#, only a few analyses from Unit 1
are avallable. They:show a fairly good linear decrease
in MnO with increasﬂng Fo (Fig 5.2a), from about 0.35%
Mn0O at Fo70 to abouti0.152 at Foaa. This trend is rather
less rich in MnoO anq has a less steep slope than that
found by McClurg (19@2) and Volker (1983) for upper ELS

and CS olivines. !

[
5.A.1.d Calcium contents

The unit 1;data 1s shown in Fig 5.2b. There 1is
little correlation @ith Fo contents, and most olivines
contain about 0.11%1 éao. similar to the values reported
by Simkin and Smit? (1970) for basic plutonic rocks,
although two analyse% from sample U1P2 show anomalously
high Ca0 contents ok ca. 0.37Z Ca0. This is similar to
values for quickly cboled basic lavas (Simkin and Smith,
1970) . McClurg (1952) and Volker (1983) report Ca0
contents 1in the ran%e 0.027Z to 0.167Z for the upper ELS

and CS. ;
|

5.A.2 CLINbPYROXENES

Piotted Eon the traditional pyroxene
quadrilateral, the:clinopyroxenes of the Lower E.L.S.
fall in a banada—shaped field around the
Diopside—Salite—Endﬂopside—Augite boundary (Fig 5.3).
The mean core coméositions for given rocks define a
falirly good linear;trend parallel to, but rather more

calcic and magnesian than, the Skaergaard trend {(Fig

|
5.3). p
i
Similiar relationships were noted by Volker(1983),

althogh his clinop@roxenes (from the Upper E.L.S.,C.S.
and associlated ga?bros and dykes), while defining a
|

trend parallel to Fhat of Skaergaard, are more calcic
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and magnesian still (Fig 5.3).

It 1is interesti%g Lo note that although there is
some overlap betwee% the Upper E.L.S./C.S. field and
that of the Lower ELL.S., the Lower E.L.S. pyroxenes
cannot be interprete# simply as the products of magmas
produced by high lpvel fractionation of the more
ultrabasic magmas sken elsewhere on Rhum, because of
their lower Wo conten& at a given Mg/Fe ratio.

Also noteworthy!is the fact that the clinopyroxenes
from the 'SheetrockQ' fall on a continuous trend from
the Lower E.L.S. péridotites, but are markedly less

[
calcic than those frém the gabbros and dykes analysed by

Volker; perhaps thﬂs supports the notion that the
|

sheetrocks are fractionated Lower E.L.S.cumulates,
I

rather than gabbro$ like those seen elsewhere on the

island. :

i
Pyroxene ?ompositions seem to be independent
of habit. In samples:with both cumulus and intercumulus
pyroxene, compositibns are almost constant. This has

been reported by oth%rs (eg Dunham and Wadsworth, 1978).
.’

5.A.2.a Aﬁuminium

Aluminium #anges from 0.17 atoms per 6 aoxygens
to 0.06 atoms per Bioxygens. (4.02 - 1.85 wt 1 A1203).
Al shows a slight +ve correlation with magnesium number
{Mgn) of the clino%yroxenes (Fig 5.4a), although there
is much scatter. Th% peridotites show slightly higher Al
contents than thei allivalites, although the fields
overlap. Pyroxenes'from the mixed layers tend to have
rather low Al contents for a given Mgn. Volker (1983)
reported A1203 cont%nts in the range 4.7 to 3.0 wt ¥ for
the CS, and 3.5 - 2%2 wt 7 for the upper ELS.

AliV , ca?culated as (2-Si) on the basis of 6
oxygens, is usually related inversely to the silica
activity of the %elt from which the clinopyroxenes
crystallized {Le Fas, 1962) . AliV shows a slight +ve
correlation with Mgn in the allivalites, but in the
peridotites there hs a suggestion of a -ve correlation
{Fig S5.4b). Accordi%g to Le Bas (1962), increasing Ali

|
with Fractionationfis a feature of silica-undersaturated

\
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magmas, while decﬁeasing AliV is a feature of silica-
saturated magmas. ﬁhis suggests two trends in the LELS:
an alkaline inte%stitial peridotite trend, and a
tholeiitic allivaﬂite trend. The considerable overlap
between these tre%ds can be explained by a certain
amount of mobility %f the interstitial liquids.
|

5.A.2.b %itanium

Titanium %ontents are in the range 0.01 - 0.06
ions per & oxygeﬁs {0.26 - 2.06wtl Ti02), although
values at the uppér end of the scale are not common.
Plotted against Mén, the peridotite pyroxenes are
clearly richer in ﬁi at a given Mgn than those of the
allivalites (Fig %.5). While the latter show little
correlation with MQn. most of the peridotite pyroxenes
fall on a trend of ibcreasing in Ti with fractionation.

|
Clinopyroxene Ti antents are often related to the
silica activity ofzthe melt (Le Bas, 1962); thus the
. | . .
enhanced Ti contents of peridotite pyroxenes support the

|
notion of an interst%tal alkaline trend.

5.A.2.c C%romium

Chromium cqntents vary from 0.44 ions per 6 O*yyng
to below detection iimits {1.53 - 0.0 wt 1 Cr203). Cr
shows a +ve correlat%on with Mgn (Fig 5.6), although the
scatter is consider@ble, and the peridotite pyroxenes
tend to have highér Cr contents than those of
allivalites. Volker ;eported Cr203 contents in the range
1.69 - 0.54 for the FS, and 1.32 - 0.46 for the upper
ELS. l'.

=
5.A.2.d Sodium
Sodium conténts fall in the range 0.07 - 0.02
ions per 6 oxygens (1%02 - 0.3 wt 1 Nazo)_ Precision for
Na using EDS énalysi% is rather poor ; however despite
this there 1is a tendeAcy for the peridotite pyroxenes to
have slightly highe% Na contents a a given Mgn (Fig
5.7). Volker (1983) réported pyroxene Na contents in the
range 0.6 to 0.2 wq 7., with a tendency for the CS

pyroxenes to have hﬂgher contents than those of the

|
'.l 103
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Fig 5.8 Relationship #etween olivine Fo content and Mgn

. |
of clinopyroxenes., Mgan values for each sample. Curve

shown is from QObata eﬁ al {(1974) indicating equilibrium

|
at YOOOC. The LELS samples lie on the high temperature

|
side of this line. [
|
|
|
i
i
|
|
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upper ELS.

5.A.3 C#inopyroxene - olivine relationships

There isl a good correlation between Mgn of
clinopyroxene and \Fo content of olivines in the same
rock (Fig 5.8). It has been recognised that slow cocoling
of an olivine—clingpyroxene pair will result in Fe-Mg

[
exchange between the two phases (eg Speidel and Osborn,

1967) the olivinei becoming more Fe-rich, and the
pyroxene more magéesian. This has been used as a
geothermometer (Ob%ta et al 1974; Powell and Powell,
1974) , but poor codstraints on the olivine-cpx system
(Wood, 1978), andiinterference by other Fe-Mg phases
such as orthopyroxeﬁe and spinel, limit its usefulness.
Despite these limitﬂtions, it is likely that subsolidus
Fe-Mg exchange has olccurred in the LELS rocks (Fig 5.8).
Another a%proach is provided by the work of
Duke (1976) . He de%ermined equations relating Fe/Mg
ratios af olivines! and clinopyroxens to those of the
liquids from which t%ey crystallised. Applying these to
rocks from the LELS ?Table 5.2), 1t can be seen that the
clinopyroxenes in a}given rock have apparently cryst-
allised from more magnesian liquids than the olivines.
This 1s contrary té what would be expected from the
order of crystallisaﬁion. Apart from demonstrating that
the mineral composﬂtions are not primary, this would

also seem to rule out equilibration of both phases with

interstitial liquidsl as being the final control on
mineral compositions. |

|
It is likelly that elements other than Fe, Mg

|
and perhaps Ca, arF less prone to post-cumulus

reequilibration due %o their high ionic charge, and/or

lack of suitable chemical gradients to induce diffusion.
However there is no éxperimental evidence on diffusion
rates in clinopyroxe%es, and this must be considered a
provisional conclusio#. There 1is some indirect evidence
that Cr has very slow diffusion rates, in that Duke
(1978) found it impéssible to attain equilibrium Cr

)
partitioning between dlinopyroxene and basic melts.
!
i
i
I
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Sample number
UTA2

uzpr1

U4A3

UstA15

USAt

USA17

Fo

79.
84 .
70.
70.
76.
76.

R N o UaN

Mgn
84.2
86.6
78.5
76.1
82.1
80.2

Fo
.875

.613
.395
. 429
.041
.017

LMgn
0.606

0.472
1.005
1.200
0.743
0.872

Table 52 Liquid Fe/Mg ratios calculated from olivines

and clinopyroxenes in selected L.E.L.S. rocks,

equations of

Duke

{19786) .

L
Fo

using the

=molar Fe/Mg ratio of

liquid calculated from olivine. L

Mgn

=molar Fe/Mg ratio

of liquid calculated from clinopyroxene.
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S5.A.4 ; Plagioclase
Plagioélase has not been analysed extensively
|
as preliminary Einvestigationshave revealed extensive

within-sample variations. This has also been found by

other workers in Rhum rocks {egs Dunham and Wadsworth,
1978; Volker,1983h Tait, 1985).
The total range recorded (cores and rims) from
|
LELS rocks is from An i i
c : 89 .5 to An59_1, although this 1is
unlikely to be the total range, as it is based on a

|
small number ofisamples only. The following general
|

points can perhapé be made:

(i) Thére is little systematic difference
between plagioclgfes in allivalites and poikilitic
plagioclases 1in beridotites. The two groups are
indistingulshable Eon the basis of An content. The most
calcic plagioclasés are cumulus grains from the lowest
part of Unit 1 allivalite, while compostions down to
An59 have been f%und at the margins of both cumulus
grains in Unit 3 %llivalite, and in poikilitic grains
from Unit 3 peridoéite.

(1i) Zo&ing, which may be normal, reverse
and/or oscillatory! is widespread, and 1s not always
obvious optically.a

(iii) Thex'sheetrocks' from units 4 and 5 seem
to have relatively%evolved plagioclases ({usually less
than An70 cores), éut do not have rims more sodic than

other LELS plagioclases.

{iv) Plag#oclase An content 1s very sensitive
to small fluctuatio%s in water pressure,as well as to
melt Na/Ca ratios.EGiven the additional tendency for
disequilibfium part%tioning of 1ons during crystal

growth (Smith and |Lofgren, 1983), the lack of
|

correlation between\ plagioclase Na/Ca and the Fe/Mg

ratio of accompanyiné phases 1s perhaps not surprising.
|

|
|
5.A.5 Ortﬁopyroxene
Orthopyroxénes show a range in Mgn from 86 to

T1. In all rocks Where it has been analysed,

orthopyroxene is slightly more magnesian than coexisting
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|
Fig 5.9 Relationsﬁip between olivine Fo content and Mgn
of orthopyroxene%. Fo
|-
sample. En contents may only be based on 1
i

content is the mean for a

particular

analysis.

Ca\

Al | Fe
|
|

Fig 5.10 Compositions of epidotes from sample U3A2.

|
Dashed field indicates region of clinozoisites formed by
[

replacement of plagioclase (Kitchen, 1985), while the

solid field indicatés the same author's igneous epidote
|
trend.
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olivine, but le%s magnesian than clinbpyroxene in the

equilibration 18 a major factor in this, as has been

same rock {Fig 5.9). It is likely that subsolidus

found between olivine and clinopyroxene {Section 5.A.3).

5.A.6 ‘Sulphides

Sulphides have been analysed in three

l
specimens from lunit 1: U1P2, U1P3, and U1A5. A.R.

[
Butcher and R.A.D. Pattrick kindly carried out these

analyses at Man%hester University.

There Qre few differences in chemistry between

individual phasestin the peridotite and the allivalite,

although copper bearing sulphides appear to be modally
|

more abundant in the allivalite (section 3.C). However a

few sulphur—richiphases occur only in the allivalite,
suggesting a sl%ghtly higher sulphur activity in the

alivalite. Pyrit% and iron-rich violarite, the latter

sometimes with aifew per cent Co, are the sulphur rich

|
phases {(Table 5.3).

A stri%ing feature of the assemblage as a

whole, 1s the rar#ty of chalcopyrite sensu stricto. Most

of the grains analysed as chalcopyrite on the basis of
l ’
optical propertiegs, are iron-rich, and oftgﬁ metal-

. o A .
deficient, falling between cubanite and chalcopyrite in

composition. One :analysis corresponds closely to the

mineral haycockit (Cu4FeSS ) but others do not

correspond to any clearly dgfined. described phases.
They do, howeverL fall within the intermediate solid
solution (iss) field of the system Cu-Fe-S (Craig and
Scott, 1982). within this broad group, two types can be
distinguished in t#e Unit 1 samples:{i) metal deficient
{or sulphur enriched - this is not distinguishable on

[
the evidence of probe analysis alone) Cu,Fe,S phases

with Cu:Fe 2:1 to=1:1, and (ii), stochiometric Cu,Fe,S

phases with Cu:F% from 1:1.1 to 1.5:1. The iss fleld

includes the phas%s cubanite, mooihoekite, talnakhite,

haycockite and cha#copyrite. among others, and these are

normally the phaﬁes formed on cooling iss bulk

compositions. How#ver parts of the 1ss are regarded as
|

being capable of forming metastable superstructures on

|
|
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o1l

Phase:
Sample No:
Cu wt 1

S wt 1/

PYRRH CU-PYRR
U1AS u1pP2
0.00 0.93
0.31 2.55

Ts9 87 59.74
0.00 0.00
0.11 0.50
39.83 37.27

Recalculated on the basis of fixed

Cu
N1
Fe
Co
As
S
Total Cu+Ni+

Fe+Co

0.00
.03
.87
.00
.01

@ O o oo o

0.10
0.30
7.33
0.00
6.05
8

7.73
Table 5.3

PYRR: pyrrhotite,
MD-1SS: metal deficient iss,

PENT

U1
0.

27.06

0.
0.

33.59

number of

0.
3
5
0.
0
8

P3
00

©38.37

74
00

00

.50
.22

10

.00

.82

Selected analyses of sulphide

chalcopyrite,

VIOL: iron and cobalt rich violarite.

MD-ISS

utpe

29.39
0.

0.
g.
35.05

1

 34.45

01
54

ISS
uipr3
31.68
0.00

~ 34.80

0.00
0.13
35.60

sulphur atoms:

3.
0.
4,

o O o

7.

CU-PYRR:

33
02
50

.00
.08

85

3.53
.00
.47
.00
.02

o O O - o

6.00

cuprian pyrrhotite,

I1SS: stochiometric Cu,Fe,S phases,

cubanite, MACK:

CHPYR
U1AS
34.68
0.00

~30.98

0.00
0.05
34.91

-+~

.06
.00
.01

® O O

8.00

mackinawite,

minerals from Unit

PENT:

HAYCOCK:

CUB MACK
u1pP3 uip2
23.50 3.38
0.07 2.69

40.20 56.96
0.00 0.00
0.00 0.19
34.90 35.19
2.00 0.38
0.00 0.33
3.95 7.40
0.00 0.00
0.00 0.02
6 8
5.95 8.13

1.

pentlandite,
CHPYR:

haycockite?,

HAYCOCK

u1pe3

30.84
2.

0.00
39.39

o O o &~ o W

46

©35.03
0.

00

.18
.33
.94
.00
.00

.05

VIOL
U1AS
0.01
23.58

-~ 26.87

71.56
0.00
£1.12

0.00
.49
.96
.80
.00

@ O O NN



coocling (Craig dand Scott, 1982), and this appears to be
the case in unit 1.

Phaseg identified on the basis of microprobe
analysis are aL follows: pentlandite {25 analyses),
pyrrhotite (24 ahalyses), metal deficient Cu,Fe,S phases
(25 analyses), !stochiometric Cu,Fe,S phases (20
analyses; inclLdes chalcopyrite and cubanite),
mackinawite {5 ianalyses), pyrite and haycockite (1
analysis each),l and violarite group minerals {2
analyses). Sele#ted analyses of these phases are given
in Table 5.3. |

The assemblage recorded is fairly typical of

|
|
|
s
[
%s associated with basic and ultrabasic

magmatic sulphid
rocks. Certain dhases, eg mackinawite, appear only to
form with contidued equilibration to low temperatures,
while others, p#incipally the poorly defined iss
compositions, ar? thought to be associated with rapid
quenching. Given %he size of the Rhum intrusion, and the
evidence for sub%olidus exchange between sulphides and
olivines (sectiob 5.A.1.b), rapid cooling seems
untenable. Interp#etation of this assemblage in terms of
published phase #iagrams {eg Craig and Killerud, 1969)
is thus very d%fficult; however as Cralg and Scott
(1982) have saiq of experimental sulphide phase
relations: "..re%ationships remain enigmatic, obscured
by .. extensive sqlid solutions, ungquenchable phases and
metastability."”. IThere is no reason to expect natural
assemblages to beiany better behaved.
|

5.A.7 kaersutites

Two kae&sutite analyses from sample U2P8 are
given in Table S.AL These are similar in composition to
intercumulus kaersLtite analyses given by Volker (1983)
and Kitchen (19855. The Cr contents are notably high -
Cr contents werel not given in earlier analyses.
Available data (éenderson. 1984) , suggests that
amphibole would ha&e about the same, or smaller affinity
for Cr than clinépyroxene. Cr contents of the latter
phase in U2P8 areiO.SZ - 0.87. This may imply that the

! .
late-formed kaersutite grew from a Cr-rich liquid, and

|
i
\
i i
I
|



Phase: Kaer Phlog Hbl(c) Hbl(r) Epi Unk

5102 43.%5  38.04  48.57  43.26  39.20  42.34
A1203 10.%5 13.61 8.31 11.72 29.17 22.58
FeO* 6.57 9.32 8.72  15.30 5.60 0.09
MgO 16.18  17.53  15.43  10.98 0.38 0.02
ca0 12.12 0.15 12.68 12.46 24.86 25.79
Na20 2.Ls 0.74 1.20 2.85 0.29 0.25
K20 nd | 3.52 0.13 0.06 nd 0.16
Tio?2 491 7.37 0.85 6.21 0.00 0.06
Cr203 1.30 nd nd nd nd nd

Total 98.14 96.28 95.95 96.84 99.50 91.29

Table 5.4 %elected analyses of minor phases from the LELS.
Kaer: kaersutite, Phlog: phlogopite, Hbl(c): green amphibole

core, Hbl(r): green amphibole rim, Epi: iron-rich

|
clinozoisitq, Unk: unidentified mineral {(see also text).
FeO*= iron | expressed as FeO. nd: not determined.

i
|
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not a ligquid depl
of chromite and/o

idea (Section 5

and the intersti

eted in Cr by extensive crystallisation
r clinopyroxene.

A.2)

This thus supports the
that peridotites were permeable,

tial liquids were capable of movement

and replenishment.

5.A.8
Two ep
sample U3AZ2 have

at the Fe-poor
5.10)

by

(Fig and

formed repla

late-magmatic ori

Hydrous minerals in allivalites

idotes from the hydrous assemblage in
(Table 5.4).
(1985)

been analysed These plot

end of Kitchen's igneous trend

away from the field of clinozoisites

cement of plagioclase, supporting a

gin for the mineral (Section 3.C.3.b).

Analyses of cores and rims of green euhedral
hornblendes from the same assemblage indicates
pronounced zoning, the cores being magnesio-hornblende

and the rims bein
Leake, 1978).

Phlogop
titanian (Table 5
The un

3.C.3.b) is a c¢

wlith
around 90-9117

water

(Ta

much

5.8 SOME ASPECTS

g edenitic hornblende (nomenclature of

ite from the same sample 1s highly

b}
mineral (section

identified brown

alcium aluminium silicate, presumably
as all analysed grains gave totals

ble 5.4).

OF XENOLITH MINERAL CHEMISTRY

5.B.1 Pigeonite

Inverted pigeonite grains from sample 194c¢
(see section 3.C.3.d) have been analysed. The
host-lamellae relationship (Fig 5.11) indicates that

these were at the
range in basic ro
adjacent layer in
at t

was formed

which is common

{Brown, 1972).

Mg~-rich end of the pigeonite stability
cks. The presence of hypersthene in an
the same rock indicates that this rock

ne hypersthene- pigeonite transition,

Ly

Toexisting plaglioclase 1s An

at an Mg/Fe ratio of about 70:30

74 Less

calcic plagioclasés occur in the LELS units, but no such

evolved pyroxenes

very dependent on

are seen. As plagioclase An content 1is

p this may imply that more evolved

H20°

13
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Fig 5.11 Host-lamellae relationship in inverted

pigeonite from sémple 194C. Solid field is range of LELS
|

orthopyroxenes. |
|
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|

magmas with hig$er water contents were present in the
upper part of %he magma chamber, where the rocks now
seen as xenolith% were probably formed.
|
.‘
5.B8.2 |Fassaite—bearing xenoliths
Analys%s of phases from sample 20c are given
in Table 5.5. T

I
core surroundediby a rim of fassaite, then a fassaite/

his specimen consists of a garnet-rich

magnetite zone éassing into plagloclase-augite rock. The

I .
analyses of fassaites show several unusual features.
|

They are very:low in silica and have low totals with
|

iron calculated;as Fe2+. Recalculation of Fe3+ by charge
balance improveé totals considerably, and indicates that
these are ver; highly oxidised pyroxenes. They also
contain excessive Ca, requiring a certain amount to be
put 1in the M% site. This is a common feature of
fassaites (Dee% et al, 1878). A similar low-silica
pyraoxene has #een described from iron-ore sinters by
Dyson and Juckeg {1972). This alsoc has Ca in both Mt and
M2 , and has Pppreciable Fe3+ in tetrahedral sites.

Other clinopyr@xenes known to contain tetrahedral Fe3+

have been descﬁibed by Virgo (1972). All these pyroxenes
share features of the Rhum fassaites: deep yellow

|
colours, stronq pleochroism and high dispersion. Thus it

seems likely that the Rhum fassaites contain significant

tetrahedral Fé3+. However little or nothing is known

I
about Fe3+: Al partitioning between octahedral and

|
tetrahedral s;tes in such pyroxenes, so this cannot at

|
present be quaptified.

The fcore of the clot consists of intergrown

andradite, di#pside and vermiculite. The diopside
contains almo%t no iroen, and all iron in the garnet 1is
2 .
Fe3+ (Table 5/..5). Thus the Fe * content of the core 1s
|

extremely low.fAndradite—diopside 1s a stable assemblage
|

0
i Lhe ! 10, - -C i 0 t 1137
in the syst%m CaSlO3 Fe203 CaM9512 5 a C

{Huckenholz et al, 1968); Andradite is not stable above

11570C {op. cit.); above this diopside-haematite-

wollastonite + liquid would be the stable assemblage.

|
I
!
h
No traces of haematite or wollastonite have been seen 1in

any of the Rﬁum xenoliths. Unfortunately Huckenholz et

|

1S

|




- T B 1 -

91l

Phase:

Si102 1
Al203 |
Fe203 1

Mg0 1
Ca0 1
Ti02 1
Cr203 1
Total

Diop Verm
54 .06 32.64%
0.00 13.60
0.26 1.60
17.46 34.01
26.69 0.10
0.05 0.00
0.00 0.00
98.52 81.95

Diop:

Fasst Fass?2 Fass3 Mag Cpx Andr
40.66 37.9¢0 b6 .71 0.72 44 .76 34.83
10.35 12.79 7.09 1.69 6.91 6.08
11.29 11.73 6.81 63.63 5.31_  23.15  _ _

“=T77 77 7216 4.6 31.13 4£.50 0.00

3.08 7.56 10.91 1.37 11.31 0.41
25.10 24.87 24 47 0.21 24 .13 33.78

1.61 2.43 2.25 1.19 2.29 0.56

0.06 0.00 0.02 0.37 0.25 0.14
99.87 99.45 98.94 100.32 99.46 99.18
TABLE 5.5 Selected analyses of minerals from sample 208B.
Fe203 calculated by charge balance in all analyses. Fasst:
fassaite adjacent to garnet-rich core. Fass?2: fassaite from
near middle of fassaite-rich zone. Fass3: fassaite intergrown
with magnetite. Mag: magnetite from outer part of
magnetite-rich zone. Cpx: clinopyroxene Jjust outside
magnetite-rich zone. Andr: andradite from core of clot.
diopside intergrown with andradite. Verm: vermiculite?
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al {1968) dol not give f(Oz) conditions for their
experimental wprk, and the dependance of phase relations
in this system| on f02 are unknown. The fine intergrowth
of andradite ahd diopside in the Rhum xenoliths suggests
inversion from‘a homogeneous higher temperature phase.

| . . . .
There is a gradation in optical properties of

from the core to the margin of the clot

(Section 3.C.3.d). The variation in pyroxene composition

across this zone is shown in Fig 5.12. A1203, Fe3+/Fe2+,

the pyroxene

total Fe and Qa all tend to decrease from the clot to
the enclosinglbeerbachite, while SiO2 and Mg0 show the
opposite trend.

o3+ 2+ . . . .
The ‘Fe /Fe ratio indicates a progressive

decrease in sz from the core of the clot to the

beerbachite (Fib 5.12). In the latter the pyroxenes have
3 2 . .

Fe +/Fe * abou& 0.5 or less, whlle in the former all

iron is Fe held in andradite. The fassaites have

34+
intermediate o&idation values. At clinopyroxene

2 . . . . .
Fe3+/Fe * ratios of 4-0.6, magnetite 1s intergrown with

i

the fassaite.
As Fe3+ must have been diffusing out of the
clot, this sug?ests that at high Fe and fOZ' Fe3+ goes
into fassaite. Qt lower Fe levels, and with appreciable
Fe2+ present, &agnetite is the main sink for Fe3+; and
at still lower ﬁe levels and lower FOZ’ ‘normal’ augitic
pyroxene can ta@e up the Fea* The coexisting gradient in
aluminium concedtration will also play an important role

| .
in stabilising fassaite.

5.C CONCLUSION&

(i) #he olivines and clinopyroxenes of the

LELS show a wider range in composition and are less

magnesian than = those from other parts of the Rhum

ultrabasic complFx.

(ii) SPbsolidus equilibration has modified the
chemistry of the]cumulates, particularly with regard to
Mg/Fe ratios of ferromagnesian silicates.

(i1i) iThe interstitial clinopyroxenes in
peridotites evoive along a different trend to the

clinopyroxenes 6f allivalites. The peridotite trend 1is

18



marked by highgr Aliv' Ti, Na and Cr.

(iv)iEarly formed orthopyroxene oikocrysts in

allivalites afe often replaced by alkaline amphiboleJ
1

rich assemblages. This suggests that the interstitial

. . . l . . R

liquids in LELS peridotites may have originally been

silica—saturat%d. but were at least partially, displaced

by 1later unde#saturated liquids. A possible mechanism

for this 1s didcussed in Chapter 7.

(v) |Ssulphide blebs in Unit 1 may have been

exsolved fro% the magma prior to

olivine
crystallisatioq, as olivine Ni contents are low. The
chemistry of imost sulphide minerals seems to be
independent oﬁ whether they occur in the peridotite or
the allivaliteL although pyrite and violarite are
restricted to tPe latter, suggesting higher f(Sz) in the
allivalite. Thelgenesis of the sulphides will be further

considered in Chapter 7.

{vi) !Basaltic xenoliths are assoclated with

very highly oxidised calcium-, aluminium-, and iron-rich

. o . . 3+
amygdale assemb%ages. Significant diffusion of Fe and

3+

Al outward frém these asemblages occurs over distances

of 1-2cm.

9



.A. Gener

variation

a 250m ver

samples w

one or (o]

analysed
within-sam
that betwe

workers

1983).

[c

At

)

-

clinopyrox

cases O wa

case of cl

as margin

poikilitic
(

moadal con

polished

ratios ar
detectable

seems to b

Q

the fine
of «clinop
shown in F
the measur
is from
significan
recorded f

L.E.L.S.

variation
associated
even those

horizons

CHAPTER SIX
CRYPTIC VARIATION

al

In order to examine the extent of cryptic

in the L.E.L.S. 90 samples were collected over
tical section near the Allt nam Ba.

Clinopyroxene and olivine were analysed in all
here both were present. A few samples lacked
Plagioclase was not extensively

that

ther phase.

as preliminary studies indicated
ple variation was as great as or greater than
This has also been found by other

1978; Volker,

en samples.
(

least 5 analyses per section were made of

n Rhum Dunham and Wadsworth,

ene and between 3 and 8 of olivine. In most

s less than 0.37 Fo, or MgX100/(Mg+Fe). In the
only core compositions were used,

both

inopyroxene

al zonling of cumulus crystals and

grains was frequently pronounced.
Even where considerable changes in texture or
position are present over the area of a given

thin section, variations in mineral Mg/Fe

e not seen. Thus cryptic variation is not

on a small scale in the L.E.L.S. rocks; it

e on a larger scale than, and superimposed on

cale layering.
Variations in Fo content of olivine and in Mgn

(Mgn.=MgX100/(Mg+Fe)) with height are

yroxene

6.1, together with stratigraphic data from

ig.

ed section. The range in olivine compositions

Fo85 6 to Fo70; thus olivine compositions

tly more iron rich than any previously

rom Rhum - Fo74 { Palacz, 1984) - occur in the

The most obvious features of the cryptic
profile are the ‘“"peaks” of Fo content

with peridotites. Nearly every peridotite,

<20cm thick or present as discontinuous slump

within allivalite show this enrichment in Fo
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compared with the surrounding feldspar cumulates.
Conversely a#livalite layers, even where thin or
disturbed, aré marked by "troughs” of lower Fo content.
Progressive d%pletion of olivine Fo content with height

in a unit %s not usually seen, although there is a
suggestion oﬁ general Fo depletion with height

particularly qn the allivalites of Units 3, 4 and 5. The

other obvious feature of the cryptic variation profile

is the presence of “reversals” towards the top of
allivalite la&ers - i.e. the most evolved olivines are

seen some way below the top of the layer. Conversely the
most magnesiantolivines in peridotites are seen some way
above the basel

The Lrofile shown by the Mgn of clinopyroxene
follows that ghown by olivine very closely, except in
the peridotitelof Unit 4 and the central portion of Unit
1 allivalite.‘ The former layer shows a much lower Fo
content than lother peridotite layers, and indeed the
olivines of the overlying allivalite are richer in Fo
than the perid#tite itself. This may be explained by the
presence of gabbroic veins in this area ( see section
2c¢) perhaps ﬂndicating that a subsurface gabbro
intrusion has m%dified the chemistry of the cumulates at
this 1level. The situation in Unit 1 is problematic and
is discussed la%er.

6.B Discussion.

There|is compelling evidence that the mineral

compositions of the L.E.L.S. have been modified by
various post—c#mulus processes. Work by Henderson and
Suddaby {1971),) Henderson (1975) and Bevan (1982) has
shown, in Rhum %nd other intrusions that chrome spinels
generally show %ompositions which have been extensively

altered by reaction with interstitial liquid and other

phases present* If such a process operates in chrome
spinel, it seems likely to operate in other phases.

| .
Butcher {1985) .has shown that late stage veins,

representing evplved liquids 1in the cumulate pile

emplaced along fractures, have modified the chemistry of
| . .

minerals, particularly olivine and chrome spinel 1in the
|
|
i
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surrounding qumulates over distances of 1-2 cm. I¥f
re-equilibratﬂon can occur over such distances when the
rocks are rélatively cool and brittle, then with hot
interstitial ﬂiquids in porous piles the process should
also be effeptive. This may explain the remarkable
constancy of oﬁivine compositions in individual samples.
Further suppo&t for this comes from the fact that
olivines are %ever zoned with respect to Fo, even when
co-existing ph%ses show extensive zoning, implying that
any zoning has been eradicated by reequilibration.
Diffusion pro%iles around calc-silicate clots in
beerbachites f%om unit 5, also indicate migration of Al
and Fe over |distances of 1-2cm {chapter 5). It has
already-been sﬁown (section 5.A.3) that the Fe/Mg ratios
of coexisting| olivines and clinopyroxenes indicate
subsolidus exc%ange between the two phases, and probably
involving the oxide phases and orthopyroxene as well.

The Imost maghesian clinopyroxene should be
seen as the !earliest formed cumulus crystals in
allivalites, asithese represent the first appearance of
clinopyroxene oh the liquidus. This is not the case. The
most magnesian!compositions are seen in the poikilitic
pyroxene withi% the Unit 2 peridotite, associated with
the most for#teritic olivines. Generally the
clinopyroxenes lin peridotites are more magnesian than
any in the overiying allivalite, and within allivalites
intercumulus ciinopyroxene low down 1is more magnesian
than the first cumulus grains higher up.

The |sympathetic relationship between Mgn of

clinopyroxene and Fo content of olivine may provide a

clue to this. There is no reason, assuming that mineral

compositions aﬁe primary, why interstitial i.e. late
formed clinopyroxene in a peridotite should mirror the
variation in Ao content of the cumulus olivines. The
clinopyroxenes |crystallized from trapped liquid and
would be expected to show no variation, or a random one,
with height.The!sympathetic variation observed suggests
that olivine a%d clinopyroxene exercise a control on
each other's chebistry either by equilibration with late

stage migratingl liquids 1in the crystal pile, or by

!
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subsolidus FeVMg exchange.

The; Fe/Mg ratios of liquids in equilibrium
with the clihopyroxenes and olivines of the LELS have
been calcula#ed using the equations of Duke (1976).
Earlier thes# were used to argue that subsolidus
equilibration: had indeed occurred. The larger the
positive valbe of L _~-L , where chx= liquid Fe/Mg

, ol “cpx
ratio calculated from clinopyroxene, and L0 = liquid

Fe/Mg ratio; calculated from olivine, the griater the
degree of qquilibration. This parameter will thus be
related, amdng other things, to the rate at which the
rocks reacH the blocking temperature for
olivine—clin%pyroxene Fe-Mg exchange. The variation of
this parameﬁer with height is shown in Fig 6.2. Values
are 1in the: range 0.0 to 0.3, apart from Unit 1

allivalite, :and the unit 3/4 contact. At the latter

| ) ) .
level, there 1s evidence for late heating of the

cumulates b§ gabbroic vein (section 3.B.4). This may

account forf the greater degree of equilibration. The

situation iﬁ unit 1 allivalite is problematical and is
discussed lgter. The allivalites of units & and 5 have
generally low values similar to, or slightly lower than
the other LELS rocks. '

Th? above effects can be divided into two
groups: tho%e based on equilibration between solid
phases, and those based on liquid/solid reactions. The
former seemfto have been the final control on mineral
compositions/, explaining the parallel variation of
olivine and: clinopyroxene; however it 1s likely that
subsolidus :éffects are only significant over small
distances da few centimetres at most). To explain the
large scal% cryptic wvariation it is necessary to
consider th% movement of interstitial liquids.

'Ié is clear that the pattern of cryptic
variation sdpports the idea of repeated replenishment of
the Rhum maéma chamber (Brown, 1956). There are two main
models by Ewhich the observed peridotite/allivalite
layering ca$ be produced in a replenished magma chamber.
In the firgt type, of which the model of Brown (13856),
is an exa%ple. each new batch of magma crystallises

!
|
|
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first olivine, and then olivine + plagioclase as it
cools. Brownlenvisaged a basaltic parent, but this 1is
not essentia# to the model. In the second type, which
was originall% proposed by Huppert and Sparks (1980), a
dense, high-qg basalt or picrite is the replenishing
magma. This qot, dense liquid ponds at the base of the
magma chamber,, under the lighter, cooler more evolved
liquids which have resulted from the crystallisation of
earlier cumulates. As the picritic layer cools, it
convects vigqrously and crystallises olivine, which
decreases thé density of the new magma. Eventually the
density of thé new magma will equal that of the old, and
as the températures of the layers approach equality,
convection snows down, and the interface between the
layers breaks down. The allivalites crystallise from
"hybrid” magma produced by the mixing of the two layers.
TheJe two models will produce significantly

different cryptic variation patterns. In the first case,
the onset OJ olivine + plagioclase (ie allivalite)
crystallisation should occur at a constant compositional
point in each:unit. With the second model this need not
be the case, Qs the onset of crystallisation of olivine
+ plagioclasé is not controlled by the liquidus
relationships‘ of the magma, but by the composition of
the "hybrid"iliquid formed after the breakdown of the
picrite layeﬁ. If picrite influxes are small, then the
composition of this hybrid magma will be dominated by
the old residual magma. This could lead to allivalites
in successive units showing a more or less continuous
evolutionary ‘trend. punctuated by the intervening
peridotites. ‘

It ﬂs clear from Fig 6.1 that the change from
cumulus oliviﬁe to cumulus plagioclase + olivine occurs
at different‘ compositions in the LELS units. In
addition, paﬁticularly in units 3, 4 and 5, there 1is
suggestion of|continuous iron enrichment with height in
the allivalitgs. This supports the model of Huppert and
Sparks (1990){

Thefpattern of cryptic variation suggests that

peridotite laJers. with roughly constant Fo contents, at

|
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least where \they are thick and undisturbed, are

superimposed \on an evolving allivalite trend. Thus the

peridotites Wave olivines about F°84~86' while the
allivalites show a range in compositions from about Fo83
to Fo7 . The‘composition of the allivalite immediately

above a perﬂdotite is thus controlled partly by the
composition df the allivalite below. This 1is
particularly 'well seen in Units 3, 4 and 5, where the
allivalite above each peridotite rapidly approaches the
composition of that formed prior to the crystallisation
of the periqotite layer. This suggests that, after
cessation of‘ peridotite <crystallisation, the magma
overlying the[olivine cumulates had only suffered minor
replenishmentﬂ This can be explained in terms of two
factors. Firﬂtly, the peridotites in this part of the

sequence are  thin, and so the replenishing pulses of

picrite may alLo have been fairly small. Secondly it 1is
likely that khe magma from which these evolved
allivalites Jere crystallising was fairly dense (Fig
6.3), thus miking of the replenishing liquids with the
residual magﬂa may well have occurred fairly quickly
after their eﬂplacement. The crystallisation of a small
amount of olivine would be sufficient to bring the
density of the new magma to that of the old. Upon mixing
it seems thad the new magma was considerably "diluted”
by the old. ThP degree of dilution will depend not only
on the volumeiof the picritic layer, but also the volume
of residual mﬂgma with which it mixes. It is conceivable
that if the  residual magma ‘were compositionally

stratified, mixing might only involve the lowest and

densest layers|, producing relatively little dilution of

the new magﬁa. In an unstratified, convecting magma
chamber the ‘new magma would, upon breakdown of the
interface, be mixed with the entire contents of the
magma chamber,@giving considerable dilution.

The ! cryptic wvariation profile (fig 6.1)
suggests thatkmineral compositions in a given peridotite

or allivalitq layer are affected by the composition of
the cumulateq above and below. Where the lavers are

thin, or where a layer has been disturbed or slumped 1in

I
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with the enclo#ing cumulates, the compositional contrast

is lower than;with thick and continuous layers. As the
[

cumulates must have contained appreciable " amounts of

. I . . . .

intercumulus liquid for mixing to occur, it is tempting

to view the lowering of the compositional contrast as
|
being due to equilibration with mobile pore liquids. The

intercumulus l}quid in a peridotite may be considerably

more magnesiab than that in an allivalite according to

the model of

mobilization kf pore liquid from a peridotite into an

I
allivalite would cause the allivalite olivines to

Huppert and Sparks (1980). Thus

reequilibrate( to more magnesian compositions.
Caonversely, 4 thin peridotite mixed with intercumulus
liquid from :an allivalite would be made over to more
iron-rich coﬂpositions. The net effect of this process
will be to ﬂower the compositional contrast between

. l . . . .
allivalites ?nd peridotites where pore liquids are
mobilized betﬁeen layers.

whi}e shock-induced mixing can produce these

compositional: effects 1in deformed layers, another

|
|
upper parts jof allivalites where contacts are

|
undisturbed. | Tait et al (1984) argued that

mechanism 1is required to explain the reversals in the

compositionaliy driven convection can occur in porous
crystal pile%. Thus if a dense liquid overlies a light
liquid occupyﬁng pore space, the dense liquid will tend
to migrate dbwnwards, displacing the lighter one. This
would seem tb be a potent mechanism for producing the
"reversals”. bicritic liguid overlying an allivalite may
be denser t%an the more evolved liquids in the
allivalite po#e space (Fig 6.3), and would tend to sink
into the alqivalite, the olivines reeqguilibrating with
the new Mg—rﬂch magma .

It: is notable that reversals are small or

| ,
absent at the tops of the allivalites of units 3,4 and
l

S. These are highly evolved allivalites, and this may
|

imply relatively dense, iron-enriched interstitial

liquids (FigEB.3). Picritic magmas would thus have been

unable to d#splace the allivalite pore liquid, and no

|
reversal wou}d be produced. Another factor may have been

|
|
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the relatively small volume of picritic replenishments
in this part!of the sequence, as the peridotites are
fairly thin. !

The iproblem with this is unit 1 allivalite,
which given ?ts highly evolved olivines, would be
expected to ha&e pore liquids as dense as those of units
3,4 and 5. waever. unlike the latter units, unit 1
allivalite shkws a large reversal, indicating that
picritic magﬂa was able to displace pore magma in the
upper part #f the layer. Unit 1 is also anomalous in
that clinopyr#xene is very abundant relative to olivine,
and the pyrox%ne is abnormally magnesian.

Watér content has a powerful effect on melt
density (eg fTait, 1984), and basalts with high water
contents may not show a density minimum (Fig 6.3). They
would also tebd to crystallise very calcic plagioclase,
and indeed #nit 1 allivalite has the most calcic
plagioclase #n the LELS (section 5.A.4). This water
enrichment mhght be sufficient to cause 1nterstitial

|
liquids to dekrease in density as they fractionated, and

allow them to!be displaced by picritic liquid associated
with the forﬁation of unit 2.

Anéther anomalous feature of unit 1 is the
occurrence oé sulphide blebs, and cumulus ilmenites near
the base of;the allivalite. If these formed before the

j
crystallisat%on of clinopyroxene, they would deplete the
magma in Fe *hile having a negligible effect on Mg. This

might explain the abnormally magnesian nature of the

|
subsequently| formed clinopyroxenes. According to this

model howeve%, they would have had to form subsequent to
the evolved!olivines, and this 1s unlikely, given the
occurrence o# ilmenite very low down in the allivalite,
and the low Ni contents of the olivines, which suggest
formation f%om sulphide-saturated liquids.

wdter enrichment may also be able to explain
the abundanée of clinopyroxene in unit 1 allivalite. In
the systemf Di-An, the stability field of diopside 1is
greatly inc%eased by increasing water pressure {eg Sood,

1981) . |

|
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6.C Variati?n in clinopyroxene minor elements

|
6.c.1 ALUMINIUM

Th% variation of clinopyroxene aluminium
content witﬂ height is shown in Fig 6.4. Higher Al
contents tendato be associated with peridotites, and the
lowest Al cohtents tend to occur with the most evolved
allivalites. QThe latter may be due to the depletion of
Al in the mel% by extensive plagioclase crystallisation,

or to higher éio activity during the formation of these
|

rocks. Tetrah?drzlly coordinated aluminium contents are
a more sens%tive indicator of silica activity. The
variation of Aliv with height is also shown in Fig 6.4,
There is a maqked decrease 1in Aliv in the allivalites of
units 3,4 and, 5, suggesting increasing silica activity
during the forhation of these rocks.

|

6.C.2 TITANIUM

The ||variation in titanium with height is
complex, and generally inter-sample variations are of a
similar orderaof magnitude to the standard deviations
for each samp#e (Fig 6.5). However clinopyroxenes with

high Ti contents (>0.03 per 6 0) are restricted to
|

peridotites, %nd are assocliated with fingering and
replacement id the upper part of unit 2 and the lower
part of unit 3L Ti does not show a marked decrease in
the allivalitesaof units 3,4 and 5, as might be expected
from the AliV behaviour. However Ti enrichment in the

liquids from w%ich these fractionated cumulates formed
may cancel ou# the effects of increasing silica
activity. {
|
|
6§.C.3 CHROMIUM

Intra4sample Cr variation is considerable; for
this reason tHe values shown on Fig 6.5 are maximum
contents for qach sample. Cr is highly compatible in
clinopyroxene a%d thus should be a good indicator of

fractionation. Like olivine Fo contents, and
n

132
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|
associated w%th peridotites, and troughs associated with

allivalites.l Minimum Cr contents are usually seen a

little way I|below the top of allivalites;

| the topmost
part usually,

shows a reversal with enrichment in Cr,
. |

like Mgn valqes.

|

l

6.D ConclusiPns

(i)i The LELS shows more extensive cryptic
|

variafion thap other parts of the Rhum complex.

|
(iip Cryptic wvariation 1is generally more

|
marked 1in a}livalite layers than in peridotites.

. . | . L
Peridotites ?early always have more magnesian olivines

and clinopyroxenes than adjacent allivalites, supporting
|

the idea of periodic replenishment of the magma chamber.
|
(ii%) The pattern of cryptic variation
supports the ﬁodel of Huppert and Sparks {1980) for the

origin of tﬁe large-scale (peridotite/allivalite)
layering. l

{iv)| Post-cumulus processes play an important

role in contrklling mineral chemistry. Reequilibration

of minerals #ith migrating

significant, %nd tends

pore magmas 1is often

to lower the compositional

contrast between layers. Subsolidus exchange of Fe and

- .
Mg between olivine and clinopyroxene accounts for the

parallelism of%their cryptic variation patterns.

|
|
i
|
|
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CHAPTER 7
SCUSSION AND CONCLUSIONS

n of the LELS

ussed in chapter 6, the large-scale

ite can be explained by a

(1980). This

layering
hat of Huppert and Sparks
dense

The

dotites crystallising from hot,
t the base of the magma chamber.
llise from residual liquids
viour of a picritic layer, and the way
is dependent on the temperature and
between the picritic liquid and that
magma chamber (Sparks et al 1984).
between peridotites and
tes are sharp. This may imply that the
ridotite have settled out prior to the
livine + plagioclase crystallisation.
of there is a

e unit 5 however,

ct between the two lavyers, marked by

layering between olivine-rich and
avers, the former becoming thinner and
d with heighf {section 3.B.5). This
lap in the crystallisation of olivines
ayer and plagioclase + olivine in the
e different contacts can be explained
ent temperature and density contrasts
e and the overlying magma.
ase of sharp contacts the settling out
e picritic layer seems to have been
the reappearance of plagioclase as a
the case of the gradational contacts
seems to have broken down before the

tled out. This could happen if the

WO liquidé approached equality before

equalised. The thermal gradient might

keep convection going, and keep the

ed, while cumulus plagioclase

the hybrid liquid. The complex zoning

lases 1in the gradational zone 1is

135




|
|
. . |

consistent with their having formed prior to
emplacement of the picrite, and then continuing to grow
from more basic, replenished liquid produced by mixing
of the liquids. ‘

[
7.A.1 Types of smalﬂ—scale lyering

In additﬂon to the large-scale layering
discussed above, Aany types of smaller-scale layers
occur. The main typés are as follows:

(i) Appeirance of a cumulus phase. The best
example on Rhum is éhe clinopyroxene rich upper part of
unit 9 allivalite dYoung and Donaldson, 1985; Palacz,
1984). This merely |indicates progressive evolution of
the magma from whicﬁ the cumulates are forming.

{ii) Chroﬁite seams at anorthosite/peridotite
contacts. Both the dlassic chromite seam at the base of
unit 12, and the seam seen in unit 3 truncate lamination
in the allivalite %nd seem to have formed by reaction
between picritic mqgma and plagioclase. The allivalite
is thermally erod%d {ie resorbed) and coated by a
reaction crust of cqrome—spinel.

(1i1) Var%ation in grain size. Abrupt changes
in grain-size generally seem to be associated with
lensoid, fine-grained plagioclase-rich layers, which it
has been suggeste% (section 3.C.3.a), are deformed
xenoliths. Other aQrupt changes in grain size are seen

in peridotites, particularly the minor peridotite high
up in unit 5, whege variations in size and habit of
olivines occur. Iﬁdividual laminae may be only one
crystal thick. Degpite the evidence for textural
equilibration it is!likely that these variations reflect
fluctuations in the!growth conditions of the olivines.
(iv) Variétions in the relative proportions of
intercumulus phase#. This type of layering, termed
matrix banding by éunham {1965), 1is best developed in
peridotites where !variations in the proportions of
clinopyroxene and élagioclase are spectacularly picked
out on weathered s#rfaces. In the layered series this
layering 1is usuallyjsub-parallel to the general dip, but

in peridotite plugs, eg at Sgaorishal, it may be
]
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colloform. The typé example, from a plug north of the
Long Loch (Dunham} 1965) has been reinterpreted by
McClurg (1982) as , an early, hydrothermally altered
joint-set, but elsewhere this type of layering certainly
exists. ;

(v) Var%ations in the abundance of
intercumulus materiql. The best examples are the dunite
layers developed wiﬁhin peridotites of the upper ELS and
CSs. These are prébably related to the way in which
intercumulus materi#l is expelled from a compacting pile
of «crystals (McKedzie, 1985). This is developed on a

very local scale ﬂn the peridotites of units 2 and 3

{vi) Slight variations in the relative

{section 3.C.1.a).

proportions of cumulus phases. This is almost ubiquitous

in the LELS alliVﬁlites, and widespread elsewhere on

Rhum. |

(vii) Seqimentary layering. Lavyers showing
unambiguous evidencq of sorting by sedimentary processes
are found in Rhum, |although rarely. In parts of the CS
size and density gfaded ultrabasic breccias are found,
and in unit 9 aliivalite on the Askival Plateau, a
ripple laminated ané cross-bedded sequence occurs. There
is some evidence thét sinking of chrome-spinels, and by
implication, olivinés. may have been significant in LELS
peridotites (sectioA 3.C.1.a). However, such evidence 1s
lacking in LELS all}valites.

Possible examples of mechanical erosion in the

[
LELS cumulates are seen in the channel-like layers of

Unit 3 allivalite| (section 3.B.3), and in unit 5
allivalite, where |an 1ilmenite-rich layer truncates
underlying layers |(Fig 3.9). There is little orxr no

mineralogical or cr§ptic change across this layer, so an

origin by thermallerosion (cf chromite seams) seems

unlikely. l

7.A.2 The origins of small-scale layering

Evidence for the production of small-scale

————— - —

layering by crystal; settling and sedimentary sorting is

generally lacking ir the LELS, at least in allivalites.
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A variety of alternative mechanisms have been proposed,
the main varieties of which are reviewed below.

(1) Kinetﬂc effects

Maaloe |(1978) argued that rhythmic

supersaturation might be important in producing layering
in Rhum and Skaeréaard. Most phases do not begin to
crystallise at th%ir true liquidus temperatures, but
require some degree‘of supercooling and supefsaturation
before nucleation :and crystal growth can operate
effectively. He a#gued that this could cause a
crystallising liquié to oscillate about a cotecltic with
cooling, rather tha+ following the equilibrium paéh. The
products of this oscillatory path would thus alternate
in composition, pfoducing a layered sequence. Maaloe
argued that this Produced the observed small- scale
layering within wunit 14 allivalite. The process is
plausible, althoughiin the case of unit 14 the layering
examined by Maalog consisted of alternations between
peridotite and allivalite, and is probably related to
minor replenishment% of picritic liquid.

Diffusionrcontrolled oscillating
crystallisation isl also a possible mechanism (cf
Leisegang Rings), :but this could only occur in
non-convecting 1iqpids where concentration gradients
were able to build hp above layers of growing crystals.

(ii) CrysFallisation from stratified liquids.

The prodbction of layered cumulates by
crystallisation fﬂom layered liquids has been proposed
(eg Irvine, 1980).;As discussed earlier there 1is good
evidence that the peridotite layers can be accounted for

by crystallisatioA

magma layers, howe%er the application of this mechanism

from short-lived, dense picritic

to other types of layering is not clear.

If a d%nsity gradieﬁt exists in a magma
chamber cooled from above, or heated from below,
stratification ofi the 1liquid may occur. A density
gradient can be inéuced in various ways. Entrainment of
a light, turbulentgboundary layer, produced by sidewall
crystallisation, ér by melting of low-density country

. ). . . . .
rocks, is one possibility. An upward increase 1n water
)
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content of the m&gma might be another. It has been
suggested that the:Marginal Sulite represents, at least
in part, a frozen lsilicic boundary layer to the Rhum
magma chamber; thqs a density gradient caused by
increasing silica-contamination with height seeems
likely. Heat inpu% from below, by hot dense picritic
magma layers, would cause stratification in the magma
overlying the picri%e. Whether this stratification would
persist during crystallisation, and whether it would
produce layered cumqlates 1s unknown. However one of the
properties of such]stratification is that density must
decrease upwards frém layer to layer. It seems unlikely
that the small-scale layers seen within allivalites
represent the produ%ts of successively less dense liquid
layers. [

Stratific%tion as described above, will tend
to break down from the bottom upwards. One possible
effect of this migﬁt be that the magma at the base of
the chamber wouldI undergo periodic compositional
fluctuations as thelinterfaces between overlying layers
broke down and the magmas mixed by convection. Cotectic
surfaces in basaliic systems are often curved (eg
Irvine, 1977) . Th$s mixing of liquids at different
points on the cotectic can produce "hybrid"” liquids
deviating from coteFtic compositions. This would produce
changes in the cumulates observed. This process in not,
of course, depend%nt on the breakdown of stratified
liquids. Any periodicity in mixing caused by convection
in the magma abov% the growing crystal pile could in
theory produce layefing.

(iii) FluFtuating water content.

Phase relations in many silicate systems are
sensitive to change% in water content. Increasing water
pressure 1n the bystem Fo—An-SiO2 moves the phase
boundaries towards: more silica-rich compositions (eg
Sood, 1981), incrpasing the size of the olivine
stability field inéparticular. Thus fluctuating water
pressure 1n the mhgma chamber might be sufficient to
produce small cha%ges in the proportions of phases
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crystallising on P cotectic. The most striking
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compositional effe?t of small changes in water content
of basic melts is én the composition of crystallising
plagioclase. Thus |if this process is significant in
producing layering.!variations in plagioclase An content
should be marked b%tween layers. This has been invoked
as a possible exblanation for the abundance of
clinopyroxene in u%it 1 allivalite (section 6.B). More
precise applicatio% of such explanations on a smaller
scale 1is difficulk as plagioclase compositional
variation seems t4 be somewhat haphazard and difficult
to interpret (sectﬂon 5.A.4). However this very lack of
correlation betweqn plagioclase An content, and the
Fe/Mg ratios of ol#vine and clinopyroxene, suggests that
fluctuating water!pressure may have been a feature of
the Rhum magma cha$ber.

In conciusion, it is very difficult to sort
out the effects o% these different processes. None of
the above processés are mutually exclusive, and it is
likely that they:all play some part. Only rarely can
end-member proces#es be distinguished, most notably
layers dominated !by settling and sorting processes.
Detailed work on qlagioclases. which unlike other phases
in Rhum, commonlly retain growth zoning, and are
sensitive to wateé pressure variations, may provide some
means of distinguishing between layers formed by kinetic
effects and thoée formed by larger-scale liquid

compositional variations.

1
7.8. Parental magmas, contamination and evolution.
|
The geheral sequence observed in the LELS

suggests an olikine—rich tholeiitic parent, as

orthopyroxene isfa common phase, and inverted pigeonite
has been found iﬁ a xenolith derived from the upper part
of the intrusién. Most of the cumulates are olivine-
hypersthene norﬁative with no free quartz. However
nepheline—normative rocks are also found, mainly as late
veins 1in peridétites. and the intercumulus phases 1in
LELS peridotite% suggest formation from late alkaline

[
magmas. f
The earliest attempt to determine the
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Name M39/G 8622 53A BHY

Si02 4%.80 45.32 45.99 46.80

Ti02 107 1.53 0.82 0.80
A1203 11.16 12.06 11.63  18.60
Fe203 L.7o 1.42 1.40 1.20
FeO 11.34 9.47 9.35 7.98
Mno .16 0.19 0.17 0.10
MgO 20.50 12.34 19.93  10.90
cao 8.41 1147 7.64  10.60
Na20 1.31 1.92 1.65 2.70
K20 5.11 0.14 0.16 0.30
P205 ?.10 0.13 0.09 0.00

CIPW Nor%s

or 0.65 0.83 0.95 1.77
Ab 10.79 16.25 13.96 18.17
An 2%.25 23.88 23.86 37.76
Ne 0.186 -- -- 2.54
Di 17.47 25.98 10.76 11.98
Hy i-- 1.75 10.10 --

01 43.61 22.04 35.42 24.52
Mt 2.47 2.06 2.03 1.74
Ilm ?.03 2.91 1.56 1.52
Ap 0.23 0.30 0.21 0.00

Table 7.1 Variou§ proposed parental magmas for the Rhum
complex. All norms calculated assuming Fe3+/Fe2+=0.15.
M9/G: ultrabasic dyke groundmass from McClurg (1982).
8622: dyke from chlurg {1982). S53A: variolitic marginal
gabbro ({(this work). BHY: hypothetical parent magma of

Brown (1956).

|
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composition ofl the parental magma was made by Brown
(1956). He sugtracted the relevant quantities of the
cumulus phasesI from the whole~-rock analysis of an
allivalite from'Unit 3, which he assumed to be a perfect
orthocumulate. {This gave the composition of a highly
aluminous tran%itional/alkaline basalt. (Table 7.1).
This method is iikely to be highly innacurate in view of
the difficulty! in distinguishing cumulus from
intercumulus maéerial in allivalites, and in view of the
possibility thgt the 1liquid finally trapped in the
cumulate was not directly related to that from which the
cumulus phases %ormed. A further difficulty arises from
Brown's opticallestimates of mineral compositions, which
for Unit 3 at lgast, were probably somewhat in error.

Anothér approach was used by Tait (1985). He
used analyses lof Rhum ultrabasic dykes from McClurg
(1982) and Forséer (1980) as parent liquids and produced
a convincing moéel for the chemical evoution of Unit 10.
Analyses of t%e compositions used are given in Table
7.1. Rocks in t+is dvke suite are transitional: some eg
M9 are nephelin? normative while others such as B622 are
hypersthene norTative.
It h?d previously been assumed that as the

Rhum ultrabasit complex was entirely fault-bounded, it
had no chilled hargins. However possible chilled margins
have been idebtified under the low-angle contacts at

Beinn nan Stac and Sgurr nan Gillean. An analysis of
sample 53A fro% the latter locality is given in Table
7.1. The rock iL similar in chemistry to the ultrabasic
dykes, but is Fnriched in Ba and K due to having been
emplaced againsF felsites of low melting point.

These| picritic and wultrabasic dykes and
marginal rocks WOuld seem to provide good candidates for
mildly alkalink or transitional parent magmas. Their
close spatial land temporal assocliation with a large
ultrabasic magm@ chamber cannot be fortuitous.

The nkxt problem is to explain the coexistence
of tholeiitic :and alkaline rocks in the same magma
chamber. Camp&ell {1985), among others, has suggested

)
that continenqal tholeiites may be produced by

i
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contamination of picrites by silicic continental crust.
A similar methoq may be appropriate to Rhum.

Alkal#ne rocks are always associated with
peridotites in’Rhum. According to the model of Huppert
and Sparks (19%0) and Tait (1985), peridotites evolve
from influxes of picritic magma which pond at the base
of the magma ch%mber. Allivalites crystallise from more

evolved ‘basaltic’ liquids with longer residence times

in the magma ch%mber. There is abundant evidence in the

Marginal Suite for contamination by melted acid country
rocks. If, as: has been suggested in Chapter 2, the

Marginal Suite represents the original igneous margin of
|
I
been marked byl|an upward-convecting boundary layer of

contaminated magma. If convection in this boundary lavyer

the intrusion, the walls of the intrusion would have

was turbulent,|then siliceous contaminated magma would

|
become incorpo?ated into the main body of the magma

chamber. |

The Fonvective behaviour of boundary layers

depends on the Crashof number, G, calculated thus:
|

| 3
| G = gdrL /r v
| (o]

where g=gravi¢ational acceleration, dr=density

2

difference, L=vlertical height of boundary, ro=density of

|
magma away from the boundary layver and v=kinematic

viscosity of Hhe magma. If G is > 10G then convection

[ - -
will be turbulqnt. Using r°=2.7 gcm 1, dr=0.25gcm 1, and
v=102 cm23—1,!as values applicable to Rhum, convection
would be turbqlent for wall heights greater than about

103 cm. It is thus likely that convection was turbulent

and contamination would have been carried into the main
body of magma4 For a rhyolitic magma chamber, Spera et
al (1982) <calculated the thickness of the convecting
boundary layer:to be about 100m.

It might be thought that the close proximity
to the Marginai Suite of apparently undisturbed layering
argues againsé such a boundary layer. However vertical
convecting bo¢ndary layers have sharp contacts,
particularly in their lower portions where flow may be

laminar. Hupp%rt and Turner (1980) illustrate double-
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diffusive liqui% stratification stably coexisting with a
thin turbulent ?oundary layer in the case of ice-blocks
melting into a salinity gradient.

. The %xact behaviour of the boundary layer in

Rhum would be m#ch more difficult to analyse, due to the
lithological aéd thermal complexity of the boundary.
Factors which @ould have to be considered include the
viscosity, tem%erature and density profiles across the
country rock —:melted country rock - chilled margin -
magma zone, th# rate of formation and rupturing of the
chilled marginL and the style of convection and heat
transfer occur&ing with in the main body of magma. The
thermal budget bf the intrusion would also be important.
Replenishment o# the chamber would maintain it at a very
high temperat%re; the crystallisation of large
quantities of odlivine would release enormous quantities

of latent heat:which would encourage thermal erosion of

the wall rocksJ This may have been a major mechanism in
|
creating space for the ultrabasic chamber, with the

l
melted country rocks being convected upwards along the

intrusion wal#s and erupted out of the top of the
volcano. :

The :partial entrainment of the contaminated
boundary 1ayer!into the main body of magma could well be
sufficient to #ause initially alkaline basalts to evolve
along a tholeiitic path. Thus according to this model
picritic liqu&ds entering the chamber may have been
mildly alkalin%, but liquids residing in the chamber for
any length of Fime would be tholeiitic.

Thist still 1leaves the problem of early
intercumulus o#thopyroxene in the LELS peridotites. This
could be exdlained by downward percolation of
contaminated (tholeiitic liquids into the crystal pile;
but orthopyroxene occurrences do not correlate with

| o
other evidenc% for downward movement of evolved liquids

(chapter 5). ;

It ﬂs suggested that the orthopyroxene is the
result of mixing of the incoming picritic pulse with
contaminated iiquids in the magma chamber. Depending on

|
the density contrast between the incoming magma and that

: sy
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in the chambe&. and the velocity and direction of
intrusion, the incoming magma may form a turbulent plume
as it enters th% chamber. This would entrain appreciable
quantities of the old magma before sinking back to form
a lavyer at thé base of the chamber. This could result
in the perid%tite becoming silica-saturated, and
crystallising :orthopyroxene. The instability of
orthopyroxene lin peridotites suggests that later
alkaline picritic liquids were able to percolate into
the crystal piﬂe, without being contaminated, giving the
alkaline tre%ds commonly found in peridotite
intercumulus a%semblages.

Apart from the LELS, and to a lesser extent,

Unit A of the st, orthopyroxene 1is very rare or absent

I
in the the *ltrabasic complex. This may partly be

related to tﬁe proximity of these areas to vertical
contacts wheré turbulent boundary layers would be most
likely. Anothe¥ possibility is that contaminated silicic
magmas did n%t accumulate in the chamber during the
formation of ;most of the complex. More frequent and
larger influxes of magma might explain this, as residual
magmas were flyshed out before significant contamination
could build upﬁ Another possibilty is the development of
a more stable!chilled margin during the development of
the upper EL#, which may have acted as a barrier to
large-scale cbntamination. A further factor may have
been a chande in the convective regime in the magma
chamber, suchfthat contaminated liquids were not present
in the lower!part of the chamber, where the cumulates
were formingJ A stable liquid stratification might

[ .
confine large-scale entrainment of contaminated liquids

|
to the upper ?art of the chamber.

|
|
7.C. Fingers;and replacement
| . .
Finger structures provide clear evidence for
I
replacement ?f allivalite by peridotite in the Rhum
complex (Butcﬁer et al, 1985). A brief outline of their
main features|is given below.
|
(i) Finger structures post-date the

|

development Pf lamination, and slump-folds in the
l
|| s



overlying allivalite. However they are earlier than the

late-stage veins, which have been observed to cut
fingers. ;

(ii) Finger structures are only seen on the
upper surfaces of p%ridotite layers. Where peridotite
overlies allivalite! contacts are either sharp and
planar, or show defofmational structures such as flames

.
|
|

and load-casts.

(iidi) Fing%rs occur on a range of scales from
< tem , up to 1m orfmore where they cut right through
allivalite lavers. I% the most extreme examples, only a
few relict blocks of allivalite may be left, scattered
along strike. It !is thus possible that fingering
processes have com#letely removed allivalite horizons,
leaving no trace ofithem.

(iv) Deférmation associated with fingers is
negligible comparedlwith the scale on which they occur.
Allivalite adjacenf to fingers generally shows no
evidence of deformation, although in specimens from unit
8, single plagioc#ase crystals are deflected upwards
against the finger bargin. Elongate olivines within the
peridotite of theféame finger are aligned parallel to
the finger margin%. suggesting that the allivalite was
behaving more rigidly than the peridotite.

{v) Finéers only seem to be associated with
troctolitic or aéorthositic allivalites. Allivalites
rich in pyroxene h%ve not been observed cut by fingers.
This may suggest!that the fingering process operates
only over a restri#ted compositional range.

{vi) The#e in little relationship between the
thickness of a perﬁdotite layer and the amplitude of the
fingers along its;upper surface, although fingers on the
upper surfaces 4n load-casts and other semi-isolated
masses of peridotﬁte are always small.

(vii) fhe Mg/Fe ratios of olivine and

clinopyroxene shaoaw no significant differences between
]

I
finger peridotite!and adjacent allivalite.

|
!
7.C.1 Discussioﬁ

While

|
the morphology of finger structures

lhb
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suggests an origin b% loading (cf Anketell et al, 1971),
the lack of deformation in the cumulates argues against
this. It has been suégested that the interstitial liquid
in peridotites mays be less dense than that in
allivalites (Butcher et al 1985). Thus liquid-liquid
loading could occu% within the interstices of the
crystal pile. Accoréing to this model, peridotite pore
liquid may not be ih equilibrium with plagioclase, and
would tend to resorbiit, crystallising olivine. However,
large fingers occur %bove thin peridotite layers, and it
it doubtful that suf#icient pore liquid would be present
to resorb significan# quantities of plagioclase.

A possible solution to this is provided by the
evidence for late-s%age alkaline liquids in peridotites.
This has been used!to argue for replenishment of pore
liquid in peridot#tes by primitive, undersaturated

i
liquids (section ?.B). That evidence for such
replenishment 1is lécking in allivalites is ascribed to
their low permeabiity, perhaps due to more efficient
packing of tabular blagioclase compared with the rounded
or irregular shape% of olivines in peridotites. In the
LELS, those partsiof the sequence where fingers are
developed have hig% Ti contents in clinopyroxenes, one
of the features of!pore liquid replenishment.

It is thqs proposed that the peridotites were
often able to act %s permeable "aquifer” horizons, along
which primitive lﬁquids were able to migrate. This 1is
perhaps not a requ}site'of replacement, but replacement
on a large scale;requires replenishment of the pore
liquid. Where pe%idotite may be cut off from

I
replenishing 1liquid as in load casts, the fingers are

always small. ;

The reskriction of fingers to the upper
surfaces of perido&ites may involve a number of factors.
First, during comgaction of a sequence of several units,
pore liguid expelﬁed from the lower parts of peridotites

!
may tend to beéome ponded below less permeable

allivalite layers, producing melt-supported layers which

would be highly pérmeable. Second, the liquids involved

in resorbing allivalites may be lighter than the pore
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liguids in allivalﬂtes affected by replacement. Thus

|
where these liquids overlie allivalite, they would have

little tendency to, penetrate into it. Another

possibility 1is tha; while fingers are produced by

. oo . . . .
replacement 1in situations where allivalite overlies
|

peridotite, in other!/situations replacement may produce
contacts with differ%nt morphologies. If planar contacts
can be produced by réplacement, then the phenomenon may
be extremely wides%read, but its effects may not be

. |
recognlsable. !
[
|

7.D0. Evolution of Jhe ultrabasic complex

As discu;sed in chapter 1, the Rhum complex
has been divided into 3 main lithological units: the
ELS, WLS and CS. fhe CS is the latest-formed and has
subsided into its éresent position. This obscures the
relationship betweén the ELS and WLS. Further
difficulties are iniroduced by movements along the Long
Loch Fault. Some o% this is later then the emplacement
of the CS, but it h?s been suggested that the fault was
active before thi# (Emeleus et al, 18985) and
differential moveﬁent of the ELS and WLS may have
occured before eﬁplacement of the CS. Thus it is not
known whether the éLS and WLS represent different facies
in the magma chémber developing simultaneously, or
whether one is oléer than the other. At present it is
not possible to résolve this problem directly. However
there are certainfsimilarities between the ELS and the
WLS. Both are char%cterised by a general reverse cryptic
variation. The H?rris Bay member, like the LELS,
consists of relakively evolved rocks. Further up the
sequence both theEWLS and the ELS tend to become more
“ultrabasic” witd more magnesian olivines and the
development of oﬂivine—rich harrisites, although these
are fairly rare i& the ELS.

If thié implies at least a partial temporal
overlap between ;the two series, then conditions must
have been extremeiy variable over quite short distances
in the magma ch%mber. Plagioclase rich rocks are not

seen 1in the wLS,fimplying that magmas with plagioclase
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on the liquidus were never able to crystallise in the
western part of the ?hamber.

Other evi#ence can be used to argue for the
WLS having a lower siratigraphic position than the ELS.
The WLS is bounded bL the Western Granophyre, while the
ELS is in contact w#th higher level rocks - felsites,

explosion breccias ;and amygdaloidal basalts {(seen as

xenoliths). Whether this relative disposition of early
|

Tertiary acid roc@s occurred before or after the

development of the ELS and WLS is uncertain.
I
|

|
7.E. Emplacement o% the complex

The intefpretation of the low-angle contacts
under Beinn nan étac. Cnapan Breaca and Sgurr nan
Gillean, as fragménts of the roof to the ultrabasic
magma chamber has! important implications for the
emplacement of theicomplex (Emeleus et al, 1985). The
interpretation of t%e vertical marginal contacts as also
being original i%neous contacts means that the Rhum
complex is essenti#lly in situ.

This eages some of the problems associated
with the model éf Emeleus et al (1985). These are
principally the laék of evidence for faulting associated
with the Marginal éuite and the evidence that the magma
chamber was in %ontact with hydrothermally altered
basalts (ie veryf high level rocks), and largely
contaminated by éarly Tertiary felsite rather than
deeper seated cou%try rocks. In addition the model of
Emeleus et al (11985) recognises difficulties in
envisaging a mechgnism by which a semi-solid cylinder of

dense ultrabasic #ocks could be emplaced upwards to the

present level. I
I

It 1is $uggested that final uplift along the
Inner Ring Fault kSmith, 1985) preceded the development
of the ultrabasi% magma chamber. This uplift may have
been related to ﬁhe entry, at lower crustal levels, of
large volumes of Pery hot picritic liquids. Later these
magmas were ablé to reach high crustal levels, forming
the Rhum ultrabagic complex we now see.
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TRACE-ELEMENTS

Standard Ba Hb 21 Y Sr Rb Zn Cu Wi Cy
AGY 1 1223/1208 15/15 191/230  22/21.3  GBO06/657  58/67 76/8% 58/59.7  27/18.5  9/12.2
BCR1 558/675  9/13.5 115/190  24/37 237/330  31/46.6  89/120 16/18.4  20/15.8  24/17.6
G2 2009/1870 $4/13.5  290/300 23/%2 °  533/473  182/168  94/85 28/11.7  2t/5.1 LT
DTS 55/2.4 1743 /3 0/0 0/0.35 2/0 48745 10/7 2250/2269 3899/4000
___ GsPi 1179/1300 26/29 415/500  51/30.4  237/233  244/254  103/98 42/33.5  42/12.5  1/12.5
Copcct T T T AT R T U T T T T T T — 0 — = — =004 — — /0 — — — 52/36 — _ _13/11.3_ _2317/233% 2756/2730
GR 1209/1050 38/? 178/180  34/19 599/550  180/175  108/60 358/345  T6/55 10/110

Recommended values given following the slash, analysed values before the slash. ?7 - value not given.
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APPENDIX 2

The f?llowing pages contain XRF analyses
obtained during the course of this work. Sample numbers
have a prefix inlthe range 1-6; this indicates the group
to which the %ample belongs. 1: peridotites. 2:
allivalites. 3:i “"sheetrocks” 1e supposedly intrusive
gabbros of Brown (1956}, now regarded as part of the
layered series.!4: intrusive gabbro plugs, sheets and
dykes. 5: Margingl Suite. 6: various.

Samplei locations are given in the following

appendix. |
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JWF RHUM ROCKS

Name 1.13B
Si02 43.10
Ti02 0.22
A1203 9.37
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FeO 12.88
MnO 0.22
Mg0 23.93
Ca0 6.08
Na20 0.95
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6.11 10.04
6.09 2.64
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2.36 0.94
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JWF RHUM ROCKS

Name 2.862 2.87 2.89 2.90  2.91 2.938  2.164B 2.165C 2.17
$i02 48.64 48.96 | 47.69 49.13  45.56  47.37 44.14 49.65 47.88
1i02 0.91 0.531 0.56 0.92  0.53 1.51 0.28 1.03  0.99
Al203  14.13  17.39 i 18.18  16.22 14.46 14.88 11.10 14.87 17.69
Fe203 0.96 p.81! o0.99 0.85 1.41 1.46 1.38 .06 1.15
Fel 6.37 s.42! s.62 5.67 8.43 9.71 3.20 7.05 7.68
Mn0 0.13 0.12 : 0.13 6.12 - 0.17  0.16  0.17 0.14  0.14
Mg0 11.62 8.46 | 11.04 9.00 14.95 9.91 22.96 9.54  10.13
Cal 14.36  15.26, 11.55 14.63 10.92 11.89  8.15 13.31 10.88
Na20 1.55 1.84 1.85 1.85 1.35 2.05 1.08 1.99 1.92
K20 0.18 0.18) 0.28 0.38 0.15 0.19  0.12 0.30  0.47
P205 0.10 0.061 0.07 0.12 0.05 0.66  0.04 0.11 0.10
Lol 0.00 0.00/ 0.00 0.00 0.00 0.00 0.00 0.00  0.00
Total 98.95 99.03: 98.96 99.01 98.98 99.19 98.62 99.04 99.03
CIPW Norms :
or 1.06 1.05: 1.65 2.25  0.89 1.12  0.71 1.77 2.78
Ab 13.12  15.57; 15.65 15.685 11.42 17.35 8.14 16.84 16.25
An 31.07 38.67| 40.48 34.84 32.96 30.85 25.09 30.76 38.27
0i 31.67 29.51] 13.16 29.94 16.83 22.57 12.03 27.89 12.16
Hy 6.59 2.60/ 8.66 4,41 5.17  6.35 3.56 10.52 11.84
01 12.10 9.300 16.70 8.66 28.54 15,85 45.46  7.52 13.95
Mt 1.39 1.18  1.44 1.23 2.0 2.1 2.00 1.53 1.67
Ilm 1.73 1.0t 1.06 1.75 1.01 2.87 0.53 1.96 1.88
Ap 0.23 0.14: D.16  0.28 0.12 0.4 .09 0.25  0.23

|
Trace elements in ppm.

l
BA 96.0 109.0 116.0 108.0 82.0 89.0  60.0 124.0 140.0
NB -- - 1.0 1.0 - 1.0 -- - 2.0
ZR 34.0 29.0  40.0 41.0 22.0 26.0 15.0 47.0 52.0
Y 3.0 7.0 7.0 8.0 5.0 6.0 4.0 11.0 9.0
SR 165.0 219.4 241.0 187.0 172.0 208.0  84.0 176.0 195.0
RB 2.0 4.0 1.0 - -- - -- 3.0 8.0
ZN 35.0 30.4 40.0 30.0 S53.0  46.0  51.0 34.0  44.0
cu 152.0  100.0 96.0 123.0 471.0 123.0 75.0 100.0 108.0
NI 156.0 115.0 285.0 124.0 435.0 123.0 807.0 73.0  209.0
CR 851.0 536.0 488.0 628.0 588.0 322.0 1148.0 225.0 157.0

|

l

|

|

l66



JWF RHUM ROCKS

Name 2.173
Si02  47.28
Ti02 0.84
A1203 16.43
Fe203 1.15
Fel 7.68
Mn0 0.15
Mg0 11.75
Cal 11.47
Na20 1.88
K20 0.28
P205S 0.09
LO1 0.00
Total 399.00
CIPW Norms
Or 1.65
Ab 15.91
An 35.57
Di 18.71
Hy 6.06
1)} 13.63
Mt 1.67
Iim 1.80
Ap 0.21

Trace elements in ppm.

BA
NB
ZR
Y

SR
RB
IN
Cu
NI
Ch

90.0
1.0
41.0
8.0
174.0
0
42.0
149.0
0

a

248.
466.

2.%948 2.194C 2.194D 2.194D 2.194F 2.195B 2.195C 3.12
50.42 48.48 48,70 48.90 49.36 49.40 47.01 S0.06
o.?o 0.54 0.32 0.31 0.57 0.22 0.15 0.61
17.46  21.45 19.84 20.00 17.22 19.34 19.97 15.63
0.86 0.96 0.97 0.94 0.97 0.70 0.87 1.01
5.71 6.43 6.44 6.26 6.46 4.70 5.78 6.71
o.j4 0.15 0.14 0.4 0.14 0.12 0.12 0.16
8.14 4.91 6.80 6.74 7.97 9.13  10.59 3.07
13.13  14.52  13.94 13.73 14.01 13.52 12.91 13.32
2.20 1.73 1.90 2.00 2,26 1.67 1,47 2.23
o.ﬁ1 0.05 0.08 0.08 0.11 0.12 0.10 0.18
0.02 0.02 0.02 0.02 0.03 0.02 0.03 0.06
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
se.Fa 99.24 99.15 99.12 99.10 98.94 98.99 99.03

[

[

[

0.65 0.30 0.47 0.47 0.65 0.71 0.59 1.06
18452 14.64 16.08 16.92 19.12 14,13 12.44 18.87
37.45 50.63 45.38  45.37 36.53 44.93 47.61 32.1
22./27  17.51 19.28 18.43 26.58 17.66 13.05 27.15
15477 12.90 9.43 9.67 3.97  14.54 7.54 8.83

2.36 0.80 5.46 6.26 9.70 5.4  16.16 8.26

1,24 1.40 1.40 1.36 1.41 1.02 1.26 1.46

0!s57 1.03 0.61 0.59 1.08 0.42 0.28 1.16

0405 0.05 0.05 0.05 0.07 0.05 0.07 0.14

I
111.0  100.0 85.0 91.0 96.0 122.0 99.0 105.0
e
15.0 18.0 18.0 19.0 17.0 17.0 14.0 28.0
%.0 1.0 2.0 2.0 4.0 3.0 2.0 6.0
243.0 395.0 383.0 383.0 274.0 265.0 242.0 239.0
.0 1.0 - -- 2.0 - - 3.0

32.0 42.0 33.0 34.0 33.0 30.0 28.0 34.0
11F.0 11.0 3.0 13.0  103.0 57.0 126.0 198.0

83.0 57.0 145.0  154.0 86.0 165.0 236.0 87.0
250.0 193.0 244.0 246.0 227.0 S08.0 593.0 320.0

67



JWF RHUM ROCKS

|

|

I

!

|

|
.54 49,98

Name 3.13A  3.14A 3.14B  3.17A 3.178 3.18  3.20C 3.200 3.24
Si02 50 ‘ 50.40 47.11 49,31 50.55 49.82 50.04 465.85
7i02 0.52 0.59 0.50 2.18 0.57 0.37 0.3, 0.51 0.70
Al203  17.23 16.60 15.96 14.99 16.82 15.78 16.81 16.45 17.74
Fe203 0.75 0.78 0.73 1.46 0,97 0.83 0.84 0.9  1.16
FeD 5.00 5423 4.90 9.71 6.48 5.92 5.82  6.27 1.75
MnO 0.13 03  0.14 0.6 015 015 0.13  0.14 0.1
Mg0 8.93 10/23 9.77 8.33 8.32 9.75  9.34  9.58 11.63
Cal 12.52  13.18  14.29  13.11 13,57 13.42 13.77 12.75 11.08
Na20 2.13  1!38  2.08 2.09 2.09 2.00 2.10 2.07 1.73
K20 0.14 0!14 0.10  0.14  0.14 0.1  0.15 0.19  0.18
p20S 0.05 0l05 0.04 0.04 0.04 0.03 0.02 0.04 0.05
Lol 0.00 0.00 ©.00 ©0.00 0.00 0.00 0.00 0.00 0.00
Total 98.94 saﬁso 98.91 99.31 99.06 98.97 98.94 98.98 93.02

|
CIPW Norms |

|

|
or 0.83 q.ea 0.59 0.83 0.83 0.65 0.88 1.12  1.08
Ab 18.02 16.76 17.80 17.63 17.63 16.92 17.77 17.52 14.64
An 37.05 36.00 33.92 31.11  36.11 33.76 36.01 35.04 40.12
Di 23.84 23.31 29.39 27.46 25.06 26.26 25,90 22.53 11.71
Hy 12.57 1?.24 8.20 3.06 10.96 13.80 7.08 13.06  9.28
01 4.4 7.40  7.10 12.83 5.83 S.52 9.33 .7.29 19.08
Mt 1.09  1.14  1.06  2.11 1.41 1.29 1.22  1.36  1.69
Iim 0.99 1.12 0.95 4.14 1.08 0.70 0.65 0.97  1.33
Ap 0.12 50.12 0.09 0.09 0.09 0.07 0.05 0.08 0.12

|
Trace elements i% ppm

|

BA 112.0 423.0 107.0  86.0 120.0 95.0 118.0 120.0 120.0
NB — 1.0 1.0 1.0 -- -- - 1.0 1.0
ZR 27.0 !30.0 26.0 25.0 22.0 17.0 13.0  24.0  29.0
Y 6.0 | 6.0 6.0 9.0 6.0 5.0 5.0 5.0 5.0
SR’ 289.0 ?63.0 260.0 184.0 240.0 238.0 246.0 236.0 221.0
RB 3.0 | 3.0 3.0 1.0 3.0 -- -- 1.0 --
N 27.0 !33.0 29.0 49.0 35.0 27.0 30.0 37.0 4.0
cu 81.0 [110.0 113.0 127.0 109.0 134.0 110.0 143.0 143.0
NI 103.0 [125.0 126.0 119.0 122.0 109.0 102.0 151.0 220.0
CR 317.0 |368.0 472.0 208.0 354.0 315.0 265.0 298.0 290.0

|! 163




JWF RHUM ROCKS

Name

Sig2
Ti02
A1203
Fe203
Fel
MnQ
Mg0
Cal
Na20
K20
P205
LOI
Total

CIPW

Or
Ab
An
0i
Hy
01
Mt
Ilm
Ap

3.118

>~
w

ey

e
0O 0O NN MOO » N O

w
w

Norms

.86
.67
.30
.02
.82

14

.02
.59
. 4B
.16
.03
.00
.07

.95
.82
.70
.56
.01
.22
.48
.27
.07

|
|
|
|
|
|
|
|
|
;.123
|
|
0

o0 = aun
N
~

|
.?5
|

Trace elements in ppm.
|

BA
NB
ZR
Y

SR
RB
ZN
Cu
NI
CR

123

22.
S.
294.

1

35.
123.
119.
249,

.0

0
0
0
.0
0
0
0
i)

|
113]0

1810
6.0
283.0

3.132

.28
.29
.00
.96
.40
14
.60
.09
11
12
.02
00
.01

>
w

-

—
SO0 N WWWO OO wo

w
w

u.7
17.86
36.57
22.80

7.23
11.86
.1.38

0.55

0.0S

94.0

15.0
5.0
245.0

34.0
103.0
132.0
270.0

+~
[¥+]

-

—
OO0 o NN OO O O

w
[°2]

oo - o MN

.135

.32
.65
.92
.13
4
.84
.96
.00
.12
.03
.00
.97

.71
16.
36.
.55
.32
.34
.33
.61
.07

92
11

105.0

17.0°
4.0
245.0

36.0
122.0
138.0
253.0

169

>
w

—

p—y
0O 00N WWLWO OO v O

w
@

38

21.
.30
10.
.33
.57
.05

.139

.33
.30
.68
.92
1
.13
.09
.20

08

.13
.02
.00
.99

7
17.
.53

60

66

19

110.0

17.0
4.0
281.0

35.0
104.0
144.0
382.0

3.141

-~
m

14
L40
.M
.38
.21
A7
72
.24
.82
.15
.03
.00
.98

-

-
0O 0O 0O =2 W WOoOWw-—= oo

w
@

0.89
15.40
36.99

6.99

8.88
27.01

2.00

0.76

0.07

124.0
1.0
23.0
2.0
427.0

66.0
12.0
223.0
492.0

.150

.19
.57
.89
.95
.32
14
.49
.26

1.95

.19
.04

0.00

98

.99

.12
.50
.05
.31
.48
.97
.37,
.08
.09

133.0

1.0

29.0
6.0
271.0

34.0
172.0
134.0
316.0

3.1780 3.17
47.83 47,87
0.60 0.33
15.78  17.00
1.16 1.10
7.73 7.30
0.15 0.14
10.65  10.57
13.22  12.74
1.80 1.89
0.1 0.07
0.03 0.02
0.00 0.00
93.06 939.03
0.65 0.41
15.23  15.89
34.66 37.70
24.84  20.50
4.43 5.22
16.37 16.94
1.68 1.59
1.14 0.83
0.07 0.05
86.0  73.0
16.0 14.0
4.0 3.0
239.0 251.0
1.0 1.0
37.0 35.0
111.0  126.0
154.0 138.0
189.0 220.0



JWF RHUM ROCKS

Name 3.194A ?.194A 4.98
|

5i02 49.79 4?.34 46.66
Ti02 0.48  0.47  2.02
A1203  17.81 17.66  14.32
Fe203  0.95 Q.99  1.42
Fel 6.32 §.60 9.46
MnO 0.14 0.14 0.16
Mg0 7.97 8.52 11.70
Ca0 13.08  13.02  10.63
Na20 2.30 2.12 2.26
K20 g.18 0.16 0.29
P205 0.04 0.04 0.18
LO1 0.00 0l00  0.00
Total 99.06 99105 93.10

|
CIPW Norms i

|
or 1.06 ojas 1.71
Ab 19.46 17.94 13,12
An 37.75 38.&1 28.08
Di 21.76  21.116  18.96
Hy 8.83  9.53  3.44
01 7.79 e.gs 21.48
Mt 1.37 1.44  2.08
Ilm 0.91 0.89 3.84
Ap 0.0 0.09 0.42

|
Trace elements in pém.

|
BA 121.0  115.0  99.0
NB -- - 4.0
ZR 24.0 21.@ 69.0
Y 5.0 5.0 12.0
SR 277.0 273.0  263.0
RB 3.0 - 3.0
ZN 34.0 35.¢ 53.0
cu 87.0 86.0 99.0
NI 135.0 134.q 132.0
CR 289.0 291.0 235.0

|
[
|
|
|
[
|
,
|
|
|
[
I
|
|
|
|
,
i
I
1
|
1
|
.
I
|
1
|
|
|
|
I
|
1
]

15

21

.93A

.41
.32
.70
.30
.18
.53
.07
.05
.08
.16
.00
.21

47
17.
29.
.69
.50
.05
.46
.68
.37

35
64

71.0
49.0
15.0
127.0

52.0
53.0
201.0
480.0

170

17
27.
19.

23.

78.
1.
47.
12.
117.
1.
58.
94.
266.
592.

.169B 4.175A 4.181
92 48,54 47.80
.15 2.42 1.58
.70 14.50  13.57
.53 1.66 1.47
L1700 11,07 9.82
.18 0.21 0.18
.60 6.53 3.80
A1 10.89  12.50
.10 2.87 2.10
.23 0.37 0.25
.08 0.31 0.15
.00 0.00 0.00
.08 89.37 99.22
.36 2.19 1.48
LT 24,29 17,77
28 25.60 26.87
25 21.80 27.80
.86 9.29 4.92
96 8.43 14.91
.21 2.41 2.14
.18 4.60 3.00
.21 0.72 0.35
0 160.0 87.0
0 2.0 1.0
0 51.0 43.0
0 16.0 11.0
0 205.0 166.0
0 -- 2.0
0 70.0 52.0
0 62.0 73.0
0 56.0 76.0
0 47.0 195.0

<
-~

[y

-
O OO N = U0 W =t =

w
w

7.

61.
11.
130.

47.
2.
95.
196.

.201

.29
42
.13

39

.29

16

.69
.96
.38
.24
.16
.00
17

.42
14
.06
.94
.08
b4
.02
.70
.37

oooooooobo

4.20

-~
(o)

T4
.28
.09
.21
.49
A7
.15
.66
.0S
.43
.18
.00
12

-— -
0O O O NN WO M= & =

w
w

2.54
17.35
27.98
27.28

7.33
11.94

1.85

2.43

0.42

98.

54.
14,
172.

39.
100.
80.
207.

O 0000 0 o o0ooo



JWF AHUM ROCKS

Name

5102
Ti02
A1203
"Fel203
Fe0
Mn0
Mg0
Cal
Na20
K20
P205
LOI
Total

CIPW

Qtz
Or
Ab
An
Di
Hy
01
Mt
Ilm
Ap

Trace elements in ppm.

BA
NB
ZR
Y

SR
RB
ZN
cu
N1
CR

- >
O 00 = N WO W—- < 0uWu

[44]
o~

Norms

a
13.
23
10.
10
35.

107

50.
9.
93.
2.
54.
79.
636.
360.

.53A

.99
.82
.63
.40
.35
17
.83
.64
.65
.16
.08
.00
.73

.95

96

.86

76

.36

05

.03
.56
.21

.0

5.78

51.78

0.91
14.62
llo.es
|5.76
10.13
18.98
12.27
'lz.u
1.04

'|o.10
0.00

|
93.93
|

|
|
|
|
6.15
20.90
25.74
27.72
8l.92
6.29
1:.25
1173
oiza
|

159".0
2.0
113.0
14.0
194.0
20l0
3410
42'70
9210

50.65
1.31
14,44
1.36
9.10
0.17
8.14
10.88
2.48
0.49
0.12
0.00
99.14

2.90
20.99
26.83
21.54
18.59

3.56

1.98

2.49

0.28

165.

67.
13.
168.

57.
107.
73.
242.

O 000000 o000

59.17
.80
.81
.08
.29
L4
45
.28
.97
.03
.29
.00
.98

- -

Do N WM Wwe N

[52]
w

11.15
12.35
30.21
15.49
11.44
12.66

1.58
3.42
0.67

588.

183.
23.
228.
47.
63.
33.
35.
60.

O 000000 O oo

71

5.15

51.01

1.23
14.84

1.05

7.02
.14
.S0
.55
.35
.1
.18
.00
398.98

oo o N - OO

19.89
27.85
22.84
16.15
3.78
1.53
2.34
0.42

221.

73.
15.
209.
14.
44,
98.
113.
380.

OC O 0o o00c 0 oo

5.25

47,47
2.20
14,89
1.55
10.34
0.18
8.25
11.79
2.40
14
.10
.00
99.31

o oo

20.31
29.45
23.22

12.83
2.25
4.18
0.23

104.0
30.0
11.0

180.0
68.0
90.0
80.0

184.0

5.32A

54,41

2.21
13.13

1.50
10.02

0.17
5.08
7.69
3.26
1.34
0.37
0.00
99.13

[5,]

.01

27.59
17.24
15.34
18.86

2.18
4.20
0.86

367.
5.
154,
27.
181.
13.
1.
46.
33.
30.

OO0 00000 oo o

5.328

53.63

1.1
14.28
.08
AT
.14
.84
.98
.66
.94
.14
.00
.96

OO0 O N WNO N —

w
m

22.51
24.26
19.76
20.63

1.56
2.1
0.32

268.

115.
18.
174.
16.
55.
30.
76.
216.

O 0000 oCco o oo

5.36

63.40

0.81
15.12
.69
.60
11
.98
.02
.22
.48
.25
.00
.63

QO W wr NnNo o0

w
[==]

16.28
20.63
27.25
16.50

13.44

1.00
1.54
0.58

1246.
10.
202.
28.
4ES.
81.
2.
30.
36.
73.

O o000 00 o o0 o0 o



JWF RHUM ROCKS

I
|

Name 5.33 |5.41 5.42B 5.42C 5.45 S5.46A1 5.46A2 5.46C 5.80
|

Si02 52.02 $1.73 53.53 53.92 50.46 50.36 50.97 48.96 52.83
Ti02 1.25 i1.11 1.37 2.34 1.05 1.07 1.04 2.94 1.63
A1203 15.36 14.78 15.18 12.92 14,41 14.42 14,68 13.18 12.41
Fe203 1.26 ‘0.85 1.06 1.48 1.1 1.02 0.98 1.66 1.48
FeO 8.41 :5.83 7.06 9.84 7.40 6.83 6.52 11.04 9.87
Mn0O 0.16 0.14 0.13 g.16 0.15 0.15 0.14 0.17 0.20
Mg0 6.13 !7.31 6.28 6.03 9.22 9.9 9.46 7.39 7.28
Cal 10.87  13.97 10.09 8.04 12.27 12.51 12.37 9.89 10.02
Na20 2.58 l2.71 3.01 2.77 2.31 2.02 2.19 2.93 2.27
K20 1.00 lU.GG 1.15 1.49 0.50  0.55 0.4 . 0.77 1.08
P205 0.1 l0.17 0.15 0.19 0.15 0.13 0.13 0.38 0.18
LO1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 99,15 QS.OO 99.01 99.18 93.04 98.98 398.97 99.31% 99.17

i
CIPW Norms i

i
Qtz 0.89 | =~ 1.78 4,74 -~ - -- - 2.98
Or 5.91 ?.SS 6.80 8.81 2.95 3.25 2.380 4.55 6.38
Ab 21.83 2?.93 25.47  23.44 19.55 17.09 18.53 24.79 18.21
An 27.38 2?.4D 24.52 18.43 27.48 28.66 28.79 20.54 20.48
i 21.23 3?.73 20.03 168.66 26.23 26.22 25.56 21.37 23.47
Hy 17.45 ?.19 15.94 20.08 12.01 13.90 15.73 - 10.76  21.18
01 -- 3.48 - - 6.87 6.04 3.77 8.43 -~
Mt 1.83 1.23 1.54 2.14 1.61 1.49 1.42 2.40 2.15
Ilm 2.37 2.11 2.60 b, 44 1.99 2.03 1.98 5.58 3.10
Ap 0.25 d.39 0.35 0.44 0.35 0.30 0.30 0.88 0.23

|
Trace elements in |ppm.
BA 340.0 149.0 315.0 374.0 191.0 217.0 208.0 198.0 238.0
NB 2.0 |2.0 2.0 3.0 2.0 2.0 2.0 5.0 2.0
ZR 60.0 65.0 105.0 117.0 45.0 93.0 54.0 66.0 62.0
Y 12.0 1%.0 17.0 20.0 13.0 14.0 13.0 25.0 13.0
SR 218.0 205.0 232.0 165.0 197.0 1S4.0 206.0 163.0 156.0
R8 15.0 1“.0 20.0 23.0 5.0 10.0 9.0 3.0 22.0
ZN 49.0 3%.0 48.0 59.0 44.0 58.0 55.0 78.0 57.0
cu 59.0 14%.0 63.0 53.0 65.0 111.0 115.0 77.0 73.0
NI 45.0 70.0 45.0 47.0 60.0 84.0 g8z.0 64.0 38.0
CR 181.0 145.0 122.0 56.0 266.0 423.0 456.0 S5.0 59.0
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JWF RHUM ROCKS

Name 6.20A
Si02 43.08
Ti02 0.21
A1203 15.09
Fe203 1.66
Fel 11.06
Mn0O 0.18
Mg0 18.86
Cal 7.37
Na20 1.23
K20 0.03
P205 0.03
LOI 0.00
Total 398.90
CIPW Norms
Or 0.18
Ab 10.41
An 35.57
0i 0.64
Hy 6.27
ol 42.97
Mt 2.41
Ilm 0.40
Ap 0.07

Trace elements in ppm.

BA
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APPENDIX 3
SAMPLE LOCALITIES

|
The localities of most figured samples are given 1in the

|
text. The posﬂtions of samples collected from the
|
measured section are given on the diagram overleaf. The

|
grid reference% of analysed samples 1in Appendix 2 are

given below: !

PERIDéTITES

1.138; NM39639726 (xenolith)

1.1528 NM40649452

1.154@ NM40709688

1.1785 NM&40179674 (gradational contact)
1.180; NM40189618

1.195% NM40269671

ALLIV%LITES

2.21 NM39739701
2.37 NM40219730

2.86 | NM40479708

2.37; NM40499729

2.89 | NM40469723

2.90 | NM4 0389718

2.915 NM40369716

2.93é NM40319707

2.1648 NM40709688

2.165C NM40B19676

2.17ﬁ NM40859670

2.17P NM40BT79671

2.19}8 NM40299697 (xenolith)
2.194C . e
2.19ﬂo

2. 194F '
2.1958 NM40269671

2
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"SHEETROCKS"
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NM39679728
NM338639726
NM39589721

NM39689718
NM39749716
NM39799715

NM38829720
NM40209712
NM40209711
NM40189710
NM&4é0179710
NM40169710
NM&0159710
NM40139709
NM&40449661
NM40299697

PLUGS, SHEETS,

NM39479753
NM40319707
NM40989638
NM409039672
NM40108613
NM460489533
NM40169499

176

DYKES

(dyke)
(dyke)
{sill)



MARGINAL SUITE
|
.53A | NM38609549

78 NM39189753
10 NM39409747
11 NM39379746
15 NM39239750

NM39189753
NM&0339746
NM40299739

5
5
5
5
5
5
5
5
5.
5.39 NM40019742
5.

5.

5.

5.

5.

5.

5.

5.

5.

41 NM40429731

42B NM40389735

42¢C "

45 NM395940

ABALC c

BOA| NM40B79722

socl "

165% NM40829676

169% NM40989638 (xenolith)

|

VARIOUS
6.485 summit of Beinn nan Stac
6.78 | NM40649731
6.16§P NM40719696 (mostly peridotite)
s.1eiv e {vein cutting 163P)
6.179B NM40449661 (acid sheet)
5.154 NM39659720 (beerbachite xen.)
6.20A NM39799715 e )
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Abstract - The Lower Eastern Layered Series (LELS) comprises approximately units 1-5 of previous
workers. Remapping has revealedlconSIderdblc along-strike lithological variation in the units of the

LELS. Itis suggested, on the basis ofﬁeld and geochemical evidence, that two layers formerly regarded .

as ‘conformable intrusive sheets otl"fme -grained olivine gabbro’, may be evolved allivalite layers rather
than later intrusions. Xenolith suites, in these layers and elsewhere, indicate a component derived from
the roof or walls of the magma chamber. Cryptic variation is more extensive in the LELS than in
other parts of Rhum: olivine forsterite content varies from 85.6 to 70, and clinopyroxene
MgX100/(Mg+ Fe) varies from 88 to 74. Postcumulus effects and subsolidus re-equilibration have
altered the initial compositions of the mineral phases. The data are consistent with a model of repeated
replenishment by picritic magma, although the replenishing liquids may have been slightly less

magnesian than those subsequenl{ly available, during the formation of the upper ELS.

1. Introduction ‘

[

The Eastern Layered Series (ELS) of Rhum (Brown,
1956) are well known for the spectacular :developmcnt
of large-scale cyclic layering. Brown (1956) divided the
sequence into 15 units, each comprising a peridotite
layer overlain by an allivalite layer. Hl'e interpreted
these units as the products of crystallization of pulses
of olivine basalt magma. Using the techniques of the
time, he could detect no cryptic variation in any of the
units, and thus argued that they could only represent
asmall degree of crystallization at a relatively constant
high temperature. He noted that the lower units were
orthocumulates, in contrast to.the ad—| and heterad-
cumulates of the upper ELS. Brown|mapped two
layers of ‘fine-grained olivine gabbro' conformably
intruding the layered rocks, obscuring much of units
4 and 5. Following Bailey (1945) he argued that the
layered rocks occurred within a ring fault and that they
had been emplaced upwards as a semi-solid cylinder
along the fault, lubricated by basaltic magma now seen
as a gabbroic ring dyke at the margins of the complex.

The present work 1s mainly concerncd with units
1-5, hereafter referred to as the Lower Eastern
Layered Series (LELS). |

2. Field relations I
|

Remapping (Fig. 1) has substantially revised Brown’s
map of the area, revealing in partlcu]ar considerable
lateral changes in lithology within &he LELS. The
‘intrusive conformable sheets of finetgrained olivine
gabbro’ have been included in units 4 dnd 5 of the ELS.
The reasous for this are discussed Iatli:r.
II

* Present address: Department of Geology., University of

Leicester, LET 7RH, U.K.
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2.a. Marginal relationships

Much of the eastern margin of the ultrabasic complex
is a near-vertical ring fault, largely occupied by a
heterogeneous gabbroic—dioritic ring dyke known as
the marginal gabbro. The contact with the layered
rocks is rarely seen, and the few exposures are difficult
to interpret due to intense weathering, but over most
of the area there is little obvious deformation of the
layered rocks near the fault. However, just north of the
Allt nam Ba, the allivalites of unit | increase sharply
in dip towards the marginal gabbro (up to 3040° to
the west) although the contact is not exposed. The
Torridonian sediments in this area dip very steeply to
the west, in contrast to the regional dip of 10-20° to
the northwest. This situation is more consistent with
subsidence rather than uplift within the ring fracture.

2.b. The layered rocks

The LELS comprises some 250m of olivine-
and olivine-plagioclase—(clinopyroxene) cumulates.
Whereas the upper ELS rocks are mainly adcumulate
and heteradcumulate peridotites and troctolites, those
in the LELS are orthocumulates, often rich in
clinopyroxene. Peridotite forms the bulk of the upper
ELS sequence; in the LELS about 609 of the
thickness is allivalite. Chrome-spinel seams and
harrisite layers are often associated with the upper ELS
peridotites, but chromite seams are rare, and harrisites
unknown in the LELS.

Lateral lithological variation is a marked feature of
the LELS (Fig. 1). This makes the subdivision into five
units, as defined in the Allt nam Ba, rather difficult to
extend into the northern part of the area.






Lower Eastern Layered Series !

2b6.2. Unit 2 I

Unit 2 is only well exposed around the Allt nam Ba.
The unit is a complex one containing many subsidiary
peridotites and allivalites. The untt isjabout 65m
thick, most of this being peridotite. Thelcontact with
unit 1 is planar, sharp, with no chromc:-spincl seam.
A few metres above the base the peridotite contains a
slumped and contorted layer of allivalité, which thins
and disappears to the north. Such deforr{']ed layers are
commoninunits 2and 3. They aremarked by low-angle
folding and the development of load istructures of
peridotite into allivalite. Despite the inl'tensi[y of the
small-scale deformation these disturbed layers are
concordant with the enclosing rocks. Another such
layer occurs about 15 m below the main allivalite.
The main allivaliteisa c!inopyroxene-;lnoor troctolite
resembling the classic allivalites of the upper ELS. This
allivalite contains three small peridotite layers Each of
these has an undulating upper surface with* fingers’ of
peridotite extending up into the overlying rock. These
‘fingers’ cut sharply across reccumbent islump folds in
the overlying allivalite with no visiblqi deformation.
These are considered in detail elsewhere (Butcher,
Young & Faithfull, this issue). |‘
|
l

. 2.b.3. Unit 3 ' :

Unit 3 is the most extensive in the LELS, exhibiting
considerable lateralchangesin litholog)'/. The boundary
with unit 4 is only clear-cut in the south; to the north
the allivalite of unit 3'merges with that of unit 4, due
to the northward thinning of unit 4 peridotite. In the
Allt nam Ba section, unit 3 contains sep/eral subsidiary
allivalites and peridotites, and the main allivalite is
troctolitic in the basal parts. Elsewhere, the main
allivalite is largely an unlaminated clinopyroxene-rich
type, with troctolite confined to thin discontinuous
lavers. These clinopyroxene-rich rocksl'closely resemble
gabbros, and parts of the sequence pave in the past
been mapped as such, despite the|lack of visible
contacts and the presence of layering. Xenoliths are
fairly common in the clinopyroiene rich facies.
Beerbachite, troctolite, perndome dnd gabbro are all
represented. ,

Below the main unit 3 allivalite, edst of Loch Coxre
nan Grunnd, peridotite overlies a thl}u troctolite layer,
not traceable away from this localitgl. This contact is
notable for the development of three chrome-spinel
seams, the only ones seen in the LE;LS.

I
2.b4. Unit 4 ||
The peridotite taken as the base of||unit 4 in the Allt
nam Ba is only 2-3 m thick and has 4 rather weathered
and altered appearance. It cannot be traced far to the
north. In the Allt nam Ba the basal part of unit 4

allivalite is a well-layered, rather wefathered troctolite;

]
30 !
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this passes up into unlayered clinopyroxene and Fe-Ti
oxide-rich material with abundant xenoliths of
beerbachite and ultrabasic rocks. To the north of the
Allt nam Ba the troctolitic facies is not well developed,
and the orthocumulates of unit 3 pass up into those
of unit 4 with no clear boundary. This thick allivalite
is referred to as unit 3/4 allivalite. The xenoliths
becomes increasingly abundant with height in unit 4
until suddenly there is a decrease in grain size, over
about 2 m. This finer grained layer was mapped by
Brown (1956) as an ‘intrusive sheet of fine-grained
olivine gabbro’. However, the lack of obviously:
intrusive contacts, and the presence of layering
structures and xenoliths in both the fine-grained layer
and the underlying allivalite suggest that it may be part
of the layered series.

A wide variety of xenoliths occurs in these rocks.
Beerbachite blocks, up to 10 m long, with clots and
veins of calc-silicate minerals, finely laminated
anorthosites and troctolites, peridotite and gabbro are
all represented. These display a number of mineral-
ogical curiosities. Ferri-fassaite, green in the field,
bright yellow in thin section, is common in the
calc-silicate rocks, together with grossular, plagioclase,
and other minerals. This intimate association of
calc-silicates with beerbachite strongly suggests that
these xenoliths may represent thermally metamor-
phosed amygdaloidal basalts. One of the fine-grained
anorthosite xenoliths (rather similar to the fine-grained
plagioclase layers in unit 1) contains a layer rich in
poikilitic crystals of inverted pigeonite-indicating
that feldspar cumulates more fractionated than any we
now see were forming in the Rhum magma chamber.

2.b.5. Unit5

Unit 5 peridotite is not well exposed but, where
exposed, the contact with the overlying allivalite is
gradational, over a distance of about 1 m. Such
gradational peridotite-allivalite contacts are unusual
in the LELS; normally such contacts are sharp and
abrupt. In this instance the contact is marked by a zone
of fine scale (1-5 cm) olivine-rich and plagioclase-rich

.layers, the olivine-rich layers becoming thinner and

less clearly marked upwards.

The allivalite of unit 5 corresponds to the upper
‘intrusive sheet of fine-grained olivine gabbro’ of
Brown (1956). As with the lower sheet, it is difficult to
disprove an intrusive origin, although the gradational
lower contact, lack of net veining, and the presence of
good internal layering suggest similiarities with the
LELS allivalites rather than the clearly intrusive
gabbros.

Unit § allivalite is not so rich in xenoliths as the
fine-grained facies of unit 4, although beerbachite and
gabbro xenoliths are locally common. The allivalite is
well layered, and in places concentrations of Fe-Ti
oxides occur (Fig. 2). The upper part of this allivalite

GEO 122
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Figure 2. Layering in unit 5 allivalite. A prominent Fe-Ti
oxide-rich layer occurs at the level marked X-X.

|

[
develops, in places, a rather pale, wel] layered facies,
which Brown (1956) interpreted as relics of the
allivalite which had been intruded by|the sheet; explicit
evidence for this is, however, lacking.
I
[
|
Previous maps of the LELS havé shown differing
" numbers of small gabbro intrusior;xs in a variety of
places. Much of this confusion has stemmed from the
rather ‘gabbroic’ appearance of the LELS rocks,
together with the extent of ldteral lithological
variation, which was not prcvious]xI recognized. Most
of these have been reinterpreted as clinopyroxene-rich
allivalite. However, several small plugs and inclined
sheets of gabbro have been mapp:cd on the basis of
transgressive or chilled margins and lack of layering.
Two of these are intruded across the upper contact of
unit 5 allivalite, cutting both it dnd the overlying
peridotite.

Around the unit 3—-unit 4 boundary 1n the area below
Clough’s Crag, thin gabbroic veins;are common. This,
together with the rather alteréd appearance of
cumulates in the area, may indica:te the proximity of
a gabbro intrusion, perhaps below,the present erosion
level. This disruption occurs near the base of the
xenolithic layer in unit 4 allivalite and may have been
used by Brown (1956) as ev1dence for the intrusive
origin of this layer. Away from thls area no such effects
are seen, however, and it 1s suggested that there is no
connection between the two.

2.c. Gabbro plugs and sheets

|
3. Petrography |
[
Accounts of the petrography of the LELS are given in
Harker (1908) and in Brown (1956). An outline of new
observations is given below. |
|
3.a. Peridotite petrography :

Olivines are usually granular-:rounded in shape;
however, in places, particularly tt;‘)c peridotites in units

J. W. FAITHFULL

4 and 5, elongate crystals occur. These invariably
display lamination. In the small peridotite layer within
unit 5 allivalite, the elongate olivines appear to show
two intersecting laminations (Fig. 3a). While this may
be a depositional feature related to cross-lamination,
it may also be caused by rotational shear during
compaction of the crystal mush, or during growth in
situ. In several specimens there is a suggestion that
chrome-spinel crystals are concentrated along the
upper surfaces of olivine crystals (Fig. 3b). Such
structures have been described by J. A. Volker
(unpubl. Ph.D. thesis, Univ. Edinburgh, 1983) from
Trallval on Rhum, where he considered them evidence
for sinking of chrome-spinel crystals in the interstitial
liquid.

Sulphide minerals are common in trace quantities
(< 0.1%), but in unit 1 peridotite they are locally
abundant (1-5% of the rock), forming poikilitic blebs
up to 7 mm across. Primary phases are pentlandite,
pyrrhotite, chalcopyrite and cubanite. A little native
copper occurs associated with alteration.

3.b. Allivalite petrography

Allivalites are characterized by the presence of
cumulus plagioclase, which may or may not show
lamination. Where the crystals are poikilitically
enclosed in clinopyroxene, they are never laminated,
even if those outside are {Fig. 3c); and the crystals
inside are usually smaller than the crystals outside,
unlike in olivines in peridotite (Fig. 3d). This implies
that lamination, at least in allivalites, is not a
depositional feature, but is developed at a late stage,
probably due to compaction or shear of the crystal
mush.

Very fine-grained plagioclase-rich rocks occur as
layers and laminae in places. In these. the plagioclase
crystals form interlocking grains, and sometimes
develop triple-junction grain boundaries. They are
well layered and laminated on a small scale, with
variations in the size of the plagioclase and in the
abundance of mafic minerals defining the layering.
These rocks are common in units 1 (Fig. 3e) and 3, and
as xenoliths in unit 4 allivalite, where they occasionally
contain poikilitic crystals of inverted pigeonite (Fig.
3.

Olivine crystals are usually inclusion-free. and lack
the rounded—-granular habit typical of olivine in
peridotite. Habit does not seem to be rigorously
controlled by position within a unit, although
poikilitic olivine is rare in the basal parts of allivalites.
Elongate or skeletal olivines are lacking in allivalites.
In the slumped layers peridotite and allivalite are
partly mixed; two populations of cumulus grains can
be seen in thin section: the cumulus plagioclases and
rather irregular cumulus olivines of the allivalite, and
the rounded olivines and chrome-spinels of the

peridotite.
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contains about 5% of large sulphide blebs. These
consist of intergrown pyrrhotite, pentlandite, chalco-
pyrite, cubanite and mackinawite. Smaller blebs of
high-Ni pentlandite, pyrrhotite and chalcopynte are
also common. Further up in unit 1, the only sulphides
seen are small, sometimes composité grains of
pyrrhotite and chalcopyrite. Another sulphldc -rich
layer occurs in unit 3/4 in the Allt Mhor na h-Uamha,
where a plagioclase- and clmopyroxene rich layer
contains about 4%, of tiny pyrrhotite and chalcopyrite
blebs. \

|
3.c. Petrography of the gabbro plugs and sheel‘ts

The main minerals are clinopyroxene and plagioclase.
The former is usually pale brown, with marked normal
zoning. Sector zoning is well developed in some rocks.
Habit varies, from euhedral prism§ to ophitic
intergrowths with plagioclase. The ]atter forms narrow
laths, generally showing strong continuous normal
zoning. Other minerals present are: Fe-Ti oxides, as
large irregular grains; olivine, usually ds large altered
grains; and green amphibole. A fine-grained mesostasis
is often present, usually altered to chlonte this is one
of the best features for distinguishing the gabbros from
the clinopyroxene-rich allivalites. /

I

I

4. Bulk-rock chemistry |

As the LELS rocks are cumulates, bulk rock analyses
are of little use in establishing the evolution of liquids
in the magma chamber. The rock compositions are
controlled mainly by the proportions of olivine,
clinopyroxene, and plagioclase (Fig. 4a).

The status of the ‘fine-grained sheeté of olivine
gabbro’ (Brown, 1956) has already be¢n questioned on
the basis of field relations (sections 2.b.4 and 5).
Comparison of these rocks with the clearly intrusive
gabbro sheets and plugs, and the ‘normal’ allivalites,
reveals a close affinity with the allivalites (Fig. 4b). This
does not disprove an intrusive origin, but perhaps
supports the notion that these rocks ‘ére related to the
layered series rather than the gabbr(')s.

||
5. Cryptic variation |

I
In order to examine the extent of cryptic variation in

the LELS 90 samples were collected over a 250 m
vertical section near the Allt nam Ba

Clinopyroxene and olivine weré analysed in all
samples. Plagioclase was not exten$ively analysed as
preliminary studies indicated thl’at within-sample
variation was as great as or greater:‘than that between
samples. This has also been found-by other workers
on Rhum (Dunham & Wadswor.'th, 1978; Volker,
unpubl. Ph.D. thesis, Univ. Edinbufgh, 1983). At least
five analyses per section were made of clinopyroxene
and between three and eight of oll‘ivine. In nearly all

I
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Figure 4a, b. Bulk-rock variation diagrams for the rocks of
the LELS. Symbols: [J, peridotite; Q. allivalites; O,
‘intrusive sheets’ of Brown (1956); A, gabbro plugs and
sheets.

cases o was less than 0.3%, Fo, or Mg x 100/(Mg+ Fe).
In the case of clinopyroxene only core compositions
were used, as marginal zoning both of cumulus crystals
and poikilitic grains was frequently pronounced.

Even where considerable changes in texture or
modal composition are present over the area of a given
polished thin section, variations in mineral chemistry
are not seen. Thus cryptic variation is not detectable
on a small scale in the LELS rocks; it seems to be on
alarger scale than, and superimposed on, the fine-scale
lavering.

Variations in Fo content of olivine and in Mgn of
clinopyroxene (Mgn = Mgx 100/(Mg+ Fe)) with
height are shown in Figure 5, together ~with
stratigraphic data from the measured section. The
range in olivine compositions is from Fog, , to Fos,;
thus olivine compositions significantly more iron-rich
than any previously recorded from Rhum-Fo,,
(Palacz, 1984) — occur in the LELS.

The most obvious features of the cryptic variation
profile are the ‘peaks’ of Fo content associated with
peridotites. Nearly every peridotite, even those
< 20 cm thick or present as discontinuous slump
horizons within allivalite, shows this enrichment in Fo
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‘compared with the surrounding feldspar cumulates.
Conversely allivalite layers, even | where thin or
disturbed, are marked by “troughs’ of lower Fo
content. Progressive depletion of olivine Fo content
with height in a unit is not usually sce:n, although there
is a suggestion of general Fo depletion with height,

particularly in the allivalites of units 3, 4 and 5. The

184

other obvious feature of the cryptic variation profile
1s the presence of ‘reversals’ towards the top of alliva-
lite layers —i.e. the most evolved olivines are seen
some way below the top of the layer. Conversely the
most magnesian olivines in peridotites are seen some

way above the base.
The profile shown by the Mgn of clinopyroxene



466

follows that shown by olivine very clpsely, except in
the peridotite of unit 4 and the central portion of unit
1 allivalite. The former layer shows a much lower Fo
content than other peridotite layers, jand indeed the
olivines of the overlying allivalite are richer in Fo than
the peridotite itself. This may be cxpldmcd by the
presence of gabbroic veins in this area (scc section 2.c),
perhaps indicating that a subsurface gabbro intrusion
has modified the chemistry of the cimulates at this

level. The situation in unit 1 is problematic and is
discussed in section 6.c. '

I
|
6. Discussion |
6.a. Mineral chemistry |l|
There is compelling evidence that the mineral
compositions of thc LELS have béen modified by
various postcumulus processes. Work by Henderson
& Suddaby (1971), Henderson (1975) and Bevan
(1982) has shown, in Rhum and other intrusions, that
chrome-spinels generally show compositions which
have been extensively altered by reeliction with inter-
stitial liquid and other phases present. If such a process
operates in chrome-spinel, it seems likely to operate in
other phases. Butcher (this volume) has shown that
late-stage veins, representing evolved liquids in the
cumulate pile emplaced along fractulres. have modified
the chemistry of minerals, particularly olivine and
chrome-spinel in the surrounding cumulates over
distances of 1-2 cm. If re-equilibration can occur over
such distances when the rocks are relatively cool and
brittle, then with hot interstitial liquids in porous piles
the process should also be effective; This may explain
the remarkable constancy of olivine compositions in
individual samples. Further support for this comes
from the fact that olivines are neverzoned with respect
to Fo, even when co-existing pha'ses show extensive
zoning, implying that any zoning has been eradicated
by re-equilibration. |

The cryptic variation profile (Flg 5) suggests that
mineral compositions in a given pendoutc or allivalite
layer are affected by the composition of the cumulates
above and below. Where the layer§ are thin, or where
a layer has been disturbed or slumped in with the
enclosing cumulates, the compositional contrast is
lower than with thick and contimious layers.

The most magnesian clinopyroxene should be seen
as the earliest formed cumulus cry"stals in allivalites, as
these represent the first appearance of clinopyroxene
on the liquidus. This is not the case. The most
magnesian compositions are seen in the poikilitic
pyroxene within the unit 2 periddtite, associated with
the most forsteritic olivines. Generally the clino-
pyroxenes in peridotites are moreumagnesmn than any
in the overlying allivalite, and within allivalites

*intercumulus clinopyroxene low down is more

magnesian than the first cumulu$ grains higher up.
The sympathetic relationship between Mgn of

J. W. FAITHFULL

T?xble 1. Liquid Fe-Mg ratios calculated from olivines and
clinopyroxencs in selected LELS rocks, using the equations of Duke
(1976)

Sample number Fo Mgn Lo Lyzn
UITA2 79.2 84.2 0.875 0.606
U2P1 84.5 86.6 0.613 0.472
U4A3 70.5 78.5 1.395 1.005
U4A1s 70.0 76.1 1.429 1.200
U5A| 76.2 82.1 1.041 0.743
UsAL7 76.6 80.2 1.017 0.872

Ly, = molar Fe-Mg ratio of liquid calculated from olivine.
Lagn = molar Fe-Mg ratio of liquid calculated from clinopyroxene.

clinopyroxene and Fo content of olivine may provide
a clue to this. There is no reason, assuming that
mineral compositions are primary, why interstitial (i.e.
late-formed) clinopyroxene in a peridotite should
mirror the variation in Fo content of the cumulus
olivines. The clinopyroxenes crystallized from trapped
liquid and would be expected to show no variation, or
a random one, with height. The sympathetic variation
observed suggests that olivine and clinopyroxene
exercise a control on each other’s chemistry either by
equilibration with late- -stage migrating liquids in the
crystal pile, or by subsolidus Fe-Mg exchange. Duke
(1976) gives equations for calculating the Fe-Mg
ratios of mafic melts in equilibration with olivines and
clinopyroxenes. Applying these to rocks from the
LELS (Table 1) it can be seen that clinopyroxenes in
a given rock have apparently crystallized from more
magnesian liquids than the olivines, contrary to what
would be expected from the ordér of crystallization.
Apart from demonstrating that the mincral composi-
tions are not primary, this would seem to rule out
equilibration of both phases with interstitial liquids as
being the final contro] on mineral compositions. The
extent of equilibration is difficult to gauge due to poor
constraints on the olivine—clinopyroxene system
(Wood, 1976) and interference by other phases,
particularly oxide minerals.

The above effects can be divided into two groups:
those based on equilibration between solid phases. and
those based on liquid-solid reactions. The former seem
to have been the final control on mineral compositions,
explaining the paralle]l varniation of olivine and
clinopyroxene; however, it is likely that subsolidus
effects are only significant over small distances (a few
centimetres at most). To explain the large-scale cryptic
variation it is necessary to consider the movement of
interstitial liquids (section 6.¢).

6.b. Parental magmas

Various liquids have been proposed as parental
magmas for the Rhum layered rocks (Brown, 1956;
Gibb, 1976; Dunham & Wadsworth, 1978; Huppert
& Sparks, 1980). Recent unpublished work (Forster,
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unpubl. Ph.D. thesis, Univ. Durhéim, 1980; and
McClurg, unpubl. Ph.D. thesis, Univ. Edinburgh,
1982) has proved the existence of ultrabasic liquids
with up to 219 MgO in the Rhum dyke suite. Such
magmas would seem ideal parent |magmas for the
ultrabasic complex, being capable of erystallizing large
amounts of forsteritic olivine without the enormous
volumes of magma required for a basaltic parent
liquid. |
The relationship between primoc':ryst Fo content
and lhquid MgO content of dykes analysed by
McClurg (unpubl. Ph.D. thesis, Umv Edinburgh,
1982) is shown in Figure 6. Applymg this diagram to
the LELS rocks, a liquid of about }3% MgO would
account for the most magnesian olivines observed
(Fog;5)- However, this can only be regarded as a
minimum value, as the observed Fo contents in the
LELS are likely to be somewhat lou:/er than when they
first crystallized. An analysis by J.; E. McClurg of a
dyke near to this composition is given in Table 2.
|
I
|

6.c. The formation of the LELS '

The alternations between peridotite and allivalite
have, since the work of Brown (1956), been ascribed
to the repeated replenishment of the magma chamber.
This is supported by the pattern 6f cryptic variation,
in which peridotites have more ymagnesmn olivines
than the overlying and underlymg allivalites.

Recent work on the behaviour of open-system
magma chambers (Huppert & Sparks, 1980) suggests
that replenishment of a basic magma chamber by
picritic liquids would result in ponding of the hot,
dense new magma under the lighter cooler residual
magma. Olivine crystallizes from the picrite, which
converts strongly as it loses hcat to the overlying
liquid. As olivine crystallizes, the densxty of the magma

!
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Table 2. Analysis of dyke B622

Trace elements

(ppm)

Major element
oxides (%)

Si0, 4532 Ni 350
ALO, 1292 Cr 751

Fe,0, 1217 V 333
MgO 1234 Cu 160
Ca0 11.47  Sc 36
Na,O 192 Pb 4
K,O 0.14 Rb 1
TiO, 1.53 Sr 239
MnO 0.19 Ba 24
P,O, 0.13 Th 0
Y 19
Zr 94
Nb 1
La 7
Ce 12
Nd 8

Analysis of dyke from unpublished Ph.D. thesis of J. E. McClurg
(Univ. Edinburgh, 1982), with permission. A similar liquid may have
been parental to the LELS.

in the lower layer decreases. Eventually the tempera-
tures and densities of the layers approach equality, and

" the boundary between them breaks down. This marks

the end of peridotite formation. The fractionation of
picritic~tholeiitic melts is often marked by a density
minimum at around the point where plagioclase begins
to crystallize in quantity (Stolper & Walker, 1980;
Huppert & Sparks, 1980). Thus the magmas from
which the more fractionated allivalites (units 1, 3, 4,
S) crystallized may have been denser than those which
formed the more primitive troctolitic types (unit 2,
most of the upper ELS units). A picritic melt emplaced
into cooler, more evolved magma will thus mix more
quickly than one emplaced into hotter magma with a
composition around the density minimum, due to the
lower density contrast. It will also lose heat faster; this
may explain the abundance of elongate olivine crystals
in the peridotites of units 4 and S, as such habits are
encouraged by fast cooling (Donaldson, 1976).

If the picntic liquid is denser than the interstitial
liquid in the underlying crystal pile, it may sink into
it, displacing the evolved liquids (Tait, Huppert &
Sparks, 1984; Sparks et al., this issue). This would
seem to be a potent mechanism for producing the
reversals in cryptic variation seen at the top of
allivalites, the olivines re-equilibrating with the new
Mg-rich magma. Reversals are small or absent at the
tops of unit 3 and unit 4 allivalites; perhaps the density
of the interstitial liquid in these evolved cumulates was
such that convective exchange with the overlying
picritic liquid was not possible. A problem here is the
large reversal shown by unit | allivalite which, given
the evolved nature of the olivines, might be expected
to have had interstitial liquid as dense as that in units
3 and 4. However, unit 1 allivalite shows evidence for
early (cumulus) Fe-Ti oxides (section 3.b). Early
crystallization of such phases may have caused a

B} R e e e e

PR = T A W P TN A T o7 . T

A by g e



2 TUR P o sy e Ty o DT ele st ¢ e

LI s mgmen v y

468 l

continuous decrease in density with fractionation,
allowing the picritic liquid to sink in. Coryllditions of.
higher f,, could account for such behaviour. Such
early removal of Fe from the magma might also
explain the magnesian character of the clinopyroxenes
in unit 1 allivalite. 1

The model of Tait, Huppert & Spaj|rks (1984)
predicts that while evolved orthocumulates are
forming at the magma chamber ﬂoq'r, evolved
adcumulates will be forming at the roof It is
interesting to note thatevoived adcumulalq’s (including
the pigeonite-bearing xenolith) are associated with
roof- or wall derived xenolithic ma;tcrial. This
assemblage also includes thermally metamorphosed
amygdaloidal basalt, suggesting that|the Rhum
magma chamber may have been in contact with
Tertiary basalts. |'

The LELS rocks are in general less ultrabasw than
those elsewhere in Rhum, both in terms of the
abundance of peridotite and in terms ,'of the rather
more evolved mineral compositions. Thlis may be due
to replenishment by smaller pulses of picritic liquid,
which would crystallize less peridotite and allow the
accumulation of lower-temperature, fnore evolved
cumulates. The frequent emplacement of large picritic
pulses would, in addition to producing'flargc volumes
of peridotite, tend to maintain the chamber at a high
temperature, thus giving the primitivq,' compositions
typical of the upper ELS cumulates. |
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Abstract — Finger-like protrusiéns of peridotite are developed on Rhum where peridotite is overlain
by allivalite. These structures, which were described by Brown as "upward-growing pyroxene
structures’, are found in the folllowing environments: at the main intra-unit junctions; along the upper
surface of subsidiary pendomes in certain allivalites; and along the lower surface of allivalite blocks
in some peridotites.

The structures generally take the form of parallel-sided or tapering protrusions with circular
cross-sections. The tops of fingers are conical or hemispherical in shape. Typical dimensions are: finger
amplitude, 2-5 cm: finger dxameter up to 3 cm; and finger wavelength, 5-10 cm. Peridotite in the
finger is modally and texturally similar to the underlying layer, varieties range from feldspathic
peridotite to dunitic pendou'tc. In the field the fingers apparently cut through layering, laminae and
Jamination without any associated disruption of the planar structures. -

Two contrasting mechanisms of formation are discussed: vertical deformation of crystal mushes,

. i ; . .
and metasomatic replacement. On balance, we prefer to interpret the fingers as evidence for the

replacement of pre- exnstmg.alhvalne by secondary peridotite. Replacement was achieved by pore
magma from the undcrlvmg peridotite migrating upwards into the overlying allivalite, in response

to compaction. This pore magma was able to resorb plagioclase but crystallxze olivine and pyroxene

in its place. i

I
1. Introduction r;

Recent detailed mapping on Rhum has established
that the layered intrusion can be envisaged as an early
well layered series of rocks, now comprising the
Eastern Layered Series (ELS) and Western Layered
Series (WLS), intruded by a later transgressive body
of largely unlayered uitrabasic rocks comprising the
Central Series (CS) (unpub. Ph; D. theses by J.E.
McClurg, 1982, and J. A. Vqlker 1983, Univ.
Edinburgh). The layered series may be further
subdivided into major cyclic unitsj(Brown, 1956): such
a unit is defined as an olivine-rich lower layer
(peridotite) overlain by an upper plaaloclase -rich layer
(allivalite). ;

Conventionally, the cyclicity jof the Rhum strati-
graphy has been interpreted as the result of periodic
replenishment of the magma chamber (Brown, 1956;
Wadsworth, 1961), although Young (unpub. Ph.D.
thesis, Univ. St Andrews, 1984) has tentatively
proposed contemporaneous crystallization of different
types of cumulates in a vertically zoned magma
chamber. The basic assumption in the interpretation
of the layers has been that the p‘fescm lithostratigraphy
is essentially a primary featire. However, compo-
sitional modification by pc'rvasive or channelled
Present addresses: * Institute 1or IGeologn:al Research on the
Bushveld Complex, University of Pretoria, Hillcrest, Pretoria, 0002,
Republic of South Africa. 1 Department of Geology, University of
Leicester, University Road, Lciccslclf LEI 7RH. UK.
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metasomatism may have occurred (J. A. Volker,
unpub. Ph.D. thesis, Univ. Edinburgh, 1983; Butcher,
this issue).

In this paper we describe structures, termed *finger
structures’, which indicate that modal replacement of
allivalite by peridotite has occurred on Rhum, on both
a local and massive scale, producing rocks texturally
and compositionally indistinguishable from presumed
cumulates in the intrusion. The importance of this
conclusion for interpretations of Rhum lithostrati-
graphy is assessed and a tentative, qualitative model
for the formation of these secondary rocks is
proposed.

2. The finger structures

The contacts between peridotite and overlying
allivalite on Rhum are commonly characterized by
finger-shaped protrusions of peridotite into allivalite.
These structures were first described by Brown (1956),
who compared them to the ‘fingers of an outstretched
hand’ and named them upward-growing pyroxene
structures. Since they do not necessarily contain
pyroxene, and have not formed by pyroxene growing
upwards, we propose that they be called ‘finger
structures’ on account of their geometry. This is in
keeping with the terminology used by Robins (1982)
for describing similar structures in the Lille Kufjord
intrusion.

Finger structures are commonly developed through-

—pre - O -y 5 W e S S B 2 o

T —



492

out the ELS and CS, but only three : areas have been
studied in detail: the Halhval—Asklval area (ELS); the
Minishal area (CS); and the Long Ildoch area (CS).
Fingers have not been found in the WLS,

2.a. The Hallival-Askival area i

Figure 1 summarizes the principle,‘l localities where
finger structures are developed. j‘he three main
environments are: (i) along the !main intra-unit
contacts (e.g. Units 6-11); (ii) along ;'the upper surface
of subsidiary peridotite layers in cert;'lin allivalites (e.g.
Units 2, 8, 12, 13, 14); and (iii) along the lower surface
of allivalite blocks in peridotite (e.g;'. Units 9, 10, 11).
Because fingers at intra-unit comac’ts are the same as
those in (i1) above, only fingers from environments (ii}
and (iii) are described.

]
2.a.1. Fingers associated with subsidiary peridotites
!

Unit 2, Allt nam Ba. Unit 2 of the ELS contains a
number of subsidiary peridotites within the allivalite,
best exposed in the Allt nam Ba (Fig. 1).

Figure 2a shows that the alli\l'falite (6.5 m thick)
contains three thin peridotite layers. Each of these has
a sharp planar base and a ﬁngcre_‘a top, although the
fingers are rather small (1-3 cm jin amplitude). The
allivalite above the lowest peridotite has well
developed recumbent slump fo]ds| — these are sharply
cut across by the fingers (Fig. 3).! .

To the north the peridotites th:ckcn somewhat, and
deformation becomes more markled with the peridotite
layers becoming locally discontinuous due to loading,
with flame structures of al]i'valite injecting the
peridotites. Fingering is more prominent on the upper
surfaces of the peridotite layers than it is to the south.

A few tens of metres to tht=T north the allivalite
presents a different spectacle. The upper part has been
extensively disrupted by ﬁnge'r development, with
merging of subsidiary pendomes leaving only a few
relic fragments of plagioclase- cumulate (Fig. 2b). The
peridotites often show ‘inverted mushroom’ style load
structures, the upper surfaces of which show the
development of fingers. ;
|
Unit 8, northeast Askival P[atq’au The fingers at this
locality (Fig. 1) are the same as Brown's (1956)

‘upward-growing pyroxene structure A schematic
strike section of the exposure is given in Figure 4.

At the southeastern end. up!to six minor peridotite
horizons can be dlstmgulshed Finger structures are
developed along the upper cpntacts of layers A, B
(Fig. 5a,b), E and F. The lower contacts are either
planar or slumped (load strﬁcturcs") Towards the
northwest, exposure is mcomplete and only the bottom
two layers (A and B) are found Both layers thin away
towards this direction and merge with the allivalite.
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Close inspection of weathered surfaces shows that
the fingers cross-cut the feldspar lamination in the
allivalite (Fig. 5b). Peridotite in the finger is texturally
similar to the underlying layer (a general increase in
clinopyroxene content is apparent in both at the
northwestern end of the section). Layer B (figured by
Brown, 1956, plate 2. fig. 20) contains fingers of
variable orientation: someare vertical; others prefercn-
tially lean in one direction.

Thin sections of samples from layers A and B
(Fig. 6) show that the finger structures are formed of
tabular olivines enclosed by large poikilitic clino-
pyroxene crystais (Brown, 1936). Plagioclase only
occurs as rare interstitial patches.

Brown (1956) made several important microfabric
observations on fingers from this locality. He noted
that the tabular olivines near the edge of the finger are
orientated parallel to the periphery of the structure,
while in the core they are random, as is seen in Figure 6.
He also established that tabular crystals of olivine
and plagioclase in the overlying allivalite are orientated
roughly horizontal, except at the contact with the
structure where they are rotated out of alignment and
now lie sub-parallel to it. This can also be seen in
Figure 6 (the deflection of the lamination is not
sufficiently dramatic to be picked out on a weathered
surface; see Fig. 5b). Peridotite 1 cm below the base
of the finger in Figure 6 is a typica); well-laminated
olivine cumulate. At distances greatcrtl'han 3 cm below
the finger, the cumulus olivines change in shape from
tabular to anhedral.

Unit 14, west Hallival. The allivalite section of Unit 14
directly below the summit of Hallival contains several
layers of olivine cumulate, but all are classed as
belonging to one unit for practical reasons (after
Brown, 1956). A measured section through the
allivalite on the western side of Hallival (Fig. 1) is given
in Figure 7a.

The main intra-unit junction is gradational but in
the overlying allivalite the subsidiary peridotites all
have sharp contacts (except where indicated in
Fig. 7a). Finger structures were recorded by Brown
(1956) in this part of Unit 14; Figure 7a shows they
are ubiquitous, and only three peridotite horizons do
not contain them along their upper contacts. Some of
the structures are remarkablv regular and finger-like
(e.g. Fig. 7b,c); others are highly irregular (Fig. 7d).

Three different peridotite horizons have been
sampled (Fig. 7a; samples HF9. HF4. HF3) and all
show that the Unit 14 fingers are texturally unlike
those already described from Unit 8. Firstly. the finger
peridotite consists of anhedral rather than tabular
olivines. Secondly, the clinopyroxene gruins (and
occasional plagioclase) which enclose the anhedral
olivines do not form well-developed oikocrysts.
Thirdly, the allivalite is unlaminated in all samples.
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2.a.2. Fingers ussociated with alliyalite blocks
!

The peridotite sections of Un:its 9, 10 and 11 contain
impersistent horizons of allivalite blocks in northwest
Coire Dubh, southeast Coirel' Dubh and the Askival
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Figure 1. Geological map of the H‘éllival and Askival area showing the principal localities where finger structures are developed.

Plateau area, respectively (Fig. 1). The orientation of
layering in the blocks is similar to that found in the
surrounding peridotite suggesting they are not
xenoliths but instead relic fragments of an originally
continuous allivalite layer (or layers). The blocks all
GEO 122
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3. Mineral compositions

A preliminary microprobe study has been carried out
on samples of six different finger structures, and the
results are summarized in Figure 12.

3.a. Olivine and clinopyroxene

All samples analysed show there are no significant
differences in the compositions of olivine and
clinopyroxene between finger peridotite and the
overlying allivalite. There are also no systematical
changes in the composition of these minerals either
with position within a finger (e.g. Minishal; A, B) or
with position in peridotite below a finger (e.g. Unit 8;
1-3). All olivine is unzoned; clinopyroxene is normally
zoned at the extreme margins of some grains (only core
compositions are given in Fig. 12).

Figure 8. Block of layered allivalite in felfl:lspathic peridotite,
Unit 11, Askival Plateau. A chrome-ispinel layer (c) is
present along the upper surface of the bllock which extends
into the surrounding peridotite. '
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Figure 9. Sketch map of the geology of the Minishal and Long Loch areas, modified after J. E. McClurg (unpub. Ph.D thesis,
Univ. Edinburgh, 1982). Symbols: LLF, Long Loch Fault; MRF. Main Ring Fault. Arrowed box indicates the position of
the Minishal locality referred to ifi the text; rectangular box shows the area covered by Figure 10.
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I
Figure 7. Finger structures in Uhit 14 allivalite, west Hallival. (a) Skeich stratigraphic section through Unit 14 allivalite,
showing the contacts along which finger structures are developed (schematically represented by bulges along upper surfaces of
subsidiary peridotite layers). (b)/ Two peridotite layers with weakly devcloped finger structures along their upper contacts.
(c) Regular shaped finger structures. The lower contact of the peridotite is characteristically planar. Note the complex slump
structures in the allivalite above the fingers, and the feldspathic veins cutting both peridotite and allivalite. Scale: 50 pence
coin, middle of exposure. (d) Irregular shaped protrusions of peridotite (generaily plate-like), developed above a well-layered

subsidiary olivine cumulate. |
!
|
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- Parts of finger | OLIVINE CPX PLAGIOCLASE
Location covered by thin Fo Mgr An
section ALLIV. [FING. A F A F
843 | 842|849 | 862 (86.4-828| 761-61.7
Minishal
(CS) 848 | 849 | — | 860 |859-83.3 |805-616
B36 | 827 | 855 | — |86.5-84.5|84.5-69.2
Unit 14 829 | 828 | 850 | 850 | ss4-85.2| 87.3-788
Allivalite -
847 | 842 | 858 | 859 | 895-859 | 882-64.2
Unit 11
Allivalite 845 | 852 | 885 | 878 | 844-822 | 772-578
820 | 8.7 | 86.1 | 85 |852-833 —
Unit 8 — | 820| — | 850 — 82.0-75.3
Allivalite -
— | 8l6 — | 841 —_ 757-72.8
8.0/ 809 | 838 | 854 | 85.2-80.1 | 854-71.5

Figure 12, Summary of electron mlcroprobe data of finger structures from the Minishal area (CS) and the Hallival-Askival
area (Units 8, 11 and 14). Fo and Mgr, 100 Mg/(Mg+ Fe) ratios. An, 100 Ca/(Ca+ Na) ratio; values given are ranges of
plagioclase ‘core’ compositions. Analyses were made on a modified Cambridge Instrument Company Geoscan fitted with a
Link Systems model 290-2KX energy-dispersive spectrometer. Average compositions for all phases were determined from at

least 5 analysed spots of 5 different crystals.

5. Discussion |

In a recent paper, Robins (198?) has suggested an
origin for the finger structures in the Lille Kufjord and
Rhum intrusions. His conclusion is that they are not
deformational structures but formed by metasomatic
replacement of allivalite by pcri(liotite.

In the discussion below, three different mechanisms
of formation are considered in the light of the new
field, textural and mincralogicai observations on the
Rhum fingers: !

(a) deposition of allivalite on an irregular peridotite
floor; '

(b) deformation of crystal mushes

(¢) metasomatic replacementl.

5.a. Deposition on an irregular floor’

One possible explanation of lh;c Rhum fingers is that
they represent the morphology; of the peridotite floor
prior to deposition of the allwallte This might explain
fingers with small amplitudes (e g. Fig. 7b, c) but not
pipe-like structures or other | imore complex shaped

|
|
|

protrusions (e.g. Fig. 7d). Also, transgressive relation-
ships suggest the fingers formed after deposition of the
allivalite and not before it (Figs 3 and 11).

5.b. Vertical deformation of a crystal mush

A more plausible mechanism is that the finger
structures formed by vertical deformation of an,
unconsolidated olivine cumulate into overlying, rela-
tively more consolidated, allivalite. However, this is
extremely difficult to reconcile with: (i) the overwhelm-
ing field evidence that layered allivalite near to
cross-cutting fingers is apparently undeformed; (ii) the
structures having formed at contacts where there is a
normal density gradient (as suggested by the present
rock densities). Analogous deformation structures in
layered clastic sediments always develop in reverse
density gradients (Anketell, Cegla & Dzulynski, 1970).
The morphology of the fingers is also different from
the mushroom-like load structures described by Thy
& Wilson (1980) from the Fongen-Hyllingen
intrusion,
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5.0.1.

Lack of deformalionl'.

Deformation is not obvibus at outcrop scale (Fig. 11),
but there is some evidélnce from thin sections that
disruption of laminated crystals has taken place. For
example, in Unit 8 tabular olivines in the finger lic
parallel with the margms of the structure, whereas in
the peridotite below the ﬁlnger they lie parallel with the
general orientation of the'layering. Also, lamination in
the allivalite is deflected upwards at the finger contacts.
However, we consider the deformation to be on too
small a scale if the ﬁnge'rs had formed by a process
involving only diapiric m&rusmn of peridotite into
allivalite.

l
5.b.2. Relative density l'.
|
Lee (1981) has described '§imilar structures from the
Bushveld Intrusion which formed in normal density
gradients. The structures, t‘lermed ‘flames’ rather than
‘fingers’ by Lee (1981),! occur where anorthosite
overlies chromitite or py'lroxenite; and norite over
harzburgite or chromitite. Because these structures are
similar in many respects to those in reverse density
gradients in clastic scdlmems Lee has inferred that
interstitial liquid playedl an important part in
controlling the relative density and viscosity of the
adjacent cumulate layers.

A similar mechanism for the Rhum structures is
suggested by the recognilior'g of a density minimum in
the MORB liquid line of déscent (Stolper & Walker,
1980; Sparks, Meyer & Sigurdsson, 1980). Huppert &
Sparks (1980) consider tha’lt liquids parental to the
Rhum peridotites were picritic and those parental to
the allivalite were basaltic. |Assuming this to be the
case, liquid trapped within tﬁe olivine cumulates must
initially have become less dense on fractionation of
olivine, whereas that trapped in the allivalites must
initially have become moreldense on fractionation.
Thus, it is possible that llqmd present in the olivine
cumulates was initially, or beqame, less dense than that
in the feldspar-rich cumulates. Field evidence (section
2.a.1) indicates that the allivalite contained a low
porosity at the time of finger formation (i.e. fingers
post-date slumping and lamitlllation). Calculations by
one of us (IMY) suggest that an allivalite mush
containing, for example, 30% interstitial liquid will
.only be more dense than a perldome mush if the latter
contains 809 liquid or more (the densities of the
liquids in the allivalite and pendome are assumed to
be 2.75 and 2.70 g/cm?, respective]y). Unreasonably
large amounts of interstitial liquid are needed in the
peridotite (up to 809, ) before gravxtauonal instability
can be induced. .

Although loading of two crystal mushes with the
properties outlined above overcomes the relative
density problem, this mechani$m cannot account for
the field evidence that pendoute has apparently been
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generated at the expense of allivalite, and that fingers
transgress allivalite layers causing negligible distortion
in comparison with their size. We therefore believe that
finger formation requires some mechanism in addition
to simple loading of crystal mushes.

5.c. Metasomatic replacement

This involves the selective replacement of pre-existing
allivalite by secondary peridotite within the crystal
pile. Perhapsthe mostattractive feature of metasomatic
replacement as a model for finger formation is that it
may take place on a volume-for-volume basis (Irvine,
1980).

S.c.1. Mechanism

In this model we envisage a situation just prior to the
finger formation event where a peridotite laver of high
porosity was overlain by an allivalite laver of relatively
low porosity. We assume the interstitial liquid in the
peridotite at that time was lighter than that in the
overlying allivalite (section 5.b.2).

We now suggest the two layers underwent compac-
tion. Compaction was most effective in the peridotite
because of the loosely packed crystal framework and
the lower density of the interstitial melt (McKenzie,
1984); thus liquid in the peridotite was driven upwards
into the allivalite in the form of fingers. Because this
liguid was not in equilibrium with the allivalite, this
would result in resorption of both feldspar and olivine
in the allivalite until all of the feldspar was consumed,
assuming strictly isothermal conditions. However, if
the peridotite liquid was relatively hotter than that in
the allivalite mush, cooling of this liquid as it was
expelled upwards would allow feldspar alone to be
resorbed and olivine to crystallize (Bowen, 1928,
McBirney, 1979). In either case resorption of feldspar
would be accompanied, or succeeded by, crystallization
of olivine.

The compaction-metasomatism process outlined
above involves the flow of liquid in only one direction
and is therefore similar to Robins’ (1982) model.
Following Irvine (1980), Robins explained finger
structures in the Lille Kufjord and Rhum intrusions
as the result of metasomatic replacement by upward
migrating intercumulus liquid.

A possible alternative model, which relies on fluid
dynamic instability rather than compaction as the
mechanism for expelling liquid from the peridotite.
is well illustrated by the experiments of Sparks et al.
(this issue). They describe finger-like protrusions
developing where heavier fluid sinks into a porous
media of light fluid. In the present study this could
correspond to dense melt in the allivalite sinking and
light melt in the peridotite rising; flow of liquids in this
model is therefore in two directions. If liquid-liquid
loading was the mechanism of finger formation, then
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the possible subsequent mety'asomatic effects of dense
allivalite pore magma sinkling into the peridotite
should be found; i.e. downward protruding allivalite
fingers. This is not the case.iand we therefore prefer
tointerpret the peridotite ﬁng{:ring asthe manifestation
of a compaction-metasomatism process. Indeed,
effective exchange of melts Wé‘lS probably not possible
if, at the ume of finger formation, the allivalite was
well compacted and of a low porosnv as suggested by
field observations. '

l

3.2 Textures and mineral chemistry
|

Metasomatic replacement is no'lw generally accepted as
a likely process in layered intrusions (e.g. Skaergaard
and Duke Island: Irvine, 1980:\|Bushveld: Cameron &
Desborough, 1964 and Schiffries, 1982). The recog-
nition therefore that rcplaceme'pt may have also taken
place on Rhum is particularly iriteresting because most
finger peridotite shows typical cumulate textures -
apart from its transgressive béhaviour it cannot be
distinguished from normal olivine cumulates (thought
to have formed by primary igneéus processes). Indeed,
there is no textural evidence at thin section scale to
suggest that any reaction has .takcn place between
crystals and upward infiltrating hquxd (e.g. rounded or
embayed plagioclase tablets ncar to finger contacts,
reaction rims, etc.). -

The microfabrics exhibited by tabular olivines in
some fingers (e.g. Unit 8) are not difficult to reconcile
with a replacement model. An alternative to the
deformational interpretation (section 5.b.1) is that the
tabular olivines (Fig. 6) are néI)t primary cumulus
crystals. but instead were “precipitated from the
metasomatizing pore magma. If this assumption is
correct, then their present on'ent%ltion parallel to the
periphery of the structure can be explained by the
upward moving magma having fdlrceful]y shouldered
them aside and effectively * plastering’ them to the sides
of the growing finger (see Irvine (ll980, p. 362), where
upward flow of intercumulus hquid in the Muskox
Intrusion was thought to be sufficient to align cumulus
olivine crystals). Alternatively, the %)livine crystals may
have grown in their present position in response to
physico-chemical gradients during: assxmxlauon of the
allivalite. '

The upward deflection ofcumuhis plagioclase laths
adjacent to the fingersis also not pro'lb]cmalic. Thiscan
be tentatively ascribed to slight movement at the
contact during crystallization of the secondary
peridotite. Also, rotation of thc'; laths indicates
interstitial liquid was present in the allivalite at that
time. l

Our observation that fingers are dc‘,vclopcd along the
lower surfaces of allivalite blocks in certain peridotites
(section 2.a.2) is taken by us to prov'.ide more definite
evidence for metasomatic replacemerit on Rhum; they
therefore lend support to the lhc'?ory that finger
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structures in other environments (e.g. at intra-unit
contacts, in subsidiary peridotites, etc.) also formed by
replacement. We explain the blocks as having formed
by the incomplete replacement of subsidiary allivalite
layers by secondary peridotite. A mechanism involving
plastic deformation can largely be discounted because
the chrome-spinel layers which continue in the
peridotite from blocks are undeformed (section 2.a.2).
Thus the blocks are held to record replacement on a
massive scale.

Perhaps one of the most puzzling features of the
Rhum structures is the remarkably constant compo-
sitions shown by minerals in peridotite directly below
a finger, within a finger, and in allivalite overlying a
finger (Fig. 12). Intuitively, one might expect a
difference if the penidotite had formed by replacement
and the allivalite by pnmary igneous processes.
However, it could be argued that further infiltration
metasomatism has modified any chemical effects
resulting from finger formation.

6. Conclusions

Finger-like protrusions of peridotite are not geological
curiosities on Rhum - they occur throughout the ELS
and CS in several different environments where
peridotite 1s overlain by allivalite.

We have argued that finger formation is best-
explained by metasomatic replacement (Robins,
1982). There is overwhelming evidence at outcrop scale
that fingers transgress layers without causing
perceptible distortion, and this is consistent with the
allivalite having been replaced by secondary peridotite
on a volume-for-volume basis. When deformation
fabrics are found, they are on a scale which is
considered too small if the fingers had formed only by
injection of peridotite into allivalite.

The model we propose requires a peridotite of high
porosity to be overlain by an allivalite of low porosity.
Intercumulus liquid in the peridotite should be lighter
than that in the allivalite. The process of finger for-
mation starts when the two layers undergo compac-
tion, allowing relatively light pore liquid in equilibrium
with the peridotite to move upwards into the overlying
allivalite in the form of fingers. This liquid resorbs
plagioclase in the allivalite but crystallizes olivine and
clinopyroxene in its place, producing secondary
olivine-cumulates indistinguishable from other perido-
tites in the intrusion. The upward deflection of
plagiociase laths in the allivalite near to the structures
suggests slight movement occurred at the contact
during crystalhization of the secondary peridotite.

Thus, finger structures found where allivalite
overlies peridotite are taken to provide evidence for
postcumulus replacement on a local scale (i.e. within
the finger-shaped area now occupied by the structure),
whereas fingers associated with allivalite blocks
indicate replacement on a massive scale (i.e. large
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portions of the Rhium stratigraphy have been
obliterated and only relic blocks now remain).

This conclusion obvliously has far-reaching impli-
cations for the interpretations of layered intrusions.
The present structures have all been recognized
because of their form and obvious discordant
relationships with the la'yered rocks. However, there is
a possibility that replacement may take place even
where discordant relationships are not obvious, i.e.
where the evidence for fingering may be on a very
different scale (smaller amplitude to wavelength ratio),
or even absent. Compllete replacement of allivalite
layers without relic blocks must also be considered.

Also, the present stludy suggests that tabular or
anhedral crystals (e.g! olivine) cannot always be
assumed to be cumulys in status. Many apparent
variations in cryptic !ayering' may therefore only
represent postcumulus, crystallization of secondary
bodies. It is clear then that extreme care must be taken
ininterpreting magma evolution from cryptic variation
profiles through cyclic units on Rhum.

As most of the conqlusions reached in this paper
have come from field observations, future work on
Rhum should include détailed chemical studies on the
layers identified here las having been formed by
replacement. This will allow an even better assessment
of the extent to which, postcumulus processes have
determined the present |textural and chemical features
on Rhum. j

|

\
Acknowledgements. This study would not have been possible
without the permission of the Nature Conservancy Council
to work on Rhum, and the award of Research Studentships
by the Natural Environment Research Council, for which we
are all grateful. Dr R. S. J, Sparks is thanked for suggesting
ways of improving our ideas on finger formation. Mrs
Marina Potgieter drafted the figures, and Mrs Ina Bornman
typed the manuscript. |

. [
References |

ANKETELL, J. M., CEGLA, J. & DzuLynskl., S. 1970. On the
deformational structures in systems with reversed
density gradients. Annales de la Société Géologique de
Pologne 40, 3-30.

Bowen, N. L. 1928. The \Evolution of the Igneous Rocks.
Princeton University iPress‘ 334 pp.

Finger structures in the Rhum Complex

Browx, G. M. 1956. The layered ultrabasic rocks of Rhum,
Inner Hebrides. Philosophical Transactions of the Royal
Society of London B240. 1-53.

BUTCHER, A. R. 1985. Channelled metasomatism in Rhum
layered cumulates - evidence from late-stage veins.
Geological Magazine 122, 503-18.

CaMeron. E. N. & DesporoucH. G. A. 1964. Origin of
certain magnetite-bearing pegmatites in the eastern
Bushveld Complex. South Africa..dmerican Mineralogist
62, 1082-96.

HupPpPERT, H. E. & SParks. R. S. J. 1980. The fluid dynamics
of a basaltic magma chamber replenished by influx of
hot. dense ulirabasic magma. Contributions to Minera-
logy and Petrology 75. 279-89.

IrvINg, T. N. 1980. Magnetic infiltration metasomatism,
double-diffusive fractional crystallization. and adcum-
ulus growth in the Muskox intrusion and other
layered intrusions. In Physics of Magmatic Processes
(ed. R.B. Hargraves), pp. 325-83. Princeton. N.J.:
Princeton University Press.

Lee. C. A. 1981. Post-deposition structures in the Bushveld
Complex mafic sequence. Journal of the Geological
Society of London 138, 327-41.

MCcCBIRNEY, A.R. 1979. Effects of assimilation. In The
Evolution of the Igneous Rocks (ed. H. S. Yoder, Jr.),
pp- 307-38. Princeton, N.J.: Princeton University Press.

MCcKENZIE, D. P. 1984. The generation and compaction of
partially molten rock. Journal of Petrology 25, 713-65.

Rosins, B. 1982, Finger structures in the Lille Kufjord
layered intrusion, Finnmark, Northern Norway. Con-
tributions 10 Mineralogy and Petrology 81, 290-5.

ScHiFrrIES, C. M. 1982. The petrogenesis of a platiniferous
dunite pipe in the Bushveld Complex: infiltration
mectasomatism by a chloride solution.  Economic
Geology 77. 1439-53.

SpaRrkS, R. S. J., HuprperT, H. E.. KERR, R. C.. MCKENZIE.
D.P. & Tait, S. R. 1985, Postcumulus processes in
layered intrusions. Geological Magazine 122, 555-68.

SpARrKS, R. S. J., MEYER, P. & SiIGURDssON. H. 1980. Density
variation amongst mid-ocean ridge basalts: implications
for magma mixing and the scarcity of primitive lavas.
Earth and Planetary Science Letters 46, 419-30.

STOLPER, E. & WALKER, D. 1980. Melt density and the
average composition of basalt. Contributions to Minera-
logy and Petrology 74, 7-12.

THY. P. & WiLsox, J. R. 1980. Primary igneous load-cast
deformation structuresin the Fongen-Hyllingen layered
basicintrusion, Trondheim Region, Norway. Geological
Magazine 117, 363-74.

WaDsWORTH, W. J. 1961. The layered ultrabasic rocks of
south-west Rhum, Inner Hebrides. Philosophical Trans-
actions of the Roval Socicty of London B244, 21-64.




