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ABSTRACT,

The New Amalfi Sheet 1is a highly differentiated tholeiitic
intrusion which is situated betweep the towns of Matatiele and
Swartberg in East Griqualand. It lies within of the Central area
of the Karoo Igneous Province. Rock types range from dolerites
at the base and top through to a highly differentiated granophyre
which is found as a ‘sandwich horizon’ within the top half of the
sheett. The most evolved granophyre represents 15.86% of the
initial liquid, which was found to be very similar in composition
to the average Lesotho-type magma of Marsh and Eales (1984). The
paragenetic sequence was found to be chromite - olivine -
plagioclase - pigeonite and augite. Cumulus magnetite and
ilmenite enter the paragenetic sequence together with immiscible
sulphide droplets after 35% crystallization. In the late stages
of crystallization, augite changes composition towards
ferrohedenbergite. The reappearance of iron-rich olivine
coincides with the disappearance of pigeonite and apatite appears
as a cumulus phase for the first time after 70% crystallization.
Granophyric intergrowth, which contains coarse perthitic K-
feldspar, becomes the most abundant modal entity within the most
evolved granophyres. Differentiation was dominated by
fractionation of plagioclase and pyroxene, with subordinate
olivine and opaque-oxide fractionation. A minor amount of
assimilation of country rock occurred within the topmost
granophyres. The intrusion has been dated, using the Rb-Sr
isochron method, at 178.37 + 5.52 Ma.

Extensive subsolidus deuteric alteration has resulted in the
formation of a complete series of hydrothermally alterxred
clinopyroxenes which are enriched in CaO but depleted in TiO,
compared to the unaltered magmatic clinopyroxenes. It has also
resulted in the formation of abundant vermiform ilmenite in the
most evolved rocks, recognized by the fact that “this phase 1is
enriched in MnO compared to magmatic ilmenites. The very iron-
rich orthopyroxene, ferrohypersthene, was found to have
crystallized, during cooling of the sheet from the intercumulus
ligquid. Olivine in the dolerite re-equilibrated with the

intercumulus liquid, becoming more iron-rich in composition.



1. INTRODUCTION.

The New Amalfi Sheet is a tholeiitic intrusion which forms part
of the Karoco Igneous Province. It is intruded into the Beaufort
Group sediments which belong to the Karoo Supergroup. From Figure
1.la it can be seen that the New Amalfi Sheet is situated between
Matatiele and Swartberg, in East Griqualand and, from Figure
1.1b, that it therefore falls within the limits of the Central
area of the Karoo Igneous Province, as defined by Marsh and Eales
{1984) .

1.1 ATMS AND OBJECTIVES.

The first aim of this project is to provide a detailed account
of the field relations, petrography, whole-rock geochemistry and
mineral chemistry of the New Amalfi Sheet, and thereby produce
a model for its formation. This will add to the mecdel for the
low-pressure fractionation of Karoo Central area tholeiitic
magma, already presented by Eales (1990) for the Birds River
Intrusion, and extend the presently small data base of mineral
compositions for Karoo rocks. Thig study also has relevance to
the study of the differentiation of tholeiitic intrusions 1in
general, as the New Amalfi Sheet has many similarities with some
better known differentiated tholeiitic intrusions in other parts
of the world, namely the Red Hill Dike (McDougall, 1962), the
Palisades Sill in New Jersey (Walker, 1969 and Walker et al.,
1973), the Dufek Intrusion (Ford, 1970 and Himmelberg and Ford,
1976) and the Skaergaard Intrusion (Wager and Brown, 1968).

The second aim of this project is to study the origin of the
granophyric rocks associated with the mafic rocks belonging to
the New Amalfi Sheet. A Rb-Sr isotope study of the New Amalfi
Sheet has been undertaken to attempt to solve this problem and
to uge the isotopic data to extract an isochron age for the New
Amalfi Sheet. This has already been attempted for the Birds River
Intrusion (Allsopp et al, 1984); however, because of problems
arising from the possibility of contamination from sedimentary
xenoliths and the susceptibility to alteration of glassy

ferrotholeiites, no clearly defined isochron could be obtained.
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1.2 DEFINITION OF TERMS.

In this thesis the term ‘metasomatism’ is used extensively when
discussing the ©possible origins of the New Amalfi Sheet
granophyres. It 1is therefore important that the exact meaning
that has been applied to this term in the text be established at

the aqutset.

Lindgren (1928) defines metasomatism as "The process of
practically simultaneous capillary solution and deposition by
which a new mineral of partly or wholly differing chemical
composition may grow in the body of an old mineral or mineral
aggregate." Because metasomatism results in the growth of new
mineral species, it is often confused with metamorphism. Best
(1982) sees metasomatism as a ‘type of metamorphism’. Korzhinsky

(1970) states that "If the chemical composition of a rock is‘
altered when its minerals are replaced by others, the processes
involved are said to be metasomatic". This, therefore, 1is the
fundamental distinction between metasomatism and metamorphism.
Metasomatism always results in a change in the bulk chemical
composition of the rock, whereas this is not necessarily the case

during metamorphism.

It 1s also important to understand the process whereby
metasomatism may act on a rock. Korzhinsky (1970) states that
"Replacement is usually accomplished by pore solutions dissolving
some minerals and immediately depositing others, so that the rock
as a whole preserves its solid state in the course of
replacement." With specific reference to the metasomatism of
Karoo sediments by magmatic emanations, Walker and Poldervaart
(1941) state that "The magmatic addition was relatively slight
and magnesia and iron oxide are among the most readily diffusible
constituents." Walker and Poldervaart (op cit.) state that these
two elements combined with silica in the sediment to form the
conspicuous prisms of pyroxene which characterize the coarser

granophyres.

The term ‘hydrothermal alteration’ is also used in the text and

this term too may be confused with metasomatism. Hydrothermal
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alteration can be defined as any mineralogic change in a rock
brought about by the action of hxdfothermal solutions. It is
congidered to be a much milder and ﬁore localized process than
metasomatism in that it does not involve the complete replacement
of the rock, or major changes in the bulk chemical composition
of the rock. o

In this thesis the terms ‘cumulus’ and ‘primary’, when used to
describe a certain mineral or phase, are used as synonyms and are
meant to describe the fact that the particular mineral
precipitated directly from the cooling magma as a liquidus phase.
The terms ‘intercumulus’ and ‘late-stage’ are also used as
synonyms and imply the opposite in that the particular mineral
or phase did not precipitate directly from the cooling magma but
crystallized later from a trapped intercumulus liquid after the
magma had essentially formed a rigid framework (i.e. after it had

reached 60% crystallinity).

The term ‘secondary’ when applied to a mineral or phase is meant
to convey the fact that the particular mineral formed as a
replacement of an earlier formed mineral, normally under the

action of hydrothermal alteration.

1.3 GENERAL GEOLOGICAL SETTING.

1.3.1 The Karoo Igneous Province.

The Karoo Igneous Province is a tholeiitic Continental Flood
Basalt (CFB) province of vast extent and is considered to be
related to the break-up of Gondwanaland (Eales et. al., 1984).
The sparsely scattered eroded remnants of extensive basaltic
volcanism stretch from the south eastern Cape Province and
Lesotho to southern Zambia and to the northern coastsg of Namibia
and Mozambique, a total outcrop area of 140 000 km? (Eales et.
al., 1984). A much greater area is underlain by a wvast network
of sub-volcanic intrusive dykes, sills and ring complexes, which
stretch from Angola, Zambia, Malawil and Mozambique in the north,
down to a latitude of 33° in the south. Similar intrusive and

extrusive rocks, also thought to be related to the break-up of
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Gondwanaland, are found in Antarctica and Tasmania, as well as

the Parand basin of South America.

1.3.2 The Central area of the Karoo Igneous Province.

The Karoo Igneous Province has been subdivided into a number of
different regions. The largest of these is the intracratonic
Central area. Marsh and Ealés (1984) identified eleven different
magma types in the Central area. These eleven magma types,
together with averaged compositional data, are listed in Table
1.1. Of these eleven, only three are not of basaltic composition,
but have andesitic or dacitic affinities. These latter three
magma types are insignificant in terms of volume compared to the
enormous volumes of lavas and intrusives of basaltic composition
in the Karco Central area. Indeed, compared to the enormous
volumes of the Lesotho magma type, which makes up most of the
Lesotho Drakensberg and to which most of the Central area
intrusives belong, all of the other ten magma types are
insignificant in terms of volume. These other magma types are
nevertheless important as they are found at the base of the lava
pile and therefore provide insight into the initial stages of

volcanicity in the Central area.

Walker and Poldervaart (1949) identified a number of dolerite
types in the Karoco on a basis of petrography. Robey (1976) showed
that there was no correlation between the dolerite types of
Walker and Poldervaart (op cit.) and the magma types of Marsh and
Eales (1984), except in the case of the Hangnest type which has
an unusual abundance of orthopyroxene for Karoo rocks, and forms
a discrete magma type. In terms of geochemistry, the magma types
can be arranged in a sequence of increasing Si0O, and minor
decrease in MgO (Marsh & Eales, 1984). The Lesotho and Omega
types exhibit the lowest SiO, and the highest MgO. SiO, increases
through the Moshesh’s Ford, Vaalkop, Pronksberg High-K, Hangnest
and Kraail River types, accompanied by a moderate decrease in MgoO.
Therefore, the Lesotho type can be thought of as the most
primitive of all the magma types of the Central area. The
differences between different basaltic magma types are thought

to be due to chemical heterogeneities in the mantle source-rock,
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and the three acid magma types are thought to be the product of
partial melting of crustal material -(Marsh & Eales, 1984).

1.3.3 The Intrusive rocks of the Karco Central area.

The Central area intrusives belong predominantly to the Lesotho

magma type, but they show a much wider range in composition than

Table 1.1 Magma Types for the Central area with some average

compositions (from Marsh and Eales, 1984).
L _____________________________________________________________________________ ]

Basaltic Sio, | MgO Zr Intermediate | Si0, MgO | Zr

Magma Type ppm Magma Type ppm

Lesothoe 51.5( 7.0 94 Belmore 63.2 3.2 203
Andesite

Omega 50.91 7.1 80 Pronksberg 65.4 2.4 | 203
Dacite

Moshesh'’s 52.5] 5.9 146 Roedehoek 66.4 2.5 {227

Ford Dacite

Vaalkop 52.9] 6.4 117

Pronksberg | 53.71 6.5 139

High-K N

Hangnest 53.916.5 150

Kraai 54.2]1 6.6 118

River

Springbok 51.1}1 6.3 117
Flats

the extrusive rocks. This is due to the effects of in situ low-
pressure differentiation (Marsh & Eales, 1984). Eales et al.
(1984) state that differentiation is most commonly achieved by
gravity settling or flow-concentration of phenocrysts. Normally,
differentiation effects are subtle but in some cases they have
led to the formation of cumulus picrites at Elephants Head
(Eales, 1979%a and 1979b ), Ingeli (Maske, 1966) and at Insizwa
(Scholtz, 1936 and Bruynzeel, 1957). At Birds River, highly
fractionated liquids which exhibit up to seven-fold enrichment

in some incompatible elements have been emplaced along ring
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fractures and cooled quickly to form what have been termed glassy
ferrotholeiites by Eales and Booth (1974).

The iron-enrichment trend, followed by combined silica, sodium
and potassium enrichment in the late stages of differentiation
of Karoo magma, has been noted by many workers including
Poldervaart (1944) on the New Amalfi Sheet, “Walker and
Poldervaart (1949) for Karoo rocks in general, and Eales and
Booth (1974) for the Birds River Intrusion. Walker and
Poldervaart (1949) state that differentiation is achieved by
gravity settling of olivine, pyroxene and plagioclase as well as
the upward migration of acid residues. However, Eales (1990) in
a recent paper on the Birds River Intrusion, states that the
decoupling of cryptic variation in plagioclase and ferromagnesian
phases is an indication that plagioclase primocrysts do not
separate from the melt as effectively as the ferromagnesian

phases.

Marsh and Eales (1984) state that the paragenesis of the
intrusive rocks of the Central area is fairly consistent.
Chromite nucleates first, and is followed by olivine which is in
turn followed by plagioclase. Orthopyroxene is not common, except
in the case of the Hangnest magma type, and it is preceded by
plagioclase when it is present. The cotectic crystallization of
calcium-rich clinopyroxene and pigeonite follows next. Late-stage
phases which may be present are micropegmatite, biotite, apatite,

amphibole, magnetite and various deuteric alteration products.

Limited microprobe data indicate a compositional range for
olivine in the Karoo from Fo,, in Insizwa picrites to Fo,; in
Birds River ferrotholeiites. Data on pyroxene compositions are
even more sparse. The most magnesian clinopyroxene recorded to
date comes from Insizwa (Ca,,Mg;,Fe;) and the most iron-rich from
Birds River (Ca,,Mg,Fe.,), which is close to that determined
optically by Poldervaart (1944) 1in the New Amalfi Sheet
(Caz;oMg, Fe.,) . Poldervaart (1944) also reported the presence of
the very iron-rich orthopyroxene, eulite, in the iron-rich
dolerites from the New Amalfi Sheet. Despite this report being

widely quoted in the literature, the presence of this mineral has
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not yet been confirmed with the use of modern analytical

techniques.

1.4 PREVIQUS WORK_ ON THE NEW AMALFI SHEET AND OTHER SIMILAR
DIFFERENTIATED THOLEIITIC TNTRUSIONS.

In this section, previous work on the New Amalfi Sheet, and other
differentiated tholeiitic intrusions which share similarities

with the New Amalfi Sheet, is briefly summarized.

1.4.1 The New Amalfi Sheet.

Apart from a preliminary geochemical study of the New Amalfi
Sheet by the author (Williams, 1991), no work using modern
geochemical techniques has been done on the New Amalfi Sheet to
date. Eales and Snowden (1979), Eales and Marsh (1979) and Eales

(1979a & b) presented data on cumulus picrites from the adjacent
Elephant’s Head Dike, which is considered to have acted as a
feeder for the New Amalfi Sheet (Poldervaart, 1944). The original
study done on the New Amalfi Sheet (Poldervaart, op. cit.), was
based on petrography, wet chemical analysis and optically-
determined mineral chemistry. Poldervaart (1944) described the
intrusion as a sheet that transgresses towards the northwest,
having an irregular outcrop pattern, and a number of lateral

extensions emanating from the main body.

A band of granophyric rocks occurs along the western margin of
the sheet. Poldervaart (op. cit.) stated that the granophyre
consists of quartz, micropegmatite, plagioclase and hedenbergite
which is partially altered to hastingsite or brown serpentine.
A large range 1in grain sizes was observed within these
granophyres, with a marked increase near vertical joints, where
a grid-iron pattern of interlocking ferromagnesian mineral laths
was seen. Several small, rounded sandstone xenoliths were also
noted within these granophyres. These xenoliths commonly consist
of a core of vyellow sandstone surrounded by one or more
transitional zones, which are bounded by sharp contacts. Changes
in the concentrations of various oxides, between the cores of

these sandstone xenoliths and the surrounding granophyre, were



noted by Poldervaart (op. cit.). Notably, the granophyres showed
a gain in Fe,0,, MgO, CaO and K;)compéred to the xenoliths. This
evidence, combined with the fact that the granophyres occur in
a well defined zone with sharp contacts, was seen to indicate
that the granophyres were the product of a metasomatic conversion

of Beaufort Group sediments, into which the sheet waé'emplaced.

In addition to the granophyres, a number of other rock types were
noted. Picrites are found at the base of the Elephant’s Head
Dike. Eales (1979a) states that gravitative settling of olivine
in the "dike" was responsible for the concentration of olivine
within local depressions at the base of the "dike", resulting in
the formation of the picrites. The picrites consist of 61 to 22
% olivine (Poldervaart, 1944) of composition Fog; to Foy, with Mg
content increasing downwards (Eales & Snowden, 1979). Other
phases include plagioclase, ortho- and clinopyroxenes, and minor
amounts of biotite, ilmenite, chrome spinel and sulphides. A
layered gabbro with alternating light-coloured feldspar-rich
layers and dark feldspar-poor layers is found above the picrites
(Eales and Snowden, 1979). Within the New Amalfi Sheet itself,
Poldervaart (op. cit.) found that olivine dolerites occur in the
lower and central portion of the sheet. These dolerites beccme
poorer in olivine towards the middle of the sheet, with the
olivine becoming more iron-rich. Plagioclase composition was
noted to be fairly constant at An,,. Poldervaart noted that the
dolerites contain subophitic clinopyroxene, often exhibiting
twinning of the ‘butterfly type’. Orthopyroxene of composition
Of,, was noted to often show ‘graphic’ exsolution of calcium-rich
pyroxene. Rare ophitic plates of orthopyroxene of composition

0f,, were observed.

The olivine dolerites were described as being separated from the
granophyres by a narrow zone of iron-rich dolerites. The contact
between the olivine dolerites and the iron-rich dolerites was
taken at the level where olivine disappears from the mineral
assemblage. The iron-rich dolerites were described as changing
upwards from quartz dolerites to fayalite-quartz dolerites, and
then to fayalite-hedenbergite granophyres. The plagioclase

composition was noted to change from An,, to An,, and the
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clinopyroxenes from pale greenish-brown augite at the base of the
quartz dolerites, to both a purplq‘énd a green hedenbergite in
the fayalite-hedenbergite granophyres. The purple colour was
considered to be due to the presence of Ti. Orthopyroxene was
noted in the iron-rich dolerites and was described as showing a
range in composition from Of,, to Of,, (eulite) with increasing
differentiation. Fayalitic olivine was noted to reappear in the

fayalite-quartz dolerites (Poldervaart, op. cit.).

Thus, Poldervaart concluded that the olivine-dolerite magma
became differentiated as the result of the settling of olivine
"followed by pronounced crystal fractionation in the rest-magma'.
During the middle stages of crystallization, differentiation
proceeded towards iron enrichment, which, after reaching a
maximum, was superseded by enrichment in soda, potash, alumina
and silica. A block of Beaufort Group sandstone was invaded by‘
magmatic emanations from the top of the sheet, thereby converting

it into metasomatic granophyre.

1.4.2 The Birds River Intrusion.

The Birds River Intrusion and the New Amalfi Sheet have both
undergone a high degree of fractionation of Central area
tholeiitic magma. Eales and Booth (1974) and Eales and Robey
(1976) presented petrographic and geochemical data on the
differentiated mafic suite at Birds River, while Kenyon (1976)
studied the metamorphic effects of the dolerite magma on the
pyroclastic and sedimentary rocks which form two large, sheet-
like =xenoliths. Eales (1990) used data from Birds River to
present a detailed model for the fractionation cof Karoo Central

area magma.

At Birds River, highly differentiated ferrotholeiites were
emplaced first, as the result of cauldron subsidence of a plug
of Stormberg Group Sediments which caused this differentiated
magma to be forced upwards along arcuate fractures and emplaced
at higher levels. A later injection of less fractionated magma
gave rige to a large body of olivine gabbro, which now forms the

bulk of the intrusion and completely surrounds the
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ferrotholeiite. This gabbro fractionated 1in situ to form
ferrogabbros which are now seen to form a rim along the outer
contact with the ferrotholeiites. The intrusion has a shape that
can be likened to that of a bell-jar, but breaks out as a sheet
in the east (Eales and Booth, 1974).

The ferrotholeiites contain up to 66.5% silica and have a
porpﬂyritic texture with a glassy to varieclitic groundmass. The
groundmass contains phenocrysts of pyroxene, olivine, plagioclase
and iron oxides. Eales and Booth (1974) state that the
composition of the ferrotholeiites is very similar to that of the
iron-rich dolerites at New Amalfi, described by Poldervaart
(1944). The variation in the major-element chemistry of the
gabbro-ferrotholeiite series shows a moderate iron-enrichment
trend followed by strong silica enrichment. Eales and Booth (op.
cit.) noted tolerably continucus trends in oxide concentrations
if data from Birds River and New Amalfi were plotted together on

the same diagram.

Reaction between the sedimentary xenoliths and the olivine gabbro
magma by means of a combined process of metamorphism and
metasomatism has produced rocks of varying metamorphic grade,
culminating in a rock that has been almost totally recrystallized
to form a homogeneous metasomatic granophyre (Kenyon, 1976).
Kenyon rejected the idea that the granophyres may be
differentiates of the gabbros, on four main criteria:

- There was found to be a definite gradation in the
field from pyroclastic rocks to granophyre.

- The granophyres contain plagioclase that is more
calcic than in the adjacent dolerites.

- The presence of tridymite, garnet, mullite and
gillimanite in the granophyres points to a high-
temperature metamorphic derivative of aluminous
sediments.

- The contaminated dolerites and granophyres do not plot
along the gabbro-ferrogabbro fractionation trend for

the Birds River Intrusion.

These four main points can be used as useful criteria for
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distinguishing truly metasomatic granophyres from granophyres

that may be the result of igneous differentiation.

The model of Eales (1990) showed that the most differentiated
ferrotholeiite represented a residuum 16% of the original liquid
(i.e. 84% fractional crystallization). A least squares mixing
program was used to model the fractional crystallization path up
to 70% crystallization. From this it was shown that magnesian
augite was initially the dominant fractionating phase, but that
plagioclase became dominant in the later stages. At no stage was
olivine a significant fractionating phase. Magnetite began to
fractionate in significant amount (5%) only after 50% fractional

crystallization.

1.4.3 The Red Hill Dike, Tasmania.

The Red Hill Dike forms part of the Jurassic Tasmanian tholeiitic
dolerite suite. The dike is one mile wide and extends 1000 ft
(300m) upwards from a flat-lying sheet at its base. Quartz
dolerite, which makes up the bulk of the dike, grades upwards
into a fayalite granophyre which in turn grades into a silicic
granophyre (McDougall, 1962). This complete gradation from
dolerite to granophyre is seen by McDougall to indicate that the
granophyres are magmatic differentiates of the dolerites. He
states that in most granophyres two varieties of the iron-rich
pyroxene, ferrohedenbergite, are commonly intergrown. One is pale
purple in colour, and the other pale green, and the similarity
between this and the New Amalfi Sheet was noted by McDougall (op.
cit.). He also noted that the Red Hill granophyre and the
fayalite-hedenbergite granophyre from the New Amalfi Sheet,

analyzed by Poldervaart (1944), are chemically very similar.

1.4.4 The Palisades Sill, New Jersey.

The Palisades Sill 1is a highly differentiated tholeiitic
intrusion, with rock-types ranging from bronzite dolerite
through to fayalite granophyre, and back into dolerite at the top
(Walker et al., 1973). The Palisades Sill is perhaps best known

for its olivine-rich layer, which has been seen by many
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researchers as evidence for differentiation being achieved by
gravity-induced settling of this phase from the magma. Husch
(1990) argues against this and congiders the olivine-rich layer
to have originated from a separate intrusion of an olivine-
normative magma that underwent olivine accumulation prior to its
emplacement into the composite Palisades Sill. Husch (op. cit.)
states that differentiation of the Palisades sill was achieved
by the dominant fractionation of calcium-poor and calcium-rich
pyroxene, and that olivine was not a significant fractionating

phase.

A significant similarity between the Palisades Sill and the New
Amalfi Sheet lies in the late-stage pyroxene chemistry. As has
been described already for the New Amalfi Sheet and the Red Hill
Dike, two coexisting clinopyroxenes are present in the Palisades
Sill. Walker et al. (1973) described a mauve-brown and a pale-
green ferroaugite, characterizing the middle-to-late stages of
differentiation. Walker et al. (op. cit.) considered the pale-
green ferrocaugite to be the result of alteration of the mauve-
brown ferroaugite. Numerous inclusions of hornblende, biotite and
opague ore in the pale-green ferroaugite were described as being
the by-products of this alteration. The pale-green ferroaugite
was noted to be richer in CaO and to contain less MgO and TiO,
than the mauve-brown ferrocaugite, thereby causing the pale-green
ferrcaugite to plot closer to the diopside-hedenbergite join in
the pyroxene quadrilateral. The lower concentration of TiO, in
the pale-green ferrocaugite was seen to indicate that the pale-
green ferroaugite was a later- crystallizing phase than the

mauve-brown ferroaugite.

The very iron-rich orthopyroxene, ferrohypersthene, was also
noted by Walker et al. (op cit.) to be present in the late-stage
differentiates of the Palisades Sill. Ferrohypersthene was seen
to occur initially as the result of the subsolidus inversion of
ferropigeonite, but with continuing differentiation
ferropigeonite disappeared from the assemblage, leaving only
primary ferrohypersthene. With increasing differentiation,
ferrohypersthene also disappeared from the assemblage, leaving

the mauve-brown and the pale-green clinopyroxenes as the only
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pyroxene phases present. Iron-rich olivine was noted to reappear
prior to the disappearance of ferrohypersthene (Walker et al.,
1973) . o

1.4.5 The Dufek Intrusion, Antarctica.

The Dufek Intrusion is 8 - 9 km thick, forming a layered mafic
intrﬁéion in the Pensacola Mountains of Antarctica. There are two
exposed sections, each approximately 2 km thick. One is near the
base, and the other close to the roof (Ford, 1970). The bulk of
the intrusion is made up of layered gabbro, and the top-most
exposed section is capped by granophyre. Smooth chemical trends
through the layered mafic series into the granophyres point to
a close genetic tie between the granophyres and the layered
series (Ford, 1970).

Once again, apart from the presence of grancphyres, the
importance of this intrusion lies in the similarity of its
pyroxene chemistry to that of the New Amalfi Sheet. Apart from
the normal cumulus Ca-poor and Ca-rich pyroxene series, which are
similar to those of the Bushveld Complex and the Skaergaard
Intrusion, two other pyroxene series were noted by Himmelberg and
Ford (1976) in the gabbros and granophyres of the uppermost
exposed section. They are a pale-green augite-ferroaugite series
and a hypersthene-ferrohypersthene series. The pale-green augites
occur as patches within host brown augites belonging to the main
Ca-rich series, with both being in optical continuity. The pale-
green augites also contain inclusions of hornblende, biotite,
iron-titanium oxides and relict brown augite. The pale-green
augites are richer in Ca and Si and poorer in Al, Ti and Mn,

compared to the brown augites (Himmelberg & Ford, op cit.).

Ferrohypersthene is found in minor amounts and shows no sign of
having inverted from pigeonite. Both pale-green augite and
ferrohypersthene show no exsolution features (Himmelberg & Ford,
op cit.). These authors argued that the pale-green augites and
the ferrohypersthene represented a lower-temperature assemblage
than the two main pyroxene series, and were therefore of late-

stage, post-cumulus origin.
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1.4.6 The Skaergaard Intrusion.

The Skaergaard Intrusion is probably one of the most extensively
studied mafic intrusive bodies in the world. As such, the general
features of this intrusion, as outlined in Wager and Brown
(1968), need not be repeated here. It is thus possible to move
directly to the discussion of certain features of the Skaergaard
Intrusion which are of direct relevance to the study of the New
Amalfi Sheet, namely, the occurrence and origin of the various
types of granophyres at Skaergaard and the late-stage pyroxene

chemistry.

The origin of the granophyres associated with the Skaergaard
intrusion has been the subject of a considerable amount of debate
in the past. Wager and Brown (1968) described various different
granophyre types based on their mode of occurrence and their -
petrography/chemistry. Firstly, the granophyres of the Tinden
Sill, which is 30m thick at its thickest part but which tapérs
laterally, are emplaced within the lower part of the UBG,. They
are the most silicic of all the granophyres and consist of 10%
albite phenocrysts in a groundmass of quartz and potassium
feldspar with small amounts of accessory phases such as chlorite
and zircon. Patches of granophyre containing strongly zonéd
plagioclase, potassium feldspar, ferrohedenbergite and iron-rich
olivine are found scattered within the UBG, and were termed
melanogranophyres by Wager and Brown (1968). The Sydtoppen
transitional granophyres are exposed just below the Tinden Sill.
These granophyres were termed ‘transitional’ by Wager and Brown
(op. cit.) because they are of composition intermediate between
that of the melanogranophyres and the Tinden Sill granophyres.
Lastly, Wager and Brown (op. cit.) described the presence of
cross-cutting granophyre veins similar in composition to that of

the Tinden Sill, which they termed the Transgressive grancophyres.

None of the above-mentioned granophyre occurrences shows any sign
of chilled margins, and on this basis Wager and Brown (op. cit.)
considered them to be differentiates of the layered series that
had segregated due to filter-pressing. However, in the light of
the high ?®'Sr/®*Sr values determined by Hamilton (1963) for the
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Tinden Sill granophyres, Wager and Brown (1968) conceded that
these acid granophyres may have ariginated by the melting of

country rock gneisses.

McBirney (1975) put forward the idea that the residual Skaergaard
liquids were in fact much richer in iron than had previbusly been
estimated. In the light of new experimental evidence that showed
that there is an immiscible relationship between gilica-rich and
iron-rich 1ligquids, and a density contrast between these two
ligquids, McBirney postulated that the melanogranophyres could
have originated by the gravity separation of an immiscible,

silica-rich residual melt.

Leeman and Dasch (1978) have shown that the Sr and Pb isotopic
compositions of the melanogranophyres are equivalent to those of
the layered series, and that they are therefore probably
differentiates of the layered series. All of the other
granophyres had much higher ®’Sr/%Sr ratios, and therefore Leeman
and Dasch concluded that crustal material was involved in their

formation.

Brown and Vincent (1963) reported the existence of two
clinopyroxene series 1in the Upper Zone of the Skaergaard
Intrusion. The first is a brown variety which forms part of the
main augite-to-ferrohedenbergite series. The second is a green
ferrohedenbergite which was believed to be the product of a sub-
solidus inversion of ferriferous f-Wollastonite which
crystallized as a temporary phase. The evidence for this was that
some green ferrohedenbergite grains are made up of a mosaic of
much smaller, optically discontinuous grains. Nwe and Copely
(1975) studied the compositions of these green ferrohedenbergites
using an electron microprobe, and discovered that they are richer
in S1i0, and depleted in Al and Ti, relative to the brown

ferrohedenbergite.

1.5 SUMMARY.

a) Differentiated tholeiitic intrusions from other parts of

the world often bear associated.‘granophyres, which are
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normally interpreted as being igneous differentiates. Of
the six differentiated intrusions discussed, only the
granophyres of the New Amaifi Sheet and Birds River
Intrusion have been described by previous workers as being

due to metasomatism of country rock.

_The study of the Skaergaard granophyres has shown the

usefulness of radiogenic isotopes in helping to distinguish
between granophyres that are igneous differentiates and

those that are of crustal origin.

Better known tholeiitic intrusions from other parts of the
world often have two coexisting clinopyroxenes in the late-
stage differentiates. One 1is often brown in colour and
forms part of the main augite-ferrchedenbergite
differentiation trend. The other has been described as a
pale-green or green ferroaugite/ferrohedenbergite which is
often richer in Ca than the brown variety, and therefore

plots closer to the diopside-hedenbergite join.

Although the late-stage ‘green’ ferrohedenbergites are

common to the six intrusions, the explanations as to their

origin differ, namely:

- Alteration of brown clinopyroxene (Walker et al., 1973;
Palisades Sill),

- Post-cumulus crystallization from intercumulus liquid
(Himmelberg and Ford, 1976; Dufek Intrusion)

- Inversion of B-Wollastonite (Brown & Vincent, 1963;
Skaergaard Intrusion)

There may be a common explanation for the origin of these

late-stage pyroxenes and it 1s hoped that the detailed

study of their occurrence in the New Amalfi Sheet will give

greater insight into their origin

Out of the six intrusions described, iron-rich
orthopyroxene is only seen in the Palisades Sill, Dufek
Intrusion and the New Amalfi Sheet. Poldervaart (1944)
offers no explanation for the occurrence in the New Amalfi

Sheet, and in the case of the Palisades Sill it is seen by
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Walker et al. (1973) to be both a primary crystallizing and
a subsolidus phase, thereby? éxtending the two-pyroxene
field up to the point where’ferrohypersthene ceases to
exist as a primary phase. Himmelberg and Ford (1976)
proposed that it crystallized from a late-stage

intercumulus liquid in the case of the Dufek Intrusion.
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2. FIELD WORK.

2.1 INTRODUCTION.

The New Amalfi Sheet is situated in East Griqualand within the
foothills of the Drakensberg. The topography of the atrea is that
of rolling grassy hills dissected by a number of rivers, the
largest of which is the Umzimvubu river. The Umzimvubu river
dissects the New Amalfi Sheet in a general north-south direction
and is fairly straight and fast flowing where it cuts through the
sheet. It changes to a slower moving, meandering river in the

more flat-lying terrain to the south of the sheet.

The New Amalfi Sheet was mapped with the wuse of aerial
photographs and a map was then compiled with the use of the MIPS
(Map and Image Processing System) software (Figure 2.1). During
the course of the mapping exercise, extensive sampling of
various parts of the sheet was carried out and these sample
positions are shown in Figure 2.2. A major problem encountered
during the course of the mapping and sampling was the lack of
sufficient outcrop. Very few actual contacts were ever seen in
the field and the map is thus largely interpretive in nature,
with most contacts having to be inferred between the available
outcrop. Where outcrop was found, largely along river valleys and
at the tops of rounded hills, the rock is badly altered in

places, and this further hampered sampling.

2.2 FIELD DESCRIPTION OF THE DIFFERENT ROCK TYPES

The New Amalfi Sheet has been subdivided into three mappable

units namely:

a) dolerite
b) gabbro

¢) granophyre

The dolerite is found at the base and top of the sheet. The
dolerite has been further subdivided into a western and eastern

dolerite to distinguish between those dolerites sampled to the
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west and east of the gabbro-granocphyre package, respectively.

2.2.1 Country Rock Sediments.

The New Amalfi Sheet is intruded into sandy-brown, fine to medium
grained quartz-wackes which are interbedded with brown and green
horizontally laminated mudstones. Poldervaart (1944) identified
the country rock sediments as belonging to the Burghersdorp Beds
of the Upper Beaufort Group. According to the present day
classification these sediments belong to the Burgersdorp
Formation of the Tarkastad subgroup, which forms part of the
Beaufort Group of the Karoo Supergroup. In a number of places the
remnants of the eroded country rock roof to the New Amalfi Sheet
can be seen on the top of a number of rounded hills. The sediment
has, however, been metamorphosed to a black lydianite that shows

columnar jointing in places.

2.2.2 The Granophyres.

Although poorly exposed, there appears to be a gradational
contact between the granophyres and the underlying gabbros. This
is in contrast to the observations of Poldervaart (1944) who
claimed that there was a sharp contact between the granophyres
and the gabbros below. In hand specimen the granophyre can be
seen to be coarse to very coarse grained, containing long laths
of ferrohedenbergite within a matrix of feldspar and quartz. On
weathered surfaces the rock has a light rusty-brown colour,

whereas the rock has a creamier colour on fresh surfaces.

Near to the top of the granophyre unit, very coarse pegmatoidal
ferrohedenbergite needles are seen, some reaching up to 20cm in
length. A variety of textures is seen, including parallel
alignment, smaller laths branching at 90° from a long central
lath and smaller laths branching at an acute angle from a long
central lath. A spectacular example of these different textures
igs shown in Plate 2.1.3 in which the staff is marked in divisions
of 10cm. A close-up of the 90° branching pattern is shown in
Plate 2.1.4.
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PLATE 2.1
A view of the conical hi¥l locking towards the north.

A view loocking towards the south of three rounded
hills capped by granophyre. .
Coarse ferrohedenbergite laths seen in a granophyre
boulder.

A close-up of a ferrohedenbergite crystal showing the

90° branching pattern. Scale demarcated in centimetres.

A band of drusy cavities surrounded by aplitic vein

material.

A sandstone xenolith enclosed by granophyre.

A 10cm thick zone found at the base of the granophyres
which shows parallel alignment of plagioclase laths

and the development of thin anorthositic lenses.

Parallel alignment of plagicoclase laths within the

gabbro.
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The granophyres often contain aplitic veins which are usually a
few centimetres thick but which may reach up to 10cm in
thickness. They consist essential}? of feldspar and quartz and
are notably poorer 1in ferromagnesian minerals than the
surrounding granophyre. Another important feature of the
granophyres is the presence of drusy cavities, often filled with
euhedral quartz protruding from the edges of the cavities. These
cavities can reach up to a few centimetres in diameter and are
occasionally arranged in bands of around a metre in length, as
is seen on Plate 2.1.5. Plate 2.1.5 also shows that the band of
drusy cavities is surrounded by a zone of aplitic material which
is lighter in c¢olour than the sandy-coloured surrounding
granophyre. These bands of drusy cavities and aplite appear to
have been zones along which fluids moved through the granophyres.
The granophyres also show an increase in grain size immediately
next to joint planes, as was previously noted by Poldervaart (op.
cit.). This probably also points to fluid movement along these
planes, most probably after the rest of the granophyre was

partially consolidated.

A number of small, rounded sandstone xenoliths, around 20cm in
diameter, were found within the top 2m of granophyre exposed at
the top of a rounded hill on the north-eastern edge of the
intrusion (Plate 2.1.6). These sandstone xenoliths exhibit sharp
contacts with the surrounding granophyre and this is in contrast
to the findings of Poldervaart (1944) who described the country
rock xenoliths ag being separated from the surrounding
granophyre by a number of concentric transitional zones.
Poldervaart (op. cit.) considered these zones to be strong
evidence for the metasomatic origin of the New Amalfi Sheet
granophyres. One xenolith of more pelitic material was found to
be surrounded by a leucocratic or aplitic halo, which is in turn
surrounded by a zone of granophyre with a higher density of
ferrohedenbergite laths than normal. These two zones surrounding
the xenolith may be similar to the metasomatic transitional
zones, degcribed by Poldervaart (op. cit.). However these zones
may merely represent progressive stages of reaction between the
xenolith and the melt. The pelitic xenolith would have been

reactive towards the granophyre magma because of its composition,
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which is further removed from the composition of the granophyres
than is the case with the sandstoné xenoliths. This may also
explain why no reaction took piéce between the sandstone

xenoliths and the granophyre.

Plate 2.1.7 shows a 10 cm zone found near the base of the same
granophyres that contain the xenoliths. Within this zone feldspar
lathé clearly show parallel alignment and in places form thin
anorthositic lenses. Cox et al. (1979) state that the parallel
alignment of mineral grains is evidence of the effects of
magmatic movement on the orientation of grains. This magmatic
movement is likely to be due to convective overturn, within the
magma chamber. The parallel alignment of mineral grains could

also be the result of compaction (H.V. Eales, pers. comm.).

2.2.3 The Gabbros.

The gabbros are coarse grained and contain easily identifiable
equant laths of plagioclase and pyroxene. Small amounts of iron
oxide and sulphides may be seen with the aid of a hand lens.
Fresh surfaces have a mottled grey colour, whilst weathered
gsurfaces have a rusty reddish-brown colour attesting to the
richness in iron of these rocks. Weathered samples are very
friable and are easily broken by hand. Parallel alignment of
plagioclase laths, similar to that seen near to the base of the
granophyres, is also seen in places within the gabbros, as shown
in Plate 3.1.8.

2.2.4 The Dolerites.

The dolerites are medium grained and fresh surfaces have a
bluish grey colour. Weathered surfaces are reddish brown in
colour. Plagioclase and pyroxene can be seen in hand specimen
with olivine occasiocnally discernible. Fine-grained
glomeroporphyritic dolerite was found exposed in places near to
the margins of the intrusion although the actual contact was seen
on only one occasion. A fine-grained glomeroporhyritic dolerite
also intrudes the granophyres in a number of places, but this

represents a slightly later intrusive event.
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2.3 GENERAIL FORM OF THE INTRUSION.

From the outcrop pattern of the New Amalfi Sheet shown in Figure
2.1, it can be sgeen that the g}énophyres are surrounded by
gabbro. The gabbro-granophyre package is in turn surrounded by
dolerite and narrows towards the top of the New Amalfi Sheet. The
Elephant’s Head Dike joins the New Amalfi Sheet at its northern
end. Poldervaart (1944) considered the Elephant’s Head Dike to
havé acted as the feeder to the New Amalfi Sheet. Two peripheral
sheets, each of around 80m thick, dipping at 5° to the north-west
and north-east respectively, Jjoin the New Amalfi Sheet on its
western and north-eastern sides. The lower contacts of these
sheets steepen sharply where they merge with the edge of the New
Amalfi Sheet. The steep lower contact of the western peripheral
sheet, where it joins the New Amalfi Sheet, is exposed in a small
quarry and was found to have a dip and dip direction of 048°/65°.
Most of the dolerite shown to be exposed on the north-western
side of the New Amalfi Sheet appears to belong to this shallow-

dipping westexrn peripheral sheet.

On the eastern side of the New Amalfi Sheet, the contact between
the sheet and country rock, although not exposed and thus
inferred, generally follows the topographic contours. This
suggests that in this area the contact has a fairly shallow dip.
The dip of the country rock sediments was measured in a quarry
next to the eastern margin of the New Amalfi Sheet and was found
to be 5° towards the west. It is assumed that the contact between
the New Amalfi Sheet and the country rock in this area has the
same orientation. The shallow dip of this contact indicates that
it probably represents the bottom contact of the New Amalfi
Sheet, and not the steeply dipping side contact.

The dip of the inferred contact between the New Amalfi Sheet and
the country rock suddenly cuts sharply up through a number of
contours in a valley on the north-eastern side of the New Amalfi
Sheet, where it i1s joined by the eastern peripheral sheet. This
suggests a sudden increase in the dip of the contact between the
New Amalfi Sheet and the country rock. The steep dip of this

contact probably indicates that it now represents the steeply
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dipping edge of the New Amalfi Sheet, similar to that seen on the
western side of the New Amalfi Sheet where it is joined by the

western peripheral sheet.

In this same area a remnant of granophyre is exposed at the top
of a rounded hill. A zone 10 cm thick in which feldspar laths
show parallel alignment, forming thin anorthositic lenses in
places, 1s found within the lowest granophyres (Plate 2.1.7).
This thin zone dips at 5° towards the west and probably reflects

the orientation of the granophyre in this area.

Vertical displacement of the grancophyres was noted in the field
by the juxtaposition of the granophyre with underlying units, in
certain areas. This displacement has been attributed to the
existence of four faults, two of which cut the New Amalfi Sheet
in a north-south direction and two in a south west-north east
direction. A small graben is found between each of these sets of
faults. Although no actual faulted contacts were ever seen in the
field, the orientation of the faults corresponds to that of
lineaments seen on the aerial photograph of the area. Three

cross-sections of the New Amalfi Sheet are shown in Figure 2.3a.

Within the southern-most graben, the top of the granophyres is
exposed and can be seen to pass vertically back into gabbro. This
graben 1s now seen as a conical hill bounded by two faults
passing through saddles on its northern and southern sides. A
view of this conical hill locking towards the north, is shown in
Plate 2.1.1. In this plate, granophyres are exposed from the
bottom of the conical hill to just above the change in slope
half-way up the hill. Gabbro is present from thisg point to just
below the top of the hill. The gabbro is capped by a thin veneer
of dolerite, which probably represents a chilled margin, and
hornfelsed sediment is found at the very top of the hill. The
granophyres therefore appear to represent a ‘sandwich horizon’
similar to that documented for the Skaergaard intrusion by Wager
and Brown (1968).

Granophyres are exposed at the top of the next hill behind the

conical hill and thus the minimum displacement along the northern
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graben fault is from the top of the grancphyres on the conical
hill to the top of the hill behind it; a vertical distance of 34m
as measured from cross-section E-F in Figure 2.3a. Along the
southern graben fault the displacement is much greater as
dolerite, seen in the foreground of Plate 2.1.2, outcrops at the
same level as the granophyre. The minimum displacement along this

fault is 170m as measured from cross-section E-F in Figure 2.3a.

Plate 2.1.2 shows a view (looking towards the south) of three
rounded hills capped by granophyre. It can be seen from Plate
2.1.2 that the granophyres outcropping in the hill in the
foreground are downthrown relative to those outcropping in the
hill behind it. The hill in the foreground in Plate 2.1.2
therefore represents the second small graben, with the two faults
which bound it, found in the two saddles either side of the hill.
The displacement along the southern graben fault was measured
from cross-section E-F and found to be 51m. Displacement was
combined with rotation along the northern graben fault, with the
dip of the granophyres to the north of this fault greater than
that on the south side of the fault. This can be seen from the
map of the New Amalfi Sheet (Figure 2.1) by the sudden decrease
in the outcrop width of the granophyres to the north of the

northern-most fault.

The three generalized cross-sections in Figure 2.3a are based on
a conceptual model of the basic structure of the New Amalfi Sheet
shown in Figure 2.3b. This conceptual model is based on the
limited structural information on the New Amalfi Sheet gained

from the field, namely that:

- The sheet appears to have steeply dipping sides that
tranggress laterally into two more flatly dipping
peripheral sheets.

- The base of the intrusion appears to be concordant
with the surrounding country rock, and dips at 5°
towards the west.

- The gabbro-granophyre package forms a ‘sandwich
horizon’ within the top half of the intrusion, passing

back up into dolerite.
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The total vertical interval from the lowest to the highest point

within the New Amalfi Sheet, as sgseen from Figure 2.1, is 250m.

However, if allowance is made for the unexposed dolerites in the

thickest part of the intrusion, Ehen this wvertical thickness

becomes 440m.

2.4 SUMMARY. T

h)

Three malin rock types were recognized within the field:
dolerite, gabbro and granophyre.

Drusy cavities, aplitic veins and an increase in the grain
size of the granophyres found immediately next to joint
planes within the granophyres, together provide an
indication that 1late stage fluid movement took place
through the largely consolidated granophyres.

A number of small sedimentary xenoliths were found in one
location within the topmost granophyres. These xenoliths
have in all Dbut one case sharp contacts with the
surrounding granophyre.

One xenolith that is surrounded by progressive reaction
halces was probably more reactive towards the granophyre
magma because it has a pelitic composition. The other
xenoliths have felsic compositions and were therefore
probably less reactive, hence the sharp contacts with the
surrounding granophyre.

The basic form of the intrusion is that of a sheet, with
steep sgides which transgress laterally into two shallow-
dipping peripheral sheets.

The granophyres are enclosed above and below by gabbro. The
granophyre-gabbro package forms a ‘sandwich horizon’ within
the top half of the main body of the New Amalfi Sheet, and
is completely enclosed by dolerite.

Faulting subsequent to the emplacement of the sheet has
caused the formation of two small grabens.

The calculated maximum vertical thickness of the sheet is
440m.
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3 PETROGRAPHY,

3.1 INTRODUCTION.

This chapter deals with the petrographic variations that occur
within the New Amalfi Sheet with differentiation,” and will
include both transmitted- and reflected-light studies. The field-
based subdivision of the New Amalfi sheet has been expanded on
the basis of petrography, as shown in Table 3.1. In the original
description of the New Amalfi Sheet by Poldervaart (1944), the
sheet was subdivided into the units shown in table 3.1. In the
present study the rocks have been named according to the IUGS
classification for plutonic rocks (Le Maitre, 1989). In this
classification the modal proportions of plagioclase, gquartz and
potassium feldspar are recalculated to 100% and plotted within
a ternary diagram which contains the fields of the various rock
types. In this case all quartz and potassium feldspar are present
as a granophyric intergrowth and, as the granophyric intergrowth
is made up of approximately 50% quartz and 50% potassium
feldspar, the modal amounts of quartz and potassium feldspar have
each been taken to be half of the modal amount of the granophyric

intergrowth. -

The names olivine-dolerite and pigeonite-dolerite have been used
to describe Dbetter the eastern and western dolerites,
respectively; these are the same terms used originally by
Poldervaart (1944). The quartz dolerite unit has been subdivided
into the quartz gabbrc and the quartz monzodiorite units, due to
the coarse grain size of thesge rocks, and because the plagioclase
composition falls below An,, midway through the unit. The term
fayalite-quartz dolerite has been changed to grancdiorite because
these rocks plot within the granodiorite field of the IUGS
gcheme. The term fayalite-hedenbergite granophyre has been
retained to describe those granophyres which contain iron-rich
olivine. The granophyres which contain no olivine are simply
called granophyres, and the term ‘metasomatic granophyre’ has
been dropped because the alleged metasomatic origin of these

rocks 1is disputed by the author.
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Table 3.1) Classification of New Amalfi Sheet rocks.

FIELD PETROGRAPHIC POLDERVAART'S Mg #
CLASS. CLASS. CLASS.
granophyre | granophyre metasomatic < 6.5 -
granophyre
b fayalite- fayalite- 6.6 - 12.1
hedenbergite | hedenbergite
granophyre granophyre
gabbro granodiorite | fayalite 12.1 - 16
dolerite
quartz quartz 16.1 - 32.6
monzodiorite | dolerite
quartz 32.7 - 49
gabbro
Western pigeonite pigeonite 50 - 62
dolerite dolerite dolerite
Eastern olivine olivine 50 - 70
dolerite dolerite dolerite

3.2 PETROGRAPHIC DESCRIPTION OF THE DIFFERENT ROCK TYPES.

3.2.1 Olivine dolerites.

These dolerites are found to the east of the granophyres and
correspond thus to the eastern dolerites of the field-based
classification. The general texture of these rocks is ophitic
(Plate 3.1.1) with an average grain size of 1mm. Euhedral olivine
(14%) at the base of this unit and this may indicate
The

or

is abundant
gome degree of gravity-induced settling of thisg mineral.
olivine 1is sometimes partially altered to iddingsite
chlorophaeite. Individual olivine grains are 1lmm in diameter and
contain small inclusions of chromite (Plate 3.1.2) and dendritic
(Plate 3.1.3), identical to that

(1979) and which was considered

by these authors to be due to exsolution.

exsolution of a spinel phase

described by Ealeg and Snowden
In some cases olivine
grains can be seen to enclose small plagioclase laths (Plate
3.1.2).

by pyroxene grains.

The olivine itself is often partially to totally enclosed
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PLATE 3.1

plane light; xn = crossed niédls; FOV = field of view)

Ophitic texture of olivine dolerites (pl, FOV =
6.25mm) . -

Olivine grain enclosing plagioclase and chromite in

lowest olivine dolerite (xn, FOV = 1.56mm).

Dendritic exsolution of gpinel in olivine in lowest

olivine dolerite (pl, FOV = 0.39mm).

Inverted pigeonite in olivine dolerite showing graphic
exsolution and fine-scale planar exsolution parallel
to (100) (xn, FOV = 1.56mm).

Inverted pigeonite herring-bone twin in olivine
dolerite showing well developed exsolution of augite
parallel to the relict monoclinic (001) plane (xn, FOV
= 1.56mm) .

Poorly developed fine-scale exsolution of pigeonite in
augite parallel to (001) in clivine dolerite. Patch of
altered bleached hydrothermal pyroxene with associated
hornblende and specks of opagque oxide inclusions on
bottom-left side of grain. Note that exsolution is not
preserved where hydrothermal alteration has occurred
(pl, FOV = 1.56mm).

Glomeroporphyritic texture in contact pigeonite
dolerite (xn, FOV = 6.25mm) .

Pigeonite core (bolder relict) to augite grain in

pigeonite dolerite (xn, FOV = 1.56mm).
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Augite and pigeonite form composite grains that have an average
grain size of 1.5 mm, but can reach up to 3 mm and which
ophitically enclose smaller plagioclase laths. The pigeonite is
often inverted to hypersthene which shows graphic exsolution of
augite and in some cases fine-scale exsolution of augite parallel
to (100) (Plate 3.1.4). Plagioclase laths have an average grain
size 'of 0.5 mm with larger grains showing compositional zoning.
Minor amounts of opague oxides are present as well as minor
amounts of granophyric intergrowth, which is found in the

interstices between plagioclase laths.

With increasing height above the base of this unit, the
proportion of olivine drops to ca. 1%. The olivine no longer
contains inclusions of chromite and plagioclase, or exsolved
spinel. The texture of the olivine dolerites changes from ophitic

to subophitic as they are now slightly coarser grained than the
basal olivine dolerites and have an average grain size of 1.5mm.
The graphic exsolution in the inverted pigeonite gives way to the
development of more continuous, thick lamellae of augite parallel
to the relict monoclinic (001) crystallographic plane, sometimes
forming herringbone twins (Plate 3.1.5). Some grains of inverted
pigeonite still show the fine-scale exsolution of augite parallel
to (100), but as this occurred below the inversion temperature
it is not as well developed as the (001) exsolution. In the
augite, fine-scale exsolution of pigeonite parallel to (001) is

now also seen (Plate 3.1.6).

The bleaching of the normally brown augite to a colourless phase,
accompanied by the appearance of inclusions of opaque oxide and
hornblende®, 1is first seen in the topmost olivine dolerites
(Plate 3.1.6). Opaque oxide, granophyric intergrowth and very
small amounts of apatite, biotite, chlorite and actinolite appear

in the interstices between plagioclase laths.

Chromite was the first mineral to form in the olivine deolerites,

as it is found only as inclusions in olivine. The chromite was

'This bleaching of the normally brown augite is due to
hydrothermal alteration and will be discussed at length in
the next chapter.
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followed by olivine, and some plagioclase may have nucleated at
this time as well, judging from itg presence as inclusions in
olivine. This was followed by the precipitation of the bulk of
the plagioclase and then clinopyroxene and pigeonite, giving rise
to the ophitic texture. Post-cumulus apatite,  biotite,
granophyric intergrowth, opaque oxide, chlorite and actinolite

were formed late in the paragenesis.

3.2.2 Pigeonite Dolerites.

The pigeonite dolerites are found to the west of the band of
granophyre, and thus correspond to the western dolerites of the
field-based classification. The difference between these
dolerites and the olivine dolerites is that olivine is less
abundant and the pigeonite shows none of the well-developed
exsolution seen in the olivine dolerites. This indicates that
these dolerites cooled faster than the olivine dolerites. This
was because the pigeonite dolerites form part of the western
peripheral sheet which is much thinner than the New Amalfi Sheet

itself.

Fine grained contact dolerite has a glomeroporphyritic texture
(Plate 3.1.7) and contains clusters of plagioclase and pyroxene
phenocrysts within a groundmass of small plagioclase laths and
interstitial pyroxene and opaque oxide. The glomercporhyritic
texture indicates that plagioclase and pyroxene were on the
liquidus at the time of intrusion of the pigeonite dolerites.
Further away from the contact the dolerites are medium-grained
and contain a small amount of altered olivine, almost always
enclosed in ophitic plates of augite and pigeonite up to lmm in
diameter. In some cases, pigeonite can be seen to form cores to
augite grains (Plate 3.1.8). This may indicate that pigeonite
initially preceded augite in the paragenetic sequence. Some
ophitic plates of orthopyroxene were also noted, but because of
the lack of exsolution, it is unclear whether thigs represents
inverted pigeonite or primary orthopyroxene. Plagioclase laths
are on average 0.2mm in diameter. Interstitial opaque oxide
completes the mineral assemblage. Further away from the contact,

olivine is absent and the grain size continues to increase, so
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that ophitic plates of augite and pigeonite are now on average
1.5mm in diameter and plagicclase daths reach 1mm in diameter,
often showing compositional zoning. Small amounts of granophyric
intergrowth and biotite are now seen in the interstices between

rlagioclase laths.

Although there are slight differences in petrography between the
olivine dolerite and the pigeonite dolerite, they both show the
general petrographic characteristics of the Kokstad Dolerite
Type, as defined by Walker and Poldervaart (1949). These general
characteristics are that they contain an abundance of plagioclase
(over 50%) , they contain clinopyroxene together with
orthopyroxene, or pigeonite, or both, and they contain highly

variable amounts of olivine.

3.2.3 Dolerite Pegmatite,

In some places within the pigeonite dolerites, isolated patches
of dolerite pegmatite were noted. These dolerite pegmatites or
pegmatitic schlieren have previously been described in Karoo
rocks, most notably by Walker and Poldervaart (1949) and Eales
and Booth (1973). In all cases, they have been described as the
result of the crystallization of a late-stage water-rich melt

under conditions of reduced temperature and viscosity.

The dolerite pegmatite at New Amalfi is coarse-grained and has
a sub-ophitic texture. Large equant plagioclase grains of 1.5mm
diameter on average exhibit marked compositional zoning and are
sometimes enclosgsed by abundant granophyric intergrowth. Ophitic
plates of augite have an average grain size of 2mm. Augite 1is
often altered to a colourless, bleached hydrothermal
clinopyroxene. The augite shows exsolution parallel to (001),
with occasional development of herringbone twins. Pigeonite is
also present and in some cases is clearly seen to form cores to

augite grains.

Orthopyroxene is present and shows either no exsolution or fine-
scale exsolution parallel to (100). It is unclear whether this

represents primary orthopyroxene or inverted pigeonite. Other
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phases include opaque oxide and abundant late-stage phases such
as Dbiotite, hornblende and apatite, often found within the

granophyric intergrowth.

3.2.4 Quartz Gabbros

On the eastern side of the intrusion, olivine dolerite passes
upwards into quartz gabbro. The transition is marked by a number
of significant petrographic changes, namely, the disappearance
of olivine from the assemblage, an increase 1in grain size to an
average of 2mm, and a change in the general texture of the rock
from ophitic to intergranular. Other features of this transition
are the decline in the proportion of pigeonite and inverted
pigeonite, and the appearance of the iron-rich orthopyroxene,

ferrohypersthene.

Plagioclase is the most abundant phase within the gquartz gabbros.
Individual grains are more equant than in the dolerites and
exhibit marked compositional =zoning. The proportion of
plagioclase declines with height through the quartz gabbros from
57% to 49%, but it still remains the most abundant phase

throughout the unit.

The proportion of augite increases in proportion to the decrease
in pigeonite and orthopyroxene, and it is seen to form composite
grains with pigeonite, inverted pigeonite and ferrohypersthene
grains. As the intergranular texture suggests, the pyroxenes are
found in the interstices between plagioclase laths, indicating

that they crystallized after the plagioclase.

Augite often contains exsolution lamellae of pigeonite parallel
to (001) and, as the augite is often twinned, this gives rise to
the formation of hefringbone twins (Plate 3.2.1). Cores of
pigeonite can be seen in some augite grains. The presence of
bleached hydrothermal pyroxene is widespread, often affecting
more than half of any specific augite grain (Plate 3.2.2). The
hydrothermal pyroxene is often not in optical continuity with the
rest of the unaltered grain, and this, together with the presence

of hornblende and opague oxide inclusions, imparts a blotchy
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PLATE 3.2

Augite herring-bone twin in quartz gabbro showing well
developed fine-scale exsolution of pigeonite parallel
to (001) (xn, FOV = 1.56mm).

Unaltered brown augite relict in quartz gabbro (middle
of grain) showing exsolution of pigeonite parallel to
{(001) with incipient hydrothermal alteration at the
top and bottom of grain now affecting approximately
50% of the grain and obliterating previous exsolution
(pl, FOV = 1.56mm).

Parallel alignment of plagioclase and augite grains in
quartz gabbro. Note blotchy nature of interference
colours in top augite grain {(xn, FOV = 6.25mm) .

Inverted pigeonite grain (in quartz gabbro) which has
inverted to two separate crystals with differeﬁtly
orientated crystallographic axes (one in extinction)
because of the sluggish inversion of iron-rich
pigeonite (xn, FOV = 1.56mm).

Ferrohypersthene 1in quartz gabbro showing (001)
section (with characteristic blocky cleavage) found in
interstices between plagioclase laths, together with
quartz and stilpnomelane (xn, FOV = 1.56mm) .

Ferrohypersthene in quartz gabbro found together with
augite in composite pyroxene grain. Ferrohypersthene
in (100) section thus exhibits only one set of
cleavage traces (pl, FOV = 6.25mm) .

Large lath of cumulus apatite in granodiorite. Note
ferrohypersthene at top right and altered fayalite
(bottom centre) (pl,FOV = 1.56mm).

Large amounts of grancphyric intergrowth in
granodiorites, enclosing smaller plagioclase laths.
(xn, FOV = 6.25mm) .
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appearance to the pyroxene grain between crossed nicols (Plate
3.2.3). The hydrothermal alterat;oﬁ also has the effect of
destroying any exsolution intergrowkh that may have been present
(Plate 3.2.2).

Pigeonite is often found as grains that have inverted to two or
more  hypersthene crystals with differently orientated
crystallographic axes, due to the sluggish inversion of iron-rich
pigecnite. This feature has also been reported for the Skaergaard
Intrusion by Wager and Brown (1968). The inverted pigeonite
always shows well developed exsolution of augite parallel to
(o01), sometimes also forming herringbone twins. The
ferrohypersthene is commonly seen in sections parallel to (001)
where it is characterized by two prominent cleavage planes almost
at 90° to each another (Plate 3.2.5). Where grains exhibit
sections parallel to (100), only one set of cleavage planes is
seen (Plate 3.2.6). Other distinguishing features include a
higher relief than the other pyroxenes, and the absence of
exsolved phases. The ferrohypersthene first appears as an
interstitial phase fcocund in the interstices between plagioclase
laths, together with late stage phases such as granophyric
intergrowth (Plate 3.2.5). At the top of the quartz gabbros, the
ferrohypersthene is seen forming cores to augite grains, or as

separate grains.

The proportion of granophyric intergrowth increases from 6% to
10% towards the top of the unit. Other interstitial accessory
phases present include apatite, stilpnomelane, opaque oxide,
biotite and hornblende. At one specific level within this unit,
strong parallel alignment of plagioclase and pyroxene grains

imparts an igneous lamination to the rock (Plate 3.2.3).

3.2.5 Quartz Monzodiorites.

As mentioned above, these rocks were coriginally also termed
quartz dolerites by Poldervaart (1944). They have here been
termed quartz monzodiorites because they plot within the field
of quartz monzodiorites as defined by the IUGS classification,

and because the An content of the plagioclase in these rocks 1is
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below 50%.

The rock has an intergranular texture and plagicclase is still
the dominant phase in the rock, although the proportion of
plagioclase declines with height from 49% to 43%. Ferroaugite is

the main pyroxene phase, at around 30%.
The Lransition from quartz gabbro to quartz monzodiorite is
marked by the appearance of opaque oxide as a cumulus phase (8%).
The opaque oxide is often intergrown with pyroxene, with a rim
of biotite or hornblende separating the two phases. This
phenomenon will be discussed in the next section on reflected-
light petrography. Granophyric intergrowth 1is present in
proportionsg increasing from 11% to 19%, while apatite, although
still an accessory phase, is often found within the granophyric

intergrowth. In the topmost quartz monzodiorites, olivine re-
appears as large, euhedral, yellow grains of fayalite which reach
up to 2mm in diameter, and this coincides with the disappearance
of pigeonite, although small amounts of iron-rich orthopyroxene

are still present.

3.2.6 Granodiorites. -

These zrocks were originally termed fayalite dolerites by
Poldervaart (op. c¢it.) but here they have been termed
granodiorites because they plot within the field of
granodiorites, according to the IUGS classification. The
transition from quartz monzodiorite to granodiorite is marked by
the appearance of apatite as a cumulus phase. It ig seen as long
colourless laths with high relief (Plate 3.2.7), or as numerous

inclusions in olivine and ferroaugite grains.

Plagioclase remains the most abundant phase in the rock, despite
declining in proportion with height from 43% to 39%. The
intergranular texture of the quartz gabbros and quartz
monzodiorites begins to give way to a granophyric texture in the
granodiorites as increasingly large patches of granophyric
intergrowth occasionally completely enclose some smaller

plagioclase grains (Plate 3.2.8). Granophyric intergrowth is now
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the second-most abundant modal component, increasing in
proportion with height from 19% to 38% in the granodiorites.

Ferroaugite declines in proportion from 24% to 12% with
stratigraphic height. The disappearance of pigeonite 1is
associated with a textural change in the remaining climnopyroxene,
as the ferrocaugite is now found as single euhedral grains (on
average 2mm in diameter) that are almost completely converted to
the Dbleached hydrothermal clinopyroxene with ubiquitous
associated hornblende and opagque oxide (Plate 3.3.1). Exsolution
is no longer seen in the clinopyroxene and this is probably
because of the effect of the hydrothermal alteration. Small
amounts of ferrohypersthene are present in the rock (1%) as
euhedral grains displaying a blocky 90° cleavage. Fayalite is
also present in the granodiorites and the fact that olivine,
orthopyroxene and quartz coexist within the granodiorites (Plate
3.2.7) may indicate that the forbidden zone of Lindsley and Munoz
(1969), which is the limit of stability of calcium-poor pyroxene,
was reached, (assuming that the orthopyroxene is primary). This
will be debated in the next chapter. Opaque oxide declines
rapidly in proportion through the granodiorites from the peak of
8% reached at the end of the gquartz monzodiorites to around 3%

in the topmost granodiorites.

3.2.7 Favalite-Hedenbergite Granophyres.

The disappearance of ferrohypersthene and an increase in
granophyric intergrowth to between 47% and 61% marks the
transition from granodiorite to fayalite-hedenbergite granophyre.
Granophyric intergrowth is now dominant and, as such, the rock
has a generally granophyric texture. Some of the quartz in the
granophyric intergrowth has a needle-like habit, which indicates
that the quartz once existed as the polymorph, tridymite (Plate

3.3.2) as 1s also seen at Birds River (Eales and Booth, 1974).

Plagioclase continues to decline in proportion with height from
34% to 9% and is now seen almost exclusively as euhedral grains
surrounded by granophyric intergrowth. Pyroxene, although now

only constituting between 13% and 8% of the rock, occurs as
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PLATE 3.3

Large, single clinopyroxene grain in granodiorite now
almost completely alteréd to bleached hydrothermal
clinopyroxene with large amounts of associated
hornblende (pl, FOV = 6.25mm).

Granophyric intergrowth in fayalite-hedenbergite
granophyre showing needle-like habit of the quartz
(xn, FOV = 1.56mm).

Large euhedral fayalite crystal showing partial
alteration to iddingsite, and inclusions of apatite in

fayalite-hedenbergite granophyre (pl, FOV = 6.25mm) .

Drusy cavity in granophyre filled with stilpnomelane
and lined with euhedral quartz crystals. Note euhedral

zircon grain grown on quartz grain {(pl, FOV = 1.56mm) .

Composite Ti-magnetite-ilmenite grain in quartz
monzodiorite. Note faint exsolution of ilmenite and
fine exsolution of ulvéspinel in Ti-magnetite which
imparts a bad polish to the Ti-magnetite (ref, FOV .=
0.98mm) .

Composite sulphide globule (in gquartz monzodiorite)
containing darker (yellow) chalcopyrite and lighter
pyrrhotite (ref, FOV = 0.98mm).

Ti-magnetite (in granodiorite) now with well developed
exsolution of ilmenite parallel to (111) and better
polish indicating absence of ulvdspinel exsolution
(ref, FOV = 0.98mm) .

Chalcopyrite globule (in fayalite-hedenbergite
granophyre) showing secondary alteration to covellite
(ref, FOV = 0.39mm) .
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prisms up to 1lmm in diameter and up to 5mm in length. Large,
euhedral olivine grains up to 2mm in diameter are present, and
contain inclusions of apatite (Plate 3.3.3). The olivine is now
largely altered to iddingsite and chlorophaeite. Opaque oxide is
present at around 3% of the rock, and apatite has declined in
proportion from its peak of 3% in the granodiorites to.around 1%.
In the topmost fayalite-hedenbergite granophyres, occasional
drus§ cavities are lined by euhedral quartz and filled with

stilpnomelane and biotite.

3.2.8 Granophyres.

The transition from fayalite-hedenbergite granophyre to
granophyre is marked by the disappearance of olivine from the
mineral assemblage. Granophyric intergrowth makes up the bulk of
the rock at around 80%. Large patches of perthitic potassium -
feldspar and euhedral quartz are now seen within the granophyric
intergrowth. A very small amount of plagioclase is also preséht,
and both the plagioclase and potassium feldspar are extensively
altered to sericite. Clinopyroxene forms only around 4% of the
rock and is found as long prisms often over 7mm in length. It is
completely altered to bleached hydrothermal pyroxene. Opaque
oxide forms approximately 2% of the rock. Apatite is no longer

seen.

An important feature of the granophyres is the abundance of drusy
cavities filled with stilpnomelane, biotite, opague oxide and the
late-stage accessory phase, zircon. Sometimes the cavity fillings
are dissected by cracks that appear to have formed from the
drying-out of the cavity filling. The zircon is euhedral and is
often seen to be growing out from the edge of quartz grains
(Plate 3.3.4). This indicates that the zircon is not of detrital
origin but that it grew in situ from late-stage deuteric fluids

that circulated through the drusy cavities.

3.2.9 The Xenoliths.

As has been mentioned in the previous, chapter a number of small

sedimentary xenoliths of around 20cm diameter are found within



44

the topmost granophyres. The mineralogy of the xenoliths is
similar to that of the adjacent g;ghophyres, but they are much
finer grained and have a hypidiomorbhic-granular texture. They
are fine- to medium-grained and contain subhedral quartz,
potassium feldspar, clinopyroxene, opaque oxide, biotite and
hornblende. Plagioclase is present in very small amounts, but it
is usually not possible to distinguish between it and the
potassium feldspar because of the high degree of gericitization
affecting both phases. There is a sharp contact between the
xenoliths and the adjacent granophyre, marked by a sudden change

in grain size and texture.

3.2.10 Aplitic Veins.

Cross~-cutting aplitic veins are found within the granophyres and
the underlying rocks down to the level of the quartz gabbros. The
mineralogy of these veins is similar to that of the granophyres
in that they contain quartz, potassium feldspar and a small
amount of ferrohedenbergite and opaque oxide. The quartz is
subhedral in habit and this imparts a hypidiomorphic-granular
texture to the rock. The other difference between these veins and
the granophyres is that they are fine-grained. These veins also
contain drusy cavities which are filled with stilpnomelane and,
occagionally, accessory calcite. These drusy cavities probably
indicate that the aplitic veins were zones along which fluids

moved through the sheet.

3.3 PETROGRAPHY OF THE OPAQUE PHASES.

In this section the petrography of the opagque phases within the
rocks of the New Amalfi Sheet will be discussed with reference
to changes that occur with progressive differentiation. In the
olivine dolerites, small amounts of Ti-magnetite and ilmenite are
present as euhedral to subhedral grains. It was possible to
distinguish between the ilmenite and magnetite in most cases
because the ilmenite exhibits slight anisotropism. It was found
that the ilmenite is generally more euhedral than the magnetite,
the latter filling the interstices between plagioclase laths. A

similar pattern has also been described in Karoo dolerites by



45

Reynolds (1983) who suggested that the habit of the ilmenite in
Karoo dolerites is related to the cooling rate of the rock, with
more euhedral ilmenite grains found in rocks that cooled‘more
quickly. In the New Amalfi Sheet dolerites, magnetite is often
seen to surrocund more euhedral ilmenite grains. A similar feature
was noted by Reynolds (op. cit.), who saw this to indicate that
the ilmenite probably nucleated slightly earlier than the

magnétite.

The presence of small, round inclusions of chromite in olivine
was established by electron microprobe analysis. These chromite
inclusions are seen only within the lowest olivine dolerite
sample taken from the New Amalfi Sheet (NA99). Eales and Snowden
(1979) reported a similar occurrence of chromite inclusions in
olivine from the adjacent Elephant’s Head Dike. In addition to
these oxide phases, two sulphide phases (chalcopyrite and
pyrrhotite) are found in trace amounts, forming intergrown

sulphide globules within the olivine dolerites.

The habit of the oxide phases changes between the olivine
dolerites and the overlying quartz gabbros. Ilmenite and
magnetite now form large compound anhedral grains, 1 to 2 mm in
diameter, within the interstices between plagioclase laths. The
Ti-magnetite can now be easily distinguished from the ilmenite
because it shows exsolution of sparse ilmenite lamellae and very
fine exsolution of ulvdspinel in between the sgparse ilmenite
lamellae. This has resulted in a poor polish for the Ti-magnetite
compared to the smooth ilmenite which exhibits no exsolution, so
that these two phases are easily distinguished. The sulphide
phases, chalcopyrite and pyrrhotite, are again present in the

quartz gabbros, but still in trace amounts.

The exsolution of ulvéspinel in Ti-magnetite has previously been
described in Karoo dolerites by Reynolds (1983) who states that
thig feature reflects low £fO, conditions during cooling at
temperatures below the magnetite-ulvdspinel solvus. Reynclds (op.
cit.) also noted the tendency for ilmenite and Ti-magnetite to
form large anhedral aggregates found interstitially Dbetween

plagioclase and pyroxene grains 1n coarser-grained Karoo
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dolerites. Reynolds attributes this form of intergrowth to
granule oxidation-exsolution of ilmenite from adjacent Ti-
magnetite. Buddington and Lindsle§1(1964) showed that granule
oxidation exsolution of ilmenite from magnetite takes place under
high fO, conditions. It is unlikely therefore that the composite
grains of ilmenite and magnetite found within the quartz gabbros
of the New Amalfi Sheet formed because of oxidation-exsolution
of Ti;magnetite, since the presence of exsolved ulvédgpinel within
the magnetite indicates low £O, conditions. Therefore, the
ilmenite within the composite oxide grains formed from direct
crystallization together with magnetite. The interstitial habit
of these two phases, however, indicates that they do not
represent primary cumulus phases at this stage. Haggerty (1976)
studied the changes in the petrography of oxide phases with
progressive oxidation and is also of the opinion that most
composite ilmenite and magnetite grains do not represent granule
oxidation-exsolution of Ti-magnetite but primary simultaneous

crystallization of both phases.

There is a marked increase in the proportion of the oxide phases
at the base of the quartz monzodiorites, and this is seen to mark
the entrance of Ti-magnetite and ilmenite as cumulus phases.
Magnetite and ilmenite are still found to form composite anhedral
grains with the Ti-magnetite exhibiting exsolution of ulvédspinel,
which indicates that the £f0, was still low (Plate 3.3.5). The
ilmenite portion of each grain shows complex ‘vermiform’
intergrowths with pyroxene grains, with secondary biotite or
hornblende separating the ilmenite from the host pyroxene. This
has previously been documented in Karoo rocks by Reynolds (1983)
who interpreted the phenomenon as being due to the reaction of
Ti-magnetite with late-stage hydrous fluids to produce biotite
or hornblende. The ilmenite component of composite grains is left
unaffected and Fe and Ti ions liberated from the destruction of
the Ti-magnetite combine to form new ilmenite which grows around
the existing ilmenite, thus forming vermiform intergrowths of
ilmenite surrounded by late-stage alteration products. Reynolds
(op. cit.) states that this vermiform habit of the ilmenite is
typical of late-stage differentiates or rocks that have undergone

deuteric alteration. A few individual euhedral, lath-like grains
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of ilmenite are also present, in addition to those seen to be
intergrown with Ti-magnetite, and this may indicate an earlier
stage of ilmenite nucleation. The sudden increase in the
proportion of the oxide phases is;mirrored by an equally sudden
increase in the proportion of the sulphides chalcopyrite and
pyrrhotite, although these phases still do not represent more
than 1% of the rock. Once again, the chalcopyrite and pyrrhotite

are seen to form composite éulphide globules (Plate 3.3.6).

There is a gradual decline in the proportion of the opaque oxide
phases from the top of the quartz monzodiorites through the
granodiorites to around 2%. In the granodiorites, Ti-magnetite
and ilmenite still form composite anhedral grains. However, the
exgsolution of ilmenite in the magnetite is now well developed,
with thick lamellae of ilmenite aligned parallel to the (111)
crystallographic plane of the Ti-magnetite to produce the
‘trellis network’ exsolution pattern described previously in
Karoo Ti-magnetites by Eales et al. (1980) and Reynolds (1983),
(Plate 3.3.7). The host Ti-magnetites are now also free of the
fine exsolved ulvdspinel, thereby allowing the host Ti-magnetites
to take a better polish. The well developed ilmenite lamellae and
the absence of ulvdspinel within the Ti-magnetite indicate the
presence of higher fO, conditions than those that existed in the
underlying rocks, during cooling of the granodiorites. This
resulted in extensive oxidation of the magnetite-ulvdspinel solid
solution thereby causing the exsolution of ilmenite lamellae
within the Ti-magnetite parallel to the octahedral (111) plane,
as described by Buddington and Lindsley (1964). Long, euhedral
laths of ilmenite are also present within the granodiorites and
once again this seems to indicate an earlier period of ilmenite
nucleation. In the fayalite-hedenbergite granophyres and the
granophyres, the occurrence of opaque phases is similar to that
in the granodiorites.vThe main difference is that the vermiform
intergrowths of ilmenite with late-stage hydrous phases, such as
biotite and hornblende, are now common, indicating the increasing
abundance of hydrous fluids reacting with Ti-magnetite to produce
these intergrowths. The small amounts of chalcopyrite in the rock
are also now seen to have undergone secondary alteration to
covellite (Plate 3.3.8).
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3.4 SUMMARY.

a)

f)

Modal analyses from a represéhfative suite of samples are
shown 1in Figure 3.1 which serves as a good graphical
summary of the petrography of the New Amalfi Sheet. The
modal analyses have been plotted against whole rock Mg# as
_this is the best way to separate the samples in order of
increasing degree of differentiation with stratigraphic
height. The continuous modal trends seen, especially in the
case of the granophyric intergrowth, suggest that there is
a genetic link between the mafic rocks of the sheet and the

granophyres.

Olivine is abundant in the dolerites at the base of the
sheet, and this may indicate some degree of gravity-induced

settling of this mineral.

Pigeonite shows no sign of exsolution in the pigeonite
dolerites and this indicates that these dolerites cooled
faster than the olivine dolerites, probably because they
form part of the thinner western peripheral sheet.

The glomeroporphyritic texture of the pigeonite dolerites,
found close to the contact with surrounding country rock,
indicates that plagioclase and pyroxene were on the
ligquidus at the time that the pigeonite dolerites were

intruded.

The olivine dolerites and the pigeonite dolerites both show
the general characteristics of the Kokstad Dolerite Type as
defined by Walker and Polderxrvaart (1949).

The fact that olivine, iron-rich orthopyroxene and quartz
coexist within the granodiorites indicates that the
absolute limit of orthopyroxene stability, the forbidden
zone of Lindsley and Munoz {(1969), was reached within these

rocks, if the orthopyroxene is a primary liquidus phase.

The presence of drusy cavities filled with stilpnomelane
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and euhedral zircon indicates that these cavities were
zones of fluid movement and that the zircon grew from these
probably late-stage, water-rich fluids. The aplitic wveins

were also zones of late-stage fluid movement

The exsolution of ulvdspinel from Ti-magnetites within the

quartz gabbros indicates low fO, conditions. The

disappearance of this phenomenon in the Ti-magnetites found
within the granodiorites, together with the development of
‘trellis network’ exsolution of ilmenite in the Ti-
magnetites, indicates that the £0, had increased within

these rocks.

The coarse intergrowths of Ti-magnetite and ilmenite in the
quartz gabbros and quartz monzodiorites are unlikely to be
because of oxidation exsolution (because of the prevailing

low fO, conditions) but rather the result of simultaneous

crystallization.

The increase in the proporticn of bleached pyroxene and
vermiform ilmenite with stratigraphic height within the
intrusion indicates an increase in hydrothermal/deuteric

activity with stratigraphic height in the intrusion.

3.4.1 The Paragenetic sequence of the primary phases of the New

Amalfi Sheet.

DOLERITES

chromite -» chromite+olivine - chromite+clivine+plag -

chromite+olivine+plag+pigeonite+augite
i}
QUARTZ GABBROS
plag+pigeonite+augite+ferrohypersthene
U
QUARTZ MONZODIORITES

plag+pigeonite+ferroaugite+ferrohypersthene+ilm.+Timagnetite -»

plag+ferrocaugite+ferrohypersthene+ilmenite+Timagnetite+olivine
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4
GRANODIORITES
plag+ferroaugite+ferrohypersthene;ilmenite+Timagnetite+olivine
+apatite+granophyric intergrowth
U
FAYALITE-HEDENBERGITE GRANOPHYRES
plag+ferrohedenbergite+ilmenite+Timagnetite+olivine+apatite+
granophyric intergrowth
4
GRANOPHYRES
plag+ferrohedenbergite+ilmenite+Timagnetite+granophyric

intergrowth
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4. MINERAL CHEMISTRY.

4.1 INTRODUCTION.

The compositions of pyroxenes, olivines, feldspars, magnetite and
ilmenite were determined by electron microprcocbe analysis of 41
representative samples taken from the New Amalfi Shee£l<ﬁ summary
of analytical techniques and conditions used is given in appendix
I.

4.2 PYROXENES.

A total of 484 calcium-rich pyroxene analyses and 159 calcium-
poor pyroxene analyses have been plotted within the pyroxene
quadrilateral in Figure 4.1. The only analyses excluded from this
group were those that contained between 5 and 15 wt% CaO, since
these analyses fall within the miscibility gap between naturally
occurring calcium-poor and calcium-rich pyroxenes and therefore
represent mixtures of host and exsolution lamellae, and not

liguidus compositions (Deer et al, 1978).

4.2.1 Calcium-Rich Pyroxenes.

4.2.1.1 Two varieties of calcium-rich pyroxene.

As can be seen from Figure 4.1, there is a wide range in the CaO
concentration of the calcium-rich pyroxenes. Figure 4.2 shows a
histogram of CaO distribution within the calcium-rich pyroxenes.
It can be seen that there are three peaks in CaO distribution at
between 18.4 and 18.6 wt%, 19.6 and 20 wt%, and 20.6 and 20.8
wt%. Figure 4.3 shows that there is a bimodal distribution of
Ti0, concentration within the calcium-rich pyroxenes, with one
peak between 0.1 and 0.2 wt%, and the other peak between 0.7 and
0.8 wt%. During the study of the calcium rich pyroxenes from the
New Amalfi Sheet, it was discovered that some normally brown
augite grains had been partially ‘bleached’ to a dirty white
colour (Plate 4.1). Electron microprobe analysis of these grains

showed that the bleached portions of the augite grains had higher
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Table 4.1 Comparison of analyses from a traverse of the augite grain
in Plate 4.1, using a focused 1u and -a defocused 10u electron beam.

POSITION || 1
BEAM 1u 10u
WIDTH

Sio2 l 51.6 | 50.8
Tio2 0.11 | 0.07
al203 0.46 | 0.44
Cr203 0 0
FeO 14.7 | 14.8
Mno 0.35 | 0.32
NiO 0.04 1o
MgO 11.0 | 10.8
cao 21.8 | 21.6
Na20 0.20 | 0.2
Total 100 99.0

Ca0 and lower TiO, concentrations than the originally brown

portions. A longitudinal traverse of one such grain, shown in

Plate 4.1, clearly shows this. From Table 4.1 it can be seen that

positions 1 and 2, found within the bleached portion of the

grain, have high Ca0 and low TiO, concentrations, whereas

positions 4 and 5, found within the brown portion of the grain,
have comparatively lower CaO and higher TiO, concentrations.
examination of Table 4.1 also shows that the

FeO and MgO,

Apart from this,
bleached pyroxene has less Al203, compared to the
brown calcium-rich pyroxene.

The compositicn of the pyroxene grain at position 3, is similar
to that at positions 4 and 5, when analysed with a defocused 10u
beam. However position 3 has an intermediate CaO composition of
20 wt%

when analysed with a focused 1u beam. This feature is discussed

and has retained a high Ti0, concentration of 0.6 wt%,
further in the next paragraph. Examination of Plate 4.1 also
shows that the transition from brown to bleached augite is

gradational, as seen from the gradational colour change from pure






Table 4.2

AVERAGE COMPOSITIONS OF BROWN CLINOPYROXENES

Sample

Wt.%
Si02
TiO2
Al203
Cr203
FeO
Mno
Nio
MgO
Cao
Naz20

Total

NASS

52.88
0.65
2.06
0.60
8.08
0.17
0.05

17.25

18.19
0.15

100.09

Cations (based on

si
Ti
Al
Cr
Fe2+
Mn
Ni
Mg
Ca
Na

Totals

Charge
Mg#
n

Sample

Wt.%
Si02
Tio2
Al203
Cr20e3
FeQ
MnoO
NioO
MgO
Cao
Naz0

Total

Cations

Si
Ti
Al
Cr
Fel2+
Mn
Ni
Mg
Ca
Na

Totals
Charge

Mg#
n

OO0 0DO0OQOOO0OH

W

1

1

.9443
.0181
.0894
.0174
L2492
.0054
.0015
. 9446
.7170
L0111

.9981
0.021

79.3
12

00.11

(based on

.9462

0.0215

[eNeoNoNeNoRoleNel

4.

.0681
.0032
.3769
.0085
.0011
.8709
.6951
.0104

0019
0.004

69.8
5

NA97 NA72
52.82 52.25
0.56 0.49
1.79 1.78
0.28 0.26
8.66 9.74
0.21 0.20
0.04 0.10
17.10 17.12
18.42 17.46
0.24 0.13
100.12 39.53
six oxygens)
1.9455 1.9419
0.0154 0.0138
0.0778 0.077%
0.0083 0.0076
0.2671 0.3041
0.0065 0.0062
0.0011 0.0030
0.9384 0.9471
0.7272 0.6951
0.0175 0.00%85
4.0048 4.00€3
-0.010 -0.013
77.8 75.9
8 10
NASQ NAa1z29
52.10 51.01
0.45 0.69
1.61 1.83
0.22 0.20
12.62 12.53
0.22 0.27
0.04 0.01
15.18 14.24
17.51 15.04
g.12 0.27
100.08 100.19
six oxygens)
1.9504 1.9212
0.0128 0.0195
0.0707 0.0859
0.0065 0.0060
0.3974 0.38946
0.0071 0.0086
0.0011 0.0003
0.8451 0.7994
0.7023 0.7682
0.0091 0.01985
4.0027 4.0232
-0.005 -0.046
68.1 67.0
5 4

56

NA132

.9512
.0144
.0754
.009%0
.3192
.0059
.0005
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COO0OOOOO QO
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.5386
.0094
.0004
.6649
.7605
.0145

[eNeNeoNeNoNoNolleRol ]

w»

.G099

-0.020
55.3
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W
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N
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-0.036
71.7

1.9547
0.0194
0.0551
0.0025
0.5734
0.0111
0.0014
0.6429
0.7327
0.0146

4.0079
-0.009

52.8
20



Table 4.2

Sample

Wt.%
S1i02
TiO2
Al203
Cr203
FeO
MnO
Nio
MgO
Cal
Naz20

Total

Cations

Si
Ti
Al
Cr
Fe2+
Mn
Ni
Mg
Ca
Na

Totals

Charge
Mg#
n

Sample

Wt.%
Si02
Tio2
Al203
Cr203
FeO
Mno
NiO
MgO
Cao
Na20

Total

(cont.)
NASL
50.19
0.65
1.23
0.07
18.00
0.33
0.02
11.22
17.89
0.19
99.79

(based on

.9425%
.0188
.0562
.0022

[oNeNeNoNoNoNeNoRo N o
wn
3]
N
w

>

N
OWHOOOWOOO
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w

[

99.57
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Mn
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Ca
Na
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Mg#
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.8974
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>
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100.26
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NAl92 NA153 -
48.92 49.03
0.60 0.53
0.74 0.66
0.00 0.06
24.86 24.81
0.35 0.33
0.01 0.02
6.35 5.12
17.91 18.91
0.13 0.26
99.87 99.75

six oxygens)

.9538
.0128
.0365
.0005
.7558
.01098
.0006
.4456
.7895
.0171

[sNeReNeNeNeNoNo ol

S

.0233

-0.027
37.1

K

N}
OCOHOOWOOO-N
wn
b

=

99.29

1.8577 1.9704
0.0179 0.0162
0.0350 0.0315
0.0002 0.0020
0.8324 0.8340
0.0119 0.0112
0.0004 0.0007
0.3781 0.3065
0.7683 0.8142
0.0098 0.0203
4.0117 4.0069
-0.009 -0.014
31.1 26.9
10 15
NAl134 NAB7
47.27 47.57
0.83 0.44
0.73 0.39
0.06 0.08
30.86 29.77
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1.23 0.93
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o
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Table 4.2 (cont.)

AVERAGE COMPOSITIONS OF BLEACHED CLINOPYROXENES

Sample NASS NA97 NA100 NA124&125 NAl2S NAl133 NASS
Wt.%

Si02 52.80 52.77 52.78 52.45 51.82 51.2¢9 51.94
Tio2 0.44 0.40 0.40 0.42 0.37 0.25 0.29
Al203 1.33 1.11 1.50 1.64 1.21 0.86 0. 74"
Cr203 0.19 0.21 0.21 0.36 0.14 0.10 0.07
FeO 8.16 8.10 8.78 9.05 10.37 12.64 14.66
MnO 0.20 0.16 0.18 0.15 0.20 0.24 0.27
Nio 0.00 0.03 0.03 0.05 0.02 0.05 0.03
MgO 14.91 14.54 15.35 15.16 13.92 12.19 11.27
Ca0 22.35 21.85 21.17 20.98 21.86 21.82 20.72
Naz20 0.19 0.23 0.15 0.16 0.23 0.18 0.22
Total 100.56 99.41 100.56 100.42 100.25 939.62 100.21

Cations (based on 6 oxygens)

Si 1.9534 1.9716 1.9514 1.9450 1.9474 1.8587 1.9796
Ti 0.0122 0.0112 0.0112 0.0116 0.0106 0.0071 0.0083
Al 0.0580 0.0488 0.0653 0.0715 0.0524 0.0386 0.0332
Cr 0.,0054 0.0062 0.0061 0.0105 0.0042 0.0031 0.0021
Fe2+ 0.2526 0.2531 0.2723 0.2814 0.3254 0.4061 0.4679
Mn 0.0062 0.0052 0.0057 0.0047 0.0063 0.0079 c.oo088
Ni 0.0001 0.0010 0.0008 0.0015 0.0007 0.0016 0.0010
Mg 0.8220 0.8097 0.8446 0.8365 0.7784 0.6813 0.6386
Ca 0.8861 0.8747 0.8389 0.8338 0.878s8 0.8826 0.8460
Na 0.0133 0.0166 0.0106 0.0117 0.0168 0.0130 0.0161
Total 4.0094 3.9980 4.0070 4.0082 4.0217 4.0200 4.0026
Charge -0.019 0.004 -0.014 -0.017 -0.043 ~-0.034 -0.005
Mg# 76.5 76.2 75.5 74.8 70.5 63.1 57.8
n 3 3 5 13 5 4 g
Sample NAS2 NASO NASO NA176 NAS1 NA160 NA190
WL.%

Si02 51.04 51.67 51.93 51.55 51.01 50.26 50.03
Ti02 0.16 0.31 0.18 0.12 0.16 0.20 0.12
Al203 0.86 0.78 0.50 0.45 0.46 0.48 0.44
Cr203 0.01 0.05 0.07 0.08 0.07 c.00 0.04
FeO 15.67 15.76 16.05 16.85 17.76 19.47 20.37
MnO 0.27 0.24 0.32 0.32 0.29 0.27 0.30
Nio 0.01 0.04 0.05 0.03 0.05 0.01 0.04
Mg0o 10.387 10.47 10.23 9.34 $.25 8.50 7.71
cao 20.95 21.04 21.00 21.08 20.87 20.83 20.97
Naz0 0.18 0.14 0.16 0.15 0.31 G.21 0.17
Total 99.81 100.49 100.49 99.¢8 100.z2 100.32 100.19
Cations (based on 6 oxygens)

si 1.9677 1.9756 1.9880 1.9924 1.9781 1.5964¢3 1.9683
Ti 0.0047 0.0089 0.0052 0.0035 0.0047 0.0058 0.0035
Al 0.0254 0.0349 0.0225 0.0207 0.0210 0.0223 0.0202
Cr 0.0002 0.0015 0.0020 0.0025 0.C020 0.0000 0.0013
Fe2+ 0.5055 0.5038 0.5143 0.5456 0.5760 0.6368 0.6711
Mn 0.0087 0.0078 0.0105 0.0105 0.00¢5 0.00%0 0.0098
Ni 0.0004 0.0013 0.0014 0.0011 0.0014 0.0002 0.0011
Mg 0.6298 0.5867 0.5830 0.5374 0.5342 0.4249 0.4513
Ca 0.8656 0.8619 0.8614 0.8732 0.8673 0.8765 0.8844
Na 0.0124 0.0101 0.0122 0.0110 0.0222 0.0157 0.0132
Total 4.0215 4.0025 4.0005 3.8979 4.0174 4.0261 4.0240
Charge -0.029 -0.005 -0.001 0.004 -0.033 -0.026 -0.025

Mg# 55.5 54.2 53.2 49.6 48.1 43.7 40.2
n 32 1 13 8 8 4 1
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Sample

Wt.%
5i02
Ti02
Al203
Cr20o3
FeO
MnO
NioC
MgO
cao
Naz20

Total

Cations

si
Ti
Al
Cr
Fe2+
Mn
Ni
Mg
Ca
Na

Total

Charge
Mg#

Sample

WE.%
5102
Ti02
Al1203
Cr203
FeO
MnoO
NioC
Mgo
ca0
Naz0

Total

[eNeRoNoNeNeNeNeleN oy
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20.88
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brown to totally bleached augite, and that analysis 3 is found

on the edge of this gradational zone:

Figure 4.4 shows a traverse from the bleached portion to the
brown portion of an augite grain, using a focused electron beam.
Figure 4.4 can be divided into three zones. Firstly, there is a
zone of brown augite with CaO concentrations below 19 wt% and
Ti0, concentrations above 0.6 wt%. Secondly, there is a zone of
bleached pyroxene with CaO above 20.5 wt% and TiO, below 0.2 wt%.
Between these two =zones 1s a transitional =zone with
concentrations of Ca0O mainly between 19 and 20.5 wt% and with
more erratic TiO, concentrations ranging between 0.1 and 0.6 wt%.
This traverse therefore shows that there is a gradual transition
zone between pure brown and totally'bleachéd.augite. Furthermore,
examination of Figure 4.4 shows that a focused beam analysis
taken at the edge of the transitional zone, next to the brown
augite zone, would have a Ca0O concentration of between 19 and
20.5 wt%. However, a defocused beam analysis of this same spot
would sample some of the brown augite as well, thereby imparting
a lower CaO concentration to the analysis. This is probably what
has caused the difference in CaO concentration between defocused
and focused beam analyses seen for position 3 in Table 4.1. The
transitional zone between the brown and bleached augite probably
also causes the middle peak on the Ca0 histogram for calcium-rich
pyroxenes 1in Figure 4.2. A middle peak is not seen in the TiO,
histogram shown 1in Figure 4.3, probably because the TiO,

distribution in the transitional zone 1s more erratic.

It was decided to use a focused instead of a defocused beam for
all pyroxene analyses because of the greater detail this affords.
It can be seen from Table 4.1 that there is essentially no
difference between focused and defocused beam analyses, except
for analysis 3, the reasons for which have already been
discussed. The fact that the other analyses are essentially the
same when analyzed with a focused or a defocused beam, indicates
that the exsolution present in the brown augite is at a very fine
scale. Buchanan (1979) states that the effective area analyzed
by a focused electron beam is 3u. From this he calculated that

if the exsolution density of a pyroxene is greater than 90
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lamellae per millimetre, then the analysis will closely approach
that of the bulk composition (obtained by analysis with a
defocused beam). It was noted duriﬁg the petrographic study of
the New Amalfi Sheet that the augites exhibit very fine-scale
exsolution (see Plate 3.2.1) and this is probably why focused and
defocused beam analyses of brown augite are similar, -except in
the special case where an analysis is taken at the edge of the

transition zone, between brown and bleached pyroxene.

A graph of TiO, versus Ca0 for all 484 single calcium-rich
pyroxene analyses shows two populations, one with high TiO, and
low CaO concentrations and the other with the opposite (Figure
4.5). These two populations correspond to the brown and bleached
"calcium-rich pyroxenes respectively. A transitional zone can
again be seen between 19 and 20 wt% Ca0, and 0.4 and 0.6 wt%
TiO,. Brown and bleached calcium-rich pyroxenes can also be
distinguished by using a plot of Ca0/TiO, versus CaO for all 484
focused beam analyses, shown in Figure 4.6. It can be seen from
this plot that there are two trends. There 1is one tightly
constrained trend of low Ca0/Ti0, values and another erratic
trend of higher Ca0O/TiO, values which begins between 19 to 20 wt$%
Ca0. These two trends therefore represent the brown and bleached
calcium-rich pyroxene assemblages respectively. These two trends
geem to 1intersect just below 20 wt% CaO, and 20 wt% Ca0O may
therefore be a useful value to distinguish between brown and

bleached pyroxene analyses.

It can therefore be seen that there are two varieties of calcium-
rich pyroxene within the New Amalfi Sheet rocks, namely the brown
variety and the bleached variety, so named because the latter
gseems to have formed from the original brown variety. The
transition from brown to bleached calcium-rich pyroxene is
gradational and therefore, as with all gradational features, a
dividing line must be drawn to distinguish between the two
varieties. Therefore, it was decided to draw the line at 20 wt%
Ca0 and to call any pyroxene analysis with 20 wt% Ca0 or more,
bleached pyroxene and any pyroxene analysis with less than 20 wt%
Ca0 the brown variety. A mean and standard deviation were then

calculated for all single brown and bleached pyroxene analyses.
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Two boxes which encompass two standard deviations to either side
the means in TiO, and CaO concentration, for both pyroxene
varieties, were drawn together with'd plot of TiO, versus Ca0 in
Figure 4.7. These boxes include 95% of all analyses belonging to
each pyroxene variety, assuming that both populations exhibit a
normal distribution (Ott & Mendenhall, 1985). Despite a small
region of overlap between these two standard deviation boxes, the
overlép does not extend to the means of either pyroxene variety.
The fact that the means of the two populations do not fall within
the area of overlap, indicates that the two pyroxene varieties

represent two separate populations.

A more thorough statistical test was used to prove that the brown
and bleached pyroxenes represent two different populations,
namely the Student’s t test. The formulas used to obtain a value
for t were taken from Ott and Mendenhall (1985) and are shown
below.

;i“;;

Sp i+_1_
I, I

where

| (n,-1) s+ (n,-1) 85
n,+n,-2

x,= meanofallbrownpyroxeneanalyses
x,= meanofallbleachedpyroxeneanalyses

s= samplestandarddeviation
n= number ofmeasurements

The fact that the value of t, calculated from the above equation,
of -26.915 1is much 1less than the wvalue of t, at the 99%
confidence level and infinite degrees of freedom, of -2.576,
indicates that the brown and bleached pyroxenes represent two

separate populations at the 99% confidence level.

Averages of all brown and bleached pyroxene analyses for each
sample were determined and are shown in Table 4.2. The average
sum of cations per 6 oxygens was 4.009 for the brown calcium-rich
pyroxenes and 4.011 for the bleached calcium-rich pyroxenes. The

average charge deficit, calculated from the formula given by
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Cameron and Papike (1981), was -0.0088 for the brown calcium-rich
pyroxenes and -0.0157 for the bleached pyroxenes. These average
charge deficit totals indicate the presence of a minor amount of
Fe’*, not accounted for in the cation calculation, which is
slightly more abundant in the bleached pyroxenes. Average intra-
sample coefficients of variation were calculated for the cations
and are shown in Table 4.3. The high values of these coefficients
of variation, especially with regard to the minor elements, are
probably the result of the gradational and sometimes erratic

nature of the transition from brown to bleached pyroxene.

Table 4.3 Average charge deficits and average intra-sample
coefficients of variation for New Amalfi Sheet pyroxenes.
L ____________________________________________________________ |

CHARGE BALANCE ( VAl+Fe’*+Cr+2Ti-VAl-Na )
Bleached Brown CPX OPX Pigeonite
CPX
-0.0157 -0.0088 0.0163 0.0049
COEFFICIENTS OF VARIATION (100*std/mean)
Cationsg Bleached Brown CPX OPX Pigeonite
CPX
Si " 0.5787 0.7300 0.2967 0.6704
Ti '|52.9915 33.9116 19.1672 12.0331
Al 39.2991 28.1295 21.7382 14.2237
Cr 59.0708 58.2095 53.1547 59.4535
Fe?* 10.1082 13.1172 7.1235 5.7800
Mn 17.4374 16.3248 8.7061 14.9491
Ni 78.7599 82.1105 70.6910 94.2305
Mg 16.6620 13.7896 5.6480 4.5384
Ca 2.5673 4.9861 10.9614 20.5550
Na 25.8264 21.7289 35.6000 17.9423

The average compositions for brown and bleached pyroxenes in each
sample have been plotted with the averages for calcium-poor

pyroxene analyses, on the pyroxene quadrilateral in Figure 4.8.
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From this it can be seen that the brown calcium-rich pyroxenes

define a continuous fractionation 'trend from dolerites to
grancophyres, with compositions éfanging from augite to
ferrohedenbergite. The bleached pyroxenes exhibit the same range
in Fe/Mg composition but plot slightly closer to the Diopside-
Hedenbergite join by virtue of their higher Ca0 content. Tie-
lines joining average brown and bleached pyroxene compositions
from the same gsample often cross one another and show no constant
orientation. This indicates that the partitioning of Fe and Mg
between the two pyroxene varieties did not take place under

equilibrium conditions.
4.2.1.2 The origin of the bleached calcium-rich pyroxenes.

Nwe (1976) showed that host augites from the Skaergaard
intrusion, that were analyzed separately from the associated
calcium-poor pyroxene exsolution lamellae, were enriched in
calcium compared to the bulk composition of the augite prior to
the exsolution. It may be considered possible that it is this
subsclidus enrichment in calcium in host augites (because of
exsolution) that has given rise to the enrichment in calcium in
some of the calcium-rich pyroxenes from the New Amalfi Sheet.
However the data of Coleman (1978) show that not only are host
augites from the Skaergaard intrusion enriched in calcium, but
that they are alsc enriched in titanium, compared to the bulk
composition of the augites prior to exsolution. Since the
bleached calcium-~-rich pyroxenes from the New Amalfi Sheet are
enriched in calcium but depleted in titanium, compared to
magmatic brown calcium-rich pyroxenes, it is unlikely that the

calcium enrichment could be the result of exsolution.

In the introduction a number of reasons were cited from the
literature for the occurrence of a more calcium-rich pale-green
ferrcaugite-to-ferrohedenbergite series, coexisting with a

primary brown augite-to-ferrohedenbergite series. These included:

- Secondary alteration of the primary brown augite in
the case of the Palisades Sill (Walker et al. (1973)).

- Post-cumulus crystallization in the case of the Dufek
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Intrusion (Himmelberg & Ford (1976)).
- Inversion of (-Wollastonite in the case of the

Skaergaard Intrusion (Brown & Vincent (1963)).

The texture of the bleached calcium-rich pyroxenes of the New
Amalfi Sheet, where they are seen partially to replace. original
brown augite grains, strongly supports the concept that they are
the p}oduct of the alteration of the original brown augite.
Inclusions of opaque oxide and hornblende within the bleached
calcium-rich pyroxenes of the New Amalfi Sheet are also seen
within the pale-green ferrocaugites of the Palisades Sill, and may
also represent the by-products of the alteration process, as
suggested in the case of the Palisades Sill by Walker et al.
(1973) . Other similarities between the occurrence of pale-green
ferroaugite at the Palisades Sill and bleached calcium-rich

pyroxene at the New Amalfi Sheet include:

- Enrichment 1in CaO and depletion in TiO, of the
bleached/pale-green series compared to the original
brown augite series.

- Random arrangement of the tie 1lines connecting
coexisting pairs of bleached/pale-green and original
brown calcium-rich pyroxenes, indicating that the
distribution of Fe and Mg between these two pyroxene
series was not governed by a constant distribution
coefficient Kp, which would have been the case if both
pyroxene series had crystallized from a melt.

- Only the pyroxene and not the coexisting plagioclase

was affected by the hydrothermal alteration.

Walker et al. (op. cit.) state that the reactions took place
during the latter stages of crystallization and subsolidus
cooling and were achieved largely by diffusion. Smith (1970)
described a similar occurrence of normally tan coloured augites
within diabases from the Sierra Ancha sill complex which had been
partially ‘bleached colourless’ and which were seen to contain
small inclusions of opaque oxide and amphibole. The bleached
augite was noted to be more calcic than the original tan augite

and Smith (op. cit.) considered the bleached augite to be the
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result of the deuteric alteration of the original tan augite
which came into contact with water-rich fluid at temperatures
below that of the solidus.

Manning and Bird (1986) described the occurrence of secondary
calcic pyroxenes, which formed from the reaction of magmatic
augites with high-temperature agqueous solutions, within veins of
the Skaergaard intrusion. These hydrothermal calcic pyroxenes are
similar in composition to the bleached calcium-rich pyroxenes
from the New Amalfi Sheet. This can be seen from Figure 4.9
where a number of averaged analyses from Manning and Bird (1986)
have been plotted together with averaged pyroxene analyses from
the New Amalfi Sheet. The hydrothermal pyroxenes, described by
Manning and Bird (1986), are depleted in Fe and Mg and enriched
in Ca and Si, compared to the igneous augites of the layered
series of the Skaergaard Intrusion. They were also described by
Manning and Bird (op. cit.) as being colourless to light green
in colour, and intergrown with minute grains of magnetite,
ilmenite and hornblende. An oxygen isotope study of the
Skaergaard intrusion by Taylor and Forester (1979) shows that the
hydrothermal fluids responsible for the alteration were of

meteoric origin.

The hydrocthermal pyroxenes of Manning and Bird (1986) are very
similar to the pale-green pyroxenes described by Walker et al.
(1973), and the bleached augite described by Smith (1970), except
that they formed from the interaction of magmatic augites with
hydrothermal fluids of meteoric origin, and not deuteric fluids
as in the case of Smith (1970). Because of the similarity between
the bleached calcium-rich pyroxenes from the New Amalfi Sheet to
those described above, it seems 1likely that the bleached
pyroxenes from the New Amalfi Sheet also formed from the
interaction of magmatic calcium-rich pyroxenes with hydrothermal
fluids at temperatures below that of the solidus of the magmatic
pyroxenes. It 1is, however, not possible to say whether the
hydrothermal fluids were of deuteric or meteoric origin as this
can only be determined from oxygen-isotope study studies of the

intrusion.
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Average compositions of bleached calcium-rich pyroxenes have been
recalculated using the equations of Lindsley (1983) and plotted
on the pyroxene quadrilateral containing the isotherms of the
pyroxene solvus at 1 atmosphere pressure (Figure 4.10). The
temperatures calculated for bleached pyroxenes by this method
yvield the minimum temperatures of the hydrothermal fluids with
which the pyroxenes equilibrated, according to Manning and Bird
(1986) who used the same method to estimate the temperatures of
formation of the Skaergaard hydrothermal pyroxenes. From Figure
4.10 it can be seen that the temperatures at which the bleached
pyroxenes equilibrated range from 950°C in the dolerites to 500°C
in the granophyres. The lowest temperature of equilibration of
the New Amalfi Sheet bleached pyroxenes is the same as that
determined for the Skaergaard hydrothermal pyroxenes by Manning
and Bird (1986), but the highest temperature is 200° higher than
the maximum temperature of 750°C calculated by Manning and Bird

for the Skaergaard hydrothermal pyroxenes.

4.2.1.3 The mineral chemistry of the brown calcium-rich pyroxenes

from the New Amalfi Sheet.

Pyroxenes have long been used by petrologists as petrogenetic
indicators because of their abundance and prolonged period of
crystallization in basaltic liquids. Bence and Papike (1972)
showed that variation in the concentrations of Ti and Al within
lunar pyroxenes were sensitive indicators of the position of
plagioclase within the paragenetic sequence. Pyroxenes with high
Ti/Al ratios of around the limiting value of 1/2 were indicative
of early plagioclase nucleation prior to pyroxene nucleation.
Other pyroxenes showed a shift from initially low Ti/Al ratios
of around 1/4 towards the 1/2 limiting value and this sudden
change in Ti/Al ratio coincided with the 1late entry of
plagioclase in the paragenetic sequence, after the nucleation of
pyroxene. The entry of plagioclase into the paragenetic sequence
was also shown by Bence and Papike (op cit) to be marked by a
change in the Al/Si ratio of pyroxenes crystallizing at the time,

from increasing to decreasing values.

Later experimental work of Grove and Bence (1977) showed that the
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partitioning of major elements (Ca, Fe & Mg) between liquid and
pyroxene was independent of the cooling rate. Therefore the
change in the concentration of these elements in pyroxene‘is a
reflection of the efficiency of the fractional crystallization
crocess, the relative diffusion of the elements in the liquid,
and the timing of the entry of major phases- - in the
crystallization sequence, because of the effect this has on the
liquia line of descent, and thus on the composition of the
pyroxene crystallizing from the liquid. Grove and Bence (op.
cit.) also found that the partitioning of minor elements such as
Ti, Al and Cr between liquid and pyroxene is strongly dependent
on cooling rate and that these elements are more abundant in

pyroxenes that have experienced higher rates of cooling.

Shearer et al. (1989) investigated the effects of cooling rate
and the position of plagioclase in the paragenetic sequence on
the partitioning of REE and trace elements between liquid and
pyroxene. It was found that the suppression of plagioclase
crystallization has no effect on the distribution of REE and Sr
in pyroxenes, because of the large differences in distribution
coefficients between these elements and plagioclage and pyroxene.
It was found that REE elements are more abundant in calcium-rich
pyroxenes than in calcium-poor pyroxenes, since the pyroxene M2
site is ‘propped open’ by the presence of Ca, thus allowing for
eagsier entry of the REE 1in calcium-rich pyroxenes. The
progressive enrichment in the residual melt of the REE because
of fractional crystallization was, however, found to be a more
important factor in controlling progressive REE enrichment in
augite, than the suppression of plagioclase crystallization or
the size of the M2 site. Eales et al. (1993) linked Ti and Al
variation in Bushveld Complex orthopyroxenes to the entry of

plagioclase as a cumulus phase within the complex.

In this section the chemical wvariation, with progressive
differentiation of the brown calcium-rich pyroxenes of the New
Amalfi Sheet, is presented and the petrogenetic significance of
these variations is discussed. Despite the large average intra-
sample coefficients of variation, plots of average compositions

of the brown calcium-rich pyroxenes for each sample produce
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continuous trends through the entire sequence from dolerites to
granophyres, as was shown in Figure 4.8. The data from Figure 4.8
has been plotted in Figure 4.9 tagether with data from the
Skaergaard Intrusion, the Palisades Sill and the Birds River
Complex for comparison. It can be seen from Figure 4.9 that the
range in composition of the brown calcium-rich pyroxenes from the
New Amalfi Sheet is similar to that of the Skaergaard Intrusion,
the Birds River Complex and the Palisades Sill, except that the
New Amalfi Sheet brown pyroxenes do not exhibit a pronounced
calcium minimum half-way through the fractionation sequence, as
in the case of the Skaergaard Intrusion and Birds River Complex.
This is probably because the New Amalfi Sheet brown pyroxene
analyses represent average compositions which may be slightly
enriched in CaO through the inclusion of some pyroxenes of

transitional composition in the averages.

Figure 4.11 shows a plot of Al versus magnesium number (atomic
Mg/ (Mg+Fe?*)), hereafter referred to as Mg#. The Mg# is a
gsensitive indicator of degree of differentiation since rocks and
ferromagnesian minerals in tholeiitic systems undergo systematic
enrichment in Fe and depletion in Mg, as differentiation
proceeds. The Mg# is also an indication of temperature as more
evolved rocks crystallize at lower temperatures. From Figure 4.11
it can be seen that Al in the brown pyroxene decreases linearly
with progressive differentiation. Maeda et al. (1991) established
a trend of decreasing Al with decreasing temperature in
orthopyroxenes from metaluminous rocks, and decreasing
temperature seems to be one of the factors controlling the
decrease in Al in the brown pyroxenes from the New Amalfi Sheet.
The other factor which controls the concentration of Al in
pyroxenes is the presence of plagioclase in the crystallizing
assemblage, as Eales et al. (1993) found a broad trend of
increasing Al 1in Bushveld orthopyroxenes prior to cumulus
plagioclase nucleation, and declining Al after plagioclase
nucleation. Thus the decrease in Al in the New Amalfi brown
pyroxenes seems to indicate that plagioclase was already on the
liquidus prior to emplacement and in situ differentiation of the
sheet. This idea is corroborated by the fact that chilled contact

dolerites exhibit a glomeroporphyritic texture with plagioclase
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as a phenocrystal phase.

Figure 4.12 shows Si cations increaéing with differentiation in
the brown pyroxenes. This seems to reflect the increasing silica
content of the New Amalfi Sheet residual melt with progressive
differentiation. Figure 4.13 shows that Al content decreases with
respect to Si, with Al/Si ratios decreasing from dolerites to
granoéhyres. This once again indicates that plagioclase was
already on the liquidus in the dolerites of the New Amalfi Sheet
as Bence and Papike (1972) showed that Al/Si ratios decline in
pyroxenes after the entry of plagioclase in the paragenetic
sequence. The amount of Al drops to such low levels in the latter
stages of differentiation that there is not enough Si and Al to
fill the tetrahedral site, as seen in those points that plot
below the line in Figure 4.13. Normally these points would be
regarded as inferior analyses; but in this case, these samples
geem to reflect the effect of the gradational nature of the
pyroxene alteration, which has caused the averages for some of
the brown pyroxenes to have lower Al than would normally be the
case. In support of this idea 1is the fact that the bleached
pyroxenes clearly have 1lower Al contents than the brown

pyroxenes, as is shown in Figure 4.14.

In Figure 4.15, Ti has been plotted against Al for the brown
pyroxenes. This type of plot has been used successfully by Bence
and Papike (1972) and Eales et al. (1993) to show the point of
entry of plagioclase in the paragenetic sequence. As mentioned
above, Ti/Al ratios in pyroxenes increase rapidly from low values
of around 1/4 to the limiting wvalue of 1/2 after the entry of
plagioclase in the paragenetic sequence. The trend seen in Figure
4.15 of increasing Ti/Al ratios, from 1/6 to over 1/2 from
dolerites to granophyres in the New Amalfi Sheet, therefore
represents the trend seen after plagioclase nucleation, once
again indicating that plagioclase was already on the ligquidus
when these pyroxenes were crystallizing. Since Ti and Al enter
pyroxene by means of a coupled substitution of the form
R>*TiAl,0¢, the maximum value of Ti/Al is 1/2. The fact that brown
pyroxenes from the granophyres have Ti/Al ratios over 1/2 once

again indicates Al loss because of alteration in these pyroxenes.
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Figure 4.16 shows that the Cr content of the brown pyroxenes
declines rapidly with differentiation. This is a function of the
high distribution coefficient that ‘exists for the partitidning
of Cr between the liquid and calcium-rich pyroxene. Figure 4.17
shows that there is a linear increase in Mn in brown pyroxenes
with differentiation. This is very similar to the trend reported
for Bushveld orthopyroxenes by Eales et al. (1993) and shows that
Mn behaves in a similar way to Fe, with both increasing in

pyroxenes with progressive differentiation.

4.2.2 Calcium-Pocr Pyvroxenes.

4.2.2.1 The calcium-poor pyroxenes and the 1imit of the two-

pyroxene field.

From Figure 4.8 it can be seen that the most magnesian calcium-
poor pyroxene analyzed from the New Amalfi Sheet is a pigeonite.
This indicates that the orthopyroxene-pigeonite inversion curve
had already been crossed when the lowest dolerites within the New
Amalfi Sheet began to crystallize. The pigeonites can be seen to
show progressive iron enrichment with differentiation through the
quartz gabbros before they disappear half-way through the quartz
monzecdiorites. Tie-lines are shown linking the compositions of
coexisting pigeonite and orthopyroxene pairs. The orthopyroxenes
represent inverted pigeonites except in the case of the most
iron-rich orthopyroxene shown which has the composition of
ferrohypersthene. The ferrohypersthene is not considered to be
the inversion product of the coexisting pigeonite, the reasons

for which are discussed in the next section.

The tie-line 1linking the last pigeonite to form with its
coexisting brown augite apparently represents the limit of the
two-pyroxene field within the New Amalfi Sheet. The two-pyroxene
field is that portion of the pyroxene quadrilateral in which a
calcium-rich and calcium-poor pyroxene crystallized together from
the 1liquid. The 1limit of the two-pyroxene field normally
coincides in tholeiitic systems with an inflection in the augite

trend from calcium depletion to calcium enrichment as is seen in
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the case of the Skaergaard and Bushveld intrusions (Deer et al.,
1978) . From Figure 4.9 it can be seen that the two-pyroxene limit
of the New Amalfi Sheet coincides with the inflections in the
Skaergaard and Birds River augite trends, thus indicating that
the limits of the two-pyroxene fields in these two intrusions
occur at approximately the same position as that of the New
Amalfi Sheet.

Lindsley and Munoz (1969) stated that the termination of the two-
pyroxene field is due to its impinging on the ‘forbidden zone’.
The forbidden zone was defined as a field of fayalite and quartz
found within the pyroxene quadrilateral at low pressures (2Kb or
less) and within which no pyroxene was stable. The forbidden zone
is found within that portion of the pyroxene gquadrilateral
normally occupied by iron-rich calcium-poor pyroxene at high
pressure and the position of the forbidden zone boundary along
the enstatite-ferrosilite join is a function of pressure and
temperature. At low pressures iron-rich calcium-poor pyroxene

becomes unstable and breaks down according to reaction (1).
2* (calcium-poor pyroxene) = 2*fayalite + quartz .......... (1)

However in the case of the Skaergaard and Bushveld intrusions,
the two-pyroxene field is terminated before the ‘forbidden zone’
igs reached and quartz is not present as a primary phase so that
reaction (1) cannot be responsible for the disappearance of
calcium-poor pyroxene. Instead, the disappearance of calcium-poor
pyroxene must be related to the silica activity of the melt

according to reaction (2).
Fe28i206 (in pyroxene) = FeZSiO4 (in olivine) + SlOZ (inmelt) = vt ( 2 )

Under equilibrium conditions the above reaction can be expressed
in terms of the activity of the wvarious components according to

equation (3).

a cn X gy
Fe,510, X 4sio0
K= e L e (3)

Ape,51,0,
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As can be seen from the above equation, an increase in aSiO, must
cause a decrease in aFe,Si0, or an increase in aFe,Si,0¢. When aSio,
is at a maximum of 1, the liguid is saturated with respeét to
Si0, and quartz will be seen as a primary phase. The stability
field of calcium-poor pyroxene i1g then at its maximum and will
thus extend to the boundary of the forbidden zone. However if
aSi0, is less than one, reaction (2) will take place earlier in
the differentiation sequence and the two-pyroxene field will not
reach its maximum limit, namely the boundary of the forbidden

zone.

It can therefore be seen that in general the presence of primary
quartz coexisting with calcium-poor pyroxene prior to 1its
disappearance indicates that the reaction (1) must have taken
place and thus that the forbidden zone was reached within a
particular intrusion. Campbell and Nolan (1974) consider the
Palisades Sill to be an example of such an intrusion where the
enrichment in SiO, with differentiation was sufficiently strong
to cause the formation of primary quartz prior to the
disappearance of calcium-poor pyroxene, and therefore stabilized
the calcium-poor pyroxene until the forbidden zone was reached.
In the case of the New Amalfi Sheet primary quartz is seen only
within the granodiorites while pigeonite disappears shortly
before this stage, in the quartz monzodiorites. Therefore it can
be said that in the case of the New Amalfi Sheet the two-pyroxene
field was terminated shortly before the system reached the
forbidden zone and this is because SiO, enrichment was not high
enough to stabilize the calcium-poor pyroxene until the forbidden
zone was reached. The disappearance of pigecnite and therefore
the termination of the two-pyroxene field within the New Amalfi
Sheet was a result of reaction (2) a contention supported by the
fact that the reappearance of fayalitic olivine coincides with

the disappearance of pigeonite within the quartz monzodiorites.
4.2.2.2 The origin of the ferrohypersthene.
In the Palisades Sill ferrohypersthene 1s seen by Walker et al.

(1973) as a primary phase taking the place of pigeonite in the

late stages of differentiation and it is therefore seen to extend
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the two-pyroxene field to 1low enstatite values where it
terminates at the boundary of the forbidden =zone, as was
discussed above. The origin of ferfdhypersthene within the New
Amalfi Sheet is crucial to the understanding of the
differentiation process, as ferrohypersthene is seen together
with primary quartz in the granodiorites and this would indicate
that the forbidden zone had been reached in the case of the New
Amalfi Sheet as well, if the ferrohypersthene were of primary

origin.

Heubner and Turnock (1980) have shown from melting experiments
on natural pyroxenes that pigeonite is the liquidus phase at
Fe/(Fe+Mg) values greater than 0.45 in natural systems.
Orthopyroxene is stable only at lower temperatures, below that
of the orthopyroxene-pigeonite inversion curve, and is therefore
normally seen only as a subsolidus inversion product of pigeonite

in iron-rich rocks.

Poldervaart and Hess (1951) state that the late crystallization
of ferriferous orthopyroxene after that of pigeonite can normally
be ascribed to growth from late-stage residual 1liquids at
temperatures below that of the orthopyroxene-pigeonite inversion
curve. This is similar to the explanation given by Himmelberg and
Ford (1976) for the origin of the ferrohypersthene found within
the Dufek Intrusion, namely, that it crystallized from a late-
stage intercumulus ligquid. Small irregularly-shaped crystals of
ferrohypersthene which formed after ferropigeonite have been
described from the Beaver Bay intrusion in Minnesota by Nakamura
and Konda (1974). These authors also ascribe the origin of the
ferrohypersthene to crystallization from intercumulus 1liquid
which, once trapped by surrounding cumulus crystals, followed a
different differentiation path to that of the main body of
residual liquid, possibly because of different fO, conditions
within the intercumulus liquid. Mangan et al. (1993) described
ferrohypersthene from the York Haven Diabase Sheet in
Pennsylvania, and considered it to be a product of the

hydrothermal alteration of magmatic clinopyroxene.

On the basis of the work of Heubner and Turnock (1980) the
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ferrohypersthene seen within the New Amalfi Sheet is unlikely to
be a primary phase that crystallized directly from the
fractionating liquid, since pigeonate is the stable phase at
liquidus temperatures. The ferrohypersthene 1is unlikely to
represent inverted pigeonite, because it shows no exsolution and
is found together with undoubted inverted pigeonite within the
quartz gabbros and the quartz monzodiorites. The inverted
pigeoﬂite shows the characteristic patchy inversion of iron-rich
pigeonite and also exhibits exsolution. It would be difficult to
explain why one group of inverted pigeonites, found together in
the same rock as another group of inverted pigeonites, should
display features such as exsolution and patchy inversion, and the

other group not.

The only other two possible explanations as to the origin of the
ferrohypersthene would seem to be those that have been used
before in the literature, namely crystallization from late-stage
intercumulus 1liquids at temperatures below that of the
orthopyroxene-pigeonite inversion curve, or secondary alteration
of pyroxene by hydrothermal fluids. The textures exhibited by the
ferrohypersthenes do not help in resolving this problem, as the
ferrohypersthene occurs both as an interstitial phase (Plate
3.2.5) and within composite pyroxene grains (Plate 3.2.6). The
former texture would tend to support the intercumulus origin and
the second the hydrothermal alteration origin. Since the
hydrothermal alteration products of the calcium-rich pyroxene
have already been identified and discussed in detail, it is
unlikely that the same process would produce a different
alteration product of the calcium-rich  pyroxene. The
ferrohypersthene may represent the hydrothermal alteration
product of the calcium-poor pyroxene in some cases but this does
not explain why the ferrohypersthene is still present at low
levels within the granodiorites, after the disappearance of
pigeonite in the quartz monzodiorites. Thus the ferrohypersthene

is most probably of late stage intercumulus origin.

4.2.2.3 The mineral chemistry of the calcium-poor pyroxenes of
the New Amalfi Sheet.
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Averages of pigeonite and orthopyroxene analyses from each sample
are shown in Table 4.4, and average coefficients of variation for
the cations are shown in Table 4.3 The average sum of cations
is 3.993 for the orthopyroxenes and 3.980 for the pigeonites. The
average charge deficit of the orthopyroxenes is 0.0162, slightly
higher than that of the pigeonites at 0.0049. -

The mineral chemistry of the calcium-poor pyroxenes follows that
of the calcium-rich pyroxenes in most cases, with Al decreasing
and Si and Mn increasing in the orthopyroxenes with progressive
differentiation. The same reasons put forward for the variation
of these elements within the calcium-rich pyroxenes are put

forward for their variation in the calcium-poor pyroxenes.

The main difference between the chemistry of the calcium-rich and
calcium-poor pyroxenes lies in the variation with differentiation
of Ti within the calcium-poor pyroxenes. A plot of Ti versus Al
concentration within the calcium-poor pyroxenes 1s shown in
Figure 4.18. It can be seen that both Ti and Al decrease in
concentration within the calcium-poor pyroxenes with progressive
differentiation from dolerites to quartz monzodiorites. This is
different to what has been reported by Eales et al. (1993) for
Bushveld orthopyroxenes which show decreasing Al and increasing
Ti with progressive differentiation after the nucleation of

plagioclase.

The crucial factor causing the different behaviour of the
calcium-poor pyroxenes of the New Amalfi Sheet, with respect to
Ti partitioning, appears to be the presence of primary calcium-
rich pyroxene crystallizing together with the calcium-poor
pyroxene, in the case of the New Amalfi Sheet. A plot of Ti
versus Mg# for both calcium-pcocor and calcium-rich pyroxenes from
the New Amalfi Sheet, in Figure 4.19, clearly shows that while
Ti increases slightly with differentiation in the calcium-rich
pyroxenes, it decreases with differentiation in the calcium-poor
pyroxenes. This would also seem to rule out the possibility that
Ti depletion in the calcium-poor pyroxenes was caused by the
partitioning of the Ti into oxide phases, as a corresponding Ti

depletion would then also be expected in the calcium-rich



Table 4.4

AVERAGE COMPOSITIONS OF PIGEONITES

Sample

Wt.%
s5io2
Ti02
Al203
Cr203
FeO
Mno
NiO
MgO
Cao
Naz20

Total

Cations

Total

Charge
Mg#

NA72

54.34

1

0
1
0
3
0.32
0
25
4
0

100.51

(based on

.9613
.0068
.0433
.0026
.4223
.0087
.0027
.3681
L1911
.0023

OCOHQOOOOOK

4.0102

-0.020
76 .4
1

10

6 oxygens)

OCOHMOOCOCQOQOOOH

3.98

0

NASS

0.12

.9851
.0o089
.0362
.0049
. 4464
.0077
.0009
.3475
.1461
.0040

7633

.025
75.1
3

1

OCOHOOCOOOOH

w

87

NA10O NAl24&124

00.07

.9771
.0081
.0373
.0024
.4630
.009s8
.0006
.3204
.1726
.0036

.9958

0.008

74.

0

.9775
.0105
.0332
.0022
.6800
.0088
.0017
.1359
.1429
.0033

OOHOOOOO O

3.99¢

0.008
62.6

AVERAGE COMPOSITIONS OF ORTHOPYROXENES

Sample

Wt.%
s$io2
Ti02
Al203
Cr203
FeO
Mno
NiO
MgO
cao
Na20

Total

NAS9

53.%1

1

0
o]
o]
°
0.35
0
23
1
0

100.08

Cations (based on

Ssi
Ti
Al
Cr
Fel2+
Mn
Ni
Mg
Ca
Na

Totals

Charge
Mg#
n

.9800
.0109
.0301
.0029
.5884
.0110
.0019
.3087
.0576
.0020

OCOHOOOQOOOH

w

.9936

0.013
69.0
4

NA132

99.80

6 oxygens)

QOHOOQOQOOOK

w

.9933
.0071
.0269
.0022
.6416
.0106
.0006
.2511
.0511
.0010

.9856
0.029

66.1
4

NA97 NAl24&125

53.
0.
0.
0.

20.
0.
0.

22.
1.
0.

99.

QOHOOOOO O

W

32
38
72
08
84

02

.9837
.0106
.0314
.0024
.6501
.0117
.000s6
.2359
.0610
.0031

.9904

0.019
65.6

100.33

.9809
.0083
.0289
.0022
.6590
.0088
.0024
. 2475
.0562
.0017

QO OOODOOOH

w

.9960

100.36

OCOO0OO0OOCO0OOQOK

=Y

NA10QO

W

COHOOOOOOK

100.00

[oNoleRoNeNoNoNoNo N T

3.88

0

QOO OOOOOOK

W

.9838
.0074
.0328
.0019
.9491
.0147
.0014
L7146
.1781
.0025

6116

.015
42.2
2

.9800
.0082
.0247
.0002
.9283
.0171
.0006
.9813
.0615
.0011

.9999
0.000

51.5
61

COQOO0OKrHrOOOK

w
Vo]
@
3
[3;]

Sample

Wt.%
sio2
Tio2
Al203
Cr203
FeO
Mno
Nio
Mgo
Cao
Naz20

Total

NA91

50.47
0.24
0.48
0.07

32.62
0.60
0.02

13.53
1.80
0.06

99.87

Cations (based on

si
Ti

Totals

Charge
Mg#
n

COQOOKHOOOH

W

.9901
.0071
.0221
.0020
.0758
.0200
.0007
.7948
.0761
.0044

.9930
0.014

42.5
6

100.26
6 oxygens;

2.0050
0.0064
0.0160
0.0020
1.1750
0.0182
0.0008
0.6946
0.0605
0.0022

3.9807
0.03¢9

37.14
14
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pyroxenes.

Heubner (1980) states that divalent trace-element cations4such
as Mn, Co and Zn favour calcium-poor pyroxene whereas cations
that have other wvalencies, such as Ti, favour calcium-rich
pyroxene. The values of D{¥* from the literature, range between
3.3 and 0.97, with all values except the lowest one being greater
than one (Heubner, 1980). This indicates that when both calcium-
poor and calcium-rich pyroxene are crystallizing, Ti will favour
the calcium-rich pyroxene and this may explain why Ti decreases
with differentiation in the calcium-poor pyroxenes of the New
Amalfi Sheet.

4.3 OLIVINES.

4.3.1 Introduction.

Magnesium-rich olivine occurs mainly within the olivine
dolerites, of which the basal sample (NASY9) contains 14% modal
olivine. This high proportion of olivine possibly accumulated by
means of gravity-induced settling. The pigeonite dolerites
contain noticeably less olivine and this may be because field
evidence suggests that these dolerites are found near to the
steeply dipping side of the intrusion and not at its base. This
would have resulted in the pigeonite dolerites cooling more
quickly than most of the olivine dolerites, leaving less time to
accumulate olivine. Also, it is less likely that olivine would
have accumulated within the exposed pigeonite dolerites by means
of gravity settling, along the steeply dipping sides of the

intrusion.

Olivine is absent within the quartz gabbros but reappears again
in the form of iron-rich olivine mid-way through the quartz
monzodiorites. This hiatus in olivine crystallization, often
referred to in the literature as the ‘olivine gap’, is a common
feature of many differentiated tholeiitic intrusions such as the
Palisades Sill and the Skaergaard Intrusion. Iron-rich olivine
is seen for the last time within the fayalite-hedenbergite

granophyres.
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The range in olivine compositions within the New Amalfi Sheet is
from Fo,; to Fo,, prior to the olivine gap, and from Fo,, to Fo,
after the olivine gap. The size of the olivine gap within the New
Amalfi Sheet compares well with that of the Palisades Sill which
occurs between Fo,; and Fo,; (Walker et al, 1973). The olivine gap
within the Skaergaard Intrusion is, however, much smaller,
occurring between Fo,, and Fo,, (Wager and Brown, 1968) . This
appears to be the result of silica enrichment with
differentiation, within the Skaergaard intrusion being not as
great ag within the New Amalfi Sheet and the Palisades Sill. It
can be seen from Figure 4.20, reproduced from Campbell and Nolan
(1974), that the olivine gap within a particular intrusion can
be increased by either increasing the level of increase in silica
activity with differentiation, or by increasing the pressure.
As both the New Amalfi Sheet and the Palisades Sill were intruded

at shallow depths, the first option is considered more likely.

4.3.2 Mineral chemistry of the New Amalfi Sheet olivines.

Average analyses from samples containing olivine in the New
Amalfi Sheet are shown in Table 4.5. A small degree of
compositional zoning was noted within the magnesium-rich
olivines. The iron-rich olivines show no zoning - a feature also
noted by Walker et al. (1973) in the case of the iron-rich
olivines of the Palisades Sill. Figure 4.21 shows a plot of Ni
in olivine versus forsterite content of the olivine for the New
Amalfi Sheet. It can be seen that Ni declines rapidly in olivine
with decreasing forsterite content and this is a function of the
high D§i (Hart and Davis, 1978).

Ni concentration in olivines, for a number of Karoo intrusions
and for the Drumbo basalt member of Mitchell (1980), is shown
plotted against the Mgo content of the olivine in Figure 4.22.
The data define a generally exponential curve which is once again
a function of the high partition coefficient for Ni between
olivine and melt. Two samples from the Insizwa lobe as well as
all of the samples from the Tonti lobe of the Insizwa Complex,
fall below the general trend of the data and this is thought to

be due to a depletion in Ni in these olivines as a result of the
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Figure 4.20 (a) The olivine gap can be increased by
increasing the rate of increase of a5y, with
differentiation. Curves 1 to 5 represent fractionation
curves with progressively higher rates of increase in

asip, in each case.

Figure 4.20 (b) The olivine gap can also be increased
by increasing the overall pressure of the system. The
dotted line represents the fractionation curve for a
given rate of increase in agg and the solid lines give
the phase boundary between OPX and olivine at low and

high pressure.



Table 4.5

AVERAGE

Sample NA9S
We.%

8ioz 37.33
FeO 26.96
Mno -~ 0.42
NiO 0.18
MgO 34.67
Ca0 0.06
Total 99.63
Cations (based on
Si 0.95951
Fe2+ 0.6046
Mn 0.008%6
Ni 0.00389
Mg 1.3819
Ca 0.0018
Fo 69.56
Fa 30.44
Ni ppm 1410.35
n 34
Sample NAl25
Wt.%

Si02 35.19
FeO 39.73
Mno 0.58
Nio 0.12
Mgo 24.28
ca0o 0.05
Total 99.55
Caticns (based on
Si 1.0024
Fel2+ 0.94¢66
Mn 0.0140
Ni 0.0026
Mg 1.0305
Ca 0.0014
Fo 52.12
Fa 47.88
Ni ppm 905.61
n 12

NA10O

37.00
29.71
0.46
0.13
32.79
0.09

100.18

NA1O0l

35.30
37.12
0.52
0.11
26.68
0.07

99.81

4 oxygens)

30.02
66
1
0.08
2
o]

100.38

4 oxygens)

.9959
.8385
.0362
.0022
.1230
.0084

[N eNoNoR e

6.27
93.73
646.59
14

.9943
.8743
.0125
.0028
.1200
.0020

OHOOOO

56.16

890.35

.9945
.9173
.0385
.0014
. 0449
.0089

[oNeNoNeN o]

2.29
97.71
406.64
12

92

NA130

34.95
41.18
0.55
0.13
23.13
0.02

$9.%6

NAl1S2

W
oworWwo
-
=

99.42

.0051
.7547
.0311
.000°
.1924
.0109

OO OO

9.89
90.12
263.24

COMPOSITION OF OLIVINES ANALYZED FOR EACH SAMPLE

NAl131

34.88
40.14
0.57
0.10
24.14
0.05

99.88

.9871
.9599
.0138
.0024
.0282
.0016

O OO0

51.72
48.28
806.27

NAl132

1.0028
0.7229
0.0112
0.0034
1.2554
0.0013

63.46
36.54
1228.44
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preferential partitioning of the Ni into an immiscible sulphide
melt which formed at the same time as these olivines were
crystallizing (Lightfoot et al., 1984).

The olivines from the New Amalfi Sheet plot slightly above the
general trend of the data and this may be because of decreased
Fo content within the New Amalfi Sheet olivines as a result of
subsolidus re—equilibration%vith.trapped.intercumulus liquid, the
so called ‘trapped liquid shift effect’, described for Insizwa
Complex olivines by Cawthorn et al. (1992). Another explanation
could be that D%, which increases with decreasing MgO content of
the melt (as shown by Hart and Davis, 1978), could have been
higher in the case of the New Amalfi Sheet, because of a possibly
lower MgO content of the initial New Amalfi Sheet melt. This
would have caused more Ni to be partitioned into New Amalfi Sheet

olivines.

4.4 FELDSPARS.

4.4.1 Introduction.

In the New Amalfi Sheet, plagioclase feldspar forms a continuous
fractionation sequence from dolerites to fayalite—hedenbergite
granophyres. Compositions range from bytownite to anorthoclase,
which is found in the rims of some highly zoned plagioclase
grains in fayalite-hedenbergite sample NA8S (Figure 4.23). The
point at which potassium feldspar (hereafter referred to as K-
feldspar) Jjoins the fractionation sequence is difficult to
determine, as it is found within the granophyric intergrowth
which is present as an interstitial phase even within the
lowermost dolerites. However the coarseness of the K-feldspar
intergrown with quartz, in the granophyric intergrowth, increases
with differentiation; It was therefore possible to obtain
acceptable analyses of K-feldspar with the use of a defocused 10u
beam, within fayalite-hedenbergite granophyre sample NA89. These
K-feldspar analyses, which show increasing anorthite content with

fracticnation, have also been plotted on Figure 4.23.

The feldspars, in the sequence from dolerites to fayalite
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hedenbergite-granophyres, therefore show an almost complete
fractionation sequence with plagioclase and K-feldspar
fractionating towards a common end composition which is very
nearly reached in fayalite-hedenbergite granophyre sample NAS8Y9.
The range in compositions of feldspars within the interval from
dolerites to fayalite-hedenbergite granophyres ou%iine the
intersection of the solidus and solvus in the ternary CaAl,Si,0-
NaAlSi;04-KA1Si;03 system. This has been previously described by
Carmichael et al. (1974) for feldspars from alkaline lavas.
Within the topmost granophyres of the New Amalfi Sheet, however,
there is a sudden change in the composition of the feldspars from
those compositions falling on the fractionation trend described
above, to the almost pure end members albite and orthoclase

(Figure 4.23).

Bowen and Tuttle (1950) showed that there is complete solid
solution within the system NaAlSi;0-KAlSi;04-H,0 at high
temperatures. They also found that when the solidus was depressed
to low temperatures under the influence of high water-vapour
pressure, two feldspars formed instead of one. This indicates the
presence of only partial solid solution between NaAlSi;Oy and
KAl1Sis0f at low temperatures, since the solidus is depressed by
an increase in water vapour pressure to the extent that it is
positioned directly on top of the solvus, thereby causing direct

crystallization of two feldspars.

The sudden change in the composition of the feldspars within the
topmost grancophyres of the New Amalfi Sheet, to that of nearly
pure albite and orthoclase, can therefore be explained by the
depression of the feldspar solidus under the influence of an
increase in water vapour pressure, within the late stage residual
melt. An increase in water vapour pressure within the topmost
granophyres could have been caused by the ingestion of water-
laden country rock sediments. The occurrence of xenoliths of
country rock sgediment within the topmost granophyres provides

support for this idea.

Another possible explanation for the occurrence of the two end

member feldspar compositions within the topmost granophyres is
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that of simple subsolidus unmixing because of slow cooling.
Perthitic K-feldspar is present ' within the granophyric
intergrowth found within the topmogt granophyres. However, the
fact that the two end-member compositions were obtained with the
use of a defocused 10u electron beam indicates that these
compositions probably represent bulk compositions and-therefore
give the composition of the feldspar at the time of

crystallization as explained above.

4.4.2 The mineral chemistry of the New Amalfi Sheet feldspars and
comparison with other Karoo feldspars.

Average plagioclase analyses for each sample have been calculated
and are shown in Table 4.6. Plagioclase feldspars from the New
Amalfi Sheet exhibit a continuous and almost completely linear
increase in Si and decrease in Al with decreasing An content as
shown in Figure 4.24. This is a function of the complete solid
solution between the two end members of the plagioclase series,
namely CaAl,Si,03-NaAlSi;0q.

Mitchell (1980) obtained electron microprobe data on plagioclases
from a number of basalt units at the base of the Karoo lava pile,
in the Molteno-Jamestown district. Mitchell was able to
distinguish between a number of basalt units on the basis of the
orthoclase content of the plagioclases and stated that the
orthoclase content of the plagioclase was directly related to the
K,0 content of the rocks from which they crystallized. In Figure
4.25 the orthoclase content of the New Amalfi Sheet plagioclases
has been plotted against An content, together with analyses of
plagioclases from the Vaalkop basalt unit of Mitchell (1980). It
can be seen that the Vaalkop plagioclases are definitely richer
in orthoclase than New Amalfi Sheet plagioclases with gimilar An
contents. This may indicate that the 1liquid from which the
Vaalkop plagioclases crystallized was richer in K,0 than the New
Amalfi Sheet liquid. However, Evans and Moore (1968) showed that
the most anorthitic plagioclases from the Makapuhi lava lake were
those from coarser-grained rocks that had cooled more slowly. In
the light of these findings it is impossible to make predictions

on the relative K,0 contents of liquids using plagioclase



Table 4.6

AVERAGE PLAGIOCLASE FELDSPAR

Sample

WE.%
si0c2
Al203
FeO
Ca0
Na20
K20

Total

Cations

Sample

Wt.%
Si02
Al203
FeO
Ca0
Naz20
X20

Total

Cations

Si
al
Fe2+
Ca
Na

X

Ab/Or
An
Ab

Oor
n

NA79

48.48
32.02
0.49
16.66
2.36
0.07

100.08

(based on
.9080
.9341
.0749
.275%4
.8410
.0162

OO WoOow

.12
.33
0.38

NASS

51.78
30.28
0.37
14.01
3.85
0.11

100.40

(based on 32 oxygens)

L4033
.4809
.0560
.7261
.3548
.02581

OHNOG®BW

98.18
€6.38
33.01
0.61
8

NAS8O

32 oxygens)

O NOGW

1

O NO MW

49.77
31.34
0.46
15.25
3.00
0.09

99.91,

.1188
.7695
.0699
.9955
.0641
.0212

98.04
73.42
26.07
0.52
6

00.34

.3684
L4784
.0564
.8175
.31¢58
.0209

28.
67.
31.

0.50

98

COMPOSITICNS
NAB1 NAl29
53.98 52.00
28.41 29.95

0.52 0.57
12.17 13.82
5.07 3.99
0.14 0.11

100.30 100.44

9.7754 9.4444

6.0670 6.4127

0.0795 0.0863

2.3628 2.6%04

1.7802 1.4049

0.0325 0.0261
98.20 98.17
56.60 65.28
42.62 34.08

0.78 0.63
7 8
NAlOO NAl130
51.33 49.456
29.92 31.38
0.45 0.42
14.25 15.65
3.81 3.10
0.10 0.09
99.87 100.11

9.3877 9.0647

6.4497 6.7794

0.0695 0.0649

2.7930 3.0742

1.3516 1.1035

0.0234 0.0214
98.30 98.10
67.02 73.24
32.42 26.25

0.56 0.51
6 6

O NOGMWY

OHNOGOYW

L7115
.1376
.079%6
.4399

.0311

NA131

.0215

98.34
68.69
30.79

0.52

OOWONHo

OHNO MW

NAl3e6

48.
31.

1s6.

99.

.9143
.9085
.0629
.3113
.8554
L0137
98.44
.22

20.47

NAl32

50.
30.
0.38
14.
3.58
0.08

99.95

L2631
.5699
.0586
.9155
.2685
.0214

sS8.

30.

1

O NOOW

NAlO01l

50.

30.

1i5.

00.

L2263
L6226
.0628
.8375
.2026
.0238

98.

28.



Table 4.6 (cont.)

Sample

Wt.%
Si02
Al203
FeO
Cao
Naz20
K20

Total

Cations

si
Al
Fel2+
Ca
Na

X

Ab/Cr
An

Ab
Or
n

Sample

WE.%
sio2
21203
FeO
Cca0
Na20
K20

Total

Cations

Si
Al
Fe2+
Ca
Na
X

aAb/Or
An
Ab
Or

n

1

100.28

(based cn

.3857
.4878
.0507
.7479
L3641
.0321

OHNOOW

NASO

56.43
26.87
0.48
10.15
6.01
0.39

100.33

(based on

L1606
L7037
.0725
.8577
.0876
.0885

oNFOWnOo

$5.85
47.24
50.62
2.14
S

NAgSée NASS
54.83 55.41
27.88 27.33
0.55 . 0.48
11.40 10.52
5.15 5.49
0.31 0.34
100.32 9%.57
32 oxygens)
9.9197 10.0548
5.9562 5.8445
0.0829 0.0736
2.2065 2.0451
1.8033 1.9310
0.0708 0.0789
96 .22 $6.08
54.09 50.43
44.18 47.62
1.74 1.95
12 11
NA176 NA130
55.96 57.67
26.61 26.17
0.62 0.43
10.21 9.38
5.89 6.53
0.38 0.39
99.66 100.57

32 oxygens)

1

ONHFOWUWO

95.
47.
49.

2.

L1833
.6902
.0946
.9845
.0708
.0871

96
91
99
10

7

10.3320

.5279

oNnvHFOUNoO
o]
o
(@]
©

[y

ONKH OO

orNOWVLW

99

NA94

S4.46
27.83
0.54
11.06
5.27
0.28

99.44

L9179
.9739
.0817
.1584
.8614
.0651

96.62
52.84
45.57

1.59

NA160

.1422
.7044
.0631
.8750
.1650
.0768

$6.57
46.83
51.35

1.82

1

O OWnMo

o NOUVM VY

NAS3

55.30
28.03

11.07

00.54

.9530

.0702

96.36

45.71

1.73

.4962
.3851
.0815
.5796
L4180
.1185

95.33

58.73

1

o NMOUVY

ONKHOUMO

NAS2

00.20

.9852
.8841
.0715
L1271
.9389
L0711

96.46
51.41
46.87

NAS8S

60.12

N
OO n
[y
@

$9.77

OoONH OWUWMO

NAS1

£5.60
26.68 -
0.51
10.04
€.03
0.34

99.20

L1302
.7305
.0783
.9610
.12¢%6
.07%4

96.41
47.02
51.08

Nag8Srim

QN OO

63.01
22.81

.39
.12
.86
.64

aoNNuo

29.83

.1882
.7760
.0583
.8763
.7053
L1448

24.90
25.39
70.80

3.81



Table 4.6 (cont.)

Sample

Wt.%
sic2
21203
FeO
Ca0
Na20
X20

Total

58.85

25
0.37
8
7
0

100.43

Cations (based on

Si
Al
Fe2+
Ca
Na
X

Ab/Cr
An

ab
Or
n

Sample

Wt.%
Sio2
Al203
FeO
Cao
Na20
K20

Total

Cations

Si
Al
Fe2+
Ca
Na
X

Ab/Or
An
2b

Oor
n

1

oONKHOWBO

.5455
L3186
.0553
.5440
.5495
L1108

$5.84
36.73
€0.64
2.63
7

58.64

25
0.
8
7
0

100.31

32 oxygens)

1

oNHOoOUO

.5079
.3563
.0639
.5933
.4904
.0945

96.35
38.13
59.61
2.26
7

1

oMV OO

.3361
.5286
.0644
.8136
.2829
.0308

98.67
43.93
§5.33

0.75

AVERAGE POTASSIUM FELDSPAR

1

HHEROOWN

NAS9

€6.70
18.40

Moo
>
V]

59.43

.0537
.2188
.0287
.081s
.8741
.82¢6

49.27
2.10
48.24
49.67
2

1

NA89rim

HNO O

66.54

18
0.22
0
6
6

99.08

.9823
.0201
.0331
.1180
.2651
.4415

61.20
3.13
59.25
37.62
2

(based cn 32 oxygens)

1

WooowN

NA179

66.20
18.08
0.06
0.04
0.30
15.51

100

oNH OWULMOo

.9676 1
.0010
.0605
.2182
.4442
.1249

ONKH OW0NOo

95.17
31.88
64.82

COMPOSITIONS

fury

WoOOoOomN

NAg6

64.72
18.37
0.08
0.01
0.75
15.43

99.36

NA87

58.51
24.82
0.54
7.48
7.43
0.43

99.21

.5871
.2835
.0820
.4504
.6083
.0981

96.38
34.89
62.75

2.36

[

O PO OdH

1

NAS6

67.96
19.60
0.05

11.899
0.07

00.15

.89583
.0438
.0070
.0937

.0145

1

OB OO wWwR

NAl34

68.77

19.48
0.08
027~

11.80
0.05

00.56
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compositions from xrocks that underwent different rates of

cooling.

The An content of the average plagioclase analyses for each
sample from the New Amalfi Sheet have been plotted against the
Mg# of the corresponding average brown calcium-ricH pyroxene
analysis in Figure 4.26. It can be seen that there is a direct
relationship between the fracticnation of both the plagioclase
and the pyroxene, indicating that both phases were efficiently
isolated from the ligquid in order to cause the fractionation.
This relationship Dbreaks down in the late stages of
differentiation where the composition of the plagioclase shifts
suddenly to almost pure albite without a similar shift in the
composition of the corresponding pyroxene. This appears to be
another manifestation of the sudden increase in water vapour
pressure in the late stages of differentiation, which suppressed
the feldspar solidus, so that it sat directly on top of the
feldspar solvus, thereby causing the two end members albite and
K-feldspar to crystallize. This, of course, did not affect the

composition of the pyroxenes crystallizing at the same time.

4.5 OXIDE PHASES.

4.5.1 Spinel.

4.5.1.1 Introduction.

Eales and Snowden (1979) stated that the spinels within cumulus
picrites at the base of the Elephant’s Head Dike, which acted as
the conduit through which magma entered the New Amalfi Sheet,
were of two generations. There was stated to be, firstly, an
older generation of small spinel inclusions within olivine and
secondly, a later exsolved spinel phase which exhibited a plate-
like dendritic habit, also found within the olivines. Zoned
spinel grains were found within rocks from the chilled margin of
the dike. These spinels showed a sharp contact between Cr-rich
cores and Fe-rich margins, and this was taken to indicate the
existence of an hiatus between the crystallization of high-Cr

spinel cores and low-Cr, high-Ti and -Fe spinel margins. Eales
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and Snowden (op. cit.) showed that there was no hiatus but a
continuous variation in composition from aluminian chromite to
chromian Ti-magnetite in the spineié from the picrites of the
Elephant’s Head Dike. This was seen to be because the picrites
cooled more slowly, allowing time for diffusion and
homogenization of any zonal structure within the spinels.

Eales et al. (1980) state that the changes in composition with
height in the spinels of the Elephant’s Head Dike are due to
fractionation. A systematic change in the composition of spinels
with height, as a result of fractionation, is not seen in larger
Karoo intrusions such as the Insizwa Complex. This is due to the
added complexity of host silicate phases affecting the
composition of the spinels in the larger intrusions. The larger
intrusions cooled more slowly, allowing time for diffusion
between host silicate phases and spinels to affect the
composition of the spinels, thereby obscuring the compositional

changes which were already present because of fractionation.

Eales et al. (op. cit.) defined three stages of spinel
crystallization in Karoo rocks which are related to the nature
of the co-precipitating phases, which affect the liquid line of
descent and in turn, the composition of the spinel crystallizing

from the melt. These three stages listed below are:

a) An initial stage in which spinels exhibit a modest
increase in Al and similar decrease in Cr without any
change in Fe3+. This stage is related to the initial
crystallization of chromite prior to and concurrently
with olivine crystallization.

b) A second stage in which spinels show a progressive
decrease 1in Al and increase in Fe3+ without any
gignificant change in Cr. This stage is related to the
beginning of plagioclase nucleation, together with
chrome spinel and olivine.

c) A final stage in which spinels exhibit rapid depletion
in Cr. This is related to the beginning of pyroxene
crystallization which rapidly takes up all remaining

Cr in the melt.
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Eales et al. (op. cit.) state further that the three stages of
nucleation of chromiferous spinel are complete by . 30%
fractionation of a typical Karoo &égma and that there is an
hiatus in spinel nucleation until 67% fractionation at which
stage Ti-magnetites typically nucleate. Hill and Roeder (1974)
postulated that the hiatus in spinel nucleation is due to a
reaction relationship that exists between spinel, clinopyroxene
and liquid at low fO, conditions. Hill and Roeder (op. cit.)
state that at higher O, there should be no hiatus in spinel
nucleation. Hill and Roeder (op. cit.) also showed that spinel
is stabilized at low fO, conditions by an increased Cr content of
the melt. A decrease in the Cr content of the melt pushes the

spinel liquidus to lower temperatures and higher fO,.

Eales et al. (op. cit.) found no evidence for a reaction
relationship between spinel and pyroxene in Karoo rocks. They
therefore prefer to ascribe the hiatus in spinel nucleation in
Karoo rocks to the depletion in Cr in the melt after their stage
c). This causes the spinel ligquidus to be depressed to lower
temperatures as shown by Hill and Roeder (op. cit.), thereby
causing an hiatus 1in spinel nucleation until the magma
temperature drops to the temperature required for a new phase of

spinel (Ti-magnetite) nucleation to begin.
4.5.1.2 Mineral chemistry of the New Amalfi Sheet spinels.

Average electron microprobe analyses of spinels from the New
Amalfi Sheet, with Fe,0; calculated according to the method of
Droop (1987) and recalculated to 100 wt%, are shown in Table 4.7.
The compositional variation within the chrome-bearing spinels of
the New Amalfi Sheet, as shown in Figure 4.27, is almost
identical to the trend exhibited by the Elephant’s Head Dike
spinels, with both intrusions showing a continuous range in
compositions from aluminian chromite to Ti-magnetite. All
analyses enclosed by the thick dashed 1line in Figure 4.27
represent single analyses of small spinel inclusions found within
olivine in the basal olivine dolerite sample NA99. The most
chrome-rich spinel from the New Amalfi Sheet was analysed from

the groundmass of a fine-grained pigeonite dolerite (NA79), taken
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close to the edge of the intrusion. All other spinels, analysed
from the entire range of rock types{fbund within the New Amalfi
Sheet, plot in the Ti-magnetite cofner in Figure 4.27. There
exists therefore a time gap between the most Fe-rich spinel found
as an inclusion in olivine, and the Ti-magnetites which occur as
late-stage anhedral interstitial phases. This time gap
corregponds to the hiatus in spinel nucleation in Karoo rocks

reported by Eales et al. (op. cit.).

In Figure 4.28 the field of spinel compositions in the New Amalfi
Sheet 1ig shown by the heavy dashed line, together with the
average compositions of Karco spinels taken from Eales et al.
(1980) and average Elephant’s Head spinel compositions taken from
Eales (1979). The light dashed line encloses the compositional
range of average Karoo and Elephant’s Head spinel compositions
and the letters A, B and C denote the three stages of chromian
spinel evolution as defined by Eales et al. (op. cit.). It can
be seen that New Amalfi Sheet spinels span all three stages of
chromian spinel evolution, thus indicating that the paragenetic
sequence during the initial stages fractionation of the New
Amalfi Sheet was : spinel -> spinel + olivine -> spinel + olivine

+ plagioclase -> spinel + olivine + plagioclase + pyroxene.

The range in composition of the Ti-magnetites of the New Amalfi
Sheet 1is shown in Figure 4.29. It can be seen that all Ti-
magnetite analyses plot on a remarkably straight line which
extends from the composition of pure magnetite to that of pure
ulvdspinel. The Ti-magnetites therefore plot along a mixing line
between magnetite and ulvdspinel. This feature was also noted for
Karoo Ti-magnetites by Reynolds (1983) who stated that it was due
to differing degrees of oxidation exsolution of magnetite-
ulvdspinel solid solution as described by Buddington and Lindsley
(1964) . The degree of oxidation is not related to height or
degree of differentiation in the New Amalfi Sheet and probably
reflects differing local fO, conditions during subsolidus

cooling.

4.5.2 Tlmenite.




Table 4.7

AVERAGE COMPOSITION OF SPINELS ANALYZED FOR EACH SAMPLE

Sample

We.%
Ti02
21203
Cr203
Fe203
FeO
Mno
Nio
Mgo

Total

NA79 NAS99incl.

0.89
l6.23
40.89

8.88
28.65

0.22

0.10

4.15

100.00

Cations (based on

Ti
Al
Cr
Fe3+
Fe2+
Mn
Ni
Mg

n

Sample

Wt.%
Tio2
A1203
Cr203
Fe203
FeO
MnoO
NiO
Mgo

Total

Cations

Ti
Al
Cr
Fe3+
Fe2+
Mn
Ni
Mg

n

OCoOO0OQOrHOO

CQOOrHOOO

.0230
.658¢
.1135
.2303
.8253
.0062
.0028
.2131

1

$9.82

(based on

L4264
.0548
.0087
.1619
.4505
.0112
.0004
.0035

4

100.00

4 oxygens)

4 oxygens)

COOHKMHOOO

[eNeNeloNoNoNeNel

.0958
.3388
.7046
.8258
.8676
.0123
.0055
.1408

11

NAl76

wwn
CoouwnNoOoownm

W

(e}

99.63

.1516
.0385
.0074
.6703
L1517
.0085
.0007
.0010

3

NASS

W
QOOW®M W
[ 8]

(V]

100.00

OCOOrHrHHOOO

QOO HOOO

.2706
.0495
.0455
.3874
.2665
.0074
.0026
.0060

99.08

.3277
.0421
.0006
.3018
.3149
.0111
.0000
.0017

106

NASS

.16
.60
.43
.95
.20
.45
.12
.07

w tn
QOO UNNOON

0
o

.98

0.1788
0.0274
0.0131
1.6242
1.1678
0.0146
0.0038
0.0038

NA8S

12.44
0.33
0.01

44.86

42.38
0.41
0.00
0.00

100.45

.3616
.0153
.0003
L3117
.3733
.0136
.0000
.0000

OOOHRKFHOOO

NAS7

8.07
1.07
0.65
51.72
37.46
0.48
0.09
0.46

100.00

.2357
.0483
.0202
.5168
.2197
.0158
.0027
.0265

QOO HOOO

NAg6

11.59

0.00
46.33
41.37

0.47

0.01

100.00

.3264
.0106
.0000
.3055
.2954
.0149
.0000
.0004

OO OHMKOOO

1

[oNeNoN N e NoNo)

QOOHKK OOO
(Y4
N
~J
w

NA125

NAS1

W
COOOMPFHFOOoO®

~3

@

00.00

.2485
.0357
.0046
L4973
.2547
.0055
.0010
.0006

1

QOOHPFPOOO

OOCOKHKMHOOO

NA93

.3817
.0646
.005¢4
.1897
.3777
.0108
.0000
.0098

P2

NA133

11.16
0.93
0.08

46.39

41.13
0.38
0.05
0.04

00.16

L3166
.0415
.0025
.3176
.2980
.0125
.0014
.0022

Sample

Wt.%
Tio2
Al203
Cr203
Fe203
FeO
Mno
NiO
MgO

Total
Cations

Ti
Al
Cr
Fel3+
Fel+
Mn
Ni
Mg

n

1

QOO KK OOO

NA134

W i
COO0OO®MNOO®
N
i

00.31

(based on

.2469
.0215
.0001
4975
.2449
.0C84
.0001
.0000

7

4 oxygens)
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Cr

0 10 20 30 40 50 60 70 8 90 100
(Fe3+) + 2Ti

Figure 4.27 New Amalfi Sheet spinel compositions. Those
enclosed by the heavy dashed line are the compositions of

spinel inclusions found in olivine in the basal olivine
dolerite NA99.
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Cr

0 10 20 30 40 50 60 70 80 90 100
Al (Fe3+) + 2Ti

Figure 4.28 The field of New Amalfi Sheet spinel analyses
shown by the heavy dashed line compared to selected spine.
analyses from the Elephant’s Head Dyke (*), Eales (1979); and
Karoo in general (A), Eales et al. (1980).
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Tio2
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T

FeO Fe203

Figure 4.29 New Amalfi Sheet titanomagnetites plotted in
terms of mole% FeO, Fe,0; and TiO,.
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4.5.2.1 Mineral chemistry of ilmenites in the New Amalfi Sheet.

Average ilmenite analyses for a selected group of samples‘from
the New Amalfi Sheet, with Fe,0; calculated according to the
method of Droop (1987) and recalculated to 100 Wt%, are shown in
Table 4.8. Reynolds (1983) states that the composition of most
Karoo_ilmenites falls close to the FeTiO; end member. It was also
shownnby Reynolds (op. cit.) that there is a limited amount of
variation in terms of the MgO and MnC concentrations of Karoo
ilmenites with the highest MnO and lowest MgO concentrations
found in ilmenite grains which occur in late-stage
micropegmatite. Reynolds (op. cit.) suggests that this represents
a weakly defined fractional crystallization trend in the Karoo
ilmenites. However Reynolds (op. cit.), also noted that the MnO
content of vermiform ilmenites, produced by deuteric alteration
of composite oxide grains, 1is always higher than that of the
primary ilmenite found within the same sample. Therefore it is
possible that the increase in MnO content of late stage ilmenites
within the Karoco may be the result of the same process which
formed the vermiform ilmenite, namely deuteric alteration, and

not the result of fractional crystallization.

In Figure 4.30 single ilmenite analyses from the New Amalfi Sheet
have been plotted together with average Karoo ilmenite
compositions. It can be seen that both data sets show progressive
depletion in MgTiO; and enrichment in MnTiO,;. The average MgO
concentrations of New Amalfi Sheet ilmenites have been plotted
against average MnO concentrations in Figure 4.31. MgO
concentration in New Amalfi Sheet ilmenites can be seen to be
initially rapidly depleted in dolerites to quartz gabbros, with
no corresponding change in MnO content. From the quartz
monzodiorites onwards, there is a sudden large increase in MnO
content of the ilmenite, with no corresponding change in MgO
content. A similar pattern is seen in Figure 4.32 where it can
be seen that Ti0O, in the ilmenite increases steeply with
essentially no change in MnO content, from dolerites to quartz

gabbros, after which TiO, remains essentially constant and MnoO
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AVERAGE CCMPOSITION OF ILMENITES ANALYZED FOR EACH SAMPLE

Sample

Wt.%
TiO2
Al203
Cr203
F&203
FeO
Mno
Nio
MgO

Total

Cations

Ti
Al
Cr
Fel+
Fe2+
Mn
Ni
Mg

Mg#
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NASS

1
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()]
w
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.0017
L1144
.8966
.010s6
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w
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>
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wm
-

Q
o
N
o
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.0001

1

oNoReNoNeNeoNoNel
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.0082
.0C00
.0059
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increases sharply.

In the light of the observations of Reynolds (op. cit.), that the
highest MnO content of Karoo ilmenites occurs in the deuteric
vermiform ilmenite, the sudden increase in MnO seen in the
average ilmenite compositions from the most differentiated rocks
of the New Amalfi Sheet may reflect a secondary deuteric
alteration effect, and not fractional crystallization. This idea
is supported by the petrography which shows an increase in the
proportion of vermiform ilmenite in the fayalite-hedenbergite
granophyres and granophyres. This increase in the proportion of
vermiform ilmenite is probably what has caused the increase in
MnO content, within the average ilmenite analyses for samples
from the most differentiated rocks from the New Amalfi Sheet.
Therefore the variation of MgO, TiO, and MnO within the ilmenites
of the New Amalfi Sheet reflect a two-stage process, whereby MgO
is initially rapidly depleted, and TiO, is initially rapidly
enriched, in New Amalfi Sheet ilmenites, because of fractional
crystallization. In the most differentiated rocks, this is then
overprinted by the effects of the subsolidus deuteric alteration,
which formed the vermiform ilmenite, causing the average ilmenite
compositions of the rocks most affected by the deuteric

alteration to show an enrichment in MnoO.

In Figure 4.33 it can be seen that there is a progressive
depletion in Fe,0; in the ilmenites of the New Amalfi Sheet, from
doleriteg to granophyres. This is different to what is seen in
the case of the magnetites of the New Amalfi Sheet, which show
no consistent variation 1in Fe,0; with differentiation, since
oxidation of magnetite-ulvéspinel solid solution took place
during sub-solidus cooling. Buddington and Lindsley (1964) showed
that ilmenite-hematite solid sclution decreases with decreasing
temperature. The depletion in Fe,0; in New Amalfi Sheet ilmenites
from dolerites to granophyres may therefore reflect decreasing

temperatures of equilibration of the ilmenite.

The ilmenites of the New Amalfi Sheet have therefore recorded
changes in chemistry brought about initially by fractiocnal

crystallization, and subsequently by subsolidus alteration which
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R FeTio3
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Figure 4.30 The composition of New Amalfi Sheet Ilmenites
(A) compared to selected Karoo ilmenite ([J) compositions
from Reynolds (1983).

1.2
1 ] % Dolerites
v Gabbros and Quartz monzodiorites
0.8 B Granodiorites and Granophyres
Q
éﬂ 0.64
0.4+
0.2
0 T T Z
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Figure 4.31 The fields of average MgO versus MnO for New
Amalfi Sheet ilmenites.
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produced the vermiform ilmenite. This alteration event may be the
same as the hydrothermal alteration;which produced the bleached
pyroxene. If this is so, then the hydfothermal alteration of the
bleached pyroxene was caused by deuteric fluids, as Reynolds (op.
cit.) considers deuteric alteration to be responsible for the

formation of vermiform ilmenite in Karoo rocks.

The fact that the ilmenites of the New Amalfi Sheet have
preserved thelr liquidus and early subsolidus chemistry indicates
that interaction with host silicate phases, which would tend to
obscure this chemistry, was minimal. Lightfoot et al. (1987) have
shown that there is a direct relationship between the modal
content of olivine in picrites of the Insizwa Complex and the MgO
content of the ilmenites. This, they state, indicates substantial
subsolidus interaction between 1ilmenites and host silicate
rhases. However Cawthorn et al. (1988) state that no direct
relationship was found between 1ilmenite and host silicate
composition, in picrites sampled elsewhere in the Insizwa
Complex. Therefore it is not yet proven whether or not sub-
solidus re-equilibration of ilmenites with host silicate phases
occurred within the Insizwa Complex. The evidence presented above
suggests that it did not occur within the much smaller, and

therefore faster-cooling, New Amalfi Sheet.

4.6 SUMMARY.

a) Two varieties of calcium-rich pyroxene are found within the
New Amalfi Sheet. The first variety is brown in colour and
represents the original magmatic calcium-rich pyroxene. The
second variety formed from the partial hydrothermal
alteration of the first wvariety, during which it was
partially ‘bleached’ to a dirty white colour. The bleached
variety 1s easily recognized by electron microprobe
analysis because it contains a higher CaO content and a

lower Ti0, content than the original brown variety.

b) Pyroxene thermometry shows that the temperature of the
hydrothermal alteration ranges from 950°C in the dolerites

to 500°C in the granophyres.
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Figure 4.32 The fields of average Ti0O, versus MnO for New
Amalfi Sheet ilmenites.
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Figure 4.33 The fields of average Fe,0; versus FeO for New
Amalfi Sheet ilmenites.
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The mineral chemistry of the brown calcium-rich pyroxene
shows that plagioclase was already on the liquidus at the
time when the pyroxenes which were analysed, began to

crystallize.

Pigeonite was already on the liquidus at the time that the

first dolerites crystallized.

The disappearance of pigeonite, which marks the termination
of the two-pyroxene field within the New Amalfi Sheet,
coincides with the reappearance of olivine. The absence of
cumulus quartz at this time indicates that the physical
limit of calcium-poor pyroxene stability, the boundary of
the forbidden zone, was not reached within the New Amalfi

Sheet.

The position of the two-pyroxene limit for the New Amalfi
Sheet is similar to that of the Skaergaard and Birds River

intrusions.

The ferrohypersthene found within the New Amalfi Sheet
seems to have formed as a result of direct crystallization

from late-stage intercumulus liquid.

The chemistry of the New Amalfi Sheet calcium-poor
pyroxenes shows that both Ti and Al are depleted with
progressive differentiation. This is different to what is
observed in other intrusions such as the Bushveld Complex,
and is probably due to the presence of cumulus calcium-rich
pyroxene crystallizing together with calcium-poor pyroxene,
in the case of the New Amalfi Sheet. Since D¥°™ is greater
than 1, the calcium-rich pyroxene competes successfully
with the calcium-poor pyroxene for the available Ti in the

melt.

The olivine gap within the New Amalfi Sheet is similar in
size to that of the Palisades Sill but larger than that of
the Skaergaard Intrusion. This seems to be the result of a

higher degree of silica enrichment with differentiation in
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the case of the New Amalfi Sheet and Palisades Sill.

Olivines from the New Amalfi Shéet plot slightly abové the
general Karoo trend in a graph of Ni versus Fo content.
This may be due to a higher D{ for the New Amalfi Sheet
liqguid, due to a possible initially higher MgO centent, or
the trapped liquid shift effect.

The shift in plagioclase and K-feldspar compositions from
the almost complete fractionation trend to the two end
members, albite and orthoclase, is the result of the
suppression of the feldspar solidus because of an increase
in water vapour pressure within the late-stage residual
melt. The increase in water vapour’pressure was probably
the result of the ingestion of water-laden country rock

sediments.

The differentiation trend of the Cr-bearing spinels of the
New Amalfi Sheet spans all three stages of spinel
crystallization within the Karoo, as defined by Eales et
al. (1980). This indicates that the paragenetic sequence
for the early stages of fractionation of the New Amalfi
Sheet 1liquid was: chromite -> chromite + olivine -»>
chromite + olivine + plagioclase -> chromite +v olivine +

plagioclase + pyroxene.

The magnetites of the New Amalfi Sheet plot along a mixing
line between ulvdspinel and magnetite. This is the result
of differing degrees of subsolidus oxidation of magnetite-

ulvéspinel solid solution.

Ilmenites from the New Amalfi Sheet display a trend of
rapidly decreasing MgO and increasing TiO, which is thought
to be due to fractional crystallization. A second trend of
rapidly increasing MnO in ilmenites, from the most
differentiated rocks, 1s thought to reflect a later event

of subsolidus deuteric alteration.

Decreasing Fe,0; with progressive differentiation in New
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Amalfi Sheet ilmenites is thought to reflect decreasing

temperatures of equilibration.

Continuous trends in pyroxene, olivine, feldspar, spinel
and ilmenite compositions, indicate that the granophyres
are probably genetically related to the undoubtedly igneous

Focks of the sheet.
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5_WHOLE-ROCK GEOCHEMISTRY

5.1 MAJOR ELEMENT GEOCHEMISTRY

5.1.1 Introduction

Walker and Poldervaart (1949) state that the fractionation of
Karoo magma results in a dominating iron-enrichment trend which
is only surpassed in the very last stages of crystallization by
silica, sodium and potassium enrichment. They state that the
iron-enrichment trend exhibited by Karoo magmas ig the result of
the dominant fractionation of ferromagnesian phases over that of
plagiocclase feldspars. Only in the latter stages of
differentiation did plagioclase fractionation overtake that of
the ferromagnesian minerals, thereby causing the transition from
iron-enrichment to silica, sodium and potassium enrichment in the

Karoco magma.

Eales and Booth (1974) showed that the gabbro—ferrogabbro—
ferrotholeiite fractionation trend, seen in the case of the Birds
River Complex, also follows an iron-enrichment trend which is
followed by silica and alkali enrichment in the closing stages
of differentiation. They consider the iron-enrichment trend to
be the result of fractionation under conditions of slightly
decreasing partial pressure of oxygen. The change to sharply
decreasing iron and strong silica and alkali enrichment, in the
most evolved ferrotholeiites, was ascribed to a change to
fractionation under conditions of increasing partial pressure of
oxygen, possibly brought about by the dissociation of CO, from
country rock sediments as well as the high Fe?'/Fe?* ratio found

within these sediments.

Eales and Booth (op. cit.) also showed that continuous trends
could be seen when major element whole-rock data from the Birds
River Complex, the Mount Arthur Complex and the New Amalfi Sheet
were plotted together on the same diagram. Eales (1990) showed
that MgO is a very useful index of fractionation for use with
Karoo <rocks, since a straight-line relationship with a

correlation coefficient of -0.978 exists when Mg0O whole-rock data
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Table 5.1

WHOLE-ROCK ANALYSES RECALCULATED TO 100 wt¥%
foveenn PIGEONITE DOLERITES

Sample NAl40 NA7S NABO NAS1 NASS NA72 NAl2S

sioz2 51.85 51.85 53.12 50.43 51.94 $1.55
Tio2 0.88 0.90 1.25 1.05 0.85 0.91
Al203 15.60 15.11 14.20 15.77 15.78 14.389
Fe203 11.18 11.21 11.73 12.26 10.38 11.07
MnoO 0.18 0.16 0.19 .20 0.16 - 0,17
MgO 7.24 7.29 6.12 6.39 7.90 9.07
Cao 10.60 10.41 9.85 10.72 10.59 10.21
. Na20 1.86 2.35 2.55 2.30 1.78 1.83
K20 0.52 0.61 0.81 0.73 0.47 0.54
P205 0.10 0.10 0.18 0.15 0.14 0.15

100.00 100.00 100.00 100.00 100.00 100.00
Mg# 56.20 56.29 50.83 50.77 60.11 61.85

TRACE ELEMENTS ({ppm)

Sr 208.7 127.2 133.4 202.3 192.1 211.1 182.6
Rb 4.1 15.6 17.1 18.5 21.0 13.7 16.6
Y 29.9 27.0 26.0 28.5 28.0 20.8 24.4
Zr 95.9 81.3 85.9 102.5 93.6 65.5 77.0
Nb 7.6 2.2 2.0 9.6 4.7 5.7 6.9
Co 49.9 47.7 40.4 45.6 45.3 51.2
Cr 368.5 357.9 140.8 135.5 300.6 436.2
v 248.4 251.0 299.6 269.9 240.1 234.7
Zn 87.4 86.8 98.8 93.9 86.0 86.4
Cu 100.2 105.7 108.0 133.5 86.7 92.3
Ni 102.1 95.2 52.4 65.0 120.5 170.6
Th 0.0 0.0 1.5 0.0 1.8 0.0 2.0
Pb 2.9 3.0 3.7 3.5 3.2 2.4 3.1
Ce 28.4 21.9 25.3 25.0 26.9 21.5 25.9
Nd 14.2 11.3 12.0 13.1 17.0 11.7 12.1
La 9.7 8.3 9.7 10.7 11.0 7.1 7.9
Ba 244.8 151.4 174.5 224.5 237.1 218.6 163.1
Sc 35.6 33.3 32.2 38.4 34.8 32.7 31.7
...... [ S OLIVINE DOLERITES
Sample NA136 NA125 NA124 NAS7 NA9S8 NA99 NA184
5102 51.34 51.29 51.06 49.98 51.27 49.13 53.17
Tio2 1.07 0.89 0.88 0.86 - 0.83 0.79 1.13
A1203 14.81 15.94 16.41 16.39 15.49 13.29 14.13
Fe203 12.51 10.21 9.91 10.35 10.38 11.62 12.08
Mno 0.19 0.16 0.16 0.18 0.17 0.17 0.19
Mgo 6.39 7.62 7.56 8.54 8.09 13.13 6.32
Ca0 10.73 10.95 11.05 10.68 10.87 9.06 10.07
Na20 2.20 2.28 2.31 2.36 2.30 2.16 2.13
K20 0.58 0.53 0.53 0.54 0.49 0.52 0.62
P205 0.16 0.13 0.13 0.13 0.12 0.13 0.17

100.00 100.00 100.00 100.00 100.00 100.00 100.00
Mg# 50.29 59.64 60.16 62.02 60.69 69.10 50.89

TRACE ELEMENTS (ppm)

Sr 175.6 204.2 205.4 216.5 196.1 176.3 222.1
Rb 14.4 13.7 11.7 10.6 11.0 12.0 19.2
Y 26.9 21.5 21.1 21.1 20.1 20.2 27.4
Zr 95.7 69.5 65.4 63.8 59.0 63.0 85.2
Nb 4.9 4.8 6.0 5.9 5.0 5.4 8.0
Co 44.5 44.7 41.3 47.2 46.2 64.3 44.0
Cr 131.5 376.5 437.4 370.9 370.7 906.2 32.5
v 272.0 218.9 224.2 214.1 220.3 204.4 293.3
zZn 95.8 76.2 76.2 79.7 76.8 83.2 95.4
Cu 124.8 86.6 85.4 85.8 86.1 80.2 97.6
Ni 69.3 130.1 110.9 146.9 115.5 340.1 48.0
Th 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Pb 2.3 2.6 2.1 0.0 2.2 2.2 2.5
Ce 27.4 19.5 14.6 18.5 19.1 15.9 23.0
Nd 15.5 10.6 8.6 9.3 9.4 8.6 11.5
La 11.4 7.5 9.2 5.8 7.8 6.9 10.8
Ba 206.7 161.3 156.8 157.7 142.0 152.1 208.8
Sc 33.7 29.7 31.7 29.2 32.3 28.0 39.5
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Sample

sio2
Tioz2
Al203
Fe203
MnoO
MgO
cao
Naz20
K20
P205

MG#
TRACE

Sr
Rb
Y

Zr
Nb
Co
Cr
\Y

Zn
Cu
Ni
Th
Fb
Ce
NG
La
Ra
Sc

Sample

8io2
Tio2
Al203
Fe203
Mno
jidele]
Ca0
Naz20
K20
P205

Mg#

TRACE ELEMENTS

Sr
Rb
Y

2Zr
Nb
Co
Cr
v

Zn
Cu
Ni
Th
Fb
Ce
Nd
La
Ba
Sc

ELEMENTS

-

[ernns

NA1l85 NAS2
52.48 52.53
0.83 1.35
14.98 14.59
9.96 13.53
0.18 0.21
7.86 4.69
11.20 9.43
2.13 2.67
0.29 0.80
0.10 0.20
100.00 100.00
60.58 40.68
{ppm)
233.8 230.0
5.2 17.4
18.8 30.1
56.9 94.3
2.8 9.1
43.56 42.0
41.3 9.4

301.5 315.8
82.5 105.8
87.5 184.3
73.3 30.6

0.0 0.0
1.7 3.8
18.1 28.0
8.0 13.5
5.5 10.5

152.8 257.3
40.3 39.59

NA1l88 NA189

50.88 50.92
2.78 2.87

11.78 11.81

18.70 18.€68
0.22 0.23
4.15 3.88
8.06 8.16
2.07 2.26
1.01 0.9%4
0.25 0.25

100.00 100.00

30.52 29.15

{ppm)

183.5 188.4
23.9 23.8
38.9 38.6

132.7 136.6
12.9 12.5
60.5 57.4

5.1 6.6
1079.3 848.0

146.6 145.2

323.0 303.8
36.5 27.9

2.0 2.1
3.9 5.2
35.7 34.8
18.3 18.0
12.7 13.0

310.0 324.0

47.3 46.5
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QUARTZ GABBROS

NAS3

53.36
1.37
13.85
13.23
0.20
5.26
9.15

100.00

44.03

W
w0
N W YN O Jdboiiooo

NAl160

51.53
2.88
11.46
18.98
0.23
3.53
7.589
2.37
1.13
0.30

100.00

26.90

189.6
28.7
44.2

156.3
14.6
54.7

8.3

742.9

150.1

279.2
27.8

3.8

42.5
24.1
18.7
401.8
42.0

< NASS

53.67
1.29
14.36
12.60
0.20
4.92
9.11
2.76
0.92
0.18

100.00

43.58

w

o

Q
NOIMHNDOOWWODHWMWR

QUARTZ MONZODIORITES

NA176

52.50
2.68
11.87
18.20
0.23
3.08
7.61
2.08
0.98
0.34

100.00

25.17

212.6
28.4
S1.6

173.5
18.2
51.0

8.2

556.7

151.5

248.7
17.1

2.7

47.8
25.0
18.4
352.4
41.0

NAS6

53.50

1.28
13.52
13.18

5.53
9.16
2.58
0.86
0.18
100.00

45.35

NAlg0

53.53

[
ORNUIWONHN
N
1Y

NAlsgs

53.40
1.20
13.83
12.66
0.20
5.83
9.65
2.26
0.70
0.18

100.00

48.13

[
o
b
WOWOWDOO®mMIWHWNO WD

100.00

22.12

198.3
338

178.0

32.8
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Sample

SiQ2
Ti02
Al203
Fe203
Mno
MgO
Cao
Na20
K20
P205

Sample

Sio2
Tio2
Al1203
Fe203
Mno
MgO
Cao
Naz20
K20
P20S

Mg#

NASO

49.24
3.08
11.90
19.31
0.22
4.23
8.49
2.43
0.88
0.21

100.00

30.25

o)
=
t
2
]
=
|
%
)

o
)
..

[
(]
w

NP OVWAYJOOAOFE OUNOOW-)®

0.41
100.00

9.85

'g

12.30
18.20
0.23
4.44
8.76
2.57
0.91
0.22
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Sr
Rb
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Co
Cr
v
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Cu
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47.5
4.0
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Table 5.1 (cont.)

FAYALITE-HEDENBERGITE GRANOPHYRES  ...... [

Sample NA167 NA171 NAl172 NA170 NA8S NAlé68 NAB3
sio2 64.95 62.91 63.14 66.08 64.62 72.52 71.45
Tic2 1.02 1.21 1.16 0.93 1.07 0.53 0.62
Al203 11.92 11.67 11.66 11.59 11.91 11.42 11.51
Fe203 11.58 13.00 12.97 10.95 11.67 6.29 7.31
MnO 0.16 0.18 0.19 0.17 0.16 0.09 0.10
MgO 0.55 0.61 0.59 0.44 0.41 0.24 0.25
Ccao 3.78 4.16 4.17 3.45 3.76 1.44 1.54-
Na20 3.09 3.36 3.21 3.21 3.35 3.65 3.66
K20 2.70 2.59 2.60 3.00 2.81 3.78 3.49
P205 0.25 0.31 0.31 0.17 0.24 0.05 0.07

100.00 100.00 100.00 100.00 100.00 100.00 100.00
Mg# 8.62 8.51 8.22 7.44 6.55 6.92 6.37

TRACE ELEMENTS (ppm)

Sr 161.9 171.9 178.7 170.7 163.2 108.0 21.9
Rb 71.1 67.2 62.7 76.4 65.2 95.1 89.1
Y 89.6 89.6 83.7 89.9 89.6 107.3 143.3
Zr 327.5 332.0 337.8 370.1 339.4 372.0 488.3
Nb 33.2 33.7 33.3 36.8 36.0 37.8 35.0
Co 9.8 13.2 9.1 7.4 9.1 3.4 4.0
Cr 12.2 11.9 16.1 11.9 9.9 8.3 5.6
v 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Zn 165.2 176.2 168.6 158.3 162.2 115.3 130.1
Cu 36.7 38.2 36.4 36.5 35.0 16.1 17.0
Ni 3.7 3.8 5.0 3.4 0.0 4.3 5.3
Th 7.3 7.7 7.4 9.3 8.0 1.2 11.0
Pb 12.5 10.0 10.7 13.6 12.8 13.8 15.2
Ce 88.9 92.4 85.0 95.5 90.4 103.4 111.9
Nd 48.4 48.6 48.2 50.5 48.9 60.7 81.5
La 43.6 45.6 39.2 44.7 40.2 57.0 85.7
Ba 722.5 716.8 717.2 820.3 781.2 957.0 761.5
Sc 15.0 18.0 16.2 13.2 16.0 5.0 8.8
GRANOPHYRES  ...... i VEIN VEIN XNOLTH. SNDSTNE.

Sample NA182 NAB6 NAS7 NASS NA121 NA134 NA181  gample NA113
$i02 66.83 68.51 72.01 71.29 72.12 72.58 si02 81.17
Ti02 0.91 0.80 0.56 0.68 0.55 0.55 TiO2 0.46
Al203 11.68 11.78 11.88 11.36 11.28 11.46 A1203 10.39
Fe203 10.31 9.03 6.41 7.02 6.18 5.93 Fe203 3.27
MnO 0.15 0.14 0.11 0.0S 0.08 0.08 Mno 0.08
MgO 0.35 0.17 0.09 0.28 0.19 0.24 MgO 0.49
caC 3.10 2.44 1.14 1.61 1.78 1.20 cao 0.23
Na20 3.36 3.60 3.92 4.17 4.15 4.08 Na20 1.50
K20 3.11 3.38 3.84 3.41 3.63 3.84 K20 2.30
P205S 0.18 0.14 0.05 0.08 0.04 0.05 P205 0.10

100.00 100.00 100.00 100.00 100.00 100.00 100.00
Mg# 6.25 3.57 2.80 7.30 5.74 7.48 Mg# 22.90
TRACE ELEMENTS (ppm) TRACE ELEMENTS (ppm)
Sr 212.3 134.8 132.59 91.7 120.8 96.2 87.3 Sr 73.2
Rb S0.6 76.3 88.2 105.3 68.2 96.8 79.9 Rb 91.8
Y 77.0 95.5 102.9 142.4 87.6 107.3 87.3 e 28.9
Zr 272.4 411.3 404.0 455.2 424.9 477.4 459.6 gzr 313.7
Nb 27.4 37.1 38.9 39.9 34.5 35.4 35.1 Nb 14.4
Co 7.4 6.5 2.5 5.6 3.5 4.4 Co 11.5
Cr 7.7 7.7 5.8 9.1 7.2 14.2 Cr 39.8
v 0.0 0.0 0.0 2.6 0.0 0.0 v 57.9
Zn 150.4 155.6 128.4 98.3 124.3 91.8 Zn 49.5
Cu 29.4 28.6 19.9 30.0 23.0 11.0 Cu 13.3
Ni 0.0 3.1 4.2 3.5 4.7 6.2 Ni 16.7
Th 6.2 9.3 9.3 i1.2 10.0 11.5 10.6 Th 13.7
Pb 8.6 12.6 15.1 17.6 10.7 14.7 14.9 Pb 15.7
Ce 78.3 93.5 87.0 111.4 94.8 108.9 93.1 Ce 60.3
Nd 43.6 51.5 54.7 75.5 53.4 56.4 48.2 Nd 29.1
La 32.3 41.6 50.1 75.5 47.6 53.3 42.5 La 34.6
Ba 632.1 794.0 867.0 1105.5 772.2 805.0 985.4 Ba 740.1
Sc 21.9 13.4 10.7 5.5 7.1 4.9 4.7 Sc 5.1
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from the Birds River Complex 1is plotted against percentage
crystallization. For this reason MgO has been used as an index
of fractionation in the Harker diagrams shown in the next
section. Fifty-seven whole—rockJahalyses, covering the entire
range of compositions seen witﬁin the New Amalfi Sheet, are
presented in Table 5.1. Volatiles have been subtracted from the
analyses, which have then been recalculated to 100 wt%. The
original analyses prior to recalculation are showrd in Appendix
IT. Analytical techniques used have been summarized in Appendix
I.

5.1.2 Harker diagrams.

In Figure 5.1, MgO can be seen to decrease progressively with
fractionation from 13.13 wt% in the basal olivine dolerite (which
contains 14% modal olivine, probably cumulus in nature) to 0.09
wt% 1in the most evolved granophyre. Because of the olivine
enrichment seen within the basal olivine dolerite, this sample
is often displaced from the fractionation trend defined by the

rest of the whole-rock samples.

Silica increases slightly with differentiation from the dolerites
to the top of the quartz gabbros, from 49.13 wt% to 53.7 wt%.
This is followed by a sudden decrease in Si0O, at the beginning of
the quartz monzodiorites, because of the diluting effect of
cumulus opaque-oxide phases which enter the paragenesis at this
stage. From this point onwards, Si0O, increases exponentially with
progressive differentiation, as seen from the hyperbolic shape
of the curve, and reaches a maximum of 72 wt% in the most evolved

granophyre.

Al,0, decreases steadily with fractionation to a low of 11 wt%,
but the rate of decrease declines towards the end stages of
fractionation. TiO,, Fe,0; and MnO all follow similar trends. This
involves constant to slightly decreasing concentrations up till
half-way through the dolerite range, followed by a steady
increase up till the end of the quartz gabbro range, which is
followed by a sudden increase, because of the effect of cumulus

opaque-oxides, and a slight decrease, followed finally by a
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sharp decrease which lasts till the end of the differentiation

trend.

Cal shows an exponential .decrease with progressive
differentiation, from 11 wt% to 1.1 wt%. Na,0 and K, 0 both show
exponential increases with differentiation from 1.79 wt% and 0.29
wt% respectively to maxima of 3.92 wt% and 3.84 wt% respectively.
P,0s increases exponentially from 0.1 wt% in the dolerites to 0.76
wt% at the top of the granodiorites, at which point it decreases

rapidly to below 0.1% in the most evolved granophyres.

Figure 5.2 clearly shows the relative entry points of the opaque-
oxides and apatite into the paragenetic sequence, as shown by the
effect that this has on the concentrations of P,0; and TiO, in the
magma. Initially both P,0; and TiO, behave incompatibly and both
increase with differentiation. Opague-oxides enter the
paragenetic sequence first, as seen from the first inflection
after which TiO, decreases while P,05 is still increasing. Apatite
then enters the paragenetic sequence as well, at the second
inflection, after which both Ti0O, and P,05 decrease with
differentiation, reaching almost the same concentrations as those

seen in the most primitive rocks.

In all the plots shown in Figures 5.1 and 5.2, a continuous
fractionation trend exists between the dolerites and granophyres.
This suggests that the granophyres were derived from the
fractional crystallization of a mafic parent, and does not
support a metasomatic origin for the New Amalfi Sheet

grancophyres.

5.1.3 Qualitative interpretation of mineral phases involved in

the fractional crystallization process.

In Figures 5.3 (a & b) whole-rock compositions have been plotted
together with average clinopyroxene, olivine, plagioclase and
spinel compositions for each sample. The compositions of the
average Lesotho Type magma (Marsh and Eales, 1984) and the New
Amalfi Sheet initial 1liquid are also shown. The relevant

calculations are presented in the section on trace elements.
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Figure 5.2 Whole-rock P,0; versus TiO, for the New Amalfi
Sheet.
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From Figure 5.3 (a & b) it can be seen that a number of dolerite
samples plot along a mixing line between the New Amalfi Sheet
initial liguid, and the most MgO-rich olivine. This suggests that
these dolerites have undergone cumuius enrichment in olivine. It
can also be seen that there is a wide range in MgO concentration
in the olivines in the olivine dolerites, with most of the
olivines not falling on the mixing line. This suggests that many
of the olivines from the olivine dolerites may have had their
compositions modified during subsolidus cooling to more iron-rich
compositions. This has been previously documented for rocks from
the Insizwa Complex by Cawthorn et al. (1992) who explained that
it i1s due to the interaction between olivine and entrapped

cumulus liquid, termed the trapped liquid shift effect.

From the point representing the New Amalfi Sheet initial liquid,
to the end of the quartz gabbro range, both Si0, and Fe,0;
increase in the residual liquid and this appears to be due to
combined plagioclase and clinopyroxene fractionation. The entry
of opaque-oxide minerals into the paragenetic sequence at the
start of the gquartz gabbro range marks the transition to

decreasing Fe,0; and a greater rate of increase in Si0;.

5.1.4 Pearce Element Ratios.

Pearce element ratios provide a means for determining the
absolute degree of change in various elements during chemical
differentiation, based on the concept that conserved elements
(elements that remain unchanged in absolute amount during
differentiation) are used as common denominators within the
ratios. Ratios with conserved elements in the numerators will
remain constant throughout the differentiation process, but
ratios with elements that are involved in the differentiation
process as the numerator will vary according to their
stoichiometry in the separated phases (Russel and Nicholls,
1988) . This therefore provides a means of determining if a suite
of rocks are related to each other by the differentiation of a
common parent ( i.e., are comagmatic) as well as which phases

were involved in the differentiation process.
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Figure 5.3 (a) New Amalfi Sheet whole-rock 810, versus MgO
plotted together with average mineral data. [J = whole-rock;

+ = calcium-rich pyroxenes; A = olivines; * = plagioclase;

B = magnetite; x = Average Lesotho type magma; X = New Amalfi
Sheet initial ligquid.
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Figure 5.3 (b) New Amalfi Sheet whole-rock Fe,0; versus
MgO plotted together with average mineral data.
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In Figure 5.4, two Pearce element ratios made up entirely of
congerved elements have been plotted against each other. These
ratios should not change throughou; the differentiation process
if the suite of rocks is comagmatic and the suite of rocks should
plot as a tight cluster of points. As can be seen from Figure
5.4, this is indeed the case for most of the New Amalfi Sheet
whole-rock samples, including the granophyres, and this provides
strong support for the view that these rocks are comégmatic, and
that the granophyres are related to the rest of the New Amalfi
Sheet by differentiation from a common parent. Those few samples
that plot away from the cluster have probably undergone secondary
changes in some of the elements represented in the ratios

plotted, because of weathering or alteration.

In Figure 5.5 the Pearce element ratios 0.5 (Mg+Fe)/K and Si/K
have been specially selected, so that any chemical compositions
that are derived by either the addition or subtraction of olivine
alone will plot along a straight line with a slope of 1 (Russel
and Nicholls, op. cit.). If any other phase which contains either
Fe, Mg or Si is either added or subtracted, then the gslope will
deviate from 1. The data in Figure 5.5 plots along a straight
line with a slope of 0.216, indicating that olivine separation
alone was not responsible for the differentiation. The low value
of the slope suggests that olivine fractionation was of minor

gsignificance.

In Figure 5.6 the Pearce element ratios have been selected so as
to eliminate the effects of olivine and Fe-Ti oxide separation.
A slope of 1 would indicate plagioclase separation alone, and a
vertical slope clinopyroxene separation alone. If both phases
separate, the data will define a slope of between 1 and infinity,
with the proportion of plagioclase to pyroxene given by the
relation (CPX + PL)/PL=slope (Russel and Nicholls, op. cit.). The
data for the New Amalfi Sheet defines a slope of 2.62 and hence
the calculated ratio of CPX/PL=1.62 indicates that clinopyroxene

fractionation dominated over that of plagioclase.
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Figure 5.4 A plot of two Pearce element ratios with
conserved elements in the numerator and denominator.
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Figure 5.5 Whole-rock data plotted in terms of two Pearce
element ratios.
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5.1.5 AFM Plot.

The whole-rock data for the New.Am%lfi Sheet, captured during the
course of this study, has been plotfed on the ternary AFM diagram
(Figure 5.7) together with Birds River data from Eales (1990) and
Skaergaard data from Wager and Brown (1968) for comparison. It
can be seen that the iron-enrichment exhibited by the New Amalfi
Sheet 1is slightly greater than that of the Birds River Complex
but does not reach the extreme levels exhibited by the Skaergaard
Intrusion. The different levels of iron-enrichment seen in these
three intrusions 1is probably related to different redox
conditions during crystallization, as suggested by Eales and
Booth (1974), but the iron-enrichment trend itself seems to be
caused by plagioclase, pyroxene and/or olivine fractionation as
has been shown above. It has also been shown above that the
transition to decreasing iron and rapidly increasing silica and
alkalis 1s marked by the appearance of cumulus opague-oxide

phases.

5.2 TRACE ELEMENT GEQCHEMISTRY .

5.2.1 Incompatible trace element geochemistry.

In Figure 5.8, the variation, with progressive differentiation,
of the incompatible elements Ti, P, K, Rb, Y, Nb, Th, Pb, La, Ce,
Ba and Zr, is shown. Zr 1is used on the abscissa for the same
reasons put forward by Marsh and Eales (1984), namely that it is
precisely determined by means of XRF methods, it is relatively
unaffected by alteration, and it exhibits near-perfect
incompatible behaviour during most of the differentiation stage

of tholeiitic magmas.

The fractionation intérval over which incompatible behaviour is
maintained by both elements in each plot in Figure 5.8, is marked
by a straight line relationship, which, when extrapolated, passes
through the origin. Regression lines have been calculated for
each plot and the slope, intercept and correlation coefficients

are shown in Table 5.2.
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Figure 5.6 Whole-rock data plotted in terms of two Pearce
element ratios.
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Figure 5.7 New Amalfi Sheet whole-rock analyses ([J) plotted
on the AFM diagram together with Birds River data (+) (Eales,

1990) and Skaergaard data (*) (Wager and Brown, 1968) for
comparison.
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The incompatible behaviour of an element is typically disrupted
when a mineral that readily accepts the element into its lattice
begins to nucleate. It can be seen from Figure 5.8 that
incompatible behaviour breaks down;in the case of Ti at the top
of the quartz gabbros, and this coincides with the entry of
cumulus magnetite and ilmenite to the paragenetic sequence. Ti
is an essential structural element within the ilmenite lattice
and Ti has a distribution coefficient of 7.5 betweéh‘magnetite
and. melt (Pearce and Norry, 1979). Therefore, the nucleation of
these two minerals 1is responsible for the breakdown in the

incompatible behaviour of Ti.

The elements P, Y and Pb show a break-down of incompatible
behaviour at the beginning of the granodiorite range and this is
due to the nucleation of cumulus apatite within the
granodiorites. Once again, the depletion in P can be explained
by its being an essential structural element within apatite. Y%
is closest in size to Ca’* and Y can therefore be expected tb
enter into early Ca sites such as those provided by augite and
plagioclase (Taylor, 1965). The fact that Y is concentrated into
the later-forming Ca sites of apatite instead, is probably due
to the more covalent character of the Y=0 bond compared to the
Ca-0 bond (Taylor, 1965). Taylor (op. cit.) states that Pb** is
intermediate in size between Ca?* and K* and can therefore be
expected to substitute for either element. However, the Ca site
in apatite is considered to be a particularly suitable site for
Pb since the Ca occurs in nine-fold co-ordination with oxygen

(Taylor, op. cit.).

The elements K, Ba, Rb, Ce, La, Nd and Nb all show a breakdown
in incompatible behaviour at the top of the fayalite-hedenbergite
granophyres. K is an essential component of K-feldspar and Ba has
a distribution coefficient between K-feldspar, and melt of 6.12
(Philpotts and Schnetzler, 1970). Both elements will therefore
be taken up by the K-feldspar found within the abundant
granophyric intergrowth in the granophyres. Taylor (1965) states
that Rb is very similar in size and chemical character to K and

can therefore be expected to take up K sites readily.
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Table 5.2 Regression Data
. ______________________________________________________]

X Y X coeff. intercept correlation
coeff.

log Ni log Zr -0.485 2.841 0.904
log MgO log Zr -0.902 2.654 0.898
Zr TiO, 0.0013 0 0.771
Zr K,0 0.008 0 0.984
Zr P,04 0.002 0 0.921
zr Rb 0.201 0] 0.984
Zr Y 0.294 0 0.974
Zr Nb 0.098 0 0.971
Zr Th 0.023 0 0.971
Zr Pb 0.036 0 0.923
Zr Ce 0.271 0 0.981
Zr Nd 0.147 0 0.983
Zr La 0.115 0 0.982
Zr Ba 2.249 0] 0.979
log Zxr log SiQ, 0.056 1.611 0.230
Zr Al,0, -0.058 19.560 0.703
log Zr log Fe,0; 0.494 0.120 0.824
log Zr log MnO 0.626 -1.939 0.787
log zr log CaO -0.270 1.524 0.534

Taylor (1965)

states that the bulk of the rare earth elements

found in granites are found in monazite. It is possible that this
mineral was mistaken for zircon, which is optically very similar
to monazite, during the petrological examination of the
granophyres. This would explain the depletion of the rare earth
elements Ce, La and Nd within the granophyres. It is not clear
into which phase Nb has partitioned within the granophyres, as
this element would normally be expected to show incompatible
behaviour throughout the differentiation of tholeiitic melts, as
seen in the case of the Birds River Complex (Eales, 1990).

Possibly the abundant stilpnomelane found within the drusy
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cavities in the granophyres has taken up much of the Nb, as it
forms part of the mica group of minerals; Pearce and Norry (1979)
state that the presence of, amongst other minerals, biotite, in
rock guites from Andean-type margins may explain the deviation

from linearity of Nb-Zr plots for these rocks.

Lastly, the Th-Zr plot shows no deviation from linearity
throughout the sequence from dolerites to granophyres, and this
indicates, firstly, that both these elements have behaved
incbmpatibly throughout the fractional crystallization process.
Secondly, the fact that the granophyres plot along a straight
line trend which passes through undoubtedly igneous rocks as
well, indicates that they must be related to the dolerites by
fractional crystallization. If monazite and not zircon is present
in the granophyres, it may seem strange that Th was not taken up
by this mineral, but Deer et al. (1966) state that Th-free

monazite is known.

5.2.2 Estimation of the composition of the New Amalfi Sheet

initiagl liguid.

The method used to estimate the New Amalfi Sheet initial liquid
composition is similar to that used by Eales (1990) to estimate
the trace element composition of the Birds River initial liguid.
This method is used since chilled-margin analyses may not be
truly representative of the initial liquid composition, because
of the possible effects of flow differentiation, interaction with
country rock, and alteration. Samples that are the most primitive
in terms of having the lowest concentrations of incompatible
elements, may also not be representative of the initial liquid,
since they may have undergone dilution arising out of cumulus

enrichment in early-formed phases.

The method used here makes use of the linear relationship that
exists between Zr on the abscissa and other incompatible
elements, in the 1initial stages of fractionation. If an
independent estimate of the Zr content of the initial ligquid can
be obtained, then the corresponding initial values of the other

incompatible elements can also be derived by solving the straight
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line equation. Allegre et al. (1977) showed that fractional
crystallization may be modelled in terms of the Rayleigh

equation, which takes the form:
c = ¢j FOD

where C = the concentration of any trace element i in the
residual liquid. -
Cl = the concentration of any trace element i in the

initial liquid.

i
It

the fraction of residual liquid remaining.

the bulk distribution coefficient,

o
il

then, 1in the <case of a highly incompatible element (the
concentration of which will be denoted as C') D is very small and
the Rayleigh equation can be written as F = C;/Ci{. This can be
substituted into the Rayleigh equation for a compatible element
(for which D is 1large), the concentration of which will be

denoted by C°, which yields the following relationship:

Cf = C§(Co/Cy) D
Taking logs of both sides of the equation yields:
logC$ = logCi + (D-1)logC, - (D-1)logC)

Therefore if D is constant, a plot of logC{ against logC; should
produce a straight line. Allegre et al. (op cit.) state that
fairly large errors in the estimation of C° can be tolerated and
yet still produce a more accurate estimation of the corresponding
C*, from the solution of the straight line equation, since large
changes in C° occur during the initial stages of fractionation

while the corresponding change in C' is small.

A plot of this form is shown in Figure 5.9 (a), where log Zr has
been plotted against log Ni for the New Amalfi Sheet. This yields
a straight-line relationship with a correlation coefficient of -
0.904. Three independent estimates of the Ni content of the
initial liquid were drawn from three discrete data sets which are

the same as those used by Eales (1990), namely:
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a) The average of whole-rock analyses of 22 Eastern Cape
Province chilled margin dolerites (from Marsh and Eales,
1984, p37).

b) The average of whole-rock analyses of 59 dolerites from the
Central area of the Karoo Iéﬁeous Province.

c) The average of whole-rock analyses of 27 of the more
primitive Lesotho Group basalts (i.e. those basalts with
between 6-8% MgO) from Marsh and Eales (1984) /-

Substitution into the straight-line equation of the three
estimates of initial Ni obtained from the above sources, gives
three estimates of the New Amalfi Sheet initial Zr concentration.
In Figure 5.9 (b) an inverse linear relationship with a
correlation coefficient of -0.898 has been obtained by plotting
log Zr against log MgO for the New Amalfi Sheet. Although MgO is
a major element and therefore does not behave according to the
Rayleigh eqgquation, it shows an exponential depletion in the
residual liquid when plotted against Zr, and therefore a log-log
plot of these two elements produces a straight line. Three
further estimates of the Zr concentration of the New Amalfi Sheet
initial liquid were thus obtained by substituting estimates of
the initial MgO concentration from the three data sets, given
above, into the straight-line equation for Figure 5.9 (b).
Lastly, another three estimates of the New Amalfi Sheet initial
Zr concentration were obtained by substituting estimates for the
initial incompatible element concentrations, from each of the
three data sets, into the straight-line equations for the
incompatible elements versus Zr, shown in Table 5.2, and taking
the averages of the initial Zr estimates obtained for each of the
three data sets. The three independent estimates of the initial
levels of Ni, MgO and the incompatible elements are shown in
Table 5.3, together with the nine estimates of the

New Amalfi Sheet initial Zr concentration obtained from them.

The average of the nine estimates gives an initial Z2Zr
concentration for the New Amalfi Sheet of 78 + 2.8ppm. This is
similar to the Zr concentration of the most primitive Lesotho
basalts (75ppm; Marsh and Eales, 1984) and similar to that of
chilled dolerite sample NA79 from the New Amalfi Sheet, Table
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Figure 5.9 (a) Log Zr versus Log Ni for the New Amalfi
Sheet.
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Figure 5.9 (b) Log Zr versus Log MgO for the New Amalfi
Sheet.
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Table 5.3 Three independent data sets for estimating the New
Amalfi Sheet initial liguid Zr concentration and 9 estimates
(a-i) of initial Zr.
. |

Eastern Zr Central Zr Lesotho | Zr
Cape Province Basalts
Dolerites Dolerite
.0 .4 .4
.5 1 .2
.0 .5 .5
.0 .1 .6
Y 26 88.6 14.2 82.5 23.3 79.4
Nb 6.3 64.0
Ce 25 92.3
Nd 14 95.1
Ba 213 94.7 193 86.2 164 72.9
Avg. 82.2, 78. 0, 76.2,
MgO 6.86 79.3, 6.92 78.7, 7.38 74 .3;
Ni 87 79.4, 84.7 80.5, 101 73.9,

5.4. It is however lower than the estimate obtained by Eales

(1990) for the Birds River Complex (84.2 + 3 ppm).

The concentrations of the incompatible elements, Ni and MgO in
the New Amalfi Sheet initial 1liquid were then obtained by
substituting the initial Zr concentration for the New Amalfi
Sheet, of 78ppm, into the relevant straight-line equations given
in Table 5.2. Log-log plots have been used to derive straight-
line relationships between Si0,, Fe,0;, MnO and CaO and Zr. Al,0,
vs. Zr yields a suitably straight line for the earliest stages
of fractionation without the use of a 1log-log plot. The
regression data for these plots is also given in Table 5.2.
Substitution of the initial Zr concentration into these straight
line equations yields the concentrations of these major elements
in the initial liquid. The initial concentration of the remaining
major element, Na,0 was obtained by subtracting the total of the

other major elements from 100.
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Lesotho basalt from Marsh and Eales (1984) and three New Amalfi
Sheet chilled dolerites.

NAS Av. NA79 NA8O NA136

initial Lesotho

liquid Basalt
MnO 0.18 0.16 0.18 0.16 0.19
MgO 6.99 7.01 7.24 7.29 6.39
CaO 10.30 10.69 10.60 10.41 10.73
Na,O 2.39 2.17 1.86 2.35 2.20
K,O 0.61 0.70 0.52 0.61 0.58
P,0;s 0.14 0.16 0.10 0.10 0.16
Rb 15.72 12 15.62 17.14 14 .43
Y 22.89 24 27.04 26.00 26.89
Zr 78.00 94 81.34 85.86 95.72
Nb 7.67 4.9 2.24 2.02 4.93
Ni 90.32 94 102.12 95.23 69.25
Th 1.78 0.00 1.55 0.00
Pb 2.81 3.02 3.69 2.31
Ce 21.13 21.89 25.30 27.39
Nd 11.48 11.30 11.98 15.54
La 9.32 8.32 9.70 11.38
Ba 175.46 177 151.41 174 .49 206.66

A complete estimate of the major element, incompatible element
and Ni content of the New Amalfi Sheet initial liquid is shown
in Table 5.4. It compares favourably with the whole-rock analyses
of three New Amalfi Sheet chilled dolerites, and to the average
whole rock-analysis of 49 Lesotho basalts obtained from Table II
of Marsh and Eales (1984).
provide strong proof that the New Amalfi Sheet initial liquid

This is considered to
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falls within the Lesotho magma type as defined by Marsh and Eales
(1984) .

5.2.3 Estimation of F_for each whole-rock sample.

The Rayleigh equation has been used to model the fractional
crystallization process. As shown above, the Rayleigh equation
can be approximated by F = Cy/C; when one is dealing with
incompatible elements for which D is small. C, can be obtained
from the initial liquid calculated above and C; from the whole-
rock analysis for each sample. In Table 5.5, F has been
calculated for each incompatible element in each sample and then
averaged for each sample. F values were not calculated in cases
where a particular incompatible element no longer behaves
incompatibly or where concentrations of C; were considered to be
so low as to give rise to possible analytical error. The average
of the coefficients of wvariation of the averaged F values
calculated for each sample is 7.4, which indicates that the
results are remarkably consistent despite the many potential

sources of error.

The low average coefficient of wvariation indicates that the
variation of the incompatible element concentrations in sequence
from the dolerites to the granophyres is consistent with a
process of fractional crystallization, modelled by the Rayleigh
equation. This provides further support for the view that the
granophyres are differentiates of the New Amalfi Sheet initial
liquid. The most evolved granophyre represents 15.8% of the
initial liquid (84.1% crystallization) and this is similar to the
most evolved rock in the Birds River Complex, which represents
16% of the initial liquid (84% fractional crystallization; Eales,
1990) . From Table 5.5 it can be seen that all of the olivine
dolerites and two of the pigeonite dolerites have negative F
values. This indicates that these rocks represent liquids that

have undergone some cumulus enrichment.

5.2.4 Trace element concentrations plotted against percentage

crystallization.

The percentage crystallization of the initial ligquid that each



Table 5.5

CALCULATION OF AVERAGE F FOR EACH SAMPLE

Sample

Rb
Y

2x
Nb
Th
Pb
Ce
Nd
La
Ba
Tio2
K20
P20s5

Average F
sd
cv

Average F
sd
cv

Sample

Rb
Y
2r
Nb
Th
Pb
Ce
Nd
La
Ba
Ti02
K20
P205S

Average P
sd
cv

Sample

Rb
Y
Zr
Nb
Th
Pb
Ce
Nd
La
Ba
Tio2
K20
P205

Average F
sd
cv

Average coefficient of variation {cv)

NA7S

1.0067
0.8465
0.9589

0.9304
0.9653
1.0157

1.1588
1.1274
1.1638

1.0183
0.1099
10.78

NA160

.5296
.5174
.49%1
.5265

[eNoRoNe)

.4739
.4966
.4763
.4998
.4387

[eReoNoNe o

.5412
.4637

o o

0.4570
0.0311
6.25

NABS
0.2271

0.2298
0.2130
0.2218

0.2338
0.2347
0.2330
0.22456

0.2171

0.2261
0.0077
3.39

NA1S3

0.2872
0.2883
0.2970
0.2847
0.3027
0.2428
0.2761
0.2631
0.2850
0.2897

0.2914
0.2825

0.0167
5.93

NABO

L9173
.8805
.9085

[eNeN=)]

.7622
.8350
.9578

[oNeNe)

1.0056
1.0974
0.9950

0.9288
0.0994
10.70

NAl76

.5528
.4435
.4494
.4210

OO0

.4705
.4418
.4598
.5100
.4979

[eNeoNoleNael

.6198
.4166

[oN el

0.4803
0.0615
12.80

NASO

0.7589¢
0.6383
0.6966
0.7249

0.5885
0.5761
0.6180

0.5671

0.6863
0.6574

0.6513
0.0653
10.03

NA1S3
0.2583

0.2578
0.2680
0.2655

0.2712
0.2527
0.2494
0.2720

0.2602
0.2617

0.0080
3.06

NAS1

0.8481
0.8022
0.7612
0.8006

NAlS0

.5100
.5073
.4648
.4928
.3765
.4593
.4432
.4901
4767
.4684

[oNeoloReNoNoleNoRe ol

.5514
.4697

[eNe)

0.4759
0.0424
8.91

NAS1

0.7082
0.6972
0.6978

.6435
.5701
.5637
.6602
.5844

[eNeoNoNe Nl

(=]

L6732
0.6277

0.6427
0.0546
8.49

NA17S
0.2417

0.2288
0.2563
0.2264

0.2453
0.2371
0.2368
0.1956

0.2573
0.2363

0.0185
7.84
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NASS

0.
0.
0.

0.
0.
0.
0.
0.
0.
0.
0.

0.
0.

7503
8188
8329

8867
7842
6743
8493
7401
9391
8377
8587

8247
0853

10.34

NA1S91

[sNeReNoNeoNeNolleRel el

QO

.4672
.4922
.4381
L4613
.3960
4774
.3997
.4605
.4612
L4194

.4755
.5186

.4556
.0365

8.02

NA92

[»NeNeNe [oNeNe) jeReNoNo]

[Nl

.9041
.7607
.8273
.8422

.7478
.7553
.8523

.6820
.7326
.7595
.7034

.7788
.0685

8.79

NAl62

0.

0.

0

[V

0.
0.2657
0.

0.2650

0.

2330
2611
2460
2766
2644

257¢

2521

.2590
.0117

4.54

7.40

'NAS6E

0.1911

0.1911

NAl6S

.3537
.3705
.3376
.3343
.39689
.3286
.3559
.3481
.3551
.3477

OCOO0O0OO0O0O0OOCO

.3450
.3197

OO

0.3494
0.0202
5.79

NAS3

.8361
.6975
.7602
.7807

[oNe NN

0.6156
.6664
.7783

[oNe]

.6569
.7209
.7226
.7445

OO0 O00

.7255
.0639
8.81

QOO

NAlec4
0.2605

0.2616
0.2452
0.2898

0.2578
0.2545
0.2804
0.2709

0.2645
0.2650

0.0136
5.12

NAB7

0.1919

0.1919

NA192

L3177
.3082
.2875
.3065
.3108

[ofoNeNe Ne

.2700
.2707
.3042
.3100

[eNeNeNe)

o

.3020

.2989
.0168
5.66

o o

NASS

L7127
.7603
.8308
.9520

[o N o NoRe)

.7408
.7484
.7586
.7161
L7144
.7698
.6616
.7954

OO0 O0OO0ODO0OCO

0.7635
0.0736
9.63

NA1S?9
0.2344

0.2351
0.225%
0.2583

0.2504
0.2458
0.2344
0.2468

0.2353
0.2407

0.0102
4.22

NAS8S

0.1586

0.1586

NAl61

.3221
.2848
.3081
.2956
.2816
.2865
.2568
.2528
.2960
.3185

COOO0OO0O0O000O0O

o

.3116

.2922
.0229
7.84

o0

NAS6

0.7480
0.7255
0.7976
0.7878

0.7460
0.71129
0.8340
0.8151
0.7368
0.7720
0.7075
0.7607

0.7619
0.0404
5.30

NA155
0.2197

0.2239
0.2282
0.2164

0.2313
0.2251
0.2405
0.2438

0.2263
0.2284

0.0090
3.95



Table 5.5 (cont.)
Sample NA125 NAl24
Rb 1.1482 1.3385
Y 1.0648 1.0842
2r 1.1221 1.1929
Nb 1.2886
Th

Pb 1.0677

Ce 1.0838 1.4490
Nd 1.0843 1.3287
La

Ba 1.0877 1.1192
Ti02 1.1148 1.1238
K20 1.1443 1.1598
P20S 1.0605 1.04459
Average F 1.0978 1.2131
sd 0.0324 0.1315
cv 2.85 10.84
Sample NA1S8 NAl65
Rb 0.2198 0.2298
Y

Zr 0.2293 0.2397
Nb 0.2198 0.2178
Th 0.2323 0.2262
Pb

Ce 0.2225 0.2478
Nd 0.2227 0.2418
La 0.2068 0.2520
Ba 0.2340 0.2374
Ti02

K20 0.2147 0.2275
P205

Average F 0.2224 0.2356
sd 0.0086 0.0111
cv 3.88 4.70
Sample NA136 NA184
Rb 0.8171
Y 0.8513 0.8368
2xr 0.8149 0.915¢9
Nb 0.9593
Th

Pb 1.1246
Ce 0.7714 0.9168
Nd 0.7389 1.0023
La 0.8225 0.863%
Ba 0.8450 0.8404
Tio2 0.9237 0.8800
K20 0.9887
P205 0.8643 0.8333
Average F 0.8295 0.9149
sd 0.0571 0.0908
cv 6.88 9.93
Sample NA170 NAS83
Rb 0.2058

Y

2r 0.2107

Nb 0.2083

Th 0.1912 0.1611
Pb

Ce 0.2214

Nd 0.2272

La 0.2096

Ba 0.2139

Tio2

K20 0.2033

P205

Average F 0.2102 0.1611
sd 0.0104

cv

4.93

NAS7

[ (]

R

.4832
.0855
.2219
.2903

.1435
.2372

.1128
.1483
.1400
.1198

.1982

0.1187

9.91

NAl66

0

.2022

0.2208

[oNe)

[oNeReNel

.2176
L2273

L2335
L2371

.2267

.2094

.2074

.2202

.0121
5.48

NA185

[y

L2195
.3708

.1656
.2743

.1484
.1956

.2290
.0823
6.70

NAl21

0

0

L1773

L1773
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NASS8

1
1

1.
1.

[y

[N S

o -

.4349
.1403
3231
5217

.1091
.2247

.2358
.1889
.2428
L1671

.2588
L1316
10.46

NAl67

0.

[aNeoNoNe) [eNeRel

(o)

[eN =)

[eNe]

o

0

[eNeNoNe]

2211

.2382
.2308
L2426

.2377
L2372
L2149
.2428
.2255
.2323

.0089
4.25

.1552

.1552

S

NASS

.3092
.1320
.2378
.4275

1.3331
.3379

[

.1540
.2533
.1621
.1025

(SN A

.2449
.1066
8.56

(= o

NAlée8

0.1592

0.1592

NAl87

.7360
.7753
.8083
.7530

QOO0

.6694
.6734
. 8918
.7085
.8203
.6964
0.7408

[N eNeNeNoReo)

0.7521
0.0680
$.05

NAlS81

0.1678

0.1678

NA72

.1451
.0992
.1904

[NESES]

0.9837
0.9846

0.9857
1.0648
0.0924
8.68
NAl71
0.2340
.2349

.2278
.2297

[eNeNe)

.2288
.2363
.2054
.2448

[oNeNoNe]

o

.2356

0.2308
0.0108
4.68

NAl88

0.6576
0.5886
0.5877
0.59832

0.7288
0.5324
0.6062
0.7348
0.5661

0.6051
0.5668

0.6152
0.0654
10.63

NAlg2

0.3109
0.2972
0.2863
0.2796
0.2871

0.2699
0.2632
0.2900
0.2776

0.2847
0.0143
5.02

NAl23

.9461
.8379
.0128
.1063

PHOO

.9099
.8174
0.9508

(= Re)

.0760
.082Q .
.1255
.8033

oL

.9880
.0991
10.03

oo

NA172
0.2506
.2308

.2306
.2392

[=NeoNo)

.2485
.2383
.2388
L2446

[oNeoReRw]

o

.2343

0.2395
0.0072
3.00

NAl89

.6594
.5937
.5708
.6120

QO OO

.5393
.6067
.6373
.7188
.5416

OO0 OO0

.6462
.5623

[eNw)

0.6080
0.0548
9.02

NAl40

0.7666
0.8133
1.0066

0.9757
0.7440
0.8107
0.9659
0.7167

0.8500
0.1150
13.53
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sample represents has been calculated from the average F values
for each sample. In Figure 5.10, various trace elements have been
plotted against percent crystallization for each sample. It can
be seen that Ni and Cr have thgir highest concentrations in
samples that have been enriched iﬁ‘cumulus phases, and that they
are both depleted in residual liquids. Ni is depleted until it
is essentially below detection limit at 54% crystallization, and
Cr reaches this point at 22% crystallization. The rapid depletion
in Cr occurs probably because it is taken up by early-forming
chromite and pyroxene. It has been shown in the previous chapter
that olivine readily depletes the melt in Ni because of the high
D. Beyond the dolerite range, Ni depletion flattens out and this
is probably due to the cessation of olivine crystallization, with
the Ni now probably largely being taken up by clinopyroxene which

has a lower distribution coefficient.

At the beginning of the quartz monzodiorite range (35%
crystallization) the elements Ti, Cu, Co, V and Sc, which were
earlier enriched in the residual melts, begin to be depleted in
the residual melt. This coincides with the appearance of cumulus
magnetite and ilmenite as well as chalcopyrite globules. Ti, Co,
V and Sc all have high coefficients for partitioning between
magnetite and ilmenite, and melt (Irving, 1978) and this explains
why these elements begin to be depleted at this stage. Taylor
(1965) states that Cu will increase in concentration in residual
melts until Cu-rich sulphide phases appear. This appears to the
case for the New Amalfi Sheet where the start of Cu depletion
coincides with a sudden increase in the proportion of
chalcopyrite in the rocks. A similar feature is seen in the case
of the Skaergaard Intrusion, and Wager and Brown (1968) state
that " (sulphide) immiscibility relationships played a dominant

part in controlling the amount of copper in the rocks'.

P,0; increases rapidly in the melt until the beginning of the
granodiorite range (70% crystallization) at which point abundant
apatite enters the assemblage and P,0; is rapidly depleted. Zn
also begins to be depleted at this stage but it is not known
whether this indicates that Zn is also being taken up by apatite,

as this has not been reported in the literature. Taylor (1965)
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states that Zn should take up the same positions as Fe?*, which
has very nearly the same ion size. However the Zn-O bond is more
covalent than the Fe-0 bond and thpé Zn will enter Fe?" gites at
a later stage. Therefore, the entry of Zn into magnetite may have
been delayed and the depletion of Zn at the same time as the
entry of apatite is merely a coincidence.

It can be seen from Figure 5.10 that Sr concentration is highly
variable, probably because of alteration effects, and that Sr
concentration decreases marginally in the residual liquid until
evolution of the fayalite-hedenbergite granophyres (73%
crystallization) at which point there is a sudden rapid decrease
in the Sr concentration of the magma. Taylor (1965) states that
Sr?* is intermediate in size between Ca?** and K' and that Sr
therefore enters Ca positions in plagioclase and K positions in
K-feldspar, although DiP** (+ 10, Irving, 1978) is much larger
than Di*9 (1-3, Irving, 1978). Sr is probably largely taken up by‘
plagioclase prior to 73% crystallization and the low rate of Sr
depletion during this period indicates that the proportion of
plagioclase crystallizing was slightly above 50%, using an
average distribution coefficient of 2, thereby giving a bulk

distribution coefficient slightly above 1.

The sudden and rapid depletion of Sr after 73% crystallization
indicates a sudden increase in the bulk distribution coefficient,
and this must be due to the crystallization of significant
amounts of K-feldspar at this stage. This may be correlated with
the appearance of much coarser grained perthitic K-feldspar in
the granophyric intergrowth of the fayalite-hedenbergite

grancphyres.

5.3 MODELLING THE DIFFERENTIATION OF THE NEW AMALFI SHEET BY
MEANS OF LEAST SQUARES MIXING.

A computer program, similar to that used by Eales (1990) has been
used to model the various stages of the differentiation of the
New Amalfi Sheet. A particular differentiation step is modelled
by entering the compositions of the parent liquid and the

residual liquid as well as the composition of the mineral phases
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that are suspected to have fractionated to produce the residual
ligquid. The computer program combines (mixes) the compositions
of the residual liquid and the extracted phases in various
proportions in order to obtain a calculated parent liquid
composition which most closely resembles that of the actual input
parent liquid composition. The mix with the lowest sum of the
squares of the residuals, is arithmetically, the best solution.
The degree to which this approaches reality is dependent on how
closely the 1input data conform to reality. The progressive
differentiation of the New Amalfi Sheet has been modelled using
the calculated New Amalfi Sheet initial liquid composition as the
parent liquid, and a representative whole-rock sample from each
rock unit, from the quartz gabbros to the grancphyres, as the
residual liquid in each differentiation step. In addition to
this, averaged microprobe data on the mineral phases was used for
each sample. These whole-rock and mineral data are shown in
Appendix III. For the purposes of the modelling, the total iron
content of the whole-rock analyses was converted to FeO. The
olivine compositions were calculated, for each sample that
contains olivine, from the equation given by Roeder and Emslie
(1970), instead of using the measured olivine compositions which
are suspected to have been modified by the trapped liquid shift

effect. The results of the modelling are shown below.

Mix 1.) Differentiation of the parent liquid (NAINI) to quartz
gabbro (NAS93).

NAINI = NA93(0.6867) + INIOL(0.0511) + 79PL(0.1093) +
93PL(0.0693) + 99CPX(0.0366) + 93CPX(0.0440) + APAT(0.0003)

NAINI (obs) NAINI(calc) Diff.

Si0, 51.99 51.99 0.00
Tio, 0.99 0.98 -0.01
Al,0, 15.06 15.06 0.00
FeO 10.21 10.21 0.00
Mgo 6.99 6.99 0.00
CaO0 10.30 10.30 0.00
Na,0 2.39 2.38 -0.01
K,0 0.61 0.61 0.00
P,0s 0.14 0.14 0.00
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Y (residuals)? = 0.0002

F = 0.6867 (trace elements : 0.7255)
Total crystal extract for

differentiation step (%) = 31.33 (trace elements : 27.45)
Total plagioclase (%) = 18.02‘

Total CPX (%) = 8.13

Total olivine (%) = 5.15

Total apatite (%) = 0.03 -

The first differentiation step from the initial liquid to the
quartz gabbros involves 31.33% crystallization with plagioclase
being the dominant separating phase, followed by clinopyroxene
and then olivine. This contrasts with the situation at Birds
River, where pyroxene was the dominant fractionating phase in the
early stages of differentiation (Eales, 1990). The F value
calculated from the mix for NAS3 (0.6867) is slightly lower than
that calculated from trace elements (0.7255) but, the residuals

for this mix are arithmetically very good.

Mix 2.) Differentiation of quartz gabbro (NA23) to quartz
monzodiorite (NAl76).

NAS3 = NA176(0.6506) + 93PL(0.0798) + 176PL(0.1587) +
93CPX(0.6451) + 176CPX(-0.5485) + 90MAG(0.0265) + 176ILM(-0.0158)

NA93 (obs) NAS3(calc) Diff.

Si0, 53.36 53.36 0.00
TiO, 1.37 1.37 0.00
Al,0, 13.85 13.85 0.00
FeO 11.91 11.91 0.00
MgO b5.26 5.26 0.00
CaO 09.15 9.14 -0.01
Na,0 2.54 2.53 -0.01
K,0 0.84 0.72 -0.12
P,0s 0.19 0.22 0.03

Y (residuals)? = 0.01
F = 0.4468 (trace elements : 0.4803)

Total crystal extract for
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differentiation step (%) = 23.99 (trace elements : 24.52)
Total plagioclase (%) = 16.55

Total CPX (%) = 6.70

Total magnetite (%) = 1.84

Total ilmenite (%) = -1.10

The second differentiation step from quartz gabbro to the quartz
monzodiorite shows that plagioclase separation.. was still
dominant. Magnetite began to separate in significant amounts, as
well as a small amount of cumulus ilmenite. This conforms with
the petrography which revealed the appearance of a significant
amount of opaque-oxides in the quartz monzodiorites. Residuals
for this mix are again good and the degree of crystal extraction
(24%) is similar to that calculated from trace element data
(24 .5%) .

Mix 3.) Differentiation of quartz monzodiorite (NAl76) to
granodiorite (NA153).

NA176 = NA153(0.5666) + 93PL(0.1898) + 176CPX(O.1421) +
1530L(0.0928) + 90MAG(-0.0249) + 176ILM(0.0380) + B86KF(-0.0081)

NA176 (obs) NA176 (calc) Diff.

Sio, 52.90 52.88 -0.02

Tio, 2.69 2.69 0.00

Al,0, 11.87 11.80 -0.07

FeO 16.38 16.38 0.00

MgO 3.09 3.13 0.04

CaO 7.61 7.63 0.02

Na,0 2.09 2.61 0.52

K,O 0.98 1.12 0.14

Y (residuals)? = 0.30

F = 0.2558 (trace elements : 0.2825)

Total crystal extract for

Q,

differentiation step (%) 19.36 (trace elements : 19.77)

Total plagioclase (%) = 8.55
Total CPX (%) = 6.40
Total olivine (%) = 4.18



155

Total ilmenite (%) = 1.71
Total magnetite (%) = -1.12
Total K-feldspar (%) = -0.36

+ apatite

For the differentiation step from the quartz monzodiorites to the
granodiorites the residuals are statistically poor and this may
be because of the effect of cumulus magnetite in the quartz
monzodiorites, as well as because a large number of phases were
sepérating at this stage (the computer program allows for only
6 phases to be modelled). For this reason, P was left out of the
mix and one can assume that a certain amount of apatite also
separated. Plagioclase separation is still dominant and olivine
shows a reappearance which also conforms with what is seen in the
rocks. It can also be seen that cumulus K-feldspar appears, and
this probably correlates with that seen in the granophyric

intergrowth.

Mix 4.) Differentiation of granodiorite (NAl53) to fayalite-
hedenbergite granophyre (NA89). '

NA153 = NA89(0.8847) + 153PL(0.6504) + B89PL(-0.6264) +
176CPX(0.0648) + 1760L(0.0094) + 90MAG(0.0533) + B9KF(-0.0448)

NA153 (obs) NA153 (calc) Diff.

Si0, 57.94 57.94 0.00

TiO, 1.75 1.76 0.01

Al,0; 11.22 11.22 0.00

FeO 15.22 15.22 0.00

MgO 1.18 1.18 0.00

Ca0O 5.34 5.34 0.00

Na,0 2.69 2.69 0.00

K,0 2.09 2.09 0.00

Y (residuals)? = 0.0001

F = 0.2240 (trace elements : 0.2261)

Total crystal extract for
2.92 (trace elements : 5.64)
0.65

differentiation step (%)

Total plagioclase (%)
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Total CPX (%) = 1.77
Total olivine (%) = 0.26
Total magnetite (%) = 1.46
Total K-feldspar (%) = -1.22

+ apatite

In the differentiation step from the granodiorites to the
fayalite-hedenbergite granophyres, clinopyroxene 1is now the
dominant separating phase, with magnetite second, and plagioclase
and olivine subordinate. Residuals are again good and the F value
is similar to that calculated from trace element data although

the crystal extracts for this step are slightly different.

Mix 5.) Differentiation of fayalite—hédenbergite granophyre
(NA89) to granophyre (NAS8S).

NA89 = NA88(0.7974) + 89PL(0.1948) + 86PL(-0.0830) + B89KF(-
0.0430) + 153CPX(0.0828) + 1530L(-0.0008) + 90MAG(0.0472)

NA89 (obs.) NA89(calc.) Diff.

Si0, 64.62 64.62 0.00

TiO, 1.07 1.19 0.12

Al,0, 11.91 11.91 0.00

FeO 10.50 10.48 -0.02

MgO 0.41 0.49 0.08

CaO 3.76 3.76 0.00

Na,0 3.35 3.34 -0.01

K,0 2.81 2.80 -0.01

Y (residuals)? = 0.02

F = 0.1786 (trace elements : 0.158¢6)

Total crystal extract for

differentiation step (%) = 4.54 (trace elements : 6.75)
Total plagioclase (%) = 2.56
Total CPX (%) = 1.90
Total olivine (%) = 0.02
Total magnetite (%) = 1.08
Total K-feldspar (%) = -0.98

+ apatite
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Overall Results:

Total crystal extract for all différéntiation steps: 82.14%
Value determined from trace element data: 84.14%
Total plagioclase extracted: 46.33%
Total clinopyroxene " : T 24.9%
Total olivine " : 9.57%
Total magnetite " : 3.26%
Total ilmenite " : 0.61%
Total K-feldspar " : -2.56%
Total apatite " : 0.03%

For the last step, from the fayalite-hedenbergite granophyres to
the granophyres, plagioclase is again the dominant phase removed
and clinopyroxene and magnetite subordinate. Residuals for this
mix ‘are good. The final F value of 0.1786 indicates a total of
82.14% crystallization, which compares well to that obtained from
the trace element data (0.1586). The latter indicates a total of
84.14% crystallization. This represents good agreement between
major and trace element modelling and strongly supports the
contention that the granophyres are differentiates of the New

Amalfi Sheet initial liquid.

From the final compilation it can be seen that plagioclase is,
overall, the dominant fracticnating phase, with clinopyroxene
second. This is in agreement with the Birds River data where the
overall proportion of the separated phases plagioclase : augite

pigeonite : olivine : magnetite after 70% crystallization was
50 : 39 : 3 : 7 : 1. It is in poor agreement with the results
obtained from the Pearce element ratios, which indicated that

clinopyroxene should be the dominant phase.

5.4 SUMMARY.

a) Continuous trends in major and trace element variation
diagrams and successful modelling of the differentiation
from the dolerites to the granophyres using major and trace
elements indicate that the granophyres are differentiates

of the New Amalfi Sheet initial liquid.
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The iron-enrichment trend exhibited by the New Amalfi
Sheet is slightly more pronoupded than that at the Birds
River Complex but not as ext}éme as 1in the case of the
Skaergaard intrusion. The transition from iron-enrichment
to decreasing iron and sharply increasing silica and alkali
enrichment at New Amalfi is marked by the entry of cumulus

opaque-oxides in the paragenesis.

The incompatible behaviour of Ti breaks down with the
appearance of cumulus magnetite and ilmenite at the
beginning of the quartz monzodiorite range. That of P, Y
and Pb breaks down with the appearance of cumulus apatite
in the granodiorites, and that of K, Ba, Rb, Ce, La, Nd and
Nb with the separation of K-feldspar, monazite and
stilpnomelane in the granophyres. Th and Z2r remain

incompatible throughout.

The Zr concentration of the New Amalfi Sheet initial liquid
is estimated to be 78 + 2.8ppm, and this is similar to that

of the most primitive Lesotho basalts.

The calculated New Amalfi Sheet initial 1liquid is wvery
similar to the average Lesotho basalt of Marsh and Eales
(1984) and this indicates that the initial liquid belongs
to the Lesotho magma type.

Cr is rapidly depleted in residual liquids by chromite and
pyroxene separation and Ni is initially rapidly depleted by
olivine in the dolerites, followed by less rapid depletion
by pyroxene in the gabbros. Co, V and Sc are depleted by
magnetite and ilmenite, and Cu is scavenged at the same
time by immiscible sulphide globules in the quartz
monzodiorites. Zn is depleted (probably by magnetite) in
the granodiorites and Sr, which decreases gradually until
the evolution of the fayalite-hedenbergite granophyres, is
rapidly depleted after this by the separation of K-
feldspar.

Modelling of differentiation by 1least squares mixing
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indicates that the differentiation up to granophyre NASS
involved 82.14% crystallization. This estimate compares
favourably with that calculated for this sample from ﬁrace
element data (84.14%). Plagioclase was, overall, the most
abundant phase to separate at 46.33%, followed by
clinopyroxene (24.9%), olivine (9.57%), magnetite - (3.26%)

cumulus K-feldspar (2.56%) and minor ilmenite and apatite.



160

6 Rb-Sr ISOTOPE STUDY OF THE NEW AMALFI SHEET.

6.1 INTRODUCTION.

The Rb-Sr isotope system has been shown to be a useful
petrogenetic tool when one 1is faced with the problem of
distinguishing between rocks of crustal or mantle origin. Faure
and Powell (1972) stated that " because the Rb/Sr ratio of the
continental crust is about 10 times greater than that of the
upper mantle, strontium in the continental crust has become
enriched in %¥Sr. Therefore, rocks formed by melting,
metasomatism, or assimilation of typical crustal materials will
be labelled by having higher initial °%'Sr/%*Sr ratios than the
ratios of uncontaminated rocks derived from the mantle". A Rb-Sr
isotope study would clearly be useful in providing further
evidence as to the possible metasomatic or magmatic origin of the

New Amalfi granophyres.

It is hoped that this study will also provide further insight
into the timing of volcanism in the Karoo Central area. Fitch and
Miller (1984) gave a best-estimate age for the Central area
basalts, from their conventional K-Ar and *°Ar/**Ar data, of 193
+ 5 m.y.. However, they stated that many of the Karoo dolerites
within the Central area have apparent K-Ar ages that are younger
than that of the basalts. This may be because the K-Ar method of
dating tends to give young ages because of its susceptibility to
the effects of alteration. Fitch and Miller (op. cit.) plotted
all available K-Ar and Rb-8r age data for the Xaroco on a
histogram which showed that there were a number of statistically
valid peaks in Karoo igneous activity at 204 + 5 m.y, 193 + 5
m.y, 186 + 3 m.y., 178 + 5 m.y., 165 + 5 m.y and at 150 + 5 m.y.
Thus, later Central area intrusives might conform with one of

these later peaks in igneous activity, after 193 m.y..

The Birds River Complex was given an age, using the Rb-Sr method
of dating based on ten whole-rock samples, of 196.8 1 11.2 m.y.
and an initial ®'Sr/®°Sr ratio ( hereafter referred to as R, ) of
.70503 + 10 (Allsopp et al., 1984). Problems related to local

contamination and alteration necessitated the removal of four
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data points in order to obtain an isochron. Richardson (1984)
obtained an internal isochron agerof 182 + 2 m.y and an R, of
.70621 + 2, using the Rb-Sr methé& on the freshest available
samples taken from within the Tandjiesberg dolerite sill, within
the Karooc Central area. Other whole-rock samples taken from the
sill plotted significantly above the internal isochrdén and this
was attributed to the effects of mild hydrothermal alteration.
The internal isochron age is considered to be reliable (Dr J.8
Marsh, pers. comm.). Seven samples taken from the top to the
bottom of the Lesotho lava pile all have ages which fall within
182 + 2 m.y., using the Ar*’/Ar*® method of dating (Hooper et.
al., 1993). A Rb-Sr age of 178 + 3 m.y. given by mica separates
from the Insizwa Complex, a Karoo Central area intrusive near to
the New Amalfi Sheet, was obtained recently by Dr F.J. Kruger

(pers. comm.) .

The mafic rocks belonging to the Karoo Central area show a range
in R, from .7046 to .7094, with the bulk of the them falling
between .7046 and .7070 (Bristow et al., 1984). These authors
argue against large-scale crustal contamination and prefer
source-region heterogeneity as an explanation for the high and
variable R, values of Karoo mafic rocks in general. Marsh et al.,
(1992) state that in a few cases there is some isotopic evidence
to support crustal contamination in the Karoo suite but the major
basalt types, including the Lesotho-type to which most of the
Central area intrusives belong (Marsh & Eales, 1984), have
isotopic signatures which conform to recognized enriched mantle
reservoirs. This 1s however a contentious issue as some
petrologists believe that the high R, values exhibited by
continental flood basalts (CFB’s) are the result of interaction
of MORB-type magmas with continental crust, as has been proposed

for the Deccan Traps by Mahoney et al. (1982).

It is not the purpose of this chapter to discuss the source of
CFB’s. The conflicting points of view are only briefly mentioned
here so that when the term ‘mantle-derived’ is used later on to
describe rocks belonging to the New Amalfi Sheet, it be seen as
only one possible point of view. The term is used here to

describe rocks that have suffered no assimilation of crustal
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material subsequent to their being emplaced, from whatever

source, at present levels within the crust.

The usage of the terms ‘metasomatism’ and ‘hydrothermal
alteration’ has already been discussed, but is briefly repeated
here as it 1is wvital that the difference between them be
understood, as both are used extensively in this chapter. The
term ‘metasomatism’ applies specifically to the process by which
Poldervaart (1944) postulated that country rock sandstone was
transformed into metasomatic granophyre, at New Amalfi, under the
action of fluids rich in Fe, Mg and Ca, emanating from the
differentiated tholeiites Dbelow. The terxrm ‘*hydrothermal
alteration’ by contrast refers to a process whereby some of the
minerals in a rock have under the action of circulating
hydrothermal fluids undergone partial récrystallisation to form
an assemblage of minerals that are stable at temperatures below
those at which the rock initially crystallised. Slight changes
in the bulk chemistry of the rock may occur but this applies
mainly to the redistribution of relatively small amounts of
elements that are mobile in aqueous fluids, such as potassium.
This is the major difference between hydrothermal alteration and
metasomatism which results in a significant change to the bulk
chemistry of the rock as well as the complete transformation of

the rock from a sediment to a rock that is igneous in appearance.

The Rb-Sr isotope system is known to be vulnerable to alteration
effects, which can cause a change in either the &Sr/®Sr or
¥Rb/%Sr ratios of affected samples. This may cause an increase
in the calculated R, values for these samples. As mentioned
above, rocks formed by assimilation of crustal material or by
metasomatism of existing crustal material will also have higher
R, values than pristine'mantle—derived rocks. It may therefore be
difficult to distinguish between these three processes, on the

basis of R,, in cases where each may have been active.

The effects of hydrothermal alteration of the New Amalfi Sheet

rocks have already been described and for this reason it was



163

decided to analyze both plagioclase separates and whole rock
gsamples. Petrographic examination -showed that mwmuch of the
plagioclase was still fresh. This indicated that initial fatios
could be readily obtained from plagioclase analyses without
significant error being incurred from back-dating to an incorrect
age. This is because plagioclase contains very little Rb and
therefore has a very low ?'Rb/%®Sr ratio.

6.2 SAMPLING AND ANALYTICAL TECHNIQUES.

A representative suite of ten samples was chosen for the isotopic
study. The main criteria for sample selection were (a) a regular
Mg# spacing between samples, and (b) the freshness of the
plagioclase in each sample. These ten samples were all used for
whole-rock Rb-Sr determination. They included a sample of
country-rock sandstone (sample 113wr) and a sample of a small
(20cm diam.) country-rock xenolith (sample 181lwr) which, as has
been previously mentioned, was found within the top-most exposure
of granophyre found at the top of a rounded hill on the north-
eastern side of the sheet. Granophyre sample 182wr was collected
from this same top-most granophyre exposure. Plagioclase

separates were extracted from all samples except 181lwr and 113wr.

The analytical procedure followed is described in Appendix I.
After hand-picking, all plagioclase samples contained some grains
that showed slight milky discolouration around the edges. A very
small but perfectly fresh plagioclase separate sample was
therefore taken from rock 89 [89pl(sp)], in addition to the
normal plagioclase separate, to determine what effects the slight
alteration of the plagioclase might have on the data. This small
sample weighed 0.0006g whereas the other plagioclase separates

weighed between 0.0l1lg and 0.02g.

6.3 RESULTS.

All results are shown in Table 6.1. All errors are guoted at the
95% confidence level and a decay constant of 1.42 x 10™** hr* has
been used in the calculation of R,. It can be seen from Table 6.1

that plagioclase separate Sample 184pl has an anomalously low Sr



164

TABLE 6.1 wr = whole rock; pl = plagioclase separate; (sp) =
special completely fresh plagioclase separate; decay constant
1.42000E-11 : ’
L. ________ ]

Sampl |Lithology Rb ppm |Sr ppm |®Rb/%Sr 878x /% Sr R, 180 Ma |95% conf. | Part of
No. isochron
oo

113wr sandstone 86.700 |69.750 [3.601656 0.722787 0.713569 0.000592 N

181wr xenolith 80.580 88.650 [2.631281 0.713162 0.706428 0.000423 N

182wr granophyre 51.190 |220.20 0.672635 0.708289% 0.706568 0.000155 N

89%wr granophyre 68.700 160.60 1.237776 0.708741 0.705573 0.000216 Y

164wr granophyre 59.890 183.40 0.944830 0.707980 0.705562 0.000181 Y

176wr quartz 27.480 ]208.90 |0.380570 0.706988 0.706014 0.000138 Y
monzo-
diorite

90wr quartz 20.820 |193.30 |0.311590 0.706460 0.705663 0.00013¢6 Y
monzo-
diorite

184wr quartz 17.150 }215.90 0.225793 0.706270 0.705682 0.000136 Y
gabbro

124wr olivine 11.430 |206.80 0.159885 0.705926 0.705517 0.000136 Y
dolerite

99wr olivine 11.740 174.50 0.194189 0.706773 0.706276 0.000136 N
dolerite

182pl granophyre 18.75 598.10 }0.090691 0.706512 0.706280 0.000138 N

89pl granophyre 2.8670 |442.7 0.018733 0.705539 0.705491 0.000140 Y

89pl (s | granophyre 0.9478 |288.86 j0.009491 0.705763 0.705739 0.000141 Y
p)

164pl granophyre 8.4040 {507.60 |0.047832 0.705604 0.705481 0.000139 Y

176pl quartz 3.8020 414 .40 0.026538% 0.705627 0.705559 0.000140 Y
monzo-
diorite

90pl quartz 13.610 1327.20 0.120326 0.705990 0.705682 0.000137 Y
monzo-
diorite

184pl quartz 3.7910 |14.400 {0.761735 0.708312 0.706363 0.000162 N
gabbro

124pl olivine 7.6070 373.20 0.058962 0.705661 0.705510 0.000139 Y
dolerite

99pl olivine 2.9980 |354.00 0.024499 0.705985 0.705922 0.000140 N
dolerite

concentration, which is an order of magnitude less than that of
the other plagioclase separates. This result 1s obviously
suspect, and although there is no clear explanation for this the

sample was given no further attention.
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Figure 6.1 (a) Sr versus percent crystallization showing
the position of samples used for isotopic analysis. The
dashed line shows the general trend of the relatively
unaltered samples.
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ratios showing the position of samples used for isotopic
analysis.
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6.3.1 The effects of hydrothermal alteration on the

concentrations and isotopic ratios Qf’Rb and Sr in the whole-rock

and plagioclase samples.

The rocks belonging to the New Amalfi Sheet have all suffered
some degree of hydrothermal alteration, as indicated by at least
some discolouration of the pyroxenes. It 1s wvital to the
inteépretation of Rb-Sr isotopic data that the effects of this
be established.

6.3.1.1 The mobility of Sr and Rb in the whole-rock samples.

Figure 6.la shows a plot of whole-rock Sr against percent
crystallization for the New Amalfi Sheet. Sr concentration stays
more or less constant in the whole-rock samples until the end
stages of differentiation, at which stage it drops off sharply.
Although there is some scatter in the data points showing that
Sr has been mobile in some samples, the samples chosen for
isotope analysis (except samples 99wr and 182wr) plot fairly
close to the dashed line which represents the average trend of
the data. This indicates that Sr has not been significantly
mobile in all samples selected for isotope analysis, except -in
samples 99wr and 182wr where the Sr does appear to have been

slightly more mobile.

The use of Pearce element ratios has already been discussed in
chapter 5. It has been shown that a plot of two incompatible
element ratios with a common denominator will produce a cluster
of points if the suite of rocks are comagmatic. These plots can
also be useful in determining the relative degree of alteration
that a sample has undergone. If one assumes that the New Amalfi
suite of rocks is comagmatic then any sample that plots away from
the cluster must have had its element ratios disturbed by some
secondary process, i.e. alteration. In Figure 6.1b the
incompatible element ratios Ba/Zr and Rb/Zr have been plotted
against one another. It can be seen that all the samples chosen
for isotope analysis plot within the cluster indicating that all
three incompatible elements, the most important of which in this

case being Rb, have remained relatively immobile in these
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samples.
6.3.1.2 The mobility of Sr and Rb in'the.plagioclase separates.

In the case of the plagioclase separates, it can be seen from
Table 6.1 that there are large increases in the concentrations
of Rb and Sr in sample 89pl relative to sample 89pl (sp), with the
propértional increase in Rb being greater than that for Sr. This
causes the *Rb/®*Sr ratio to be greater in sample 89pl than in
sample 89pl(sp). The *?¥Sr/%Sr ratio of sample 89pl is however
less than that of sample 89pl(sp).

The increases in the *’Rb/%*Sr ratio and the concentrations of Rb
and Sr between 89pl (sp) and 89pl could be due to a sampling error
incurred because sample 89pl (sp) is much smaller than 89pl and
thus is non-representative. Both Rb and Sr normally increase with
increasing Ab content (Smith, 1974), and this could explain the
higher concentration of these elements in 89pl if 89pl(sp)
represented a significantly higher proportion of grain cores. The
plagioclase in rock 89 does show strong compositional zoning.
This does not, however explain the decrease in %’Sr/®*Sr between
samples 89pl (sp) and 89pl, which must therefore be an alteration
effect which has resulted in a loss of *Sr and/or °'Rb in 89pl.
The decrease in %'Sr/®Sr is however only small and therefore the
effects of alteration in this case are not considered to be of

concern in terms of its effects on R, calculation.

Alteration of plagioclase may also cause an increase in ®’Sr/®*¢sSr
with resultant increase in the calculated R,, as has been shown
by Brooks (1968). This may have occurred in the case of samples
182pl and 99pl, both of which have °%’Sr/®®Sr ratios that are
significantly higher than the other plagioclase separate samples.
It is not possible at this stage to rule out assimilation as a
mechanism by which these two samples had their %’Sr/%®Sr ratios

increased.

6§.3.2 A Rb-Sr isochron age for the New Amalfi Sheet.

On the basis of the discussion above it was decided to exclude
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Figure 6.2 Rb-Sr isochron for the New Amalfi Sheet.



169

samples 99wr and 182wr from the calculation o¢f the isochron
regression line. Plagioclase sampleé 99pl and 182pl were also
excluded on the basis of their }éSr/“Sr ratios having been
significantly increased. Samples 18lwr and 11l3wr are excluded
because of their crustal origin. The resulting isochron, obtained
by fitting a regression line to the remaining 12 points, is shown
in Figure 6.2. The slope of the isochron gives an age of 178.37
+ 5.52 Ma and an intercept of 0.705631 + .000024. This intercept
reflects the R, of the New Amalfi Sheet as a whole. This age for
the New Amalfi Sheet is in excellent agreement with that of 178
+ 5 Ma given by Fitch and Miller (1984) for the first peak of
intrusive activity following the extrusion of Lesotho Formation
basalts at 193 Ma. It is also in agreement, within acceptable
error, with the age of 182 + 2 Ma given by Richardson (1984) for
the Tandjiesberg dolerite sill, as well as with the recent ages
of 182 + 2 of Hooper et al. (1993) for the Lesotho basalts and
the 178 + 3 Ma age of Dr F.J Kruger {(pers. comm.) for the Insizwa

Complex

The age for the New Amalfi Sheet does not agree with the age of
196.8 + 11.2 Ma given by Allsopp et al. (1984) for the Birds River
Complex. The latter corresponds rather with that of Fitch and
Miller (op. cit.) for the main phase of extrusion of basalts in
the Central area at 193 + 5 Ma. This age for the Central area
basalts must now come into question, in the light of the recent
age given by Hooper et al., (1993) for the same rocks, as it
would seem now that the initial eruption of Central area basalts
was at 180 Ma, which corresponds to the age cobtained for the New
Amalfi Sheet.

6.3.3 Isotopic eguilibration of the sedimentary xenolith.

An important feature of Figure 6.2 1s that the sedimentary
xenolith (181wr) plots very close to the isochron. If one assumes
that the xenolith originally had an R, similar to that of
country-rock sandstone sample 113wr, then it appears that the R,
of the xenolith has been reset during partial ingestion. However
the Sr concentration of the xenolith remains very different to

that of its host, granophyre 182wr.
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Isotopic equilibration of xenoliths has also been noted by Pin
(1991), who reported that there was no difference in R, between
host granitoids and xenoliths, reéardless of whether they were
of mafic igneous, sedimentary or metamorphic origin. Only the
largest of these xenoliths had slightly different R, values to
those of the granitoids. Sieger et al. (1992) state that“the data
of Pin (1991) 1is consistent with almost complete isotopic
equiiibration achieved between host rocks and xenoliths in the

molten state.

Baker (1989) and Lesher (1990) have both studied the chemical and
tracer diffusion of Sr between mafic and granitic melts. It has
been shown that tracer diffusion, whereby isotopic equilibration
takes place and which merely involves the swopping of one Sr
isotope for another, is much faster ( with diffusivities an order
of magnitude greater) than chemical diffusion, with which
chemical equilibration takes place, where actual chemical bonds
must be broken in order for Sr to replace other elements within
a silicate lattice. This 1leads to a decoupling of the Sr
concentration and Sr isotopic composition of the two melts. Thus
R, equilibration may be achieved without the equilibration of the
Sr concentration at the stage when solidification occurs. This
therefore leads to deviations from the expected binary mixing
paths of Langmuir et al. (1978). This decoupling of Sr
concentration and isotopic composition is seen in the case of the
xenolith 181wr, which, despite having an R, which is essentially
the same as that of its host 182wr, has less than half its Sr

concentration.

6.3.4 The implications of R, variation in the rocks of the New

Amalfi Sheet and their plagioclase separates.

An age of 180 Ma has been used for the calculation of R, values,
which are shown in Table 6.1. The highest R, exhibited by the
rocks which form part of the sheet i1s that of the granophyre
182wr (0.706568). The R, of granophyre 182wr is much closer to
the R, of the New Amalfi Sheet (0.705579) than to that of the
country-rock sandstone sample 113wxr (0.713363). Thus the data

seems to favour a mechanism of either a slight amount of
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assimilation and/or hydrothermal alteration for producing the
slightly elevated R, of granophyre 182wr rather than one by which
country-rock sandstone was metasomatized to produce the
granophyre, in which case one would except the product to retain
the high R, of its country-rock parent. Therefore the rest of
this section is devoted to interpreting the isotopic variation
that is seen within the New Amalfi Sheet in terms of either a

small amount of assimilation and/or hydrothermal alteration.

R, values for all samples except 113wr and 181lwr have been
plotted against ®Rb/®°Sr in Figure 6.3 to produce an isochron
diagram at 180 Ma. Tie-lines joining plagioclase and whole-rock
pairs have been drawn in as well as the difference in R, between
whole-rock and plagioclase pairs( AR, ). The AR, reflects the
degree of alteration that has affected the whole-rock relative
to the plagioclase separate or may reflect the fact that
plagioclase was on the liquidus at the time when possible
assimilation took place in which case the plagioclase would

reflect the R, of the magma prior to assimilation.

All the samples that plot within the dotted rectangle in Figure
6.3 have similar R, values within the 1limits of their
uncertainties (not shown, to avoid clutter). They also have small
AR, values that are less than their uncertainties and thus AR, is
not statistically significant. Therefore the samples in the
rectangle are considered to be relatively unaltered (or
unaffected by assimilation) and their R, values reflect that of
the parent magma. As granophyre samples 89 and 164 both plot
within the rectangle this 1s considered to be strong support for
the argument that these rocks were formed by means of igneous

differentiation.

In the case with all the samples that plot outside of the
rectangle (99wr, 176wr and 182wr), their R, values have been
significantly raised above that of the parent magma as seen from
the fact that they have positive AR, values that are larger than
their uncertainties. This increased R, could either have been
caused by alteration and/or assimilation, as was explained above,

and it is not possible at this stage to distinguish between these
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two processes.

6.3.5 The origin of the qrangpbyresiin the light of Rb-Sr isotope

evidence.

The main argument, so far, for the granophyres being igneous
differentiates is based on the fact that their R, values are much
lower than would have been expected had they been the
metasomatized products of country-rock sandstone of which sample
113wr is an example. In fact, as has been shown above, the R,
values of granophyre samples 89 and 164 are identical to that of
the sheet as a whole, within the limits of the uncertainties, and
the R, of granophyre sample 182 is only slightly elevated and
thus better explained by either slight assimilation and/or

hydrothermal alteration.

Some might argue however that the low R, of the granophyres 1is
due to isotopic equilibration of a metasomatic granophyre which
originally had a high R,, as has taken place in the case of the
country-rock xenolith. In this section various objections to this

argument are presented.

The main argument against isotopic equilibration is based on the
time limits imposed by the tracer and chemical diffusion rates
between mafic and felsic magmas. Lesher (1990) states that " As
molecular diffusivities are small (10°® - 10°® cm.s™!) for silicate
liquids, the length scales on which compositional heterogeneities
can exist must also be small (metres oxr 1less) to produce
homogenized products on reasonable convective time scales (10°-
10* vyr)." Baker (1989) has calculated that in 10° years Sr
chemical equilibration is attained within less than one meter
either side of the contact between two magmas and that isotopic
equilibration is achieved up to two meters either side of the

contact.

At New Amalfi the granophyre has a maximum thickness of
approximately 70m and the whole sheet 1is approximately 440m
thick. Huppert and Sparks (1988) have calculated that a 500m
sill takes 90 years to reach 60% crystallinity, at which point
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it is essentially solid. Jaupart et al. (1993) have shown that
magma cooling time calculations are all based on an incorrect
measurement of the thermal conductivity of basalt magma and that
calculated cooling times should in fact be 5 times greater. Even
if the 90 years calculated by Huppert and Sparks (op. cit.) is
multiplied by 5 this time period is still too short to produce
complete isotopic equilibration in a layer of granophyre 70m
thick, as can be seen from the calculations of Baker (op. cit.).
In-the case of the Skaergaard Intrusion, Leeman and Dasch (1978)
found that country-rock gneisses and Marginal Border Group
gabbros had identical R, values for a distance of only 15cm to

either side of the contact.

The granophyres may not have been in the molten state during
possible isotopic equilibration, however diffusion rates are even
slower in the sclid state. Cherniak and Watson (1992) have
calculated on the basis of Sr diffusion rates in feldspar
crystals that the cores of crystals with a diameter of 1mm would
undergc Sr isotopic equilibration only if kept at temperatures
of between 700°C and 800°C for several million vyears. They
therefore conclude that R, values are retained in feldspar cores
exposed to all but the most extreme thermal events. It 1is
interesting to note, in the light of the data of Cherniak and
Watson (op cit.), that the R, of the plagioclase separates at New
Amalfi is either equal to or less than that of the whole-rock
samples. As the plagioclase can be expected to retain the high
R, of the supposed metasomatic granophyres for longer than the
whole-rock, one would expect higher R, values in the plagioclase

than in the whole-rock.

Therefore, on the basis of the arguments above, the R, of the
granophyres is considered to be primary and not the result of a
process of isotopic equilibration of the crustal R, of a
metasomatic granophyre. The Rb-Sr isotopic data presented above
therefore do not support a metasomatic origin for the New Amalfi
Sheet granophyres. The granophyres appear to represent the end-
products of fractional crystallization of a parent tholeiitic
magma. The top-most granophyre (182wr) may have suffered from the

effects of mild hydrothermal alteration and/or a limited amount
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of assimilation of country-rock material. This has raised the R,

of this granophyre slightly above that of mantle-source values.

6.3.6 AFC modelling of R, variation for the New Amalfi Sheet.

The range in R, for the whole-rock samples has been plotted
against Rb in Figure 6.4. Rb has been used instead of Sr since
it has not been affected by secondary alteration, as has already
been shown. Assimilation fractional crystallisation (AFC) has
been modelled using the equations of DePaolo (1981). The most
primitive unaltered sample, 124wr, has been modelled as the
parent and the sandstone 113wr used as the contaminant. Rb has
been assumed to exhibit perfectly incompatible behaviour with
DBk Rb set at zero. This is considered to be a valid assumption
because of the very low distribution coefficients for Rb in
plagioclase and pyroxene in basaltic magmas (Philpotts and
Schnetzler, 1970) and because AFC curves are insensitive to minor

variations in D®!* (Marsh, 1989).

In Figure 6.4 samples 124wr, 184wr, 90wr, 164wr and 89wr éan be
seen to plot along a line representing fractional
crystallization, thereby confirming that these rocks have not had
their R, affected by alteration or assimilation, and thus reflect
the R, of their parent magma. -
Samples 182wr and 176wr fall onto an AFC curve with the «r
parameter ( being the constant ratio of the rate of assimilation
over the rate of fractional crystallization ) equal to 0.125.
This therefore indicates that assimilation and not alteration was
responsible for the slight elevation in the R, values of samples
182wr and 176wr. However the amount of assimilation was only
slight and fractional crystallisation was by far the dominant

process as seen from the low r value.

Similarly it can been seen that hydrothermal alteration was the
sole cause of the R, elevation of sample 99wr as no AFC curve
with DP"¥Rb less than 1 can pass through sample 99wr in Figure

6.4, no matter what value of r is used.
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SUMMARY .

The New Amalfi Sheet has been dated using the Rb-Sr
isochron method at 178.37 + 5.52 Ma. This i1s in agreement
with the most recent data for the eruption of the Central
area basalts.

The sedimentary xenolith 181lwr has had its R, reset during
partial ingestion. However, the Sr concentration remains
different to that of its host, and this is an example of
the decoupling of isotopic and chemical equilibration
because of differences in diffusivities for the tracer and
chemical diffusion of Sr.

Since the granophyres have low R, values, they are not
considered to be the result of the metasomatism of country-
rock sandstones, but rather the products of fractional
crystallisation of a tholeiitic parent.

Of the igneous rocks that were analyzed, samples 124, 184,
90, 164 and 89 have essentially constant R, values within
the limits of the uncertainties and they are therefore
considered to have been unaffected by hydrothermal
alteration or assimilation and reflect the R, of their
parent magma.

The slight elevation in R, seen in rocks 182, 176 and 99 is
due to the effects of assimilation fractional
crystallisation (AFC) and/or hydrothermal alteration. It
has been possible to distinguish which of these processes
was responsible for the elevation in R, in each case. In the
case of samples 176 and 182 AFC was solely responsible for
raising R, however the amount of assimilation was small as
seen from the small value of r. In the case of sample 99,
hydrothermal alteration alone was responsible for raising
R, .
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7. CONCLUSIONS.

7.1 PHYSTICAL CHARACTERISTICS OF THE NEW AMALFI SHEET.

The New Amalfi intrusion has the basic shape of a steep-sided
sheet that dips at 5° towards the west. The steep sides break out
laterally into two flatly lying peripheral sheets. Three rock
types were distinguished in the field, namely dolerite, gabbro
and granophyre. The gabbro-granophyre package forms a ‘sandwich
horizon’ within the top half of the sheet, which is completely
enclosed by dolerite. The sheet has an overall vertical thickness
of 440m at its thickest part. Faulting subsequent to emplacement
has resulted in the formation of two small grabens with rotation

along the northern-most graben fault.

7.2 INTRUSION AND DIFFERENTIATION OF THE NEW AMALFI SHEET.

The initial liquid that intruded to form the New Amalfi Sheet had
a composition very similar to that of the average Lesotho type
magma as defined by Marsh and Eales (1984), and the initial 2Zr
concentration was similar to that of the most primitive Lesotho
basalts. Pigeonite, clinopyroxene and plagioclase were already
on the liquidus at the time the liquid was intruded. Cumulus

olivine collected in the basal olivine dolerites.

The paragenetic sgequence of the phases crystallizing from the
liquid, as determined from petrography, is chromite - olivine -
plagioclase - pigeonite and augite. Cumulus magnetite and
ilmenite enter the paragenetic sequence together with immiscible
sulphide droplets at the beginning of the evolution of the quartz
monzodiorites after 35% crystallization. In the late-stages of
crystallization, augite changes composition towards
ferrohedenbergite andvolivine reappears in the form of fayalite,
coincident with the disappearance of pigeonite. Apatite appears
as a cumulus phase for the first time, after 70% crystallization,
in the granodiorites. Granophyric intergrowth, which contains
coarse perthitic K-feldspar, becomes the most abundant modal

entity within the fayalite-hedenbergite granophyres.
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Differentiation of the intrusion was dominated by the separation
of plagioclase and pyroxene, with a minor role being played by
olivine and opaque oxides during certain stages of the
differentiation. Both plagioclase and pyroxene appear to have
been effectively separated from the residual 1ligquid, because
there is a direct relationship between the anorthite content of

the plagioclase and the Mg# of the pyroxenes in each sample.

Least squares modelling of the differentiation shows that the
most evolved rock within the sheet represents 17.9% of the
initial liguid. This compares well with the figure obtained from
trace-element modelling of the differentiation using the Rayleigh
equation, which shows that this same sample represents 15.9% of
the initial ligquid. This degree of fractional crystallization is
similar to that which occurred in the case of the Birds River
Complex where the most evolved rock represents 16% of the initial

liquid (Eales, 19950).

It appears that a number of blocks of country rock were stoped
from the roof of the intrusion and digested by the crystallizing
magma, and appear now as small xenoliths 1in the top-most
granophyres. This is also manifest in the mineral chemistry of
the feldspars, which indicate a sudden increase in water-vapour
pressure during the closing stages of differentiation, probably
brought about by the ingestion of water-laden sediments. The
assimilation and contemporaneous fractional crystallization of
the sheet has also been modelled using the equations of De Paolo
(1981) and this shows that the rate of assimilation divided by
the rate of fractional crystallization is only 0.125, indicating

a very small amount of assimilation in the top-most granophyres.
The New Amalfi Sheet has been dated, using the Rb-Sr isochron
method, at 178.37 + 5.52 Ma. This is in agreement with the most
recent dates for the timing of Central area volcanicity.

7.3 SUBSOLIDUS COOLING OF THE NEW AMATFI SHEET.

Subsolidus reaction between deuteric fluids and ilmenite-

magnetite intergrowths caused the destruction of some of the
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magnetite component and the formation of vermiform ilmenite
overgrowths upon the existing ilmenite. These vermiform ilmenites
increase in proportion with increaéing height in the intrusion
as can be seen from the increase in their MnO content, with
height. This indicates an increase in deuteric activity with
height in the intrusion.

Deuteric fluids are also considered to have been responsible for
the formation of bleached hydrothermal pyroxenes which also
increase in abundance with height in the intrusion. These
bleached hydrothermal pyroxenes can be distinguished from the
unaltered magmatic pyroxenes by virtue of the fact that they are
relatively enriched in CaO and depleted in TiO,. The increase in
deuteric alteration with height may indicate that the deuteric
fluids were derived from the compaction of cumulates at the base
of the intrusion as suggested for the Palisades Sill by Shirley
(1987) . The temperature of the deuteric fluids was estimated from

pyroxene thermometry to range between 950°C and 500°C.

Most o©of the deuteric fluids became concentrated in the
granophyres, as indicated by the presence of drusy cavities with
euhedral quartz and zircon, aplitic veins which contain bands of
drusy cavities, and the increase in the grain size of the
granophyres where cut by joint planes. All of these observations
point to a high degree of fluid movement within the granophyres
during subsolidus cooling. Shirley (op. cit.) also reported
extensive localized aqueous alteration in =zones within the
Palisades Sill where aqueous magma accumulated, and this 1is
matched by the extensive hydrothermal alteration of pyroxenes and
high proportion of vermiform ilmenite seen in the granophyres of
the New Amalfi Sheet.

The iron-rich orthopyfoxene, ferrohypersthene, formed from the
interstitial liquid during subsolidus cooling and this mineral
is thus not a liquidus phase as postulated by Walker et al.
(1973) in the case of the Palisades Sill. Olivine reacted with
the intercumulus liquid in the dolerites, thereby causing it to
re-equilibrate to more iron-rich compositions. Magnetite, apart

from reacting with deuteric liquids, also underwent varying
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degrees of subsolidus oxidation of magnetite-ulvéspinel
intergrowth. Ilmenite appears not to have suffered any subsolidus
re-equilibration and retains the chemical signatures of
fractional crystallization as gwell as subsequent deuteric

alteration.

7.4 THE QRIGIN OF THE GRANOPHYRES.

Numerous arguments have been put forward which are collectively
considered to provide conclusive evidence that the New Amalfi
Sheet granophyres are igneous differentiates. Firstly the
presence of unbroken trends revealed by modal analysis, mineral
chemistry and major- and trace-elements, from the dolerites to
the granophyres provides strong support for the postulate that
these rocks are genetically related. Secondly, successful major-
and trace-element modelling of the differentiation sequence from
the dolerites to the granophyres clearly shows that it is
possible derive the granophyres by means of fractional

crystallization of the New Amalfi Sheet initial liquid.

Lastly, Sr initial isotopic ratios for two of the granophyres are
low and similar to that of the undoubtedly ignecus rocks of the
sheet, indicating that the granophyres were derived from a common
mantle-derived parent. One other granophyre analysed had a
slightly elevated Sr initial ratio, and this was shown to be due

to a small amount of assimilation of crustal material.
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APPENDIX T

i) Analvtical procedure for electron microprobe analysis.

Sample thin sections were first polished down to a 1/4y finish
and then coated with a carbon film. Electron microprobe analysis
of the major phases in each sample was effected with the use of
the Rhodes University Joel CXA-733 Superprobe, operating at 15KV
and with a beam current of 25nA. A Duncumb-Reed atomic number
correction scheme was used. Standards used for calibration were
Jédeite (Rhodes), Orapa ilmenite, Wollastonite (JVPL) and
Orthoclase (JVPL). All phases except the pyroxenes were analysed
with a defocused 10 micron beam. The counting times were set at

30 seconds for peak and 10 seconds for background positions.

i1ii) Analvtical procedure for whole rock analysis.

All whole rock samples were initially crushed to chip size and
the least weathered chips were then selected and ground to fine
powders. Whole rock analyses were obtained with the use of the
Rhodes University Phillips PW 1480 X-ray spectrometer. Fusion
disks, prepared according to the method of Norrish and Hutton
(1969), were used for the analysis of all major elements except
sodium. Sodium and trace elements were analysed from powder
briquettes. A standard set of analytical conditions were used and
working curves were determined from internationally recognized

standards.

iiji) Analytical procedure for Rb-Sr isotope analysis.

Sample preparation prior to the wet chemistry stage for the whole
rock samples involved the grinding of the freshest available
chips down to a fine powder 1in order to ensure sample
homogeneity. For the plagioclase separates, samples were crushed
and sieved and the 500u - 250u size fraction was selected for
magnetic separation. After magnetic separation the fraction
consisted of plagioclase and quartz which was then washed with
dilute HCl in order to remove brown stains that were present on
many grains. The final stage involved hand picking of the
freshest plagioclase grains. The isotope dilution technique was



used to determine Rb and Sr concentrations. Spiked samples were
dissolved in HF and then converted to a chloride with 6N HC1.
Chemical separation of Rb and Sr was achieved with the use of ion
exchange columns. Samples were loaded on to double rhenium
filaments in the case of Rb andrsingle rhenium filaments in the
case of Sr. Two mass spectrometefs at the Bernard Price Institute
of Geophysical Research (Witwatersrand University) were used to

obtain isotopic ratios. No correction for blanks was necessary.



APPENDIX II : ORIGINAL WHOLE-ROCK ANALYSES BEFORE RECALCULATION

NA79  NAS8O0 NAS81 NAS8S5 NAg86 NAB7 NA8S
Si02 51.33 51.62 53.45 49.97 65.89 67.50 71.13
TiO2 0.87 0.90 1.26 1.04 0.90 0.79 0.55
Al203 15.45 15.04 14.29 15.63 11.52 11.61 11.73
Fe203 11.07 11.16 11.80 12.15 10.17 8.90 6.33
MnoO 0.18 0.1e6 0.19 0.20 0.15 0.14 0.10
MgO 7.17 7.26 6.16 6.33 0.34 0.17 0.09
Cal 10.49 10.36 9.91- - 10.62 3.06 2.40 1.13
Naz20 1.86 2.35 2.55 2.30 3.36 3.60 3.92
K20 0.52 0.61 0.81 0.72 3.07 3.33 3.80
P205 0.10 0.10 0.18 0.14 0.18 0.14 0.05
LOI 0.99 0.17 0.28 1.46 0.98 1.04 0.81
H20-~ 0.64 0.26 0.03 0.53 0.43 0.52 0.35
Total . 100.65 99.99 100.92 101.10 100.03 100.14 100.00

TRACE ELEMENTS (ppm)

Sr 125.9 132.8 203.5 190.4 132.9 131.0 80.6
Rb 15.5 17.1 18.7 20.8 75.2 86.9 104.1
Y 26.8 25.9 28.7 27.7 94.1 101.4 140.7
Zr 80.5 85.5 103.1 92.8 405.4 388.0 449.7
Nb 2.2 2.0 9.6 4.7 36.6 38.4 38.5
Co 52.2 48.0 43.9 49.1 13.2 13.2 9.5
Cr 403.6 378.0 1459.3 143.5 15.6 5.5 2.5
\Y 266.7 259.5 314.8 283.5 0.0 0.0 0.0
Zn 86 .5 86 .4 99.4 93 148.3 153.3 126.8
Cu 99.2 105.2 108.7 132.3 29 28.2 19.7
Ni 101.1 94.8 52.7 64.4 3.1 4.1
Th 1.54 1.79 9.18 9.14 11.09
Pb 2.99 3.67 3.52 3.14 12.43 14.92 17.36
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NA1S8
Si02 51.
Tio2 2.
21203 11.
Fe203 18.
MnO 0
MgO 3
Cal 8
Naz20 2
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P205 0
LOI 0
H20- 0

Total 100.
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APPENDIX II : ORIGINAL WHOLE-ROCK ANALYSES BEFORE RECALCULATION

NAl61 NA153 NA193 NA179 NAl62 NAl64 NA159
Si02 57.32 57.64 58.79 62.34 61.61 61.12 64 .21
TiO2 1.95 1.74 1.56 1.23 1.38 1.41 1.18
Al203 11.17 11.16 11.37 10.93 11.50 11.55 11.93
Fe203 17.48 16.84 14.49 13.50 14.82 15.46 12.95
MnO 0.22 0.22 0.20 0.19 0.20 0.23 0.1s9
MgO 1.35 1.17 1.00 - 0.82 0.82 0.81 0.63
Calo 5.88 5.31 4.93 . 4.37 4.77 4.96 4.28
Naz20 2.82 2.69 2.78 2.42 3.01 3.10 3.36
K20 1.98 2.08 2.30 2.33 2.44 2.34 2.64
P205 0.77 0.63 0.63 0.35 0.41 0.41 0.29
LOI 0.64 0.67 1.04 1.17 0.63 0.38 0.51
H20- 0.57 0.46 0.51 0.50 0.34 . 0.41 0.35

Total 102.13 100.61 99.59 100.15 101.93 102.19 102.52

TRACE ELEMENTS (ppm)

Sr 181.18 184 .32 177.69 188.88 172.82 183.33 175.28
Rb 49.27 54 .44 59.62 64.01 66.42 61.21 68.2
Y 81.11 78.97 80.14 83.09 79.49 80.97 91.82
Zr 255.57 261.19 296 .41 334.1 301.68 302.47 337.48
Nb 26.19 26.8 28.04 29.46 31.45 31.73 34 .54
Co 44 .3 22.6 19 15.6 15.1 14.5 11
Cr 20.5 11.9 12.8 12 16.6 16.3 12.8
\Y% 6 0 2.4 0 0 0 0
Zn 210.8 175.4 163.8 170 204 .7 171.4 168.1
Cu 68.6 61.5 52.4 44 .5 48 48.9 40.7
Ni 3.8 4.2 3.8 4.9 4 7.3 4.3
Th 6.38 5.85 6.57 7.74 6.5 6.23 7.01
Pb 9.9 11.51 9.17 9.05 15.96 9.81 10.34



APPENDIX II : ORIGINAL WHOLE-ROCK ANALYSES BEFORE RECALCULATION

NA155 NA158 - NAl65 NAle66 NAl67 NAle68 NA171
Si02 64.14 66.62 63.42 65.86 64.54 72.45 63.24
Ti02 1.08 1.01 1.09 0.95 1.01 0.53 1.22
Al203 11.75 11.97 11.63 11.72 11.84 11.41 11.73
Fe203 11.68 11.07 12.19 10.48 11.51 6.28 13.07
MnoO 0.16 0.15 0.17 0.15 0.16 0.05 0.18
MgO 0.63 0.48 0.62 0.43 0.55 0.24 0.61
Cao 3.88 3.60 4.09 - 3.42 3.75 1.44 4.18
Na20 3.32 3.47 3.29 3.48 3.09 3.65 3.36
K20 2.68 2.88 2.67 2.93 2.69 3.78 2.60
P205 0.26 0.22 0.25 0.20 0.25 0.05 0.31
LOI 0.74 0.55 0.63 0.63 1.06 0.68 0.31
H20- 0.48 0.39 0.48 0.40 0.51 -- 0.38 0.27
Total . 100.79 102.41 100.53 100.63 100.96 100.97 101.10

TRACE ELEMENTS (ppm)

Sr 184.23 157.94 173.57 163.77 160.93 107.85 172.85
Rb 71.24 72.61 67.98 77.42 70.64 95.02 67.54
Y 88.94 105.11 85.8 85.22 89.04 107.21 90.03
Ve 346.78 345.3 323.47 351.83 325.41 371.62 333.77
Nb 33.46 35.43 35.01 35.1 33.02 37.76 33.85
Co 9.1 9.9 10.2 9 9.7 3.4 13.3
Cr 12.1 14.5 16.8 10.8 12.1 8.3 12
v 0 0 0 0 0 0 0
Zn 165.5 201.3 168.1 1459.9 l164.2 115.2 177.1
Cu 35.2 32.3 40.2 33.1 36.5 l6.1 38.4
Ni 5.7 5 5.1 3.7 4.3 3.8
Th 8.19 7.78 7.82 7.8 7.29 11.17 7.79
Pb 12.07 12.3 12.15 12.55 12.43 13.75 10.03



APPENDIX II : ORIGINAL WHOLE-ROCK ANALYSES BEFORE RECALCULATION

NA172 ‘NA170 NA83 NA121 NA134 NA181
Sio2 63.54 64.81 71.48 71.93 72.57 73.97
TiO2 1.17 0.92 0.62 0.69 0.55 0.56
Al203 11.74 11.37 11.51 11.47 11.35 11.68
Fe203 13.05 10.74 7.31 7.08 6.22 6.04
MnO 0.19 0.17 0.10 0.10 0.09 0.08
MgO 0.59 0.44 0.25 0.28 0.19 0.25
CaO 4.20 3.39 1.54 - 1.62 1.79 1.22
Naz20 3.31 3.21 3.66 4.17 4.15 4.08
K20 2.62 2.94 3.49 3.44 3.65 3.91
P205 0.31 0.17 0.07 0.08 0.04 0.05
LOI 0.92 1.08 0.30 0.17 0.04 0.61
H20- 0.67 0.51 1.00 0.54 0.67 - 0.35
Total . 102.31 99.73 101.34 101.56 101.31 102.80

TRACE ELEMENTS (ppm)

Sr 175.89 167.45 91.9 121.96 96.76 89.01
Rb 63.14 74 .93 89.15 68.79 97.37 81.42
Y 84.23 88.16 143 .36 88.34 108 88.99
VA 339.95 363.01 488.47 428.7 480.36 468.47
Nb 33.47 36.11 35 34.77 35.63 35.76
Co 9.2 7.3 4 5.6 3.5 4.5
Cr 16.2 11.7 5.6 9.2 7.2 14.5
v 0 0 0 2.6 0 0
zn 169.7 155.3 130.1 99.2 125.1 93.6
Cu 36.6 35.8 17 30.3 23.1 11.2
Ni 5 3.3 5.3 3.5 4.7 6.3
Th 7.49 9.13 11.05 10.13 11.54 10.81

Pb 10.81 13.29 15.22 10.76 14.78 15.16



APPENDIX III

VECTORS AND MINERALS USED IN MIXING CALCULATIONS.

Oxide Sio, Tio, Al,0, FeO Mno MgO cao Na,0 K,0 P,0,
(wt%)
NAINI 51.99 0.99 15.06 10.21 0.18 6.99 10.30 2.39 0.61 0.14
NAS3 53.36 1.37 13.85 11.91 0.20, 5.26 9.15 2.54 0.84 0.19
NA176 52.90 2.69 11.87 16.38 023 3.09 7.61 2.09 0.98 0.34
NA153 57.94 1.75 11.22 15.22 0.22 1.18 5.34 2.69 2.09 0.63
NA8S 64.62 1.07 11.91 10.50 0.16 0.41 3.76 3.35 2.81 0.24
NABS 72.01 0.56 11.89 5.77 0.11 0.09 1.14 3.92 3.84 0.05
INIOL 39.24 18.48 42,28
1760L 36.31 34.09 29.60
ISEOL 32.67 53.52 13.81
79PL 48.48 32.02 0.49 16.66 2.36 0.07
93PL 55.30 28.03 0.51 11.07 5.32 0.31
176PL 55.96 26 .61 0.62 10.21 5.89 0.38
153PL 58.21 25.34 0.54 8.18 6.92 0.52
89PL 60.12 24.23 0.48 7.07 7.30 0.57
86PL 67.96 19.60 0.05 0.5 11.9 0.07
El
89KF 66.78 18.32 0.21 0.47 5.34 8.44
86KF 64.72 18.37 0.08 0.01 0.75 15.43
95CPX 53.89 0.37 1.47 6.88 0.2 18.77 17.43 0.13
93CPX 50.95 0.63 1.21 16.97 0.32 12.08 17.61 0.21
176CPX 49.62 0.64 2.09 20.42 0.29 8.29 17.64 0.59
153CPX 48.71 0.73 0.83 25.16 0.34 5.15 18.53 0.24
90MAG 14 .44 1.18 79.57 0.33 0.06
176ILM 51.79 0.01 46 .80 1.50 0.03
APAT 0.32 0.02 0.05 55.08 0.04 0.01 4
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