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ABSTRACT

, The Luderitz Alkaline Province, as it is at present known, comprises
the subvolcanic central complexes of Drachenberg, Pomona, and Granitberg. An
attendant dyke swarm strikes NE-SW and crops out between the latitudes of 27%0"
and 27030‘ S. Stratigraphic indications (now confirmed by a K/Ar age from
Granitberg) are that the Luderitz Province is early-Cretaceous in age and there-
fore older than the Klinghardt phonolites (Eocene) as well as the smaller meli-

litite and nephelinite intrusions.

Granitberg is a circular foyaite complex, in the centre of which is
preserved a ]arge.fragment of sedimentary rocks that originally formed the roof
of the intrusion. The foyaités have béen émp]acéd into thé feldspathic sand-
stones and dolomites of thé Bogénfé]s Formation, and thréé majof intrusivé

phases can be recognised.

The first phasé prodﬁced chilled néphe]iné syénites beneath the roof of
the intrusion. Thésé Chi]léd rocks gradé downwards into coarse-grainéd foyaites.
The second phase was thé.émplacémént of thé innér Foyaité which'crystallizéd as a
cylindrically zonéd plug, cappéd by a'zpné of.la;;f;d; laminated, and xenolith-
rich foyaites. The third phasé was thé'émplacémén; of thé Oﬁtér Foyaite, into
which phé Roof Zone and the Inner Foyaité foﬁndéred. Thé Outér Foyaite is zoned

with a miaskitic core, and an agpaitic outer zone.

The Outer Foyaite interfingers repeatedly with thinly bedded sediments
at the contact zones. Assimilation =~ fractionai crystéllization processes
operating at these sandstone-foyaite contacts have generated a suite of pula-.
skites, pera]kaline nordmarkites, and peralkalinevgranites, which intrude the
sedimentary rocks as thin sheets. - Similarly, at dolomité-foyaite contacts,

melteigite~ijolite-urtite and shonkinite-pulaskite suites have been generated.

Metasomatic effécts acéompanylng the foyaité emplacement are also
eQident. The Roof Zone sédiménts havé undérgone fenitization, giving rise
to aegirine~ and affvedsonité-bearing fenites. At the West Ridge contact,
Ca-Mg metasomatism has dominated ovér alkali métasomatism, résulting in the
production of diopside-quartz-perthité and diopside=-perthite metasomatites.
In the NE contact zone the dolomitic sediments have been metamorphosed under
conditions of high fHZO/fCO2

and diopside-bearing assemblages.

and at T = 450° to 525°C, to produce forsterite-

The Pomona complex is a well developed fing complex, with a distinct

radial dyke pattern. Successive intrusion of the Outer Syenite, the inner
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Syenite, the Hub Syenite, and the Outer Ring Dyke define a silica-oversaturated,
peralka]ine.trend which culminates ih the widespread deve]opment of quartz- _
bostonite dykes. Quartz-feldspar porphyry dykes are associated with explosively
emplaced igneous breccias at the NE edge of the complex. Tinguaite dykes and a
small plug of'nepheline syenite intrude the Inner Syenite in the core of the com-
plex. Exposures of Biotite-rich Monzonite occur within the Inner Syenite out-
crop area, and possibly represent a cumulate developed duhing the evolution of

the suite of syenites.

The Pomona syehites intrude granitic and granodioritic gneisses of pre-
Gariep age, and assimi]ation processes in the contact zone have generated silicic
liquids which manifest themselves as numerous nordmarkxtnc and granutlc veins and

dykelets that anastomoze through the gheisses in the contact zone.

The Drachenberg complex is poorly exposed. A nhmber of saturated and
oversaturated syeniteé outcrop throhgh thick sand cover which obscures the re-
lationships betweenvthese variohs syenite types. No feldspathoid-bearing rocks
are present, nor are any of the syenltes pera]ka]tne The st]nca oversaturated
trend defined by the Drachenberg syenites has cu]mlnated in the intrusion of

quartz-bostonite and quartz-feldspar porphyry dykes.

The complex is emplaced into pre-Gariep schists and granites. The
contact, where exposed, is sharp, and orthopyroxene- and cordierite-bearing
hornfelses occur in the contact zones, indicating metamorphic temperatures

of about 600°C at the prevailing pressures (estimated less than 1,5 Kb).

Chemical analyses of the syenites from the complexes have been carried
out usihg X-ray fluorescence spectrometry. Consideration of the major elements«f\"
plotted in the system Na, 0- K 0-A1,0 SIO suggests that alkali feldspar frac- {{

2 273

tionation has been dominant contro] in the evolution of the syenites, especially \Ky

the nephelune syenites. Trace e]ement abundances and inter-element ratios con- Q“ﬂ
firm this and also |nd|cate that the syenltes from each complex have an indepen-
dent origin and evolution. The silica undersaturated suite is similar to typical
trachybasanite - phonolite suites which have evolved from a basanite parent. The
.Drachehberg'and Pomona syenites are typical trachyte - alkalj rhyolite suites and
probably evolved from alkali basalt parents. None of these suites can, however,

be reconciled to a common parent.

The '‘normal'' behaviour of several elements appears to break down in per-

alkaline Tiquids, and the behaviour of these elements in silica over- and under-
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saturated environments appears also to be different. Ca is capable of extreme
depletion in silicic liquids, but it appears to stabilize in the residual liquids
in undersaturated suites so that it is a]Ways significantly present, regafd]ess
of degree of fractionation. Rb is often considerably enriched in silicic 1i=-
quids, but only rarely so in silica-undersaturated liquids, due possibly to the

' ease with which Rb enters nepheline.

Zr and Nb have a complicatéd behaviour in peralkaline liquids. The
Zr/Nb ratié may rémain unaffected by fractionation, and a genetically related suite
of peralkaline rocks usually bossessés a charactéristic value of this ratio. Under
extreme fractionation the ratio déés vary but theré appéars to be no rule governing
the direction or magnitﬁdé of the variation. Absoluté abﬁndancés of Ba and Sr,
and the ratios K/Ba and Pb/Sr, aré sénsitivé indicators of fractionation in per=’

alkaline felsic suites, whereas K/Rb is not.

Microprobé ada]ysés of mafic minéra]s from rocks from Pomona (over-

saturatéd suité) and Granitbérg (undérsatﬁratéd sﬁité) havé béén carried out.
The dominant feature of thésé ana]ysés is thé Mn-énrichmént exhibited by these
minerals. in the undérsaturatéd sﬁité, thé minéral'and wholé rock data indi-
cate a regular increasé in thé Fé/(Fé+Mg) ratio with fractionation. In con-
trast, thé ovérsaturated'sﬁité éxhibits Mg-énrichment which can be explained by
abundant and early pfécipitation of magnetité under conditions of high f02.
Biotite, amphibole, and Na-pyroxene composition trends are markedly different
for the two suites. The pyroxéne composition trend in the Ac = Di - Hd system
is strongly influencéd by f02 and not by thé bu]k chémistry of’the liquid from
-which they crystallize. [t appears that Mg-enrichment trends in salic liquids

could be more common than is generally held.

‘Cajculated okygén fugacitiés for thé Pomona and Granitbérg suites con=
firms the interpretations of the mineral chémistrQ. Phonolitic liquids crys=
tallize under lower oxygen fugacitiéé than do liquids in the trachyte-rhyolite
spectrhm, which in turn havé 1owér oxygen fugacitiés than calc-alkaline rhyolites.
This refutes the commonly héld ﬁotion that nephéliné syénités crystallize under

high f02 conditions.

The petrography of perovskite-bearing nepheline syenites at Granitberg,
together with'thermochemicai considerations, indicate that a number of factors
influence the relative stabilities of sphene and perovskite. Perovskite may
crystallize in equilibrium with alkali fe]dspar and other phases in a peralkaline

liquid at relatively high silica activities. Under such conditions low f02
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favours the precipitation of sphene, whereas higher f0, favours crystallization

2
of perovskite.

A no-oxide field in fO2 - T space, in which aenigmatite crystallizes
at the expense of an Fe-Ti oxide, exists in undersaturated liquids. The field

is more restricted in f0,~T space in these liquids than in their oversaturated

2
counterparts. In the case of the aenigmatite-bearing foyaites at Granitberg,
the lower termination of the no-oxide field is almost certainly the stability
field of Na-amphibole. It appears that astrophyllite has a stability field

similar to that of these Na-amphiboles.

The origin and evolution of the Luderitz Provincé mﬁst bé considered
in the contéxt of the Karroo tholéiitic volcanism and the South America - Africa
split leading to the formation of thé Soﬁth Atlantic. it is postulatéd that the
alkaline rocks evolvéd'by crystal fractionation from alkali basalt and basanite
parental magmas. These magmas havé béén tappéd at dépths gréatér than 35 km
beneath thé edgés of the continental crﬁst by fracturing associated with thé
formation of transform faults and fracturé zonés. Thé disposition of a number
of alkaline complex lineaments in Africa and South América is shown to be related
to these transform fractures. Thé‘ascént into thé Qppér crust, and the eventual
eruption of these alkaliné basic magmas and ;héﬁr dérivativés, appéars to be con-

trolled by gross regional structures in the upper crust.



ABBREV IATIONS

A number of abbreviations have been used in the text of this thesis.

Most of them are standard, but some are specific for the purpose for which

they are used here. To avoid confusion a full list is presented below.

PCNS
m, cm, mm
km

Kb

my
ms

f02

fH20

fCO2

pyroxene
acmite

pyroxene
acmi te

AG‘:
ALY
A,
5298
A5,
JAL Y

R

Porphyritic Chilled Nepheline Syenite from Granitberg
meter, centimeter, milimeter

kilometer

- kilobars (bressure)

million yéars

mean sea lévél

oxygen fuggcity

fugacity of s;éam

fugacity of carbon dioxide

activity of acmite in the pyroxené

mole fraction of acmite in the pyroxene

standard freé energy of the reaction

standard frée enérgy of formation from élements at 298,15°K

standard free energy of formation at temperature 7%

standard Third Law entropy at 298,15°K

standard entropy.of formation from the elements at temperature, T
standard enthalpy of formation at 298,15°K
Gas constant per mole

distribution coefficient of a given element between crystal and liquid



NOMENCLATURE

For the alkaline rocks studied in this thesis, it has been found
convenient to adopt a broad and rather imprecise nomenclature. The details
of texture and mineralogy of the various rocks are however recorded in the
petrographic descriptions. It must be noted that for the Luderitz Province
rocks, textural attributes are of secondary importance in the classification

scheme outlined below.

(a) Nepheline syénite and Foyaite are used interchangeably.

(b)  Pulaskite refers to a leucocratic syenite with a few percent modal

nepheline.

(c) Nordmarkite refers to a leucocratic syenite with a few percent modal

quartz, and is used interchangeably with quartz syenite.

(d) Tinguaite is the dyke equivalent to a nepheline syenite.
(e) Bostonites and quartz-bostonites are the dyke equivalents of extremely

leucocratic syenites and quartz-syenites.

(f) " Grorudite is an aegirine-rich quartz-bostonite.




- CHAPTER 1

INTRODUCTION

1.1, GENERAL STATEMENT
In 1926 Erich Kaiser published a two-volume memoir - 'Die Diamanten-
wuste, Sudwestafrikas'' - which was the result of many years detailed mapping

and investigation into the geology of the area covered by the diamond claims

of the Vereinigten Diamantminen in the coastal area south of Luderitz, S.W.A.
The memoir contains maps and a comprehensive pétrographic account of the felsic
alkaline rocks of the Granitbérg compléx and thé Pomona compléx (which is called
the Signal-Schlueberg Massif in thé mémoir) as,wéll as all thé dykes and minor
plugs in the claim aréas. Briéf méntion is also madé of the occurrénce of

similar rocks at Drachenberg to the east of the claim areas.

In the same memoir, a chaptér contributed by W. Beetz mentions the
occurrence of syenites in the Naras Hills, south of the Klinghardt mountains
(5. 175). This chabtér had appéaréd éarliér in English as a séparate papér
(Beetz, 1924). '

~ The 1:1 000 000 Geological Map of South West Africa (1963) shows the
Granitberg, Pomona, and Drachenberg intrusions as well .as an occurrence at

Marmora, near Angras Juntas. No other reference to this occurrence exists.

Kaiser (1926) also describes the widespread occurrence of phonolites
- which build the Klinghardt Mountains. He found these phonolites to be of
Tertiary age, and considered the Granitberg suite of rocks to be older;

These suggestions have since been substantiated by isotopic ége determinations

(see chapter 2).

1.2. THE PRESENT INVESTIGATION

The purpose of the present investigation is to confirm the existence
of all reported occurrences of pre-Tertiary alkaline rocks, and to undertake
a thorough investigation of the mineralogy and petrology of the major intru-

sive complexes, in an attempt to define their origin and evolution.

~

Field work was conducted during 1970 and 1971 and it was soon
established that the reported intrusion at Marmora did not exist. 'Apart 
from the map in Beetz's (1924) paper, the Naras Hills is recorded on no

other map of the Sperrgebiedt. A careful airphotograph study of the



..2..

supposed locality south of the Klinghardt Mountains revealed extensive sand
dune cover with very little hard rock outcrop. fAccess to these outcrops

by vehicle proved impossible, and the existence of any syenites in the dune.
belt remains unsubstantiated. If the Naras Hills syenite does exist, there
is some evidence that it is older than the Luderitz Province rocks (see

chapter 2).

The name Luderitz Alkaline Province is proposed to refer to the
Cretaceous alkaline rocks in the southern Namib. As it is presently known
the province comprises the syenite-foyaite complexes of Granitberg, Pomona,
" and Drachenberg and the attendant dyke swarm which has an ENE trend and
outcrops extensnvely between Prlnzenbucht and Bogenfels (Flgure 1). The
area to the east of that mapped by Kalser is at present geologlcally unknown,
and it does not seem unlikely that extensions to the Luderltz Province may
yet be found to the east of Drachenberg In this respect consideration |
should be ngen to the occurrences listed by Kalser (1926 P 217 -.218),
especially those of the Kovnesberg, the Tslrub area, and the D:cken Willem
or Garubberg, all east of Luderitz, in the vicinity of Aus. The carbonate
rocks at Dicken Willem have recently been interpreted as magmatic in ‘origin,
i.e. carbonatitic (De Villiers, 1971, p. 49), an interpretation which is
supported by the presence of tinguaite dykes there (Kaiser, 1926, p. 218
242), and it seems possible that the Dicken Willem (Garubberg) is a car-
bonatite - alkaline rock complex. De Villiers (1971) correlated this
occurrence with the Klinghardt phonolites, but since the outcrops have
been exposed by the "African'' erosion cycle (King, 1951, p. 249) and
occur above the End- Cretaceous erosion surface (Hallam 1964), this
correlation cannot be supported, and it is more llkely that th|s
'carbonatite'' is related to the Granntberg Pomona-Drachenberg suxte

of rocks.
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CHAPTER 2

THE AGE OF THE LUDERITZ ALKALINE PROVINCE

The intrusive relationship between igneous rocks of the Luderitz
Province and the Bogenfels Formation has never been doubted, thus fixing
the lower limit for the age of these intrusive rocks. Kaiser (1926)
found the upper limit more difficult to define. Beetz (1924, p. 16)
observed that the syenites in the Naras Hills, which he correlated with
the Granitberg-Pomona-Drachenberg suite of rocks, outcrop at the same
level as the extrusive Klinghardt phonolites, and deduced that the syenite
is older than the phonolite.’ At Swartkop the phonolites are reported by
Kaiser (1926) to overlie, and to have baked, the Eocene quartzites of the
Pomona Beds. K/Ar (whole rock) age determinations on two samples of this
phonolite give ages of 37 I my and 35,7 my (G.C. Stocken, private commun- -
ication) confirming the paleontological findings of Kaiser (1926). Pro-
vided Beetz's correlation is correct the Luderitz province rocks would
appear to be older than 0ligocene. However, this correlation can be
"questioned in the light of Kaiser's (1926, p. 218) statement that the
Naras Hills syenite is similar.to the syenite at Namtib, 50 km NE of
Garub. The latter occurrence has recently been described by Von Brunn
(1967) as a facies of the GT Granites of that area. These granites have
been dated by the Rb/Sr (whole reck) method at 1290 T 80 myv(Von Brhnn,
1969), and by inference the age of the sYenite mus t bevsimilar. If the
Naras Hills syenites are correlates of the Namtib syenite, then they do

not belong to the alkaline rocks which are the subject of this study.

The relationship between alkaline rocks of the Luderitz province
and the Pomona Beds, and the End-Cretaceous erosion surface (Hallam, 1964)
on which the latter lie, may be seen at the Cha]cedontafelberg, which is‘
capped by a thick silcrete of Tertiary age. None of the bostonite and
syenite porphyry dykes in the area intrude the snlcrete, and although the
silcrete is not seen to overlie the alka]lne rocks directly, the latter
are deeply weathered to many metres below the erosion.surface (Kaiser,
1926, p. 297). Kaiser relates this weathering to the End-Cretaceous
erosion cycle and concludes that the bostonites must be pre-Tertiary

.in age.
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Further evidence with regard to the age of the Luderitz alkaline
rocks and particularly Granitberg, is afforded by the summit height of
Granitberg and the height of the End-Cretaceous erosion surface as it is _
measured at Chalcedontafelberg, thé various téfe]berge east of Pomona,
and the Buntfeldschuh escarpment. Kaiser (1926, p. 252) gives the
following heights:- :

Granitberg.......f....... 225 m
Chalcedontafelberg....... 204 m
Tafelberg E of Pomona ... 206 m
Buntfeldschuh......... ce. 234 m

Verwoerd (1968,‘p} 244), Qsing thésé heights, and incorrectly
identifying_thé érosion sﬁrface as pré-Crétacéon, argﬁéd that Granitbérg
is older than Crétacéous in agé. In fact thé'héights given by Kaiser are
themselves incorréct. The'latést 1:50 000 topo shéét, LUDERITZ SHEET
2715 AD, issued by the Govérnmént Printér assigns thé following héightsf-'

Granitberg..cceo.. ceeeses 252 m
Chalcedontafelberg....... 214 m

Granitberg is some 40 - 50 m higher than the End-Cretaceous erosion
surface and therefore cannot be younger than this surface. During the |
présent investigation some thin calcareous sandstonés and pebbiy limestones
were found at Graﬁitberg, in.a small ohtcrop in the sand cbver of the Roof
Zone, due west of the trig beacon and about 40 m below it. This outcfop
is correlated with the Tertiary Pomona Beds, and thus confirms the pre-
Tertiéry age for Granitberg. Furthermore_the syenites at Drachenberg

outcrop on the erosion surface and must therefore be older.

Several instances of dyké rocks of the Luderitz Provincé cutting
- dolerite dykes correlated with thé Karroo basic volcanicity, have been
noted by Kaiser (1926). Kaokoveld (Karroo) lavas and‘dolerités in
Damaraland are Laté-Jurassic to‘Early-Crétacéous in agé (Siédner and
Miller, 1968), and a similar age for the dolérités south of Luderitz

can be expected; This would appear to confinevthe agé of the Luderitz
alkaline rocks to the period between the dolerite intrusions at the end
of_the Jurassic, and the formation of the érosion sﬁrface at the end of

the Cretaceous.

Recently all these stratigraphic ages for the Luderitz alkaline

rocks have been confirmed by an isotopic age determination for Granitberg.
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Biotite from a foyaite yielded a K/Ar age of 130 T2 my (G.C; Stocken,
private communication). To date ho other determinations are available

from the other complexes.

The ages or the minor intrusions of ultrabasic and basic alkaline
rocks (limburgite, nephelinite, and melilite basalt at Dreyerrucken,
Chalcedontafelberg and Schwarzenberg) are more problematical. No isotopic
ages are available fer these rocks. Kaiser (1926, p. 497) correlated them
with the syenitic intrusions of the Luderxtz provnnce, but both he (1926,
p. 297) and Beetz (1924, p. 16) recorded that both the 1imburgite and
me]i]ite basalt cut thelsilcrete capping the Chalcedontafelberg. This
implies that these rocks are poét-Eocene and shoald possibly be correlated
with the Klinghardt volcantsm Durlng the present |nvest|gat|on the
outcrops at the Chalcedontafelberg were examlned but the relat:onshlps are
largely obscured by rubble and could not be determlned with any certainty.
Accepting Kaiser and Beetz s record one must conc]ude that these basic
rocks are not related to the Luderitz alka]:ne su:te. W1th regard to the
correlation with the Kllnghardt phonolites one must note Beetz s (1924,

p. 16) observatlon'that there may be two phases of basic igneous activity -

- one at least younger than the Klinghardt volcanicity.
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CHAPTER 3

3.1. INTRODUCT | ON

The Granitberg Foyaite Complex lies 11 km north of the abandoned

mining camp of Bogenfels in Diamond Area No. 1, South West Africa. Access
to the intrusion is provided By the remaining sections of the original
Pomona - Bogenfels road and a narrow gauge railway line embankment, both
dating back to pre-World War 1 days. The near=-circular complex is 2,5 km
in diameter and forms a peak 252 m above msl, the highest in the coastal
area between Bogenfels and Pomona. The name Granitbefg originates from -
' the early reconnaissance exploration of the Namib'Deseft. Apparently the
Foyaite was originally identified as granite, purely on the texture of the
rock, and hence the peak which it builds was christéned Grahitberg (Kaiser,
1926, p. 253). | | -

The complex and the surrounding country rocks ére well exposed;
the result of excavation by a pést-Eocene erosion cycle (Congo cycle? of
King 1951). It is estimated that about 70% of the complex ohtcrops
through a cover of wind-blown sand and deflation gravels. The quality
of outcrop is excellent. Cons tant sand.blasting by strong southerly
winds removes any altered or oxidised rock surfaces, leaving frésh,

polished exposures.

‘ The foyaitic rocks which form most of the comp]éx are intrusive
vinto thinly bedded feldspathic sandstones, dolomites and minor sha]és and
phyllites of the Bogenfels Formation of the Gariep Group. Some of these
sediments are also presefved in the centre of the intrusion as part of the
Roof Zone. On the eastern border of the complex the foyaites are in
intrusive contact with granite-gneiss, etc., which underlies the Bogenfels

formation. .

o 3.2, PREVIOUS WORK

The foyaitic nature of the rocks at'Granitbérg was originally
established by Wagner (1910).  Shand (1915) gives a more complete petro-=
graphic description of some of the rock types and dykes. Attracted by
the excellent exposure and fascinating contact phenomena in the contact

and roof zones, Kaiser made a detailed petrographic study of the various
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alkaline rocks and included these descriptions in his memoir on the diamond
fields (Kaiser, 1926). Kaiser also lists some chemical analyses but it is
clear that most of them are of the more unusual rock types and are of little

use in elucidating the petrological development of the complex.

It is not intended here to summarise Kaiser's findings - instead
they will be referred to at the relevant places in the following text.
Since Kaiser's account is largely descriptive much of it is in agreement

with this work, though differences in interpretation naturally do exist.

3.3. EARLY PORPHYRITIC: SYENITES

Outcrops of the ear]y porphyrltlc syenltes are confuned to two
large tongues lying to the SW and NW of the complex, and to a few small
scattered plugs S of ‘the mann body of lntru5|ve rocks. Field re]atlon-
ships indicate that they are probab]y the earllest phase of lntru510n in
the complex. They are cut by'all the dyke rocks of the complex, the
alkali granite and nordmarkite bodies related to the intrusion of the

Outer Foyaite.

Individual outcrops of these rocks difFer somewhat in their form
and field characteristics. The poorly exposed occurrences in the south
are vertical plug-like bodies that develop a narrow chilled facies at the
~ contact. They are typical rhomb porphyfies wfth square phenocrysts of
alkali fe]dspar enclosed |n a flne gralned groundmass dxsp]aylng a high
degree of a]teratlon The phenocryst- groundmass ratio in these rocks is
generally 1 : 5. The plugs are for most part in contact with do]omites
which only show minor effects of recrystallization within 1 = 2 cm of the
contact.  Contacts with the feldspathic sandstones are largely obscured
by rubble. B - |

The largest outcrop of syenite porphyry occurs west of the rail-
Way embankment, SW of the complex. The exact form of>the occurrence is
unclear. It appears to be a sheet of 1imited extent, which dips slightly
to the south, and from which the cover rocks have been etripped by erosion.
~In outcrop the rock is darkvgrey to brown depending'on the extent of

oxidation. It dnffers petrograph:ca]]y from the p]ugs in the south in

—

two strlklng respects.

v



- 8 -

(a) The phenocryst:groundmass ratio is high, and is generally of the
order of 50 : 50 and occasionally 70 : 30. In places the rock

is tightly packed with alkali feldspar phenocrysts.

(b) The rock encloses a large number of ihclusions and xenoliths.
The size of the xenoliths varies from <1 mm up to fragments
of 1,0 m across, and may be_both angular and roundéd. The
inclusions are fragments of country rock and recognisable

syenitic and foyaitic rocks.

Fragments.of the country rocks are most]y‘dolomité, sandstone and
minor shales. The alkaline igneoﬁs‘rocks are generally coarse to medium
grained rocks which exhibit texthrés and minéralogy réminiscent of the
various rock typés of thé Roof Zone. Despite the désignation of thésé )
porphyries as the earijest intrpsivé phasé of the cpmpléx, thé nature of .ék'NTj
the inclusions indicate that they might be immgdiately post~ or contem- .

poraneous with the emplacement of the Roof Zone rocks.

Thé only other outcrop of syénfte porphyry occurs bétweén thé
rai lway embankmént and théljeép track to the NNW of thé complex. It is
in the form'of a narrOW-tongué, somé 960 m long and up to 60 m wide;
intruded into feldspathic sandstonés. The exact form of this intrusive
body is difficult to determine, but it appears to be a vertical dyke-like
body. It is a dark porphyritic rock and in appearance in the field is
very similar to the SW Tongue. Only a few xenoliths are however present.
The southern end of'the'tohgue lies close to the main outcrop of the Outer
Foyaite of the compléx, and is intruded by sévéral alkali - gran?te -
nordmarkite -'pulaskité bodiés which areirélatéd'through assimilation to

the Outer Foyaite (see section 3.6.3.).

3.3.1. Petrographic Features

All specimens of the syenite porphyry examined in thin section
are highly altered. The rocks are porphyritic, or occasionally glomero~
porphyritic, with a high phenocryst/groundmass ratio, estimated to be from

1 to 4. The phenocrysts range in size from 0,2 to 0,5 mm up to 8 to 10 mm.

Alkali feldspar is the dominant phenocryst phase and occurs as
heavily altered, euhedral'crystals which occasionally display simple

€arlsbad twins. Pseudomorphs after euhedral mafic minerals form about

ey 1T
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5 to 10% of the rock. They are strongly oxidised and consist largely of
intergrowths of opaque oxide, carbonate, and an unidentifiable dark brown
mineral. Their well preserved prismatic form indicates that they may
have originally been pyroxene or amphibole. Occasional square pheno-
crysts, possibly originally nepheline, are now largely occupled by -
1FisassvL ) ) Q L < [(;5 IWA“‘-)

co]ourless phyllosilicates of whnch/earagonlte is dominant. Al ”*Jﬁ““' .

O0f the minor constituents the only identifiable mineral is apatite.

It occurs as eu~ to subhedral, clear,unaltered crystals'up-to 0,1 mm in

length.

The groundmass material is highly altered and apart from a pepperihg
of opaque oxides, the intergrown minerals are too small to identify. Calcite
is commonly seen Fil]ing veins, and may occur in the groundmass as well, and

is most likely of secondary origin.

3.4, THE ROOF _ ZONE

3.4.1.  Introduction

The Roof Zone is a pettographica]]y complex, circular structural
entity occupying a position SW of the centre of.the complex. Kaiser (1926)
noted sediments and 'hybride Mischgesteine' in the central portion of the
intrusion, but his mapping was too generajfsed for him to appreciate the
structural sngnlflcance of these rocks. . He did however recognise that
the sediments must have formed part of the roof of the intrusion and
deduced (p. 256) ''dass hier das Dach des Injektionskorpers nahe uber der
Heutigen Denudationsflache ge]egen hat'' (that the roof of the intresive
body‘must have lain close above the'present erosion'surface). Kaiser
also gives petrographic descriptionS'of mos t of the rock types in the
“roof zone, but fan]ed to recognise the often subt]e re]atlonshlps
between them - a feature which is the key to unrave]]ang ‘much of the

~ development of the comp]ex as a whole.

In a gross way the Roof Zone can be thoughtvef as a horizontally
layered unit built up of successively crystallized, intrusive nepheline
syenites, of diverse textural type. The exact sequence of rocks varies
eonsiderably, and at any one place in the Roof Zone the succession may

differ from the next. The Roof Zone has also suffered faulting and
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fragmentation. ‘The faults are now.largely occupied by dykes (tingﬁaites),
many of which do not extend beyond the boundaries of the Roof Zone.

Vertical movements on the<fau1ts and tilting of faulted units has.resulted

in a mosaic-like pattern whereby rocks from different stratigraphic horizons
now lie adjacent to one another. Generally the vertical throw on the faults
is small, and since many are marked by sand-~filled depression features,
possible faulted boundaries and contacts are difficu]t to distinguish from:
intrusive and the re]étive]y rapid gradational contacts between the various
igneous rocks. No attémpt has béén made to.depicf possiblé faultéd’contacts

on the 1:10 000 map.

The Roof Zone outcrops on a gentle SW-facing slope which provides an
adequate 80 - 100 m section through the essentially horizontal sequence. The
sequence of rock types and their relationships is'summarised diagrammatically

in Figure 2 and is discussed below.

To facilitate description of the various features in the Roof Zone
two topographically prominent features have been given the names Central

Massif and East Massif. Their location is illustrated in Figure 3. '

3.4.2, Sedimentary rocks of the Bogenfels formation

Sedimentary rocks of the Bogenfels Formation - assumed to be the
original roof of thevintrusionv- crop out at various places in the Roof
Zone. The Iérgest occurrence of sedimentary rocks underlies the northern
sector of the Roof Zone, though thé exposurés aré poor. Here thinly bedded,
low-grade schists and phy]]ités, félspathié sandstones and quartzité crop
out with a regular NW striké and variable soﬁther]y dips. Similar rocks
are found in smaller exposurés on thé Céntral and East Massifs. Kaiser
(1926) correlated these sediments with the-KQibis quartzfté of his "'Folded
Nama'' i.e. the arenaceous rocks whfch crop out along the SW contact zone. v
No attempt was made to substantiaté this correlation during this investigation,
but this correlation is undoubtedly corréct though these sediments are no
longer regarded as folded Nama (Martin, 1965; Kroner, 1972). Kaiser also
recorded the existence of extensive areas of Bedded Dolomite in the Roof
Zone. During the present investigation only oné small outcrop of dolomitic
rocks was found a few metres east of the jeep track in the NW section of the
Roof Zone. Here dolomites, arkoses, and phyllites form a shal] roof pendant,

or raft, surrounded and intruded by dark, fine to medium grained, contaminated



Figure 2. Schematic diagram illustrating relationships in the
Roof Zone. 1 - Bogénfels Formation sediments; 2 ~ PCNS;

3 - coarse grained nepheline syeniteé; 4 - Laminated Foyaite
unit; 5 - Xenolith Cumulate and the Layered Foyaites;

6 - Inner Foyaite; 7 - igneous breccia; -8 - bostonite plug;

9.- tinguaite dykes; 10 - quartz-~bostonite dykes.
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Figure 3. The location of the East Massif and the Central

Massif in the Roof Zone, Granitberg.
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magmatic rocks. Numerous fragments.of similar rocks occur as xenoliths
in the vicinity, and in places these rocks are packed together and re-
semble breccias. Verwoerd (1968) suggested that these roof zone dolo-
mites recorded by Kaiser should be reappraised with the view to proving
them carbonati tes. This investigation indicates that the dolomites are
not as widespread as was previously thoughf, and furthermore the field

~ characteristics of the single small occurrence does not support in any

way the contention that it is magmatic inorigin.

The sedimentary sequence is underlain by the intrusive Porphyritic
Chilled Nepheline Syenite (PCNS). The contact is well exposed in the
northern sector of the Roof Zoné and in p]acés on thé Central Massif.
Close to this'contact_thé sédiméntary rocks aré fragménted and intrﬁded by
numerous magmatic bodiés; Many of thésé magmatic bodiés aré pégmatitié
pulaskités and nbrdmérkités.. Néar thé confact thé sédiménts show thé
effects of thérmal'méfamorphism - sandstonés show littlé alfération but
the phyllites and shales havé béén convértéd to hofnféls;. Closé to thé
contact, and adjacent to magmatfc and‘hydrothérma] yéins, thé rocks show
the effects of strong alkalli métasomatism or fénitisation. Thé rocks
take on a gréenish tint dﬁé to growth of‘aégirine/alka]i amphibole.
Those that aré'strongiy affected by fenitisation are dark green, almost
black in colour, so that théré seems to be a diréét relationship between
inténsity of the gréen hue (which is itself relatéd to thé proportion of
aegirine/alkali amphibole in the rock) and the intensity of fenitisation
which the rock has suffered. There is little or .no change in grain size
in the fenitized rocks, original bédding and other delicate sedimentary
texturés areApréservéd éven in rocks showing thé'strongést effécts of
fenitisation. Détailed‘déscriptions of thé chafactéristics of thé

fenites and the fenitization are given in section 3.6.3.

3.4.3. The Porphyritic Chilled Népheliné'Syenite (PCNS)

Immediately underlying the sedimentary rock sequence and intrusive
into }t are dark, porphyritic nepheline syenites.  The fine-grained and
porphyritic natufe_of these rocks, together with their position in the
stratigraphy of the Roof Zone, indicates that they are probably the earliest
intrusive phase of the central complex, and represent nepheline syenites

that chilled immediately below the sedimentary roof of the intrusion.
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The PCNS are dark rocks and are easily distinghished against the
paler colours of the other rocks in the complex. They crop out extensively
in the East Massif, and again in the N sector‘of the Roof Zone (see map).
More limited outcrops are found associated with the sedimentary rocks on
the Central Massif, and near the jeep track in the NW sector of the Roof
Zone. Beyond the boundaries of the Roof Zone these rocks are found as
xenoliths in the Quter Foyaite, e.g. W of the jeep track, NW of the Roof
Zone, and S of the East Massif. '

In outcrop the PCNS are massive and exhibit no preferred orientation
of phenocryst or groundmass minéra]s. Close to the overlying coritact with
the sedimentary seqﬁence, xénollths dérivéd from thé latter are commonly
found in tHé PCNS. Moré rarély xéno]iths of fihe-grafhéd‘igneoﬁs rocks
are also présent. Whéreas thé sediméntary fragménts may bé up to 50 to
60 cm across, the size of thé ignéoﬁs rock fragménts are mﬁch smaller -
generally no 1argér than 3 to b em. Thé fénitisation éffécts in thé
'sedimentary rbck Xenoli ths déscribéd in thé prévious séction apply equally

to the igenous rock xenoliths.

The PCNS unit is of variable thickness, with gradational or truncated
lower contacts. In many places the PCNS forms only a thin horizon, 2 to 3 m
thick, between the sedimentary roof rocks and the coarse grained nepheline

- syenites. Elsewhere the thickness probably never exceeds 10 to 12 metres.

In many places in the Roof Zone the PCNS grade downwards into
coarse-grained, equigranular or porphyritic nepheline syenites. Similar
rocks show fntrusive'rélatibnships to thé PCNS and oftén enclosé xenoliths .~
of the latter rocks. Thesé féaturés may bé séen on fhé East Massif and
the outcrops to the north, as wé]l as in thé vicinity of the jeep track .
in the NW sector of the ﬁoof Zoné. This dual rélationship betweén the
PCNS and the underlying coarse-grainéd néphéliné syenites is a common
feature amongst other ignéoﬁs rock associations in the Roof Zone and
reflects on the qﬁasi-stabi]ity'bf many parts of the Roof Zone during

its development.

3.4.3.1. Petrographic Features

The petrographic features of the PCNS are variable. Most specimens

are porthritic, with phenocrysts of alkali feldspar, nephéline, clinopyroxene,
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and biotite, set in a finer-grained groUndmass of essentially the same
mineralogy but including sphene, Ti-magnetite and apatite. Size of
the phenocrysts ranges from 1 to 8 mm, whereas the groundmass phases

are less than 0,3 mm in size.

Alkali feldspar phenocrysts'(Ab800r20) are éﬁhedral and perthitic.
In some specimens the perthite exhibits a vermicular intergrowth with
nephéline,_simi]ar to that described by Davidson (1970). Nepheline
occurs as compositionally homogénéous éuhédra]‘grainé which aré sparsely
distributéd in most spécimens.' Thé-composition of the néphe]ine pheno=

crysts is Ne8]Ks]9 (analyses in Table 25).
AR '
Biotite (Ann56Phlog36MnBtzT|B|6) occurs as sparse phenocry;ts,.
but is the dominant mafic mineral in the groundmass. Clinopyroxene
.% . . . .
(AcgDizqHd,,)

groundmass. The phenocrysts have narrow rims of Na-rich pyroxene,

is similarly rare as phenocrysté but is abundant in the

and the composition of the groundmass pyroxenes appears to be similar

to these rims.

Ti-magnetite is confined to the groundmass, but does occur as
microphenocrysts in some specimens. Sphené is likewise common in the
groundmass and may occur mantling grains of magnetite. Apatite is also

a common accessory, occuring as microphenocrysts and in the groundmass.

3.4.4. The coarse-grained nepheline syenite

This section déals with-a variéty of coarsé-grained féldspathoidal
rocks, the majorify of whichAaré sitﬁatéd immédiatéiy bélow‘the PCNS in the
Roof Zone. They crop oﬁf éxténsivély on fhé East Massif, and occur in the
scattered exposures north of thé East Massif, and in the NW sector of the
Roof Zone. On the 1:10 000 map of the Granitberg Complex they are markéd

"Warious intrusive foyaités (undifferentiated)''.

Thése nepheliné syenites display both the gradational and trans-
gressive relationships to the PCNS described in the section above, and are
interpreted as being the products of the same magma pulse which resul ted -
in the formation of the PCNS as a -thin crust at the roof of the conduit.
After emplacement the nepheline syenites appear to have undefgone non-

uniform, in situ differentiation to produce rather mottled rocks, and

\
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although rapid variations in grain-size are uncommon (moét of the rocks
display an average grain-size of 4 to 8 mm), variation in the proportion

of essential minerals in the rock is often marked. Feldspathoid-rich

and -poor varieties are common and mafic mineral abundances are also
~variable. This rapid but irregular variation in mineral content of

the rocks is confusing, especially in the scattered outcrops of the

sand covered areas. It is therefore possible that some of the nepheline
syenites classified in this section are related to the later major intrusive

pulses, i.e. those of the Inner and Outer Foyaite.

The point that is being strésséd heré is that there exists in the
Roof Zone a widé and often confusing variety of coarsé-grained nepheTine
syenites, which carry indications of béing crystallization products of ‘the
same magmatic pﬁ]sg that gayé risé to thé PCNS, bﬁt whosé ultimaté class-

ification and correlation remains obscure.

3.4.5. The Inner Foyaite and the Layered Sedquénce-

3.4.5.1. General

The largést petrographic entity in the Roof Zone is the Inner Foyaite

and the related rocks of the Layered Sequence. The Inner Foyaite forms a near

circular body intrusive into all other rocks of the Roof Zone, and crops out in

the central=SW portion of the Roof Zone (see map). The Inner Foyaite is over-

lain by the Layéred Sequence = a 20 to .30 m thick succession of nepheline
syeniteé, rich in xenoliths, and characterised by the development of igneous
lamination and to a lessér éxtent, rhythmic layéring. Thé Layered Sequence
is confined to the Céntfal Massif, thé rélativé]y steep SE facé of which

provides an excellent section through the layered rocks.

The Layered Séquence and the ovér]ying PCNS ére separated by an
intrusive contact, distinguished by sharp contacts and the abundance of
PCNS xenoliths in the foyaites of the Sequence. The relationship between
the Layered Seduence and the underlying tnner Foyaite is more ambiguous,
with both transgressive and‘gradational contacts being éommon. These
relationships are summarised in Figure 2. It must be emphasised that the
relationships between the various rock units on the Central Massif are more
complicated than is shown on the'1:§0 000 map. In the central and western

~sectors of the Central Massif considerable faulting and tilting of the faul ted
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blocks has occurred and some of the contacts shown on the map are most
likely fau!;edjtbntacts (see section 3.4.1.). Both the Inner Foyaite
and the Layered Sequence are believed to be the products of a complex

crystallization history of a single major magmatic pulse.

3.4.5.2. The Layered Sequence

‘The Layered Sequence'is divided into two distinct units for

desériptive purposes:-

(a) The xenolith-rich Laminated Foyaife Unit, including the

_Xenolith Cumulate, -

(b) The Layered Foyaite Unit.

3.4.5.2. (a) The Xenolith-rich Laminated Foyaite

This unit forms thé bﬁlk of thé Layéréd Séqﬁencé and underlies
the PCNS. Since the two sedimentary rock oﬁtcrops and assocfatéd_PCNS
on the Central Massif appear to bé down-faﬁltéd blocks, théir relationship
to the Laminatéd Foyaité is not wél] displayed. lnstéad, a thin veneer
of PCNS is rather irreguiarly distributed on the highest points of the
eastern side of the Central Massif. Here the foyaite, intrusive into
the PCNS and occurring immediately below it, does not show igneous lamination
nor chilling at the contact. The foyaite is crowded with xenoliths of PCNS
stoped from the roof of the intrﬁs?vé chambér. | lmmédiatély below the contact .
the xenoliths aqé poorly sorted and largé (2,0 to 4,0 m) angﬁ]ar slabs are
associated with smaller, we]l-ro&ndéd xénoliths, typical of the lower zonés'

of the Laminated Foyaite unit. (Plate 1.)

Descending through the Laminated Foyaites, the xenoliths decrease
in size and number, and become more roundéd. Moreovér there is' a corres~-
ponding gradation from non-]aminatéd foyaité, through weakly laminated
foyaite,.to a foyaite displaying a strongly dévé]opéd igneo&s lamination.
There is an associated tendency for the xenoliths to orient themselves with
their long axes parallei to this lamination (see Plate 2). = Thus in the
central zone of the Laminated Foyaite the xenol}th/foyaite ratio is of the
order 10 to 20%, and the xenoliths are well rounded and well sorted i.e.

they are in the size range 3 = 5 cm. The xenoliths may be of any shape,
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but strongly flattened spheroidal fragments are most common.

The foyaite itself is a medium.to coarse~grained grey rock, with

a pronounced lamination due essentially to the parallel alignment of euhedral,
tabular or bladed alkali feldspar'crystals, which are seldom more than 1 mm
thick but which may be up to 10 mm long. Subhedral, equidimensional crystals
of grey to pink nephe]ine; 2 to 3 mm in diameter, are packed together with"
alkali feldspar. Dark mafic minerals - consisting of small (< 1 mm) crysfals
of euhedral alkali pyroxene, and to a lesser éxtént alkaliamphibole and fiakes
of biotite, 1 to 3 mm in diaméter; fill the intérsticés of the rock, with the

biotite invariably aligned parallellto the lamination.

Towards the base of the Laminated Foyaite unit, the foyaite maintains
its textural and mineralogical féaturés, but the xenoliths increase gradually
in size and abundancé and individﬁal fragments také on a'moré éqﬁidiménsiona]
shape.  Aggregates of xenoliths havé dévélopéd and wheré a nﬁmbér of xénoliths
are packed together they éré oftén.distortéd aroﬁnd éach other. Thé preférred

.orientatjon-of the feldspar crystaléfhsﬁal]y distﬁrbéd in thé vicipity of the

aggregates, and the 'lamination' is draped and distorted around the xenoliths.

The base of the Laminated Foyaite Unit is marked by the xenolith
cumulate. This is a graded zone, 2 to 3 m thick, which shows all the
characteristics of having accumulated on a floor as a result of settling.
This zone is generally marked by a §eno]ith/foyaite ratio 7 1, and has a
sharp lower contact with the xenolith-free rocks of the Layered Foyaite
Unit (P]até 3). The xénoliths in the cumulate are well-rounded, nearly
spherical in shape, and show a,véry limitéd size rangé, seldom exceeding
10 cm in diameter. The xénoliths at thé basé of thé cﬁmﬁ]até aré qually
tightly packed and the lower 1'm of this zoné may havé a xénolith/foyaite
ratio of 2 to b4 or greatér. The interstitial foyaité within the xenolith
cumulate shows little or no'ignédus lamination. It is coarse-~grained with

an equigranular texture (Plate 4).

3.4.5.2. (b) The Layered Foyaite

The Xenolith Cumulate is underlain by the Layered Foyaite Unit.
This unit has a maximum thickness of 3 to 4 m and is characterised by igneous
lamination and rhythmic mineral graded layering in a medium to coarse-grained,

xenolith-free foyaite. The contact between the Xenolith Cumulate and the
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Layered Foyaites is sharp, and may be one of two types:-

(a) the contact interface is marked by the sudden appearance of
abundant xenoliths with the interstitial foyaite in the Xenolith
Cumulate being of the same modal composition, colour, and texture

as the underlying foyaite of the Layered Unit;

(b) the interface is marked by the sudden appearance of xenoliths with
the |ntersttt1al foyalte in the xenoilth cumuiate dlfferlng markedly

in mode, colour, and texture from the foyaute below (see Plate 3).

The former type of contact is generaliy confined to regions where
the xenolith/foyaite ratio is high, and the xenoiiths large and particularly
closely packed. The iatter'occdrs where the ratio is low, and the inter-
stitial foyaite is darker, possibly dne to contamination thropgh resorption,
disaggregation, and dispersion of mafic minerais of many of the smaller xeno-
liths. In all cases the base of the Xenolith Cumulate and the Laminated

Foyaite Unit is marked by the lowermost concentration of xenoliths of PCNS.

Due to its position at the base of the Layered Seqpence, the Layered
Foyaite Unit is only exposed in intermittent outcrops arodnd the eastern and
northern edges of the Centrai Massif. Layering is irreguiar, and it is not
possible to‘trace individpai iayers from one optcrOp to the next. In some
places only two layers are present, each layer being 15 to 20 cm thick. In
other exposures up to fifteen layers of 2 to 3 cm may occur. All the iayering~
is minerai graded, and in any one sequence individual layers may vary con-
siderably in thickness All the ]ayers are composed of the same cumulus
minerals - a]kail feldspar and aegirine (it lS uncertain whether nepheline
was also a cumuius phase). - The contact between |nd|V|duai iayers may be
knife sharp or diffuse, the iatter being most common where a large number .

of closely spaced layers are present.

The whole Layered Unit dispiays planar igneous lamination. The
layering is accomplished through rhythmic density grading, size grading not
being noted anywhere in the unit. The Layered Unit passes gradually down-‘

wards into the typical Inaner Foyaite, first by cessation of the mineral
.graded layering, then by gradual decrease in the preferred orientation of

‘the constituent minerals, especially the bladed alkali feldspar.

Around the southern margin of the Central Massif the Layered
Foyaite Unit is absent below the Xenolith Cumulate, instead the latter

displays a sharp horizontal contact with a non~laminated foyaite.



PLATE 1.

PLATE 2.

PLATE 3.

PLATE 4.

Angular slabs of PCNS enclosed by intruding foyaite, near

the roof of the Laminated Foyaite Unit, Roof Zone, Granitberg.

Pre£¥erred orientation of rounded PCNS xenoliths in the
middle zones of the Laminated Foyaite Unit, Roof Zone,

Granitberg.

Sharp contact between the xenolith-rich Laminated Foyaite
Unit and the underlying Layered Foyaite Unit, Central Massif,

Granitbe:g;

Tightly packed PCNS xenoliths near the base of the Laminated

Foyaite Unit, Central Massif, Granitberg.
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Furthermore, of fshoots from this foyaite vein the Xenolith Cumulate. The
horizontal nature of the contact interface suggests that the non-laminated
foyaite formed the floor on which the xenoliths and the laminated foyaites
accumulated. However the uniform texture and the presence of veins of the
foyaite intruding the Laminated Foyaites indicates that the foyaite was
possibly intruded from below after consolidation of the cumulate rocks.

The relationship of this non-laminated foyaité to the rocks of the Layered
Foyaite Unit is unknown. It seéms that thé relationship between the rocks
in question is simi]ar to thé ambigﬁoﬁs relationship betwéen thé PCNS and

the Coarse-Grained Nephé]ine Syenites of the East Massif.

In the central and wéstérn séctors of thé Céntral Massif considerable
disturbancé of the séquénce of layéred'rocks, as dischsséd abové, has occﬁrred.
Whéreas in the_éastérn portion ofAthé Céntra] Massif, wheré an idéal séction
through thé Layered Séqﬁéncé éxists, thé ignéoﬁs layéring and lamination is
essentially horizontal with slight inward dips of-5o to 150 aroﬁnd the peri-
phery, thé lamination and horizons to thé wést oftén showAvéry steep and
highly irrégu]ar dips = up to 70o in placés. Travérsing from E to W across
the Central Massif the siight wéstward dip in thé lamination incréases as one
approachés thé large fragmént of PCNS and roof sédiménts, and thé Xenolith
Cumulaté splits into two layérs. The upper layér of Xeno]ith Cumulate is
rather poorly devélopéd and remains essentially horizontal, whereas the
lower layer appears to dip beneath the sedimentary rock-PCNS fragment,
though the actual relationship is obscuréd by the presence of a wide
bostonite dyke occupying a possib]é fault. Similar séam splitting is
observed in layers of the Layéréd Foyaite Unit around thé Nw'périphery
of the Massif. Another notablé féaturé is thét in thé céntral séctor,
xenoliths of fenitizéd sandstoné and phy]lité join thosé of PCNS in the

upper zones -of the Laminated Foyaite Unit.

In the weétern sector of thé Central Massif the Xenolith Cumulate
is poorly sorted, and rounded boulders of PCNS Qp to 1,5 to 2,0 m in diameter
are pécked together with xenolffhs of a much smaller size (2 to 3 cm). Here
also fragments of PCNS are joined by roundéd fragments of coarse-grained
foyaite in the xenolith population. The xénolith-riéh rocks rest with a
sharp, NE-dipping contact on the normal lInner Foyaite. No transgressive

effects along this contact were noted.

Other confusing features in the disturbed part of the Massif are

the presence of dykes of material identical to the xenolith-rich laminated
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foyaites, cutting the normal Inner Foyaite in the.vfcinity of the Central
Massif. Furthermore a similar dyke of leucocratic foyaite packed with
well rounded, well sorted xenoliths of PCNS cuts the Upper zone of the

Laminated Foyaite Unit just east of the large sedimentary rock fragment.

It appears that on the Central Massif there are preserVed rocks
which indicate that the massif was the site of a domed, basin-shaped
chamber, below ;he roof of.the intrusfon, in which magmatic'sediment
accumulated under-felati&e]y quet, stab]g conditipns. Although most
of the tilting and disturbance of the Layered Sequence in the western
and central parts of the Central Massif can be ascribed to brittle
fracture and movement, there are a number of featﬁres in the Layered
Sequence which are consistent with, and are best explained by, a certain
amount of pre=-consolidation instability, fn the form.of wéfping and
" fracturing of the floor of accumﬁlation and also the roof of thé chamber.

These features which have been described above, are:-

(1) The poor sorting in the Xenolith Cumulate of the western sector

compared with that in the eastern sector;

(2) The polymictic nature of the xenolith-rich rocks in the western
sector‘compafed with the o]igomiétic xenolith-rich rocks of the

eastern sector;

(3) The dykes of xenolith=rich foyaite intrusive into both the

Laminated Foyaite and the normal Inner Foyaite;

(L) Seam-splitting in the Xenolith Cumulate and the Layered Foyaites.

It must be pointéd out that no ignéous bréccias or slump structures,
which would be expectéd to devélop ﬁndér thé conditions described above (see
- Wadsworth 1973; p.v29, 31), have béen encounteréd on the Central Massif.

This does not however erode the suppprt, given by the features listed above,

to limited, pre-consolidation faulting and tilting.

3.4.5.3. The fnner Foyaite

~ The Inner Foyaite is a cylindrical shaped zoned intrusion and has
the largest outcrop area of any rock type in the Roof Zone. It underlies
the Layered Sequence and is intrusive into all other rock types of the Roof

Zone. Around the NW and E boundaries it is in contact with the coarse-~

grained, mottlied nepheline syenite that lies below the PCNS, and along the



- 20 =

N boundary it is in contact with the PCNS and, though not exposed, with
the sedimentary rocks. Along the W and SW boundary it is in contact
with the Outer Foyaite, though the actual contact is only exposed in two

small outcrops. o _ ' \

3.4.5.3. (a) ' Contact with the Roof Zone rocks
* ~'tw
S
From the 1:10 000 map it can be seen that the contact with the ) \L\\‘\t“‘

LR "*L.g;;-rz*“
Roof Zone rocks is only exposed on either slde of the jeep track in the &Uﬁk

NW, and also on the W side of the East Massxf Only on the East Massif,
however, is the actual contact |nterface exposed - in the scattered NW

exposures the actual contact is obscured by sand and gravels.

On the East Massif a foliated, slightly chilled, Inner Foyaite
intrudes coarse-grained mottled nepheline syenites, the actual contact
being exposed over several metres. The contact is very regular with

only minor veining and disruption of the nepheline syenites.

In the N=-NW contact areas an igneous breccia is present along
much of the contact zone, and a snmllar breccia is also found in p]aces
along the East Massif. The |gneous breccua is followed on its inner
_edge by folnated Inner Foyaite, though nowhere is the contact between
the two actually exposed, despite the fact that outcrops of the two

rock types occur within a metre of each other.

The igneous breccia is a dark, unsorted, polymictic rock,
consisting of fragments, both rounded and angular, of variously textured
magmatic and sedimentary rocks, packed together and cemented by a medium-
to fine-grained porphyritic groundmass, strongly resembling the foliated
vlnner Foyaite. individual rock fragments range in size from'l mm up to

large 'boulders,' 0,5 to 1,0 m in diameter, and many show reaction rims.

Lying immediately within the enve]ope of igneous breccia, is a
dark, porphyritic, zone'of verticaT]y foliated nepheline syenite some 2
to'3 m wide. The Foliation.is everywhere parallel to the contact, and
a parallel banding of light and dark constituents is well developed in
many places, but is often very weakly developed or altogether absent.
Banding is regular, and each band is of the order of 3 to 5 cm wide.

Contacts between individual bands are never sharp, but gradational over
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0,25 to 0,5 cm. The foliation is very similar to the marked igneous
lamination of the Layered Sequence, though the word 'foliation' is
preferred in this description as ''igneous lamination'' is well entrenched
in the literature where crystal settling is the dominant process re-

sponsible for the foliation/lamination.

The dominant constituent of the rock and that most responsible
for the marked foliation, is whité to pink alkali feldspar, the 1,5 to
2,0 cm bladed or tabﬁlar crystals showing a strong préférred orientation.
Less commonly, 2 to 3 mm platés of black biotité lié’in thé foliation.
Nepheline occasionally occurs as largé 5 mm rounded crystals with a
distinctive réd-brown coloﬁr, b&t is moré common as an interstitial
mineral in the groundmass. Finély disséminatéd mafic minérals -
aegiriné and biotite - have crystallized in thé intérstices between the
feldspar laths. Thesé mafiC‘minéra]s aré séldom largér than 0,5 mm,
and their distributioﬁ_and natﬁré of~occﬁrréncé'impart thé distinctive

dark grey, mottled appearance to the rock.

Frequént]y occbrring in thé foliatéd contact rocks are '‘pods’
of darker, moré mafic-rich matérial. Thésé 'pods'! arébléns-shaped in
section and alignéd parallé] to thé.foliation and show both sharp and
diffusé contacts with thé foliatéd foyaité. They‘résémble in texture
and minera]ogy the grouhdmass in the darker bénds in the banded sections
of the foliated foyaite in which they are enclosed. The foliated foyaite

grades inwards into the non-foliated Inner Foyaite.

3.4;5.3. (b)  Contact with the OQter Foyaite

The contact between the Inner Foyaite and the Quter Foyaite is
poorly exposed in a few scattered outcrops between the West Ridge and the
jeep track; The contact relationships are ambiguous though the indications
are that the Outer Foyaite crystallized against the Inner Foyaite. No
igneous breccia is present, nor is there banding in the grey foliated zone
of the Inner Foyaite which is present in all the contact exposures. The
contact is sharp, and the Outer'Foyaite is somewhat contaminated and mottled
against the foliated lnner‘Foyaite, and in one-outcrop develops a pegmatitic
facies at the contact. At the northern most point of contact between the
Inner and Outer Foyaite, a wide tongue of Quter Foyaite is intrusive into

the contact between the Inner Foyaite and the other nepheline syenites of
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the Roof Zone. Veins of foyaite from this tongue cut across the banding

and foliation in the Inner Foyaite along this contact.

This, and the pegmatitic development of the Outer Foyaite at its
contact with the Inner Foyaite further south, is strongly indicative that
the Outer Foyaite crystallized against an already crystalline, rigid mass
of Inner FoYaite,'although a superficial'glance at the fo]iated'zone Inner
Foyaite lying against apparént]y nonftransgressive Outér Foyaite can easily

be misinterpreted in favour of the reverse situation.

3.4.5.3. (c) Petrographic Features

The Inner Foyaite is petrographically zoned and can be divided into
a foliated marginal zone, an intermédiate zone, and a core zoné. Thé
minéralogy of these zones is summarised in Table 1. ‘Thesé zonés are similar
with respect to their major mineralogy, but differ considerably in the minor

minerals present.

The foyaites aré léucocratic and coarsé-grainéd, with hypidiomorphic
granular téxtures in the intérmédiaté and coré zones, whereas the marginal
zone displays a trachytic téxt@ré. Perth;té (Ab6h0r36) 0ccur$ as euhedral
laths 7 to 8 mm long, and displays a coarse 'patch' type exsolution inter-
-v'growth of twinned albite and altered K-feldspar. The structural state of
the K-feldspar is intermediate between orthoclase and microcline (see

section 7.8.1.).

In the intermediate and marginal zones népheliné (NeSOKszo) occurs
as anhedral, poikilitic grains measuring 20 x 20vmm in some specimens. In
the core zone nepheliné is moré abundané and more restricted in size.
Although most of the nepheline in this zone is interstitial to the feldspar.
laths, the presence of varying amounts of sub- to éuhedral grains indicates
that some nepheline did crysta]]izé éar]y with the alkali feldspar.
Nepheline in all the zohes is commonly altéréd to cancrinife, sodalite, and

paragonite. However, some of.the sodalite may be primary.

Biotite and alkali pyroxene are the dominant mafic minerals in the
foyaite. in the marginal and intermediate zones individual grains are
euhedral, 0,2 to 0,3 mm in size, and occur interstitially between the

feldspar 1aths, enclosed by the'poikflitic fe]dspathofd minerals. In



TABLE 1

Mineral assemblages in the lInner Foyaite

foliated foyaite
301 302 305 319

Perthite X X X X

Nepheline and

alteration prods.

Aegirine x X X X
Biotite - X X X X
Na-Amphiboie x - ox - -
Opaques - X X X
Apatite . X X X X
Sphene | . x X X X
Perovskite | - - - - -
Astrophyllite - - - -
Zircon | - = - -
cateite .- e

intermediate zone

350 344 303 304 300

X X X X
X X X X
X X X X
X X X X
X - - X
x - - -

X X X X
X X X X
- X X X

core zone

320 321 333 334

X X X X
X X X X
X X X X
X X X X
- x - -
X X X X
X X X X
X X X X
X X X -
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the core zone the mafic minerals are much larger, averaging 1 to 3 mm in
size. .Biotite (Ann68PhlogZZMnBi8TiBi2) occurs as stubby, euhedral books,
exhibiting strong pleochroism ( K'(black brown) Y ot' (red brown to yellow

brown) ). Na-pyroxene (Ac ) is slightly zoned, but

56-750117-12"%27-13
some crystals with cores of colourless augite do occur, especially in
the marginal zone. Na-amphibole is rare, but occurs in the cores of
some pyroxene crystals, ‘again particularly in the marginal zone.

Amphibole is however absent from the core zone.

Apatite is the most ubiqﬁitous minor constituent, occurring
throughout the Inner Foyaite, and is associated with, or is enclosed
 by biotite. Ti-magnetite ié common in the marginal zone where it may
be intergrown with sphené =~ possibly ihdicating a reaction relationship.
In the intermediate and core zones Ti-magnetite is extréme]y rare, and
is always enclosed by biotite or pyrbxene) ‘Sphene occurs as sub-to
-euhedral grains in‘thé marginal zone, énd as corroded remnants in the
‘intermediate zone, but is absent from the core zone. In contrast,
euhedral perovskite is found in the intermediate and core zones but

is absent from the marginal zone.

Zircon occurs as large anhedral grains which have crystallized
interstitially between the feldspar laths in the intérmediate zone, but
is absent from the margina] zone. In the core zohe, either zfrcon or

~eudialyte-eucolite may be present. Bright yellow, pleochroic astro-

phyllite is ubiquitous in the core zone, but has a variable abundance. -

The core zone, therefore, has agpaitic affinities, whereas
miaskitic mineral assemblages are found in thexintermédiate'and marginal
zones. It must be stressed that the boundaries between the varicus zones
are gradational, especially that between thé intermediate and core zones.
Chemica] analyses of intérmediate zone Inner Foyaites are presented in
Table 12. S -

3.4.5.5. Crystallization development of the Inner Foyaite

From the evidence presented in the previous section it is likely
that the Inner Foyaite, was emplaced as an inhomogeneous magmatic body.
At the present level of erosion the outer zones of the intrusive magma

must have been semi-crystalline and have possessed enough sheer strength
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to break off slabs and fragments of wall rock as it moved upwards into its
present position. These fragments were then crammed into the outermoét

zones of the magma and solidified into an envelope of igneous breccia.

Further evidence of the nature of the marginal zone is given by the foliation
and banding in the foyaite which was most likely produced by viscous flow in -

a semi-solid medium.

The non-foiiated Inner Foyaite was probably emplaced in a largely
liquid condition, the crystallization details of which are discussed in section

8.5.

The Inner Foyaite specimens also present excellent evidence as to the
order of crystallization =~ an important feature in the consideratien of frac-
tionation schemes. In all cases a]kall feldspar, was the flrst mlnera] to
crystallize, fo]]owed by the mafic mlnerals Wlth bIOtlte preceednng the alkali
pyroxene, whose initial composition was‘agglte - aegirine-augite. A There is ho
evidence to suggest that nepheline was ever an important liquidus mineral in the

Inner Foyaite composition range.

3.4.5.6. Crystallization development of the Layered Sequence

Field evidence is consistent with the Layered Sequence being the last
liquid in the lnner Foyaite chamber to crystallize, and it is interesting to
reconstruct the development of this peculiar sequence'of rocks. The field

evidence suggests that the Layered»Sequence was deposited on a relatively

stable floor which lay close to the roof of the magma chamber. A simple
model reconstructing the situation in the chamber is one in which the magma -
crystallizes from the bottom of the chamber upwards and develops a '‘wet top," S0

i.e. the upper zones are enriched in the volatiles. This concentration of
volatiles lowers the liquidus in this 2one, and their presence can be manipulated
to account for the relevant density and viscosity of the liquid, and crystall-
ization sequence of minerals, necessary to produce the igneous layering. The
"wet top'' development ‘in a cylindrical magma chamber‘is similar to that envisaged
by Kennedy (1955), but in this case we follow Burnham (1967, p. 45) in ascriblng
the "'wet. top' to concentration of volatiles by crystalllzatlon in the lower
portion of the magma chamber, and not to the Soret effect, though it is clear
that an initial concehtration of volatiles at the top of the chamber is

necessary to lower the liquidus temperature there so that crystaflization

does take place from the bottom up. 7
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Once a floor and a volatile-rich magma was established near the
roof, the nature of the crystallization was disturbed in order for minerals
to crystallize at the top of the chamber and settle on the established floor.
The mineral grading of the individual layers is consistent with sedimentation
through crystal settling from above and the rhythmic repetition of the layers
indicates some cyclic operation of the crystallizing or settling process.
This writer favours intermittent crystallization and differential settling of
the crystals to account for the 1ayeréd foyaitésllying bé]ow the Xenolith

Cumulate.

Intermittent crystallization could be caused by a variety of pro-

cesses, all discussed by Sorensen (1968). These are:-

(1) Variation of vapour pressure in the chamber by periodic expulsion

of volatiles through the volcanic conduit;
(2) periodic nucleation in a supersaturated magma;

(3) progressive concentration of volatiles in the uppermost parts of

the magma chamber;

(&) seismic activity triggering off crystallization in supersaturated

horizons in the magma.

The variable nature of the layering suggests that the relative
abundance of minerals in the supply varied ering sedimentation and con-
straints can be applied to the points listed above to satisfy both the
rhythmic supply of the minerals and a change in the relative abundance
of minerals in the supply. Melting experiméhts conducted by Sood and
Edgar (1970) on a foyaite from |limaussaq, Gréén]and, show that at 1030
bars P, o, f elin: ' en

was the“case in the dry melting at 1 atm. However at 1030 bars with

feldspar and nepheline crystallized before clinopyroxene as

f62 in the melt controlled by the HM.buffér,_c]inopyroxene was the first
.mineral to appear on the liquidus followed shortly by beldspar and nepheline.
It follows that‘the variation of f62 in the magma could account for an
abnormal supply of either fe}sic or mafjc minerals. Since f62 imposed

on the magma, i.e. controlled by an external buffer (Nicholls and Carmichael
1967, p. 4673) would be controlled by the surroundings, or, more likely, the
volatile phase of the magma, variation in the volatile content of the magma,
and therefore variation in the vapour pressure, would result in variation in
f62, and hence the species of minerals first on the liq@idus, and the sﬁpp]y- v

of cumulus minerals. Thus points (1) and (3) above are considered most
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likely to have controlled the crystallization of the minerals from the magma;
Case (3) is actually only part of (1) as the former only becomes operative
under the conditions of the latter, i.e. variation of vapour pressure by
periodic expulsion of volatiles through the roof followed by concentration

of volatiles below the roof, followed by expulsion, etc.

More problematical is the development of the Xenolith Cumulate and
the xenolith-rich laminated foyaite. This unit can be considered as a single,
thick, xenoiith-graded iayer in which no mineral grading or layering is present.
It is therefore best ascribed to a singie event of continpops sedimentation.
The absence of xenoiithé from the Layered Unit suggests that they were not in
existence in the liquid during sedtmentatlon of this unit, as they would have

certainly settied along with the cumulus m:nerais

The abrupt and concentrated appearance of xenoilths above the Layered
Foyaite Unit lndlcates that some event was responsnbie for the lntroductnon of
a large number of xenoliths in the upper part of the chamber and they showered“
down with the crystaiiized alkali feldspar, aegirlne and nepheiine, and accum~
ulated rapldiy on the floor. No cyclic process seems to have operated during
the sedimentation of the Laminated Foyaite bnit. It seemS'pOS$ibie that after
a series of periodic and limited eprisions of voiatiies through the roof, a
major outburst of voiatiies occurred, seVereiy fracturing the PCNS roof and
introducing a large number of PCNS fragments into the liquid. The volatiles
in the liquid escaped either in the one major outburst, or following it,
continuously and steadily through the permanentiy ruptured roof. In either

v«

event the remaining, relatively dry (wntness the paucity of hydrous minerals *;vibh

in the laminated rocks) liquid crystallized rapidly but steadily and contin- i §T f:;
: /" \ o
uously at the roof, the crystals settling with the xenoliths. It is almost C et

certain that the xenoliths were subjected to temperatures which were above
their solidus (see section 8.4), and the presence of an interstitial melt
in the otherwise coherent xenoliths facilitated rounding and deformation

of these fragments, as described in‘section 3.4.5.2.. (a).

~

Differential settling and the production of layering in the Laminated
Foyaite could have been disrupted and prevented by '"mixing" of the settling
crystals by the downward passage of reiativeiy large xenoliths, or by rapid
settling. The latter case requires a settling medium of iow.viscosity and
density, properties of the magma which would be operated against by the escape

of dissolved volatiles.
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After sedimentation a substantial amount of interstitial liquid
remained in thé pile of laminated foyaites, and also apparently in the
underlying non-laminated Inner Foyaite. It is then possible to postulate
that during subsequent tilting, warping or even fracturing, these semi-
consolidated rocks, lubricated by the interstitial liquid, were able to
flow and produce the transgressive contact between the Xenolith Cumulate
and the underlying foyaite, as well as the dykes of xenolith-rich foyaite
observed cutting the Inner Foyaite and the laminated Foyaite (see section

3.4.5.2. (b). )

It was hoped that it would be possible,tc'make a minimum estimate
of the H20 content of the magma which crystallized the Layered Sequence, by
conslderlng the relative densities of the magma and sett]ed crystals. Using
the method outlined by Bottinga and Welll (1970) as well as mlneral data
recorded in Clark (]966), it is possible to estimate with accuracy the densities
of the settled mlnerals /CL and the anhydrous magma, fjf ‘ If /D /Df

negative, then/of could be decreased by addlng H,0 to the magma until the

2
density of the magma is less than that of the settled m:nerals, and thus a

minimum estimate of the H,0 content of the magma could be obtained.

2

The analysis of lnner Foyaite sample GM 350 was dsed in the calculation
and the result for the anhydrcds melt and the density data on the cumulas minerals -
is presented in Table 2. The'resdlts indicate that the anhydrods melt is less
dense than any of the minerals in the T range 800° - 1000°¢. Bottinga and Weill
(1970) estimate the accuracy of their method as £71%, and taking this into account
doés not alter the density re]ationships; This resdlt does not allow, therefore,
an estimate of HZO to be made, bdt does indicate that a]thcugh a'considerable H20
content of the magma is postu]ated to account for the'pattern of crysta]lization,

none is required to condition the magma for gravity settling of the mineral species.

It is possible to make one:further calcdlation in connection with then
Layered Sequence, that is to calculate the viscosity of the magma and hence
deduce the settling rate of crystals during sedimentation of the Layered Unit.
The viscosity calculation is that devised by Bottinga and Weill (1972), and
the result for the anhydrous magma melt of GM350 is given in Table 3. Bottinga
and Weill (1972) do not make any quantitative allowances for the effect of
dissolved H20 on the viscosity of the magma and this has to be estimated in a

semi-quantitative way.



TABLE 2

Density data for rocks and minerals from the lnner Foyaite

Viscosity data for GM350 melt {anhydrous)

Calculated

Extrapolated’

TEMPERATURE
" 1500°¢
" 1200°%
1000°C

900°¢C

800°C

DESCRIPTION TEMP DENSITY REMARKS
GM350 melt (PZOS and 800°¢c 2,457 Calculated using the method of
H,0 free) 1000°¢ 2,529 Botélnga and Weill (1970) and
extrapolated to the lower
temperature.
Nepheline 800°C 2,528 Densities from Clark (1966) except
' ) aegirine which is from Deer et al
Alkali Feldspar AbSOOr50 800°C 2,536 (1966) . Densities have been corrected
' 1000°¢ 2,518 for T using vo!gme expansion data
listed in Clark (1966)
Aegirine 800°c 3,50
1000°C 3,48
TABLE 3

VISCOSITY (poises)

1399

104-98

10°:52

106232
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However, using the anhydrous data in Tables 2 and 3, and Stoke's
Law: ' / Wgﬁdiipx

V_ D (/ps - Pf) .q e |

18V\/

where: V = settling velocity (cm sec—]); D =diameter of particle (cm);

fjs = density of particles; /gf = density of liquid; g = acceleration
due to gravity; and M =viscosity of the fluid; V is calculated to be
1,269 x 10—5 cm sec-1 for alkali feldspar, and 1,496 x ]0-4 cm sec-1 for
aegirine at 1 OOOOC, both crystals being 0,5 cm in diameter. This means
that the alkali feldspar wooid take 3toh years.to settie from the roof
of the chamber, to the floor, a distance of 15 to 20 m.  An unrealistic
result here cooid still aiiow an estimate of the H20 content of the magma
to be made, but with far less accuracy than the density calculations would

have allowed.

The resuit is not, however, unreaiistic, considering that the cal-
culations were made on an anhydrous basis. ' Shaw'(1963) has provided curves
by which it is possnbie to estimate the vxscosnty of melts containing H 0.
These .curves show the drasLxc effect of dtssoived H20 on the VlSCOSIty of :
the melt, i.e. it decreases the viscosity enormoosiy. If H20 were taken

~into account in the calculation above, much faster settling rate would have
resul ted. However, it should be remembered that Stoke's Law applies only
to strictly spherical bodies, and the results for the anhydrous calcuiation' v
are much higher than they are in fact, due to the tabular nature of the

settled minerals. K

The discussion above is based on a very simpie model which does
not take into account a iarge nomber of influencing factors - density and
viscosity gradients,.disrbption of settling by boiling of volatiles in the
magma through pressure release, variation in shape and size of the settling
minerals, etc. In summary, petrographic evidence suggests that the Layered
Sequence owes its origin to magmatic sedimentation of minerals crystallizing
from a magma. This suggestion is fully supported by the estimates of densxty

and viscosity for the anhydrous magma.

3.5, "THE OUTER FOYAITE

The Outer Foyaite builds the bulk of the Granitberg Complex and is
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responsible for the physiographic prominence of the peak. It is well exposed
and appears in the field as an attractive, pale grey rock, of remarkably even
texture and colouring. The Outer Foyaite'completely surrounds the Roof Zone

in plan, as is well displayed on the accompanying 1:10 000 geological map.

Small dykes and tongues of the Outer Foyaite occur within the Roof Zone, and

can be seen on the East Massif, and in the area W of the jeep track (see section
3.4.5.3. (b).). Detailed petrographic work indicates that the Outer Foyaite is -

a zoned body with a miaskitic core zone and-an agpaitic outer zone.

3.5.1. Petrographic Characteristics

The foyaite is a coarse-grained hypidiomorphic granular rock, whose
essential constltuents are alkali feldspar, nepheline, and the mafic mlnerals,
biotite and Na- pyroxene. Chemtcal analyses, norms , and modes of Outer Foyalte

specimens are presented in Table 12.

Alkaln feldspar (Ab650r35) is the domlnant constltuent of the rock, and
occurs as euhedral laths 6 to 7 mm long. The feldspar is coarsely perthitic,
with an irregular 'patch' type lntergrowth of clear, twinned plagloclase and
altered K-feldspar. The exsolved plagloclase ﬁay form a eontinoous rim that
surrounds the whole perthite crystal, bdt more often is concentrated~around

the (001) terminations of the crystals.

Nepheline (Ne78K522) is the second-most abundant constituent of the
foyaite and occurs as subhedral and euhedral crystals. In most samples the.
euhedral nature of nepheline.lndicates'that it was a primary phase on the
liquidus along with alkali feldspar. However, it invariably also occupies
an interstitial, and occasionally poikilitic, position in relation to the
feldspar laths, indicating that it was a late crystallizing phase as well,
Sodalite is nearly always present as ‘a minor.lnterstitlal phase, but
occasionally it may dominate the feldspathoid population as large poikilitic
crystals enclosing perthite, nepheline, and mafic mlnerals. ‘Only rarely is
sodalite euhedral and it appears that in all cases nepheline preceded sodalite

in the crystallization sequence.

Cancrinite is commonly present as a minor interstitial mineral, or it
" occurs intergrown with nepheline. In the latter instance it can be regarded
as an alteration product of the nepheline, but its interstitial nature in many

rocks suggests late crystallization from residual fluids enriched In C0;~. As
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noted by Kaiser (1926) the mineral is ubiquitous in the foyaites close j;emftc

the dolomite contact-zones, and this is probably indicative of local intro-

3

country rocks by the intruding foyaite.

duction of CO into the magma, due to limited assimilation of the carbonate

Zoned alkali clinopyroxene is an essential constituent in the foyaite.
Individual crystals are subhedral to euhedral and are zoned from AcihDi48Hd38
to Ac620i10Hd28. These pyroxene crystals are host to many inclusions which
include apatite, sphene, fluorite, biotite, and magnetite. Biotite ranges in
71Ph10916MnB'8T'B'5

present as subhedral individuals but may also be intergrown with pyroxene.

composition from Ann to Ann76Ph]og]2MnBigTiBi8. It is
The significance of this intergrowth is unclear but the writer favours co-
crystallization as an éxplanation. In sbmé spéciméns biotite is rimméd by
granﬁlar aggrégatés of magnétité and this coﬁ]d well bé dﬁé to thé breakdown
of biotite in thé préséncé of 0 ‘ .
Eugster, 1965).

, to give K-feldspar and magnetite (Wones and

" There are a large number of minor constitﬁénts in,thé Oﬁtér Foyaite, .
and Kaiser (1926, p. 255) repbrted apatite, arfvedsonité, zircon, lavenité,
eudialyte~eucolite, astrophyllite, sphene, mégnetité, and epidoté. A1l these
except zircon and epidote were found in collected specimens, and in addition
.aenigmatite, fluorite, and pérovskité were identified. Not all of these
minor minerals are present together in any one specimen. On the basis of the
-minor mineral contents it is pdssibie to divide the Quter Foyaite into foyaites
with miaskitic affinities, and those with agpaitic affinities (Sorénsen, 1960) .
The agpaitic foyaites are consistently located in the outer zones of the Inner

Foyaite body.

The Ti-magnetites aré anisotropfc in:réflécted light, and an analysis .
(Table 24) indicates that théy aré Mn-rich.. They have a composition of
UspBAMt66§ Fe-Ti oxides are absent:from the agpaitic foyaites except where
they are enclosed by biotite or Na-pyroxene. This Teature is considered in
more detail in section 8.6. Sphéné occurs in aggregates with magnétité and
biotite, or as individual subhedral to euhedral crystals in the miaskitic
foyaites.  Sphene is absent or very rare in the agpaitic rocks. Apétite is
nearly always present in ‘all the foyaites, but only in trace amounts. It is
generally enclosed by biotite or aegiriné, indicating that it is an early

crystallizing phase in the foyaites.
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Arfvedsonite has a restricted occurrence and is found only in the
agpaitic zone. It occurs as large anhedral, sometimes poiki]itfc, grains
and apparently crystallized late in the solidification history of the foyaites.

e
Analyses of arfvedsonite are present,in Table 20.

Aenigmatite occurs as large euhedral crystals with a deep red colouring
and pleochroism, and is likewise restricted to those foyaites with agpaitic
affinities. In refléCtéd light the aénigmatité is seen to enclose skeletal
grains of Ti-magnetite. The crystallization of aenigmatite is dealt with.
more fully in section 8l6. Analyséé of thé aénigmatité are présénted in

. Table 23.

v Members of thé eudia]yte-éﬁco]ité solid so]ﬁtion series also occur in
the agpaitic zoné. A similar spatial distribﬁtion of éﬁdialyté-éuco]ité-

" bearing foyaités was also noted by Kaisér'(]926, p. 258), who believed that the
distribution of thése.minérals wéré ré]atéd to the_foyéité-do]omité contacts.

The inferencé from Kaisér's déscription is that the'préséncé of carbonate rocks
and their possible réacfion withvthé‘foyaité magma afféctéd thé crystallization
of éudialyté-euco]ité. This inféréncé is soméwhat supportéd by thé experiments -
of ChristOphé—Michel-Lévy (1961). Thé éﬁdia]yté-eﬁcolité mfnera]s may be
.Aco]oﬁrlesé or p]éochroic in vakioﬁs shadés of pink and réd. Individual crystals
are anhédralland éxtensivély zoned, and are always found in the interstices ; |

between feldspar and nephelfne grains.

Lavenite occurs as small, pale yellow, pleochroic crystals, and is
found in trace amounts in some of the agpéitic Foyaités. Fluorite is found
as minute mauvé-tinted crystals énc]oséd in c]inopyroxéne in both the miaskitic
and agpaitic foyaites, and is possibly an éarly crystallizing phése in these
rocks. Perovskite has been idéntifiéd in only one sample co]]ectéd from the °
SE dolomite contact zone. |t occurs as a few euhedral grains in close prox-
imity to large sphene crystals, and 6né perpvskite crystal is enclosed by the
sphene. Perovskite is absént frdm_a]] other spéciméns of the Outér Foyaite
which have been éxamined, and probably oWés its preséncé to a favourable micro-

environment that developed in the contact foyaitic rocks.

Kaiser (1926) reported zircon in the foyaites he examined. No zircon
was found in the Outer Foyaite, and since Kaiser did not recognise the division
of the foyaites as described in this work, the zircon mentioned by him could
well have been from some other foyaite in the complex. The mineralogy of the

Outer Foyaite is summarised in Table k.



Specimen No.

Pe rt hite
Nepheline
Aegirine
Biotite
Sodalite
Cancrinite
Sphene
Magneti te
Aenigmatite
Ar'Fvedsonité
Astrophyllite
Eucolite
Lavenite
Apatité
Fluorite

Perovskite

Mineral Assemblages in the Outer Foyaite

103 67
X X
X X
X X
X
X

X
X X
X
X

TABLE 4

137 171 284 286 147

101 145 69
X X X X
X X X
X b4 X X
X X X
X
X
X X
X X
XX
X X
X - X X X
X
xv
AGPAITIC

X X X X

X

X X X X

X X X X

X X X X

X X X X

167 141
X x
X X
X. X
X X
X X
X
X X
X X
X

X X X X X

135

X

133 112 285

X

X X X X X
X X X X
X X X

X
X
X

MIASKITIC

136

X X X X X

X

129

X X X X X

X

142

X X X X X

%
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3.6. CONTACT RELATIONS

3.6.1. Introduction

Foyaite-dolomite contacts are well exposed in the NE and to a lesser
extent around the SE and NW edges of the intrusion, Foyaite-sendstone con-
tacts occur on the West Ridge along the W-SW margin of the intrusion, and
again in the N-NE. . A small outcrop in the E reveals the foyaite-granite-

gneiss contact.

Assimilation and metamorphxc phenomena at the contacts attracted a
great deal of attentlon from Kaiser (1926) who recorded the petrographlc
features of the wide varnety of rocks occurring ln these contact zones. He
also commented on the nature of the contact - the interflngerlng of sedimentary
rocks and foyaite, and the complete lack of intrusion breccias - a feature that

led him to describe the intrusion as a ''diskordanten Durchschmelzkorper."

3.6.2 Contact with the Granite=Gneiss

This is the least spectacular of the foyaite-country rock contacts,
and is only exposed in one small outcrop on the eastern bodndary of the
intrusion. The granite-gneiss shows the effects of contact metamorphism/
fenitization 50 to 60 cms from the contact. In this zone quartz is absent
or present in minor amounts, and there is a sporadic growth of alkali

clinopyroxene in the rock.

.The foyaite is typically coarse-grained, almost pegmatitic, the
grain—size increasing as one approaches'the contact. With the grain-size
increase the abundance of-nepheline and mafic mineréls decreases in the
‘foyaxte and against the contact a leucocratlc, coarse= grained rock composed
largely of feldspar with a little lnterstltlal nephe1|ne and atkali clino-
pyroxene is developed. In p]aces there is evidence of a little chllled
foyaite along the contact, but the chilling is on]y sporadnca]ly developed

and only 5 to 10 cm thick.

3.6.3. Contact with the feldspathic sandstones

Contacts between the foyaites and the feldspathic sandstones are

well developed on the West Ridge and in the N-NE contact zone. Sedimentary
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rocks show contact metamorphic/metasomatic effects and the foyaite has
assimilated siliceous material to produce medium- to coarse-grained

pulaskites, nordmarkites and alkali granites.

3.6.3.1. Physical nature of the contact

Along the southern contact, in the vicinity of the jeep frack,
the strike of the contact is at right anglés.to thé striké of thé sedimentary
rocks. Along the West Ridgé thé striké of thé contact and thé sédimehts is
parallel, and moreovér thé sediméntary rocks dip stéeply towards the contact.
In the NE, dolomites lié adjacént to the foyaité, bﬁt beyond thélimmediate
contact zone, sandstonés, étc., aré intrﬁdéd by a nﬁmbér of minor plugs or

sheets of pulaskite, nordmarkite and alkali granite.

The thinly beddéd nature (ofténAwith thin intercalatéd argillaceous
beds), and the stéep éastward dips of thelaréhaCéon sédfménts of thé West
Ridge, has resultéd in compléx and répéated intérfingéring of sediments and
magmatic rocks. Thus on thé West Ridgé thé contact is répréséntéd by a 30
to 40 m wide zone of a]térnating sédiméntary rocks and intrudéd magmatic
rocks. Similar featurés aré foﬁnd in thé S and NE contact zones but are

less well developed. -

The dominant form of the magmatic intrusions is a sheet-like body
bemplaced concordaht]y with the bedding. These sheets may pinch or swell
along their length and can vary from thin vein]éts'1 to 2 mm thick, to
larger bodies 3 to b m thick. Lenticﬁ]ar bodiés aré also common but
irregular or circuﬁaf plugs aré moré raré. Thé lattér occﬁr sporadically
in fhe Eontact zone and may rangé Qp to 5 to 8 m in diameter. Xeno]ith§
of sedimentary rock are common occurrences in thé intrusive bodies. Figure
L is a section through thé West Ridge, illustrating all the main features of

the contact zone.

The nature of the contact owes its origin to the intrusion of magmatic
material along favourably oriented bedding planes in the sedimentary sequence.
Stopping of thinly bedded units has evidently occured to a certain extent, and
there is evidence that dilation and assfmilation have also facilitated intrusion.
Figure 5 illustrates three typés of sedfmentary rock - igﬁeous rock relation-

ships observed in the contact zones:



Figure 4. Relationships in the West Ridge contact zone, Granitberg.
'Speckled ~ sand cover; crosses — Outer Foyaite; hatchures - derivative

magmatic rocks; lines - feldspathic sandstones.



. Figure 5. Intrusive relationships between magmatic sheets and
bedded feldspathic sandstones, West Ridge, Granitberg.
A ~ intrusion facilitated by dilation
B - intrusion facilitated by assimilation

C -~ 1intrusion facilitated by dilation and stoping



PLATE 5. Alternating sedimentary beds and intrusive magmatic sheets,

NE Contact Zone, Granitberg.
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(a) illustrates intrusion facilitated by dilation,

(b) illustrates intrusion dominated by assimilation though the isolated
sedimentary rock fragments may indicate an initial stage of minor

dilation and stoping,

(c) illustrates a dominant stoping process aided by minor dilation.

It is clear that all gradations between typas a, b and c may exist
‘and that intrusion is fac11|tated by all three processes, with dllatlon and
stoping being a precursor to assimilation. Notwnthstandung the above, the
sediment-magmatic rock contacts parallal to the bedding planes are regular

and éharp.

In the NE contact zone the sandstone-arkose sequence is somewhat
removed from the Outer Foyaite and the contact features are somewhat different
to thoss dascribed above' The sedlments dlsp]ay shallow dips both towards -
and away from the lntruSIon Intrusive plugs are absent, and intrusive
sheets are less abundant and much thinner though in some places régular
-alternation of sedimentary rocks and magmatic rocks similar to thosé séen
on the West Ridge occurs (see Plate 5). In one occurrence there is a very
regular, bed for bed alternatlon of sedlments and intrusive magmatic material.
The thickness of the sedimentary and magmatic units varies from 10 to 50 cm. A
The thicker sheets occasionally anc1ose large stoped xanoliths of sedimentary
rock with numerous 1 to 15 mm veins of syenitic material intruded parallel to

the bedding.

In another similar occurrence at the SE end of the NE contact zone,
alternations of fntrusivé magmatic shééts and thinly beddéd dolomites, $and-
stones, and argillaceous-rocks crop out over several metres. Heré individual
lntrusuve sheets are se]dom more than 15 to 25 c¢m tthk on a gross scale On
a finer scale argillaceous rocks have been intimately ve»ned parallel to bedding
by syenitic material. Kaiser (1926, p. 261) described these rocks as 'neo-
phelingneiss' and discussed them in detail. In the writer's'éxperience,
nepheline 'is seldom présent in tnesé véins and Kaiser's name is therefore

misleading.

One of the outstanding features in the NE contact zone is the per=
sistence over considerable distances of thin syenitic sheets often no more
than 2 cm in thickness. In one case one of these veins, emplaced along a

bedding plane in the arkose was traced for over 40 m.



_35_

Another feature in the NE contact zone is the presence of a number
of thin vertical, (20 to 30) cm alka]i granite dykes, which trend SW-NE away
from the contact. They cut across the bedding in the sandstones and frag-
ments of sandstone commonly occur as xenoliths in the dykes. A thin 1 to 2
cm zone of fenitization occurs in the sandstone wall rock and xenoliths ad-

jacent to the contact.

3.6.3.2. Magmatic contact rocks

In the contact area there is a zonal arrangemént of contact magmatic
rocks as indicated in Figure'ﬁ. All the magmatic rocks in the contact area
are medium- ﬁo coarse-grained. In zohé 1 the dominant type is a coarse
grained, almost pegmatitic leucocratic pulaskite. This pulaskite is strongly
altered and susceptible to weathering, thus accounting for the poor exposures
of this rock, and the sand-filled depression that occurs just inside the con-
tact around the S-W-NW side of the complex. Zone 1 is characterised by a
high pulaskite/country rock ratio, with the fenitised.sedimentary rocks

occurring as thin screens or xenoliths.

Occasionally in zoné 1 remnants of a fine grained pulaskitic chill
may be seen betwéén thé coﬁntry rock and the coarse grained pulaskite. The
latter shows a sharp contact with thé chill, and similar chi]léd rocks occur
as xenoliths in'thé coarsehgrainéd pulaskité. It appears that an initial
intrusion of magma chil]éd égainst the country rocks, and was then disrupted
by the major magmatic pulse which is résponsiblé for the main features of the
contact zone. The xenoliths of chi]léd rock oftén display segrégations of
pegmatitic material within thém (sée Figuré 6). This might be dué to partial
melting of the Chi]léd rocks during injéction of the main pulsé, or to injection
of magmatic material into the chi]léd rocks. Occasionally a nordmarkitic or
granitic facies is developed on thé”édges of pulaskite bodies immediately

adjacent to the feldspathic sandstones.

» Zone 2 is characterised by roughly equal volumes of country rock and
magmatic rocks, the ]attér being dominantly a medium to coarse grained nord-
markite. In many places the quartz content of the nordmarkite increases and
the latter passes into alkali granites. The nordmarkites are generally fresh
and show little alteration. Some of the more leucocratic varieties display a
sacharoidal texture and are difficult to distinguish from arkoses and felds-

pathic sandstones in hand specimen.



|

Figure 6. Pulaskitic segregation in xenolith, West Ridge contact zone.
The segregation exhibits a fine chilled margin, and a coarse grained

core of feldspar, mafic minerals(black), and nepheline(speckled).
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Away from the foyaites, the abundance of nordmarkite intrusive bodies
decreases and one passes into zone 3, which is characterised by large expanses
of undisturbed country rock with few intrusive bodies. Here the main intrusive
rock type is an alkali granite which forms thick 1,0 to 1,5 m sheets or lens
shaped bodies emplaced parallel to the bedding. The alkali granites are medium
to coarse grained hypidiomorphic granular rocks, but within a single sheet they
may show a zonal variation in grain size or minetalogy. This may teke the form
of developing a leucocratic pegmatitic facies at the top of the sheet, or at the
top and bottom of the sheet. Similar pegmatites develop at the wedge-shaped
terminations of lenso:d sheets Mafic mnnera] content is likewise variable
and higher concentrat:ons at the bottom of some sheets is common . In one case ey
' weakly developed phase layering and igneous lamination was noted in the central

portion of a sheet.

3.6.3.2. (a) Petrography and Minera]ogy

Typnca] modes of various types of contact magmatic rocks are given in

Table 5, together wnth chemnca] analyses and CIPW norms.

Pulaskites of Zone 1

These ere very coarse-grained, almost pegmatitic, hypidiomorphic granular
.rocks. The_average grain-size is 1,0 td'1,5 cm, but may range up to 3,0 to 4,0
cm in patches. Perthite forms 90 to 95% of the rock as subhedral crystals
displaying coarse'ribbon-type.exsolhtion intergrowth of K- and Na-feldspar.
Nepheline is present in large, generally euhedra], crystals, and as an inter-
stitial mineral between the feldspar laths. The distribhtion of nepheline is
highly irregular - in some p]aces nepheline has congregated into large clots 10
to 15 cm across; elsewhere rapld and irregular alternatlons of nepheline-poor

and nephel:ne -free rocks occurs.

Mafic minerals are sparse and are found irregularly scattered through
the pulaskites. Sphene, biotite and oxidized augite are the commonest species, -

but oxides and epidote also occur.

Pulaskitic injections or segregations in xenoliths and in the country
rock in zone 1 show interesting features. The segregations may be from 1,0 to

10,0 cm across, and tend to be irregular in shape (see Figure 3). Around the
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walls of the segregation is a thin narrow chilled zone consisting of a fine
grained mass of feldspar laths, free of nepheline and mafi; minerals, and
in some cases a little interstitial quartz may occur. The interior is
coarse grained, consisting of perthite and a little nepheline, the latter
occuring as euhedral or interstitial crystal confined to the centre of the

segregation.

Nordmarkites of Zone 2 .

The nordmarkites and alkali granites of this zone aré 1éucocratic,
medium to coarse grainéd hypidiomorphfc granﬁlar rocks with an average grain
size of 0,1 to 0,3 cm. Subhedral perthité is thé dominant constituent of
these rocks, ‘and occurs as 1,0 to 2,0 mm laths which show a rounding, possibly
due to limited resorption and which is wéll dévé]opéd in thé moré quartz-rich
rocks.  Some speciméﬁs show complétély anhédral péfthités with interlocking

‘dentate boundaries. Ribbon-typé éxsolﬁtion intérgrowths aré well developed
in all the perthites, and many crystals display thin'albité rims. Twinning

on the Carlsbad law is common.

Quartz is present in varying amounts in these rocks, and generally
fills the interstices between feldspar grains, or it occurs as large poikilitic
crystals continuous for 6 to 10 mm enclosing loosely packed feldspar grains.

Myrmekitic intergrowths are occasionally developed.

The dominant mafic mineral is zoned aegirine which occurs as small
( < 0,5 mm) euhedral gfaihs enclosed by bpth poikilitic quartz and perthite.
The aegirine is zoned from Na-aﬁgite (core) to aggirine (rim). Pale blue
arfvedsonite may be intergrown with aegirine especially in the coré of the
pyroxene, or itvmay occur as discrete crystals; Euhedral sphene. is a conimon
minor constituent, buf biotite and apatite are rare, and opaque oxides are very
seldom present. With increasing guartz contént the nordmarkites pass into
“alkali granites, with features very similar to the alkali granite sheets from

zone 3.

Alkali granites of Zone 3

These.rocks are medium- to coarse-grained (average grain size 2,0 to

5,0 mm) and display a hypidiomorphic texture. A pegmatitic facies with crystals
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TABLE 5

Contact magmatic rocks, West Ridge, Granitberg;

Analyses, norms (CIPW) and modes

 GMI69  GM232  GM174 GM175 A B

63,36 64,24 75,4 73,34 56,70 87,95

0,32 0,35 0,25 0,27 0,31 0,07
18,36 17,22 11,51 12,90 21,60 5,99
1,25 1,27 0,95 0,97 . 1,21 0,41
0,47 0,43 0,25 0,33 1,09 0,37
0,10 0,11~ 0,08 0,08 0,19 0,00
0,25 0,86 0,25 - 0,25 0,20 0,48
1,25 21,16 0,26 0,55 " 0,85 0,22
6,72 7,48 5,89 6,88 5,91 3,70
6,38 5,84 3,72 3,91 9,82 1,23
0,0 0,09 0,00 0,00 0,01 0,02
0,09 0,12 0,65 0,05 | 0,09
0,73 0,34 0,30 0,31 1,11 0,31

99,38 99,54 99,51 99,8k

39,71 Lt,20 34,81 4o,66
50,96 Le,72 26,42 .28,06'

1,62 - - : - GM169 Pulaskite

1,64 - - - 232 Nordmarkite
- 0,12 32,32 . 24,95 174 Alkali Granite
- 2,18 2,72 . 2,81 175 Alkali Granite
- - 0,46 0,43 A Ave OQuter Foyaite
1,34 h,02 1,03 1,94 B Ave Sandstone
- - 0,33 -

- 0,20 . - -

0,60 . 0,66 0,47 0,51

0,94 0,75 - -

0,60 - - -

0,2k 0,21 - -



TABLE 5 (cont.)

MODES

93,6 92,9 63,2 67,9 Feldspar
- 1,7 34,5 27,2 Quartz
0,7 - - - Nepheline
- 4,3 2,1 3,7 Aegirine
3,2 - - - Augite
0,8 - - - Biotite
- 0,8 0,1 1,1 Na-amphibole
- 0,3 0,1 0,2 Sphene

1,7 S - ' - Other
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up to 5 to 6 cm in size is present in a number of intrusive sheets.

Perthite is the dominant constituent and occurs as euhedral laths
displaying well developed ribbon or a coarse patch-type exsolution intergrowth.
Plagioclase commonly forms a semi continuous rim around the laths and in some
specimens small discrete crystals of twinned albite occur sandwiched between
larger feldspar grains. The Na~rich phase in the coarse ‘patch'-type per-
thites is often twinned on the.AIbite law and composftions estimated by the

method of Michel-Levy lie between Ab98

and Ab83'

Quartz occurs as anhedral semi-poikilitic grains up to 1.cm in dia-

meter. In one specimen, GM42, quartz occurs as clear equidimensional grains
displaying slight strain extinction, as well as rounding and crushing. The
feldspars in this section show a distinct preferred orientation. All these

features suggest that the sheet from which the specimen was collected was :

emplaced in a near solid condition. ,

Euhédral aegirine, then with arfvedsonite-in thé core, is the dominant
mafic minéral in the alkali granites. The arfvedsonite oftén occurs as discrete
crystals, pleochroic in pale shades of blue ( o) to maﬁve ( ’), and exhibits
anomalous interference colours. Euhedral sphene is ubiquitous, but biotite

and opaque oxides are absent.

3.6.3.3. The origin of the magmatic rocks in contact with the sandstones of the

West Ridge

Kaiser (1926, p. 257) was in no doubt that the alkali granites of the
West Ridge were products of assimilation of quartzites by the intruding foyaite.
Field relations provide strong support for Kaiser's suggestion, but to what

extent assimilation occurred is examined here.

Chemical analyses and CIPW norms of the alkali granite, nordmarkite
and pulaskite specimens from the West Ridge are presented in Table 5, together

with the average data for 4 Quter Foyaites and 3 feldspathic sandstones.

It seems clear that the initial silication of the foyaite magma, to
produce saturated or slightly saturated syenitic liquids, must have been
accomplished to a certain extent by the assimilation of quartz-rich rocks.

However, once a slightly oversaturated syenitic liquid is produced it is
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possible that the subsequent development of the nordmarkite - alkali granite
suite could have been achieved by crystal fractionation. It is therefore
desirable that this possibility be tested first before examining the role

of assimilation.

To this ehd the CIPW normative compositions of the relevant rocks
from Table 5 have been plotted in the 'granite' system, the plane SiO2 -
NaA?S:308 - KATSI308 on to which has been projected the positions of the
minimum melting composxtlons :n the wet' system for PH 0 of 0,5, 1,0, 2,0

Kb and the axial traces of thelr respectlve thermal val%eys (Tuttle and
| Bowen, 1958). Also plotted are the m:nlmum meltlng compositions, and their
respective 'thermal valleys' for peralkaline liquids at 1 000 gm/cm P(H 0),
where peralkalinity is expressed in terms of excess Na (Carmichael and
MacKenzie, 1963) For peralkalinity in terms of excess K the low-temperature
zone lies close to the NaA]Sn308 S|02_51de I]ne (Thompson and MacKenzie,
1967).  Bailey and Schairer (1964) have pointed out the dangers of using
this type of normative plot for pera]kallne ‘rocks, but the errors in pro-
Jectlon for the rocks in questlon are small, and do not affect the discussion

that follows (Figure 7).

From the Figure 7 it is obvious that all the compositions lie well
to the right (Or-rich side) of the 'thermal valleys.' If a liquid line of
descent, controlled purely by crystal fractionation of alkali feldspar,
connects GM232 to the two granites, GM174 and GM175, it is unlikely that it
could maintain its 'displaced’ position and not be constrained towards the
thermal va]leys'and'the minima on the two-phase Boundary. Figure 8 shows
furthermore, that the compositions lie far above the thermal minimum surface
in the fe]dspar‘volume for peralkaline compositions (i.e. excess.Na), A
liquid, originating at GM232, and fractionating alkali feldspar would be
forced down on to the surface and wod]d then travel along it to the minimum.
Granitic compdsitibns derived in this way would be expected to lie on the
surface. Clearly then GM174 and GM175 are not related through alkali feld-
spar fractionation to GM232.

, Alkali clinopyroxene is the only other mineral besides alkali feld-
spar that is capable of contributing significant]y to the development of the
alkali granites. The nordmarkite contains only a few per cent clinopyroxene
{see Table 5), and is thus incapable of playing a dominant role in any crystal

fractionation process. Moreover fractionation of alkalj clinopyroxene would



Figure 7. Projections onto the Qz - Ab ~ Or plane of the 'Granite

System'. S - average feldspathic sandstone; 174,175 - alkali
granites; 232 - nordmarkite. Also plotted are the minimum
melting compositions and thermal valley axial traces for granites

at 500 and 1000 bars PH o (dashed lines) (Bowen and Tuttle, 1958),

and the minimum melting compositions of peralkaline granites with
4,5(ac + ns) and 8,3(ac + ns) with their respective axial traces

of their 'thermal valleys' (solid lines) (Carmichael and McKenzie,
1963). The speckled zone-marks the position of the thermal valleys
in the peralkaline granite system, where peralkalinity is expressed

in terms of excess K (Thompson and McKenzie, 1967).



Or .

4.5(ac ns)

8.3(ac ns)

Figure 8. Schematic diagram of the peralkaline volume( in terms
of excess Na) of the 'granite system' (modified after Bailey and
Schairer, 1964). The diagram shdws the relationship between the
nordmarkite - alkali granite compositions and the peralkaline

thermal minimum surface at 1 Kb P .
HZO
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tend to drive the liquid into A1 ~rich compositions, and could hardly

2 3
promote the distinct peralkalinity of the alkali granites.

To test the validity of the assimilation Figure 9 has been con-
structed. It is a simple addition-subtraction diagram employing mole
SiO2 plotted against mole oxide; but it can be used in the same manner as
a conventional SiO2 Vs oxides_weight % p]ot. The advantage of using the
molecular plot is that it illustrates peralkalinity ratio, and estimates
of mineralogical additions and snbtractions'ara'moré aasily mada. Two
scales.have been used on the'ordinata; ona for‘thé Qxidés Na20, K20,,and

‘ A1203, and one for the minor oxides Ca0, Fe203 + Fe0, and MgO.

Two features emerge from the diagram:

(a) : Although it is assuméd above that tha nordmarkita is derived from
thé Ontar Foyaité by assimi]ation, it is claar from the diagram
that assnnllat:on alone (i. é sxmple addltlon of the comp05|txon
of the average feldspathlc sandstone to the Outer Foyalte magma)
could not produce the nordmarkite. This is partlcular]y marked
for the oxidés K20, Na2 .
the composition of a crystalline rock 'is not necessarily the same

0, Ca0, and MgO. Even considering that

as the composition of the magma from which it crystallised

(especially in alkali content), this observation still holds.

(b) Assamnlatlon of the country rocks (feldspathic sandstones, com-
position H can explain the derivation of the alkali granites
from the nordmarkite (composntlons G and N respectlvely) This
is particularly 0 for the oxides. FeO + Fe2)3, TxO B A1203, and
Na20, and. to a lesser extant KZQ. ‘Mgo and Ca0 requlre some
other explanation, but these are present in amounts of < 1%, and
a slight amount of rémoval throngh some process like crystal o
fractionation could account for thé trend in théir abundancés
Furthermore assxmn]atxon would not destroy the peralkallnlty in
the derivative rocks and it is also capable of reversing the mol
NaZO/mo] K2

the alkali granites, (see Figure 9).

0 ratio, which is > 1,0 in the nordmarkite and 1,0 in

However, the norgmarkite would be required to assimilate feldspathic
sandstone of composition X to the extent of 70% of its own volume, in order
to produce the required alkali granite composition! No magma has the super-

heat to accomplish assimilation to this extent. Clearly then, pure assimilation
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as considered here is chemically possible but physically impossible, and
must be discounted as being the sole control in producing the derivative

rocks in. the contact zone.

Accepted petrogenetic theory does not count assimilation as a
major process in igneous rock formation, and Bowen (1928) and other workers
have argued convincingly against large-scale assimilation, and even moderate
scale assimilation as ehvisaged here. In this respect it was perhaps naive
to have entered into the preceding discussion at such length. However the
discussion is useful in'that it serves to draw attention to the chemical
features of the rock types in question, and, more important, to show that
for the special case of the contact rocks at Granitberg, neither crystal '
fractionation'alone; nor assimilation can account for the development of
the derivative rocks.in question. From this stand we can postulate their

probable origin.

"Firstly, it must be establ:shed that some assumllatuon has occurred
in the contact zone. E]sewhere 1t has been assumed that the nordmarkltes
have been derived from the foyalte by, assimilation’ of siliceous materlal
There seems no other feas:b]e mechanlsm to bring about this change, and all
the fleld eV|dence supports this contention. Once aSSImllatlon has produced
the nordmarkite there is no reason for it to cease being ‘effective, and it is
therefore likely that assimilation played some part in the production of all

the derivative rocks in the contact zone.

Assimilation of so]id material by a magmaris a result of (a) melting
of the solid, and (b) solutlon of the melt in the magma. ln most sntuatlons
this melting and solutlon occur snmultaneously, and both are endothermic
processes. In order for the magma assimilate material it must provide heat, -
and since magmas possess little or no superheat; it must crystallize in order
to supply heat. If the crystals sink away, or are otherwise removed from
the residual liquid, a crystal fractionation system develops. Continuous
crystallization, melting, and solution controls the compositional path, the
liquid moves along and hence the composition of the rocks crystallizing from
it. - This compositional path could be predicted with a knowledge of the
composition and amounts of the fractionating phases, and a similar knowledge

of the added material.

For the change foyaite -~ nordmarkite the fractionation]aésimlIation

process produced marked changes in the chemistry of the residugl magmpa =~ a
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large decrease in Na20, a slight increase in KZO’ and a marked increase in
Ca0 and MgO0. This can be attributed to the fractionation of a relatively
Na-rich feldspar and initially also some nepheline and aegirine/aegirine-
augite, the latter‘removing Na and Fe, and concentrating Ca, and Mg. The
composition of the added material would be the initial melting product of
the sandstones, which would be the approximate eomposition of the mininum

in the granite system. At SOO bar; this is Qz39Ab300r31, bpt as‘me]ting
proceeds more K-rich and more siliceous compositions would be added to the
residual liquid. Obviously as the composition of the residual liquid
changes, so does the composition of the phases'fractionating from it. The
composition path of the ressdual liquid is therefore contro]?ed by a complex
interplay of what is removed, and what is added. The actual liquid path is
1mp055ib1e to predlct with the evudence avallable It is c]ear that though
nepheline and aegirine may have initially been precipitated, they soon ceased
to appear on the liqdidds and alkali feldspar dominated the fractionation

- control. The end result was that the nordmarkites that developed reveal

a large concentration of K relative to Na, compared with the foyaite.

For the change nordmarkite - alkali granite, near straight line
relationships exist between the composition %; and the nordmarkite and
granite composition (see Figure 9). It would therefore appear that the
liquid added to the residual liquid by assimilation was similar in compo=
sition to the residual ]iquid developed through crystal fractionation, at
each stage of the transition nordmarkite - alkali granite. This is not
surprising consxderlng the comp05|t|ons |nvolved The residual magma
would be initially feldspathlc with steadily |ncrea51ng SIO content as
it fractionates feldspar. The composition of the melt derlved from
melting of the sandstones wodld be granitic with increasing amounts of

silica, depending on the degree of partial melting.

The development of alkali granite from the nordmarkite is marked
by a depletion of Ca0 and Mg0 and an increase in KZO in a proportion greater
than would be the case if crystal fractionation controlled the development.
This is apparent from Figure 9 and Figdre 7, and the discussion concerning

them.

From Figure 7 it is obvious that the feldspar fractionated from
any liquid lying between GM232 and GM175, would be Or-rich, because the

tendency would be to drive the liquid towards the thermal valley, i.e.

_to more Ab-rich compositions. From a perusal of the feldspar - liquid



_1_‘3-

tie lines for the compositions studied by Tuttle and Bowen (1958), Carmichael
and MacKenzie (1963) and Thompson and MacKenzie (1967), the composition of

the precipitating feldspar would be in the region 0r55AbL+5 to 0r65Ab35, i.e.

the K O/Na 0 of the precxpltatlng feldspar is 1,22 to 1,85, and may be even

more Or- or K-rich for more granitic compositions. This tendency to deplete
the residual magma in K by feldspar fractionation was discussed in consideration
of a purely crystal fractionation model for the origin of the derivative rocks.
But by all the evidence the residua] magma fo]]owed a K=rich liquid path; an
important feature that must be accoonted for, i.e. there must be a mechanism

which offsets the feldspar fractionation trend.

K-depletion can be offset by (a) continually adding KZO-rich material
to the res1dua1 magma, or (b) fracttonatlng Na20 rich phases. Concerning the
latter, the only pos5|b1e phase which cou]d remove Na from the liquid is aeglrlne
or aegirine-augite. In relation to fe]dspar, Na- c]nnopyroxene is not at all
abundant, and is therefore not capable of offsettlng the effects of feldspar
fractionatiégl Marked dep]etion shown by Ca and Mg can be ascribed to o]ino-
pyroxene fractionating, which would have also removed some Fe. Since Fe0 +.
Fe203 shows a steady decrease from the nordmarkite to the granites, it is clear
that it was not lnvo]ved in any large scale fractlonatlng of any phase llke

alkali clinopyroxene.

Concerning the addition of material to the magma, the composition of
the melt derived through assimilation ranges from Qz39Ab300r3] (the minimum
melting composltlon |n the granite system at 0,5 Kb PH 0) to approximately
thzAb180rh3’ and then to more s;]uceous composutlons.2 The KZO/NaZO ratio
‘of material added, therefore, lies between 1,03 and 2,38. CJear]y then
assimilation can play an important ro]e in maintaining the K-rich liquid

path by supplying the residual magma with melts rich in K.

3.6.3.3. (a) Summary

Pulaskites, nordmarkltes, and a]kall granltes are widespread along
the foyalte-sondstone contacts. Field evndence suggests that the magmatic
contact rocks were derived from the foyaite by assimilation of Quartz-rich
material. It is shown that large scale assimilation of up to 135% is
required if assimilation alone is envisaged as the mechanism by which the

derivative rocks originated. Furthermore, given a nordmarkitic magma,
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derived from the foyaite by an assimilation process, it is not possible to
derive the alkali granites from the nordmarkite by crystal fractionation
alone. These rocks are K-rich and although there is no direct evidence,
other than initial and final compositions, it appears that the liquid path
joining the nordmarkite and alkali granites lies well to the Or=-rich side
of the 'thermal valleys' in the conventional énd peralkaline ‘granite’
"systems, and could not develop through crystal-liquid equilibrium in a

closed system.

It is postulated that the derivative rocks were produced by a
continuous fractional crystallization and assimilation process, from the
foyaite magma. The résidual magma path was controlléd by the nature of
the partial mélt addéd to it from melting of thé country rock, and the
nature of the phases crystallizing from it. Thé dévélopmént'of the magma
change from foyaite to nordmarkité was tontro]léd by fractionation of Na-
rich alkali feldspar, ‘and (initially) a little népheline and aégirine and
aegirine-augite, and thé solﬁtipn of mé]ts witH thé composition Qz39Ab300r31
to ngzAb180r43 to more siliceous compositions and the solution of siliceous.
melts with a KZO/NaZO ranging from 1,03 to 2,38. Assimi]ation was more
important than fractional crystallization at this stage since feldspar
fractionation would tend to drive the residual liquid towards more under-
saturated compositions, i.e. it would work against assimilation. Once
oversaturation is achieved, the résidua] liquid trend controlled by feld-

spar fractionation and that controlled by assimilation is similar.

The liquid path from nordmarkite to granitic cémpositions was
controlled by fractionation of alkali feldspar, initially of composition
OrSS to 0r65‘but becoming moré Or-rich ih thé latér stagés, and the sqlution
of partial melts of highly si]icepu; nature and KZO/NaZO of 1,03 to 2,38.
Minor fractionation of clinopyroxene also occurred but was not important
in controlling the liquid path. - The dominancébof fractionation over
assimilation, or vice versa, is impossib]é to establish, but it is suggested

that both played an equally important role.

3.6.3.4. Metasomatism at Foyaite-sandstone contacts

Mineralogical transformations seen in the siliceous country rocks -

can be ascribed to a process of metasomatism. Metasomatism accompanying
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alkaline rock intrusions is normally an alkali metasomatism or fenitization.

Fenitization has been described from a number of alkaline rock -
carbonatite complexes where typically wide aureoles of strongly fenitized
rocks are present. Less commonly fenitization is described from non-
carbonatitic complexes of the agpaitic type, and even from calc-alkaline
rock intrusions (Anderson, 1963). Recently reference to fenitized rocks
associated wnth faulting but with no apparent lgneous actav1ty have appeared
in lnterature (Tanner and Tobisch, 1972; Deans et al, 19757 1971

Summaries of fenites and fenitization processes in general, and in
relation to specific intrusions, have appeared in recent years (McKie, 1966;
Verwoerd, 1966; Heinrich, 1966; Currie and Ferguson, 1971; Currie and
Ferguson, 1972). It is becoming increasingly evident that each occurrence
of fenitized rocks possesses its own characteristics and arises through a
unique process which can only genera]ly be described as a]kall metasomatxsm.
Granitberg is no exceptlon It w:]] be shown that the metasomatism at
Granitberg is of such an unusua] nature that “fenltlzat|on in the commonly
used sense is a misnomer for the Granltberg process To avoid confusion
the general term metasomatism is used hereafter to denote the Granitberg

process.

3.6.3.4. (a) Evidence for metasomatism

The evidence for metasomatism is most striking at places where the
magmatic rocks of the introsion are in contact with the feldspathic sand-
stones of the Bogenfels Formation, partitu]arly along the W=SW boundary of
the intrusion. Adjacent to magmatic rocks, the pale grey- to cream-coloured
feldsoathic sandstones have been transformed to green, perthite + clinopyroxene
and perthite + c]inopyroxene + quartz‘rocks with minor amounts of sphene,
biotite, and amphibole.' -Qriginel sedimentary structores_and even textures

are preserved in all these rocks.

The intensity of the metasomatism falls off rapidly as one moves
away from any particular sandstone - magmatic rock contact, though signs
of metasomatism are exhibited in rocks several tens of metres from any
contact. Metasomatism at Granitberg is therefore a short range process,
giving rise to the ''patchy development of metasomatized rocks. This

coupled with repeated interfingering of sediments and magmatic rocks gives
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the impression of a substantial metasomatic aureole. However it is clear
that the Granitberg aureole is not comparable to those developed at the

well described classic areas (e.g. Alnd).

Xenoliths of country rock in the magmatic rocks exhibit the strongest
effects of metasomatism.  In the sedimentary rocks in situ the extent of
metasomatism is controlled by the availability of discontinuities and other
passage ways'' in the rock (joints, bedding planes, fractures or séhistosity).
Thus the patchy nature of the metasomatism can be directly ascribed to the
well bedded, jointed nature of the sandstones and the absence of extensive
shattering which seems to be a prerequisite to the deve]opmént of éxtensive

fenitization aureoles (Heinrich, 1966, p. 74).

3.6.3.4. (b) Petrogréphic;and mineralogical features of metasomatism

The mineralogy of thé métasbmatic'rocks is simp1é and is sﬁmmarised v v
in Table 6 where wisual-estimates—ofthe—abundance—ofvarious—phases—i—givens X ot
Also,3 unalﬁéred sandstonés and 6 métasomatizéd rocks havé béen analyzed for
major é]éménts. Modés, chémical ana]ysés and CIPw.norms for these 9 rocks

are presented in Table 7.

Non-metasomatised feldspathic sandstones are medium grained,well
sorted rocks exhibiting non-clastic textures,'thpugh the détrital character-
istics of the rocks are wéll préserved. Many of the rocks possess a dis-
tinctly orientéd'fabric, emphasiséd by thé preferréd oriéntation-of elongated
grains and the Vstréaming out' of fjne graingd.réérystallizéd matéria].
Kaiser (1926) gives a comp]été account of these sandstonés - all that is
summarised here are thosé féatures which are involvéd in thé métasomatic

process.

Modes of the 3 analyzed spéciméns are given in Table 7. The alkali
feldspar occurs as well-roundéd; sphérica] grains up to 1 mm in diameter.
Quartz exhibits cbmplete recrystallization and occurs as cléar unstrained
grains with clear interlocking grain boundariés. Fine gréinéd intergrowths
of quartz, alkali feldspar, and serécite fill the jﬁtersfices and occur in

bands or lens-shaped aggregates which display a preferred orientation.

The first signs of metasomatism in the rock is the appearance of

skeletal, pdikiloblastic.crystaTs of pale blue amphibole. With increasing



TABLE 6

Mineral Assemblages in metasomatized sandstones, Granitberg.

West.Ridge Contact ‘ S NE Contact Zone o Roof Zoné
specimen no. 210 221 211 203 220 32 38 | 2h0 260 250 247 9k 72 | 292 308 166 165 295 312 31
Perthite X X X X X X X x X X X X X | X x X X X X X
Quartz X X X X X X . X X X X
Diopside X ' X X X X X X . X
Zoned Diopside X "X X X : X
Aegirine - o X X X X X X X
Alk-Amphibol e X - X X X X X X X X X X
Sphene ' X X x X X ' X
Bioti_te X X X X X
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TABLE 7

Feldspathic sandstones and metasomatic sandstones; Granitberg.
Major element analyses and CIPW NORMS.
GMA1 GMA2 GMA3 GMAL GMAS GMA6 GMA7 . GMAS GMA9
Feldspathic Sandstones metasomatized sandstones

Sio2 87,58 87,15 89,13 | 85,56 75,75 59,80 59,70 64,32 57,79
Tio, 0,05 0,09 0,06 0,06 0,11 0,16 0,30 0,15 - 0,37
A1203 6,03 6,32 5,56 6,21 5,48 12,99 11,27 4,78 8,12
Fe,0, 0,18 0,10 0,13 0,16 0,42 1,25 1,52 1,01 2,06
Fel 0,39 0,36 0,35 0,30 0,85 1,56 2,14 1,82 2,04
MnO 0,00 0,00 0,00 0,04 0,05 6,27 0,22 0,12 0,16
MgO0 0,56 0,47 0,41 1,08 5,01 6,15 6,52 9,82 8,95
Ca0 0,29 0,16 0,21 0,99 6,89 8,65 9,36 14,17 12,82
Na,,0 1,07 1,28 1,35 | 1,61 2,37 6,17 4,67 1,25 4,13
K,0 4,10 4,02 2,97 3,82 2,52 2,68 4,05 2,61 2,96
P,0; 0,02 0,02 0,03 0,02 0,06 0,03 0,11 0,31 0,39
H,0 0,10 0,07 0,09 0,07 0,01 0,26 0,15 | 0,14 0,13
Lol 0,41 0,27 0,25 0,21~ 0,41. 0,72.. 70,5 0,44 0,50

100,78 100,51 100,87’ 100,13  99,93.100,69 ;36157‘ 100,96 . 100,42
CIPW NORM
or 24,23 23,76 17,45 | 22,57 14,89 15,84 23,93 15,42 17,49
ab 8,19 10,13 11,32 | 11,32 14,16 40,59 29,93 10,26 21,83
an - - 0,67 | - - - - - -
q 64,55 63,53 69,33 | 60,20 39,88 - - 16,51 -
he - - - - - 6,13 2,98 - 1,88
ac 0,52 0,29 - 0,46 1,36 0,27 3,60 0,27 5,96
ns 0,06 0,09 - 0,56 1,01 - - - 0,67
di 1,05 0,54 0,14 | 3,80 26,56 33,73 36,34 53,84 48,25
hy 1,52 1,43 1,39 1,42 1,18 - - 1,79 -
ol - - - - - 1,12 1,87 - 2,11
il 0,09 . 0,17. 0,1 0,11 0,21 0,30 0,56 0,28 0,69
mt - - 0,19 | - - 1,68 0,40 1,33 0,00
ap 0,05 0,05 0,07 | 0,05 0,14 0,07 0,26 0,73 0,92
MODES
Feldspar 36,5 30,7 27,4 | 34,5 26,0 59,4 L9,5 13,6 37,4
Quartz 60,4 66,5 70,8 64,9 Lo,4 - - 19,0
Cpx - - - - 33,2 38,0 48,4 66,2 ~ 60,7
Biotite - - - - : 2,3 1,6 - 1,1
Sphene - - - - 0,4 0,3 0,5 0,4 0,4
Amphibole - - - R T - -
Other 3,1 2,8 1,8 0,6 .- - - 0,8 0,6
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metascmatism the sandstcne begins to loose its detrital characteristics:
Alkali feldspar exhibits marked recrystallizatidn or replacement in the"
development of clear exsolution lamellae and rims of albite, fhe latter

of ten extending and partially enclosing some of the adjacent quartz

grains. Large, clear and unaltered poikiloblastic perthites may also
develop (see Figure 10 (h) ) and commonly enclose well rounded quartz

grains much smaller in size than those in the rest of the rock. Al-

though these poikiloblastic feldspars may bé partially ascribed to
recrystallization of finé)intérgranﬁlar féldspathié matéria], thé diminished
size of the énclosed quartz grains suggésts that they possibly originated by
reaction of quartz with the alkali-rich so]ﬁtions. Ské]eta] amphibo]é per-
sists in thesé rocks and may bé rimméd by gréén aégiriné-ahgité (séé Figure

10 & ).

More intensive métasomatism is indicatéd by an increase of alkali
feldspar and mafic minérals at thé éxpénse of quartz. Coloﬁrléss Qiopsidé
(< 0,1 mm) forms sinuous, tightly packéd aggrégatés concentrated a]éng
grain boundariés. (Figuré 10 (c¢) ). ‘Amphibolé is only rafé]y présént.
Increasing metasomatism produces granoblastic texture in the rocks and
all indications of the original fabric of thé rock, except for gross
features like bedding, afe lost. Quartz may of.may not be present.
Perthite forms large anhedral crystals (1,0 to 1,5 mm) which may show
Carlsbad or the typical microcline cross-hatched twinning. Zoned clino-
pyroxene occurs in aggregatés somewhat moré dispersed than in the lower

grade rocks (Figure 10 (d) ). Individual crystals are less than 0,1 mm

in diameter, exhibit rounded euhedral forms, and are rimmed by green aegirine~

augite. The more dispersed nature of the'clinopyfoxene aggregates results
in poikiloblastic texture in the high grade rocks,_whére'alkali feldspar
(and quarté if present) enclose scattered pyroxene grains. Sphene is a

common minor constituent and poikiloblastic biotite may also be present.

The présencé or absencé of quartz in the high grade metasomatic
rocks appears to bé controlled by.the mineralogy of the adjacent magmatic
rocks. Where these are pulaskites the metasomatic rocks are devoid of
quartz. Wheré the maghatic rocks are granitic,the metasomatic rocks are
quartz-bearing. This appears to indicate that the metasomatizing fluids
are variable in composition with respect to Si, but are in equilibrium with

the adjacent magma.

con ¥
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10. Microdrawings of metasomatites, West Ridge contact zone
poikiloblastic amphibole

poikiloblastic alkali feldspar

sinuous diopside aggregates

dispersed diopside aggregates
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The main features of the metasomatic rocks are:-

1. there is a distinct bimodal distribution of grain size in all the -
metasomatic rocks. Perthite and quartz have grain sizes in the -
region 0,5 to 4 mm whereas clinopyroxene is always less than 0,1

mm.

2. Amphibole is present in the low grade rocks but absent from the

strongly metasomatized rocks.

3. Clinopyroxene crystallizing in the early stages of metasomatism
is diopside, but becomes zoned to aegirine in strongly metaso-

matized rocks.

b, The zoning in the pyroxenes may be progressive or an abrupt

mantling of core by margin.

It is clear from the metasomatic products in the sandstones that
a true alkali metasomatism (fenitization) is only evident to any extent in
the high grade rocks. Otherwise the produétion of large amounts of diop-

side is a striking variation to the normal fenitization process.

3.6.3.4, (c) The chemistry of metasomatism

In order to aésess-the nature of the metasomatism at Granitberg,
major element analyses of 9 rocks have béen made and assembled in Table 7
Diagrams illustrating the chémical variation in thé analyzed rocks are
presented in Figurés 11, 12 and 13. -'Thésé aré standard térnary diagrams
and Si variation diagrams of the number of fons in a standard cell of 100

oxygens (Currie and Ferguson, 1971).

The triangular plots il]ﬁstrate that métasomatism is a.desilication

process with slight enrichment in Na; K, and Fe, and spectacular enrichment

of Ca and Mg. This is confirméd by thé standard cé]l Si variation diagrams.
These show two trends in reféréncé to the thréé una]téred féldspathic sand-
stones (GMA1, GMA2, GMA3). Initially, with decreasing Si there is a parallel
and sharp increase in Ca and Mg and a s]ight incréasé in Fe, while A1, Na, and
K remain esséntia]ly constant. Thén with a furthér, but slight, decrease in
Si, there is a sharp decréase in the trénd of Ca and Mg, and a sharp rise in

K, Na, and Al with no change in Fe.



..[+9..

Despite the widely differing modes of GMA6, GMS7, and GMA8, they
all plot with near constant number of Si ions (34 = 35) in the unit cell.
This may be in indication that the metasomatism works towards reducing
the number of Si ions in the rock to constant values, although many more

analyses are needed to confirm this.

In all the classical feﬁé%fzation studies, alkali-iron metaso-
matism over-shadows other metésomatic effecfs, though there are many
cases where addition of Mg, and MOre commonly Ca, has occurréd; But not
in the spectacular manner as the petrographic and chemical data présented

here indicate.

The other possibility is that the effécts of '"metasomatism'’ are
in fact simp]y the effects of thermal metamorphism of sandstones carrying , X
large but varying amounts of Ca and Mg, possibly as do]omité, CaMg (CO3)2,f‘ Lﬁlgﬁiij%gz»
i.e. the ”fenités“ are simply dué to récrystal]ization of dolomitic sandstones
at high temperaturé. From thé ana]ysés, this implies from 15% (GMA5) to
30 to 35% (GMA6 - GMA9) dolomité in the sandstonés. Sﬁch Iargé amounts of
Carbonate are not refléctéd in fhé ana]ysés of thé thrée fé]dspathic sand-
stones (GMA1, GMA2, GMA3) nor do any of thé sandstonés éxaminéd in thin
section and in thé'fiéld indicaté moré than a tracé of carbonate ( < 1%)
nor any other Ca-Mg mineral. Indeéd; Kaiser (1926) does not report any
dolomitic sandstones in tHé séquencé. It is also difficﬁ]t to believe
that sampling was so biased that all the “fénitéS“ samp]éd were originally
dolomitic sandstones whereas éii the non-metasomatic rocks are not. Given
‘then that large amounts of Cavand Mg weré npt‘présént in the origina] sedi-

ments, it can only be concluded that they were introduced by metasomatism.

3.6.3.4. (d) Composition of the metasomatic fluids

Ca and Mg havé always béén considéréd as insoluble, immobile elements
in comparison with the alkali é]éménts. This is true in a pﬁre aéﬁeous phase,
but chloride-bearing solutions may contain high concéntrations of Ca and Mg
(Burnham, 1967). Similar considerations led Currie and Ferguson (1971) to
postulate that fenitizing solutions are chloride rich brines. However the
chemical and petrographic evidence indicates that alkalies were unimportant
in the fenitization process except in the highly fenitized rocks. This

suggests that if a chloride metasomatizing fluid is postulated for the
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vGranitberg rocks, it was poor in alkalies but rich in Ca and Mg! This is

difficult to believe, especially if one postulates that the solutions are

emanations from, and were in-equilibrium with, an alkaline magma.

It is fmportant to note the presence of dolomitic rocks in con-
siderable thickness lying stratigraphically above and below the sandstones.
It is perhaps possible that reaction of the magma, or fluids accompanying
the hagma, with these dolomites produced a fluid phase rich in Ca and Mg
compared to the alkalies. This shggestion is not'supported by experimental
evidence especia]ly_it the flqid is also (as seems likely) enriched in COZ'
Burnham (1967) states that in such a fiuid, Ca would be far less soluble

than the alkalies - contradictions whichever way one turns!

In conclusion it is well to summarise the points of conflict.
There is ample evidence to suggest that any‘metasomatising fluid was in
equilibrihm with a sificate magma. Yet the chemjstry of the metaéomatic
rocks indicates that the fluid was of highly unhsual character, rich in
Ca and Mg, and it is doubtful from experimental evidence whether such a

fluid could ever be in equilibrium with a magma such as that which

~crystallized at Granitberg. o , : -

3.6.3.5. Fenitization accompanying minor intrusions and fenitization in the

Roof Zone

Despite the indications that unusual metasqmatism occurred at the
contacts at Granitberg there is abundant evidence that "normal"! fenitizatidn
does occur. It is common to see narrow fenltlzatlon zones surroundlng
intrusions of nordmarkitic and alkal| granltlc veins and dykes well away
from the contact zones. In these cases dykes no more than 20 to 30 cm
wide exhibit fenftization “aureoles“ 2 to 3 cm wide. These aureo]es
are marked by a greenish colour and thin section examination reveals
abundant growth of clear a]bite; blue, poikiloblastic alkali amphibole
and green aegirine in acicular and stubby, prismatfc crystals. The
aureoles are zoned, with an inner zone of alkali pyroxene and an outer

zone of alkali amphibole.

Ltkewxse the metasomatlc effects in the Roof Zone sedimentary
rocks xs different to that of the flanklng contact zones. The Roof Zone

rocks exhibit strong fenlttzatxon effects with preservation of detailed



Specimen no.
Dolomite/Calcite
Spinel
Forsterite
Diopside
Phlogopi te
Brucite

Periclase

248

TABLE 8

Mineral Assemblages in metamorphosed Carbonate rocks

259 255 243 236 254 80 93 242 257 278 175 7k

X X X X X X X X X X X X
X X X X
X X X X X X X
X X
X X
X

85
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From Table 8 it is noticeable that spinel and phlogopite are
invariably found together - the latter as poikiloblastic grains that
frequently enclose the former. Both these minerals are aluminous,
indicating the argillaceous nature of the original dolomites. Rocks
which are composed largely of diopside (GM248, GM80, GM93) must originally
have been highly siliceous dolomites, whereas those that carry forsterite
or serpentine pseudomorphs after forsterite (never forming more than 30
to 40% of the rock) were of a less éi]iceoﬁs naturé. ~In thé latter the
forsterite is concentrated in distinct bahds, attesting to the original

bedded nafure of the dolomites.

From Table 8 a number of features which reflect on the conditions

of metamorphism are apparent. These are:-

(1) the most widespread assemblage is spinel + forsterite + dolomite z

phlogopite.

(2) The assemblage diopside I spinel I phlogopfte : periclase + dolomite/
calcite is confined to certain siliceous rocks in the immediate

vicinity of an intrusive body.

(3) Forsterite and diopside are never found together and there is no
evidence to suggest that forsterite follows the development of
diopside. In fact forsterite is often present in dolomites that

appear to have undergoné little recrystallization.

(4) Brucite in GM74 occurs in rounded cavities in the dolomite that has
suffered littlé crystai]ization. Cléar dolomite lines the cavaties
in many instancés. Déspité Kaisér's statemént‘(1926, p. 266) that
brucite is a psgudomorph'aftér périclasé) téxtural évidence suggésts

that the brucite formed directly from the dolomite.

(5) Phlogopite and brucite are the only hydrohs minerals found in the

contact dolomites.

3.6.4.2. Estimation of metamorphic parameters

Turner (1968, p. 150) is of the opinion that the appearance of the
forsterite + carbonate assemblage before the diopside + carbonate assemblage
“indicates reaction at low fCO2 and at temperatures less than 490o to SOOOC.

Under such conditions hydrous minerals (tremolite etc.) would be expected.
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The only commonly occurring hydrous mineral in the contact rocks is phlogopite
which seldom exceeds 5% of the rock. The occurrence of brucite, the formation
of which from dolomite, without prior formation of periclase, requires an

. - ' °
essentially aqueous environment at temperatures greater than 470 °C (Turner,

1968, p. 141), gives supporting evidence of a low CO, content of the fluid

2 ,
phase. Therefore despite the lack of direct petrographic evidence, experimental
and thermochemical data indicate that hlgh szO low fCO2 conditions prevailed 4é3pt% y&h

during metamorphism. Temperatures were in the range 470 to 525 C, and P total
is considered to be low, not greater than 0,5 Kb, though there is no direct
evidence for this (see section 8). The bedded nature of the dolomites and their
complex interfingering with the magmatic rocks, lncreases the possibility that
within the contact zone mlcroenvlronments, with conditions somewhat dlfferent

to those established above, might have prevailed Certalnly the diopside and
perlclase assemblage lndicate higher fCO (and poss:bly T condltlons than ls

required for the generation of the forsterlte and brucite bearing assemblages.

One of the interesting featdres of the'coarsely crystalline marbles
in the inner-zones of the contact zones, IS the presence of aeg|r|ne or aegirine-
augite in the marbles close to- |ntrus:ve velns of foyalte The aegirine may or
may not be associated with altered nephellne or cancrinite, and aggregates of
crystals tend to be concentrated in bands, indicating original bedding in the _
dolomite. When not located in bands; individual crystals may occur at carbonate

grain boundaries, or may even be enclosed in individual carbonate grains.

These features could be accoonted-for by involving the injection of
magmatic material along bedding planes and grain bodndarles, followed by
crystallization in situ. Schists and siliceous rocks interbedded with these
rocks have been converted to alkali feldspar and aegirine bearlng assemblages
through the process of fenitization, and the aeglrlne in the dolomites is more
likely to have orlglnated by‘reactlon of these fenltlzing fluids with siliceous

or argillaceous impurities on bedding'planes in the dolomite.

The important feature here is that the fenitizing fluids seem to have
reacted only with the siliceous and/or arglllaceous materlal and not with the
carbonate component of the rock. This has interesting petrologlcal implica-
tions, since it is clear support for the experimental evidence (Watkinson and
Wyllie, 1971) that alkali-rich fluids responslble for the fenitization accom-
panying carbonatite intrusions can exist in equilibrium with the carbonatite.

Elsewhere it was suggested that the fenitizing fluids at Granitberg were in
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equilibrium with a silicate melt of foyaitic composition (section 3.6.3.4.
(b) ). This suggests that the fenitizing fluids present at carbonatite -
alkali rock complexes are possibly in equilibrium with both the carbonatite

and the silicate rock melts.

3.6.4.3. Assimilation effects at dolomite - foyaite contacts

Even more spectacular than the contact metamorphic effects in the
NE contact zone, xs the assumllatlon of do]om:tlc material by the foyaite
magma. S:nce the exact nature of the asstml}ated mater:al is unknown
(apart from the pure carbonate rocks, a55|m|1ated material lncludes siliceous
do]om:tes, argxllltes, and marls), the assumx]atlon processes were not treated
quantitatively. Due to the varlable nature of the asslmxlated materna], and
the extent to Wthh it is |ncorporated into the magma, a wide range of assimi-

lation products are produced.

The mineralogical effects of assimilation on the foyaite are twofold:-

(a) reduction of the feldspathoid/feldspar ratio in the derivative rocks,

i.e. the production of saturated rather than undersaturated rocks;

(b) increase in the mafic/felsic mineral ratio in the derivative rocks.

Despite this tendency for assimilation to produce mafic rocks, veins
and small plugs of leucocratic pegmatites and pulaskites are common in the
contact zone. This is a reflection of the variable nature of the assimilated
material, and also suggests that a crystal fractlonatlon system operates in
conjunction with assimilation. Within several of the lntrus:ve bodies the
grain size is also highly variable and may range from fine grained (< 0,5 mm)

to pegmatitic ( > 2 cm) over a few centimetres.

Despite these inhomogeneities)the mos t widespreed rock type in the
contact zone is a medium- to coarse~grained, even-textured shonkinite. The
dominant constituent of the shonkinite is anhedral perthite that poikilitically
encloses the mafic minerals of which biotite is the most abundant. The biotite
itself is host to apatite and opaque oxides (Ti-magnetite). Clinopyroxene
occurs as euhedral augite, zoned towards aegirine-augite at the rims. Sphene
is common as large (1 to 3 mm) euhedral crystals.  Altered nephelihe and
sodalite occur in minor amounts in the interstitial positions in the rock.

Table 9 lists the mode of a typical shonkinite.
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The shonkinite gradeé into a more mafic facies 'in which slightly
zoned subhedral aegirine-augite and minor amounts of Ti-magnetite and
biotite form 60 to 70% of the rock together with accessory sphene and
apatite. Nepheline and perthite, the former often dominant to the ex-
clusion of the latter, occur as large poikilitic crystals enclosing the
mafic minerals. These rocks have the textural characteristics of cumu-
lates and can be descrcbed mlneraloglcal]y as feldspar-bearing members

of the 1Jollte-me1te|g|te seies.

It is signifieant that the association ijolite - nepheline syenite
- dolomite in the NE contact zone is analogous to the association ijolite =
nepheline syenite - carbonatite found in many alka]ine rock complexes, and
the origin and evolution of which, are the cause of much speculation. The'
evidence from Granitberg sﬁggests that reaction between carbonatite and

nepheline syenite could produce rocks of the ijolite-melteigite series.

Besides the mafic rocks, there are many sme]ler intresions which
show only slight degrees of do]omite contamination. This contamination
is indicated by alteration of the nephe]ine (sﬁrprisingly canckinite is not
at all common), decrease in the acmite component of the clinopyroxenes,
precipitation of abundant sphene, and breakdown of the Ti-magnetite to
produce sphene. Biotite, and less commonly pyroxene display dark reaction

rims. Plagioclase does not crystallize.

The chemical changes accompanying the assimilation are best i1lus-
trated by comparing analyses'of the shonkinite with the average for the
lOuter Foyaite'(Table 9). Assimilation has produced decreases in Si, Atl,
and Na, whereas marked increases'in Mg, Ca, Fevend Ti have occurred. K
remains essentially constant, probably due to it.being fixed in the biotite.
The magnitude of the change with respect to the Outer Foyaite is also

‘indicated in Table 9

Considering the chemistry, mineralogy, and textural features of

the derivative rocks, it is clear that if crystal fractionation operated

“in the'foyaite - dolomite assimilation zone, then undersaturated residual
liquids enriched in Na and volatiles can be produced. This is the liquid

which has crystallized in the interstices in the various shonkinites and
other mafic rocks. The widespread pegmatites, poor in mafic minerals but
commonly rich in nepheline, found in the contact zone, may be the crystall-

ization products of these residual liquids generated by assimilation -



Mode
Perthite
Felspathoids
Biotite
Clinopyroxene
Opaques
Sphene

Apatite

55,4
2,9
21,9
12,4
3,k
2,1

2,2

TABLE

Mode, Wt% analysis, CIPW Norm and Standard Cell of Shonkinite GM88.

Wt% Analysis

ssoz_'f51,36
Ti02 1,89
A1203 14,97
Fe203 5,37
FeO 6,16
MnO | 0,48
MgO 3,22
cad 3,73
'K20 . 5,28
Na20 - 4,84
P205 ]?21
H20 0,21
L.o.1. 0,98
99,70

* Standard cell.based ori 100 oxygen atoms.

1 Shonkinite

2 Average outer foyaite

CIPW Norm
or ﬂ31{20
ab 31,60
an 3,53
ne 5,07
di 5,75
ol 7,24
mt 7,79
i1 3,55
_ap 2;87

Cations in standard cell=

1
S Si 30,4

Ti 0,9
Al 10,4
et 5,5
Mn 0,2
Mg 2,8
Ca 2,k
K b0
Na | 5;6
p 0,6

2

32,8

0,2
14,7

1,1

0;1
0,2
0,5
b, b

11,0

(5x)

(1h4x)
(5x)
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crystal fractionation.

The alkali-rich fluid phase accompanying these residual liquids
may be responsible for the fenitization evident in some of the siliceous
sediments in the contact zone. A similar suggestion was made for the
SW contact zone in order to account for the'unusual nature of the meta-
somatism there. This implies that although the fenitizing fluids may
not accompany the foyaite, they may be generated at contact zones by
assimilation reactions'between country rock and magma. It is thus
possible that the nature of the assimilation reactions can control the R

chemistry of the fenitizing flunds

Kesler'(1968) has described assimilation reactions between quartz-
monzonite and marble at Haiti, in which syenodiorite and pockets of syenite
and nepheline syenite have been produced The latter he ascribes to meta-
somatlc replacement of plagloclase by orthoclase, i.e. a K-metasomatism
At Haiti the a53|m|lat|on products show a progresslve decrease in K O/Na 0,
i.e. Na20_was flxed in early formed crystals (plagloclase) and a K-rich
liguid and fluid were generated. Although Kesler did not comment on the
origin of the K-rich metasomatic fluids it seems possible that they originated
in this way. As discussed above, a parallel situation exists at Granitberg,
~except that the shonkinite shous‘an increase in K20/Na20 compared with the
Quter Foyaite. Therefore K is fixed in.the crystallizing solids and a

liquid and fluid phase rich in Na is generated.

{n summary, reactions between the dolomites and an alkaline silicate
magma can produce a wide range of derivative rock types, especially if crystal
fractionation accompanies the assimilation process. In this way a full range
of alkaline rocks, from melteigite-ijolite-(cumulate) through shonkinite, to
undersaturated leucocratlc pegmatites may develop Alkali-rich fenitlzing

fluids may also be generated, even where none exnsted before

3.7. DYKE ROCKS

Dykes are extremely common in the vicinity of Granitberg. Unlike
at Pomona, no radial pattern is developed instead the dykes strike dominantly
in a ENE direction (see Kaiser, 1926, p. 313). Petrographically the dykes can

be divided into several different types. These are:



- 57 -

(a) orthophyric tinguaites;

(b) trachytic textured tinguaites;
(c) quartz-bostonites and grorudftes;
(d) breccia dykes;

(e) lamprophyres.

3.7.1. Tinguaite dykeg

These are the most abundant dyké rocks in thé vicinity of Granitberg.
Two ages of intrﬁsion can.bé recogniséd, bﬁt théy show no différence in their
petrographic charactéristics. Sévéral thin dykés intruding thé Roof Zone
rocks are not confinuoﬁs intd.thé Oﬁtér Foyaité and aré inférred to prédaté
the Outer Foyaitg émplacemént. Thé majority of dykés, howevér, intrudé both

the Outer FoYaite'and~the Roof Zone.

The dykes vary in width from thin veins less than 5 cm wide to long,

persistent dykes 2 to 3 m wide. Occasionally the dykes may swell out and
form plug-like bodies. Two different textural types can be recognised in
the tinguates, and these are discussed below. In addition, the chemical

analyses (Table 12) of two tinguaites indicates that chemically diversity
also exists, and a more comprehensive study on these dykes could prove a

profitable undertaking.

3.7.1.1. Orthophyric tinguaites

These are the least abundant of the two types and are confined to'
the S parts of the complex. They'are fine-grained with an orthophyric

texture and are invariably banded due to in situ differentiation.

Equidfmensiona] nephel}ne and stubby alkali feldspar are the
dominant constituents of the rock. However, the characteristic feature
of these dykes is the presence of magnetite and its antipathetic relationship
with aegirine. Magnetite occurs as partially résorped microphenocrystg,‘and
the area immediately surrounding these aggregates is devoid of aegirine. The
latter mineral occurs as subhedral; or large poikilitic crystals, which may be

concentrated in bands. Thus, these dykes have a banded or blotchy appearance,
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and can be considered to consist of the following contrasted assemblages:
(a) nepheline+ perthite + aegirine
(b) nepheline + perthite + magnetite

Eudialyte-eucolite and lavenite are accessory minerals.

The petrographic features of these dykes indicate crystallization
under static conditions. The tinguaite initially crystallized pérthite,
nephe]iné, and magnetite,‘and thésé phases underwent a lfmited amount of
crystal settling. With increase of peralkalinity in the residual liquid
with cooling, the magnetite became unstable, was partially resorped, and
‘aegirine crystallized. There is no direct‘évidence of the'réaction
relationship between magnetite and aegirine, i.e. aegirine is not sééﬁ

mantling magnetite.

3.7.1.2, Trachytic-textured tinguaites

These dykes are characterized by a well developed trachytic texture
and the abséncé of Fe-Ti oxides. Nephejiné and ‘alkali feldspar are the
dominant constituents, and acicular aegirine is the dominant mafic-minéral.
Biotite is invariably present and may form miCrophenocrysté. Accessory
minerals are lavenite, f]ﬁorite, cancrinité, and eudia]yte-euco]ite, the
latter being particularly abundant in‘some tinguaites and easily ‘identified

in hand specimen. These ‘accessory ninerals are not present in all the dykes.

It is postulated that magﬁétité'initially crystallized in these

tinguaites but non-static conditions facilitated complete resorption of the

magnetite, prevented in situ differentiation, and produced the distinct

trachytic texture.

3.7.2. Quartz-bostonite and grorudites

1

Quartz-bostonites are less abundant in the vicinity of Granitberg

than elsewhere in the Luderitz Province. They occur as wide (2 to 5 m),
yellow=-brown to red-brown finé-grained dykes and sheets, particularly in
the northern part of the intrusion. Most of the wider dykes are extremely
persistent and may be traced for sévera] miles. They apparently represent

the latest phase of magmatic activity in the province as they cut across all
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other dykes and intrusions.

The grorudites (perthite + aegirine + little quartz) are dark fine-
grained rocks exposed as gently dipping sheets to the NE of the complex.
The bostonites grade into grorudites by-increase in the Na-pyroxene content,
and all gradations between the two probably exist, though the extreme alter-
ation common to many of these oversaturated dykes is responsib]e for the

apparent paucity of mafic minerals.

3.7.2.1. Petregraphic Features

These rocks are fnne gralned porphyrltzc rocks, with a ground mass
that displays we]l deve]oped orthophyrlc, and less common]y, bostonitic tex-
tures. Perthite occurs as euhedral phenocrysts ( < 5% of the rock) and is
the dominant constituent in the groundmass. The structnral state of the
alkali feldspar is'close to maximum microc]ine (see section 7. 8. 1. ). Quartz

is found in the lnterstltnal posntlons 1n the rock and never exceeds 5%.
Aegirine is abundant in the grorudlte, but is rare or absent in the bostonltes

In the latter it may be accompanied by alkali amphibole.

" Chemical analyses, CIPW norms and modes of these rocks are presented

in Table 12

3.7.3. Breccia Dykes

Two wide, semicircular breccia dykes intfnde the Onter Foyaite to the
E and N of the Roof Zone The dykes dip SW at ang]es of 60° to 70o and are
dark-coloured rocks, packed with angular fragments of fine- and coarse- grained
magmatic rocks, as well as fragments of sandstone, schlsts, and gneisses,
although the latter types are comparatively rare. The fragments range in size
from microscopic to large blocks 30 to 40 cm in dlameter. Most of the fragments

display narrow reaction rims at their contacts with the groundmass.

The dykes are concentric about a point in the centre of the Roof Zone,
and to the south and north west must eventually encounter the Oyter Foyaite =
country rock contact zones, although this is not observed in the field due to-
sand cover. -However, the evidence suggests that they die out before or at

" the contacts (see the 1;10 000 geological map). The breccia dykes cut across
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the finguaite dykes, but are themselves intruded by the late bos toni te dykes.

The interpretation of the breccia dykes aﬁ% problematical. They
appear to be incomplete cone sheets focussed at a point below the cenfral
portion of the Roof Zone. Instability in this zone could have resulted
in fracturing of the Outer Foyaite and emplacement of the brecciated material.
To the S and W the stresses resulting from this instability were probably
relieved by the discontinuities at the contact zones, and no fracturing and

breccia emplacement occurred there.

3.7.4. Lamprophyfe dykes

None of the lamprophyres'recorded by Kaiser'(1926) were found during
this study. From Kaiser's work they appear to be numerically rare in the

vicinity of Granitberg in comparison with the other types.

3.8. INTRUSIVE HISTORY OF THE COMPLEX

1. Emplacement of sheets and dykes of Perphyritic Syenite.
2. Intrusion of a vertical plug of underséturated'trachytic magma. The

upper portion of the magma chills below the roof of Bogenfels Formation

sediments to form the PCNS.

3. Intrusion of the Inner Foyaite as a vértical plug into the PCNS.
During crystallization, a liqﬁid, vo]ati]é-rich top was maintained
in the magma chambér. - Crystallization at thé top of thé chamber
résults in crystal séttling and thé prodﬁction of a thin band of
.layered foyai tes. Explosivé éscape of volati]és disrupts the PCNS
roof and introducés a largé nﬁmbéfrof xenoliths into the mégma.
Crysta]]izatfon and settling of crystals and xenoliths résults in

the formation of the Xenolith Cumulate and the Laminated Foyaite.

L, Intrusion of tinguaite dykes.

5. | Ring fractures form due to upward movement of the Outer Foyaite
magma, and result in the detachment of the Inner Foyaite - Roof
Zone segment from the roof. The Roof Zone segment founders in

the rising Outer Foyaite magma.

6. The Outer Foyaite crystallizes. Assimilation - metasomatic
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reactions at the contacts results in the production of a wide

variety of exotic rock types in the contact zones.

The main mass of tinguaite dykes are intruded. Movement below
the Roof Zone segment fractures the Outer Foyaite and brecciated

material is injected along the fractures.

Intrusion of the quartz-bostonites and the grorudite sheets.
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CHAPTER &

POMONA SYENITE COMPLEX

L.1. INTRODUCT ION

The Pomona Syenite Complex lies on the coast between Pomona Island
and Jammerbucht, due west of the abandoned mlnnng town of Pomona. One half
to two thirds of the comp]ex is exposed, the remainder lles below the present

day sea level.

+

The complex is 2,5 to 3,0 km in dlameter, and along its eastern edge
reaches a height of 80 m above msl1, formlng the Schlueberg Syenltes of the -
complex are intrusive into Precambrlan gneisses of Pre- Gar;ep age. The total
outcrop area of the complex and the basement rocks is high, though proximity
to the coast has resu]ted in most of the exposed rock surfaces being highly

weathered and of poor quality.

Ring structures in the comp]ex are accentuated by the concentric pattern
of rldges and va]leys - particularly evndent on a|r photographs - wnthnn the

syenite outcrop area. A strong radial dyke pattern is also well developed.

L.2. PREVIOUS INVESTIGATION

The only published account of the syenites is that of Kaiser (1926,
p. 224 - 227). He referred to the complex as the ngnalberg-Schlueberg
Massif, but it has been renamed the_Pomona Complex here, due to the proximity
of the Pomona mining area which appears on most published maps . Kaiser (1926)
discerned an inner and a marginal division to the intrusion, and noted the '
presence of nepheline-bearing rocks in the inner portion. He also gave a
brief account of the contact zones, and attempted to acCount for the presence
of nepheline in some of the rocks by considering Daly's limestone-assimilation

hypothesis.

4.3, THE PRECAMBRIAN BASEMENT GNEISSES

The basement rocks into which the complex is intruded are biotite

‘gheisses ranging from granitic to granodioritic in'composition. They consist
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essentially of quartz, perthite, plagioclase, muscovite and biotite, with
minor amounts of sphene, zircon, apatite and chlorite. Coarsely porphy-
roblastic green gneisses and even-grained grey gneisses are the most common

textural varieties, and they display a strong NNW trending foliation.

Although not radiometrically dated, the gneisses must be pre-Gariep
in age as they are overlain:by the Bogenfels Formation further to the east.
The Bogenfels Formation is part of the Gariep Group (Kroner, 1972) which is
late=Precambrian in age. It is possib]e that the gneisses can be correlated

‘with the Kheis System which is older than 1850 my.

L&, SYENITES OF THE INTRUSIVE COMPLEX

L 4.1, lhtroducfion

Structuraliy the complex consists of two concentric rings of syenite,
the lnher and Oefer'Syenites, arranged aboet a centraT plﬁg'of nordmarkite,
the Hub Syenite. Minor intresions of syenite porphyry'and nephe]ine syenite
also occur in the centra] part of the complex, whereas a nordmarkite ring dyke
and breccia bodies associated with quartz- feldspar porphyrles occur in the

gneisses beyond the contact.

The syenite-gneiss contact on Pomona Island has been interpreted from
air photographs and by examihatioh from the mainland. It was not possible to
visit the island during this’stedy, SO the presence of a contact as indicated
on the 1:10 000 geological map remalns unconfirmed. Kaiser a]sofindicated

that a contact existed here, but he did not visit the island (p. 225).

4.4.,2. The Outer Syenite

- The Outer Syenite covers the largest area in the complex and, as its
name implies, it occurs in the outer zones where it is everywhere in contact’
with the gneisses. Towards the centre of the complex it grades into the

Inner Syenite.

Essentially the Outer Syenite is characterised by the presence of
augite and occasional zoned feldspar crystals with cores of untwinned oligo-

clase and rims of perthite.  Both augite and the zoned feldspars are absent



. TABLE 10

Comparative modes of the Inner and Outer Syenites, Pomona

Felsics Mafics
Inner Syenite |
PM 150 9k, 1 | 5,9
PM 146 9,7 8,3
Outef Syenite
PM 31 _ _ 78,5 22,5

PM 157 ' 76,4 23,6
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from the inner Syenite, and in general the abundance of mafic minerals in
the Outer Syenite is greater than in the Inner Syenite (see modes in Table
10).  The petrographic differences between the two syenites are therefore
slight, though the mineral and whole rock chemistry is distinctive (see

chapters 6 and 7).

The gradational boundary between the Inner Syenite and the Outer
Syenite is indicated on the ]:jO 000 map.‘ Its position is only approxi-
mate and was fixéd by petrographic classification of syenites collected
along radial travérses across the comp]éx. In somé réspécts the désigna-
tion 'inner Syénite' and lOutér Syénité‘ is artificia],‘and a continuous
gradation in composition possibly éXists. VSQch a gradation would bé
difficult to prove petrographically, and an éxténsfvé géochemica] invésti-
gation of thé problém is béyond thé scopé of this work. Théré is however
evidence that thé_two §yéni;§s évolvéd séparatély and an intrﬁsivé relation-

ship exists between them (see below and section 4.7).

L.4.2.1. Petrographic features

The Outer Syenité.i§ coaréé-grainéd (avé.-grain size 4 to 8 mm) and
~leucocratic with a hypidiomorphic granular téxturé. Anhedral alkali feld-

spar is the dominant constitﬁént and exhibits a coarsé ‘patch' type exsolution
texture. Migration of exsolved phasés has occurred, such that grain boundaries
are highly sutured and inférpenetrativé. 1t is not uncommon to find blebs of
albite, exsolvéd from one alkali fé]dspar grain, included in an adjacent grain.’
The result is a diétinctivé intérpénétrating éxso]ution téxtﬁré (séé Figuré 14).
The Na-rich phase in thé pérthités is léss a]téréd than thé K-rich phasé, and

commonly displays albite twinning.

The zoned feldspar crystals form less than 2% of the rock. The cores
of these grains are untwinned, or exhibit only a very faint repeated twinning.
The optical properties of these‘cores indicate -that they range from sodic
oligoclase to anorthoclase in composition. There is generally a regular
gradation in composition from the cores to the normal perthitic rims in these
grains, but occasional examples of abrupt mantling, i.e. sharp contact between
mantle and core, are seen. Thevperthites have a bulk composition of Ab660r3u.
X-ray diffraction data (see section 7.8.1.) indicate that the structural state

of the potassic phase is intermediate between orthoclase and microcline.



Figure 14. Interpenetrating exsolution texture in alkali
feldspars from the Outer Syenite, Pomona. SHPPLLO‘-— K'g‘ddsfa“
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Mafic minerals are sparsely distributed through the rock in aggregates.
Euhedral biotite is the most abundant mafic constituent and ranges in composftion
p © TiB . e
56 hloghoMan2 anz to AnnszPhlogh3MnBlzlel

was detected in the grains during analysis.

from Ann (see Table 19). No zoning

3

Hd A - H 3 - . ) - -
63929 cg 59 d31AC ) is rimmed by amphibole in the com-

position range Fe-edenite to Fe-hastingsite. (Analyses are presented in Table

Augite (Di

20). During analysis a slight zoning towards Fe-rich and Mn=rich margins was

detected, although this was not determined quantitatively.

Euhedralvsphené, Ti-magnétité (U5p1hMt86) and apatjte are accessory
minerals. Sphene occurs as ‘large crystals up to L mm in length and is easily
recognised in hand specnmen Ti magnet:te is presently seen as an intergrowth
of magnetite and ilmenite, the latter exsolved through oxidation (Buddzngton »
and Lindsley, 1964). A chem:cal ana]ysns of a bulk separate is presented in’
Table 24.  In many instances the Tt—magnetite may display narrow rims of bio-
tite or amphibole whéré it is in contact with alkali feldspar. Apatite is
abundant as euhédral crystals (Qp to 0,1 mm in diamétér)-commonly éncloséd in

mafic minerals especially biotite.

Within the Outer Syenite there is considerable variation in mafic
mineral abundances. Schlieren of more mafic syenltes are common, their darker
appearance in the fleld being due to 'dusting' of the perthite by abundant small
crystals ( < 0,01 mm) of opaque oxide and biotite. However in grain-size and
texture they do not differ from the normal syenite. In contrast, more leuco-
cratic segregations and schlieren aré common]y,pégmatitic with individual per-

thite crystals up to 5 cm in size.

4.4.2.2. Possible evidence for a transgressive Inner Syenite = Outer Syenite

relationship

) On the coast N of Signa]bérg, and just N of the lInner Syenite - Outer
Syeni te contact as indicated on the 1:10 000 map, the Outer Syenite reveals a
distinct banding of moré mafic syénité altérnating wfth more leucocratic syenite.
The banding is irregular along strike and dips steeply to the swl Individgal
bands average 5 to 8 cm in width. The mafic syenite generally shows a diffuse
or gradational contact with the leucocratic syenite, but in many places the
contact is sharp. In the same area the leucocratic syenites may enclose

numerous inclusions of more mafic syenite. These inclusions range in size
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from 5 to 10 cm, up to several tens of metres in diameter, and usually display

gradational contacts with the enclosing syenite.

These features are similar to features displayed at the Inner Syenite
- Hub Syenite contact (see section 4.4.3), and provide the only field evidence
for a transgressive contact between the Inner and Odter Syeni tes. Elsewhere
the»contact between the two syenites appears to be gradational, indicating in
situ differentiation of a sing]e magmatic pu]sé. The mfneralogical and

chemical evidence, however does not_exp]icitly support either of these suggestions.

4.4.2.3. Quter Syenite - gneiss contact
The intrusive contact between the Oﬁter Syenite and the gneisses is well
exposed over wide areas. Thé contact is compiex, with repéated interfingering
of syeniteiand gneiss'forming a 30 to 40 m wide contact zone. In the N, on the
coast, the contact gneisses are dark green and coarsely porphyrob]astic, whereas
further sohth, in the vicinity of Schlueberg, the gneisses are more leucocratic
and equigranular-and may be difficult to distinguish from the syenites in the

field.

The southern contact, N of Kreuzberg, is poorly exposed due to extensive
chemical alteration of the gneisse; and the syenites. Nevertheless the trace of
the contact is easily discerned due to the contrasting colour of the weathered N
products of the gneisses and the syenites. W of Kreuzberg, a wide dune belt

\

covers all exposures and the contact bnly appears again at the coast.

4.4.2.3. (a) Contact metamorphism in the gneisses

_ Macroscopic métamorphic éffécts aré only Obsérvéd in thé gneisses within
5 to i0m of the contact. Thésé éffécts aré most marked in the greén porphyro=-
blastic gneisses which aré shéared at-the contact and display extensive re-
crystallization to produce leucocratic borphyroblastié gneisses with an aplitic
groundmass. The more leucocratic gneisses have also suffered extensive re-
crystallization, though this is not apparent in the outcrops. MicroscopiCa]ly
tHe result of this recrystallization is the development of extensive trails of
fine graihed intergrowths of clear alkali feldspar and quartz. Kaiser (1926,

p. 226) reported cordierite and andalusite from some of the contact gneisses

though none were observed in this study.
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L.4.2.3. (b) The Outer Syenite contact facies

Within the contact zone the various tongues and bodies of syenite
show the effects of contamination/assimilation to varying degrees. The
commonest sign of contamination is the development of coarse clots of mafic
minerals, especially'biotite, and the sporadic appearance of quartz. The
latter frequently occurs in pegmatitic segregations, where quérté grains 1

to 2 cm in diameter are surrounded by large 2 to 4 cm grains of perthite.

Evidence that the quartz content in the syenites arises through
limited assimilation of the siliceous gneisses, is seen where xenoliths of
gneiss occur in the syenite. In such situations the syenitévdevelops a

nordmarkitic zone immediately surrounding the xenolith.

The presence of coérse-grained, almost pegmatitic, leucocratic
syenites, similar to those descrsbed along the W-SW ‘contact zone at Granit-
berg, is another marked feature of the contact zone. As at Granitberg,
chilled magmatic contact rocks are either absent or of very minor importance.
At Pomona the only rocks which could be regarded as chilled syenites aré
grey, medium-grained porphyritic syenites.whicﬁ occur as intrusive tongues

and plugs in the vicinity of Schlueberg.

Another feature of the contact zone is the large number of medium-
grained nordmarkitic and granitic bodies intrusive into the gneisses beyond
the contact. These are in the form of irfegular, inpérsistent dykes,
sheets, and veins, seldom more than 50 to 75 cm w}de, which do not penetrate
the Qneisses for moré than 100 to ]50 m béyond the contact. They appear to
have arisen in the contact zone through processes of ass:mllatlon/fractlon-
ation, similar to that descrlbed for the orlgln of the quartz-bearing intru-
sives in the W-SW contact zone at Granitberg (sectlon 3.6.3.3.), and must be
~distinguished from the regular, pefsisteht bostonitebdykes that intrude both

the syenites and the gneisses.

A1l of the Pomona contact zone Intrusives display similar petro-
graphic features, with euhedral perthite as the dominant constituent and
interstitial quartz in varying amounts. An Fe-Ti oxide is generally the
sole mafic constituent, but in a few instances may be accompanied by
acéessory biotite. Alkali amphibole and Na-pyroxene were noted in some

of the intrusives.
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A particularly strong concentration of these dykes and veins occur

S
at Kreuzberg where they anastomoze through the gneisses over a wide area.

4.4.3. The Inner Syenite

The inner Syenite crops out as a broad ring around the centrally
situated Hub Syenite. The relationship between the Inner and Outer Syenites
“has already been discussed. The contact between the Hub Syenite and the |
Inner Syenite is exposed only over a few metres on the coast SW of Signalberg,
everywhere e]se'the.contact is marked hy a sand-fi]]ed, arcuate depression,

in which sporadic outcrops of a biotite=rich monzonite are found.

At the contact exposure mentioned above there is a complex inter-
fingering of the two syenltes, wnth the frequent occurrence of xenoliths of
Inner Syenite enc]osed by the Hub Syenlte These xeno]rths may display
sharp or diffuse boundaries. The Hub Syenlte ls not chllled agalnst them,
nor against the main mass of lnner Syenite. The ]atter syenlte deve]ops a.
more mafic-rich facies at the contact and is typically darker than the

intrusive Hub Syenite.

L. L. 3.1, Petrographfc Features

The petrographic distinctions between the Inner and the Outer Syenite

have been discussed (see seetion 4.4.2.2.). The lnner Syenite is leucocratic,

)
397,
occurs as euhedral to subhedral crystals dlsplaylng a fine to medium exsolution

coarse gralned and has a hyp|d|omorphlc granu]ar texture Perthite (Ab6]0r

intergrowth of Na- and K-rich phases. Some spec:mens do however display the
interpenetrating intergrowths so characterlstlc of the Outer Syenite. The
structural state of the feldspar is intermediate between orthoclase and micro-
cline. Anhedral to subhedral alkali amphibole, intermediate in compositioh
between a richterite and arfvedsonite (analysis in Table 20) is the dominant
mafic mineral. Biotjte (Ann38PhTogSOMnBiSTiBi6) -(analysis in Table 19),
varies in abundance and may only occur in trace amounts in some specimens.
Subhedral sphene is common, as is Ti-magnetite, the Tatter having suffered
oxidation in many specimens. Accessory minerals include zircon and euhedral

apatite.
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Loh. L, The Biotite~rich Monzonites

Outcrops of the Monzonite are consistently confined to the sand-filled
depression which marks the contact of the Hub and lnner Syenites, except for two
occurrences lying wholly within the inner Syenite. These are just NNE of
Signalberg, and inland from the coast, opposite Pomona Island. ‘However at only
one locality is the Monzonite actually seen in contact with any of the syenites
- this is on the coast NW of Signa]berg. Here the Hub Syenite intrudes the
Monzoni te. The contact is sharp, and leucocratic veins emanating from the
syenite intrede the monZOnite. Within 10 to 20 cm from the contact the
Monzonite has recrystal]ised as an even-textured, medium-grained monzonite.
Further from the contact the Monzonite displays the typica] texture and
mineralogy described below. A weak vertica] orientation of biotite flakes
is evident, and avfew small (< 10 cm) xenoliths of fine grained porphyritic

syenite within the Monzonite show a similar preferred orientation.

As one approaches the contact with the Inner Syenite the Monzoni te
becomes graduai]y more ]eucocratic. At this cOntact‘the Monzonfte grades
rapidly over 1 m into norma] syenlte A sunte of samp]es taken across the
Monzoni te show a steady decrease in the size and abundance of bsotlte and
sphene, the gradua] dssappearance of p]agtoclase and the development of .

bamphxbole at the expense of auglte as ‘the Inner Syenite is approached.

‘The occurrences within the Inner Syenite are poorly exposed, but

similar leucocratic trends towards the contacts (not exposed) can be discerned.

ln summary, the Monzonlte is confined to areas near, or at, the contact
between the Hub and Inner syenltes. It is |ntruded by the Hub Syenlte but-
shows a gradational contact with the Inner Syenite. Its distinctive mineralogy
and chemistry preclede it from being a product of reaction or metamorphism -

between the Inner and Hub syenites.

h.h.h.1. Petrographic Features

The Monzonite is mesocratic, coarse-grained with a hypidiomorphic
granular texture. The dominant feature of the rock are the large (1,0 to
1,5 cm) plates of biotite (AnnhéPhlogthnBl TlBIS - ana]ysns in Table 19)
which form about 20% of the rock. Zoned feldspar with plagioclase cores

(Anho-hs) rimmed by perthite occur as subhedral crystals of 4 to 8 mm. The
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composition of the perthite was estimated from the whole rock and mafic

mineral analyses and the mode to be Or and X-ray studies

20-25"P25-75
indicate that its structural state is orthoclase. Sphene is abundant
as euhedral crystals up to 3 mm long, as is Ti-magnetite (Usp8Mt92 -
analysis in Table 24). Pale green augite occurs as subhedral crystals
and is slightly zoned from D|77Hd19Ac“ to D167Hd25Ac8 (analyses in Table
22). Incipient alteration/reaction -to a dark green amphibole may be seen
along cracks in some of the augite grains. Modes and a chemical analysis

of the Monzonite are presented in Table 13.

L. 4.5, The Hub Syenite

The Hﬁb Syenite is a we]l exposed, circular intrhsioh in the centre
of the comp]ex, and it forms the topographnca]]y promlnent Signalberg. The
relatlonshlps between the Hub Syenlte and the lnner Syenlte and Monzonlte
have been described above. In: addltxon the Hub Syenlte is intruded by the

Syenite Porphyry and associated agglomerate pipes.

L 4 5.1, Petrographic Features

The Hub Syenite'is leucocratic and coarse grained and possesses a
hypidiomorphic granular texture. A whole rock analysis (PM127) and modes
are presented in Table 13. Maeroscopica]]y the Hub Syenite is distinguished
from the inner Syenite by its distinctive brown grey-colour, and the presence
of interstitial quartz, which although forming < 1% of the rock, is readily

identified in hand specimen.

‘Perthite (Ab600rh0) occurs as subhedral grains and is the dominant
constituent of the rock. The fine to medium intergrowth of Na- and K-rich
phases in the perthite is similar to that in the Inner Syenitet In many
specimens the mafic minerals are strongly altered and oxidised. Where
" fresh they are alkali amphibole, alkali clinopyroxene, biotite, sphene and
Ti-magnetite. The amphibole is Mg-arfvedsonite (ana]yeis in Table 20) and
“may be intergrown with clinopyroxene. The latter also occurs as individual
prismatic crystals and is zoned from D|52Hd33Ac]5 to D|32Hd39Ac29 (analyses
in Table 22). The Mg-arfvedsonite displays a patchy. pleochroism, and a

patchy anomalous extinction, and during analysis was found to be compositionally



..7‘]_
inhomogeneous with fespect to the minor elements, especially Al.

Biotite is less common than the amphiboles and pyroxenes and
exhibits a relatively pale pleochroism. The composition of the biotite

is Ann,.Phlog_,MnBi_TiBi, (analysis in Table 19).
56 4

37 3

| Sphene and Ti-magnetite occur in large (up to 1,5 mm grains) grains
and may be Intergrown. Where occurring as individual crystals, the Ti-
magnetite is now seen as a coarse intérgrowth 6f ilmenite and magnetite
which has a bulk composition of Usp7Mt93 (analysis of bulk separate in Table
2h). '

Accessory constituents are zircon, quartz, calcite, and riebeeckite.
Zircon forms large prismatic crystals up to 0,5 mm in size. Quartz fills
the interstices in the rock where it is often associated with calcite and

trace amounts of blue, fibrous riebeeckite.

L.4.6. The Syenite Porphyry and associated Agglomerate

An irrégﬁlar body of'gréy, coarsé-grained féldspar porphyry intrudes
the Hub Syenite SW of Signa]bérg. The Porphyry is chi]]éd against the syenite
and is host to numerous xenoliths of thé latter. A dyke-like extension of the
Porphyry intrudes the Biotite-rich Monzonité S of Signalberg and continues into
the Inner Syenite. 1t theréfore post-datés all these rocks in the intrusive
sequence; ts relationship to the,néphé]iné syenite is unknown, but tinguaite

. r
dykes cut the Porphyry and it probab]y predates theesndersatgigﬁgg rocks. A Sedar bed

S——

smaller Porphyry body crops out on the coast'opposite'tHé«southern tip of Pomona

Island. - ’

_ 'Associated with both these occurrences are vertical pipe-like bodies of
agglomerate. These bodies are in sharp contact with the Porphyry and are located
at Porphyry-syenite contacts. ‘;The agglomerate contains numerous fragments (up to

20 cm across)vof both syenite and gneiss, set in a fine grained grey-green matrix.

L.4.6.1. Petrographic Features

Large 1 cm perthite phenocrysts are the dominant feature of the Syenite

Porphyry. They display a rounded form and are markedly zoned, especially towards
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the margins. Smaller phehqcrysts of perthite (euhedral), biotite, augite,

and magnetite also occur.

The groundmass has an average grain-size of less than 0,1 mm and
is composed of the same minerals as in the phenocryst population, as well
as apatite and sphene. The relative abundances of the mafic minerals is
variable, and sphene and magnetite dominate to the exclusion of augite in
some specimens. In most instances biotite and:augite are the most abundant

minerals in the mafic population.

A chemical analysis of the Syenite Porphyry (PM63) is presented in
Table 13. | |

4.4.7. The Gneiss Breccia and aSSOCIated Quartz Feldspar Porphyry

Large brecc1a bodtes (200 to 300 m in dlameter) occur in the gnelsses
along the NE edge of the complex. The breccia bodies consist of various sized
slabs and angular fragménts of gnélss with minor amounts of syenlte, packed
tightly togéthér so that largé.aréas of thé breccia havé_no obvious ceménting
matéria]. Associatéd with thesé bréccia bodiés aré qﬁartz-féldspar porphyry
intrusivés, which are found only in thé immédiaté vicinity of the bréccia
bodies, i.e. between the coast and Schlueberg. The quartz-feldspar porphyries
occur in the form of dykes, sheets, and veins,‘and apparently also form the

cementing material in some parts of the breccia.

The breccia bodies are funné]- or pipé-shaped, and are probably
explosion vents now‘filléd with fall-back, and interséctéd at a high level
by the present erosion surfacé. Théy aré almost cértaih]y associated with
the émplacement of the porph?ry, whose onily expression at this high level are

irregular dykes, veins, and sheets.

Complicated relationships exist between the breccia bodies, the quartz-
feldspar porphyries, and the syenitic rocks of thé complex. Quartz-feldspar
porphyry cements the breccia and occurs as dykes cuttfng througH the latter.
However, short dykes of agglomeratic and brecciated material cut the quartz-

feldspar porphyry dykes in some instances.

As already noted the breccia contains fragments of syenite, and the

northernmost breccia body transgresses across the Outer Syenite = gneiss con-
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tact, suggesting that the breccias post-date the intrusion of the Outer Syenite.
Yet numerous syenite dykes and the Outer Ring Dyke intrude the breccias. Some
of these syenite dykes are in turn cut by quartz-feldspar porphyry dykes. The
only reasonable interpretation of these relationships is that the emplacement

of the breccia bodies and related rocks was contemporaneous with the emplacement

of the syenite complex.

4.4.7.1. Petrographic Features

The breccia podies are composed almost entirely of accidental 1ithic
ejecta, and, despite the lack of cementing material, are tightly compacted.
Individualifragments range pp to a metre in diameter, thodgh the average.size
is 20 to 30 cm. Fine~grained agg]omeratic dykes are similarly composed of
xenocrysts and nemeroue fragments derived from the gneisses, seldom more than

2 to 3 cm in size, cemented by a fine grained sub-microscopic material.

The qgartz-feldspar porphyries are fine grained leucocratic rocks in

which the phenocrysts average 2 to 3 mm in size. The groundmass grain-size

is less than 0,05 mm. Modt specimens are a]tered and the mafic minerals
xndxzed beyond recognltlon Apart from the euhedral quartz and feldspar,
an Fe Ti oxide may also form phenocrysts The groundmass is essentlally a

quartz-feldspar lntergrowth sparsely peppered with opaque oxides and oxidized

mafic minerals. An analyiis (PM177) is presented in Table 13.

i
i
{
)

4.4.8. The Outer Ring Der

This dyke-is a quartz syenite or nordmarkite that crops out in a ring"
around the complex, some 100 to 200 m beyond the Outer Syenite = gneiss contact.
| :
The dyke dips outwards at a conslstent ang]e of 50 to 650, and cuts all other

magmatic rocks of the comp]ex

The Outer Ring Der is best developed around the NE and E sides of the
complex where it forms a wﬂde (20 to 30 m), persistent body. Along the SE side
in the vicinity of Kreuzbeﬁg, it splits into a number of narrower dykes which
pinch and swell along striHe The dyke does not appear between the sea and the

dune belt on the §. margln of the complex.
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f
Field evidence and chemistry indicate that the Outer Ring Dyke

intrusion was one of the f

Pomona complex.

L, L 8.1. Petrographic Feat
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ures
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n-type intergrowth of Na- and K-rich phases) is the

Quartz occurs interstitially, as does fluorite.

onite (analyses in Table 20) and magnetite, which

to goethite in more altered specimens. A chemical

re presented in Table 13.

|

4.5,

UNDERSATURATED ROCKS OF THE COMPLEX

!

1

M.S.I; Introduction

Kaiser (1926, p. FZS) noted the presence of nepheline syenites on the

promontory immediately opposite Pomona lIsland, though. he did not mention any

contacts with non-nephelin

sists of a nepheline-beari

e rocks. In fact he states that the complex con-

ng inner portion, and a nepheline-free marginal

portion, but ascribes the absence of nepheline in the marginal portion to the

secondary breakdown of nep

syen}tes.
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resent and cut all the syenites of the complex.
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A small plug of n
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usive into the Hub Syenite, the Monzonfte,_the
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Syeni te Porphyry. The unéersaturated rocks therefore post-date all these
syenites and, by inférence; the Outer Syenite as well,
|

The contact betweén the nepheline syenite and the Inner Syenite is
exposed in altered outcrOps at sea level and in occasional sporadic outcrops
protruding through the sand cover. The nepheline syenite develops a fine=-
grained, darker, chilled facies which interfingers with the Inner Syenite

over a width of 5 to 10 m.

4,5.2.1. Petrographic Featdres

_ The nephellne syenlte is coarse- gralned and leucocratlc, and is
'composed essentlally of subhedra] a]kalx feldspar, dlsp]aylng a flne per-

‘thitic intergrowth, and lnterstltual nephellne. The latter is commonly

h

altered to paragonite. A:little sodalite and cancrinite are also present.

|
The dominant mafic mineraI!is aegirine occurring as subhedral, green-brown

pleochroic grains whsch aré occasnonal]y intergrown with small amounts of

biotite. Ti-magnetite alﬁo occurs with this association.

t
i

_ 1 . . _
One of the outstanding features of the nepheline syenite is the
presence of abundant zircon in crystals up to 0,5 mm in size. Zircon has

crystallized as zoned euhegral crystals as well as large interstitial grains

between feldspar laths. ﬁn one specimen of chilled nepheline syenite, Ti-
magnetite and zircon, in that order, are the most abundant minerals, after

|

]

| |
|

Filuorite and calcite are accessory minerals. The former is common
|

as inclusions in aegirine, 'and as an interstitial mlnera] Calcite is inter=-

perthite, in the rock.

stitial and is possibly pr:mary.

Apart from their grain size the chilled nepheline syenites show petro-
graphic features similar to the.normal nepheline syenites, except that they

contain less nepheline.

The tinguaite dykes are fine grained porphyritic rocks with a pro-
nounced trachytic texture. The dominant member of the phcnocryst population
is microperthite occurringlas slender euhedral laths, displaying Carlsbad
twinning and a fine perthitic intergrowth. Minor amounts of sphene, Na-

pyroxene, and biotite alsojoccur as phenocrysts. Na-pyroxene phenocrysts
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commonly rim corroded grains of magnetite.

The groundmass is mainiy composed of aegirine-augite, alkali feldspar,
and nepheline, together with small amounts of zircon, fiuorite, lavenite, bio-

tite, and sphene.

L.6. THE DYKE ROCKS :OF THE COMPLEX

J
-
|
|

4.6.1.. Introduction

DykeArocks of the'compiex form a distinct radiai pattern (see Figure

15) which penetrates beyonc the conflnes of the intru5|on, |nto the gneisses.

Several different types of dyke rock are present - These are:~-

(a) quartz-feidspar oorphyry dykes associated with the expiosion breCCias;
(b) the Outer Ring Der; |

(c) 'tinguaite dykes associated with the nepheiine syenite;

(d) syenitic and grathic dykes associated with the contact Zones;

(e) lamprophyres; !

(f) . the bostonites and quartz- bostonltes

Types (a) to (d) have already been dlscussed under the relevant sections.

i
4.6.2. The Lamprophyric dykes

x Lamprophyric dykes are found throughout the outcrop area of the luderitz
Alkaline Province, but are | ‘rare ln reiatxon to the other dykes near the intrusive
complexes. They have been iargeiy exc]uded from this study for two reasons.
Firstly, they are generally highly aitered, and yieid few satisfactory specimens
for petrographic examination, let alone chemicai analysis., Secondly, they have'
no intrinsic importance in |the deveiopmentlof the complexes (which are the main
subject of this study), aithough their evolution is connected with the evolution

. . < 1
of the province as a whoie.

Recentiy the importance of lamprophyres in alkaline rock genesis has
been emphasised (Philpottsijand Hodgson, 1968; Ferguson and Currie, 1971), and

it is perhaps an oversight’that they have been somewhat ignored. However their

|
|
|
|
|
i
I
I
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and X-ray investigations indicate that their structural state is close to
maximum microcline. Interstitial quartz and the oxidized remnants of
sparsely scattered mafic minerals form less than 5% of the groundmass.
In fresh specimens the mafic minerals are alkali amphibole or Na-pyroxene.
Some bostonites are enriched in mafic minerals especially aegirine and
grade into grorudites. These are well developed near Granitberg, but

none occur at Pomona.

L.7. . INTRUSIVE HISTORY OF THE COMPLEX

1. Intrusion of the Outer Syenite into Precambrian gnheisses.
Assimilation of gneissic material gives rise to quartz~bearing

syenites and minor intrusions in the contact zone.

2. The Inner Syenite was possib]y emp]aced shortly after the Quter
Syenlte, before the latter had so]udlfled, or |t is a result of
in situ dlfferentnatlon of a sung]e magma pulse of Outer Syen:te
composition. The wrlter favours the former suggestion, as it
readily explains the anomalous contact (sectlon 4.4.2.2.) which
shows features which can be ascribed to magma mixing. ‘Furthef-
more the Inner Syenite is chemically highly fractionated in com-
parison with the Outer Foyaite Syenite, and this could not be
achieved by in situ fractionation without the generation of

extensive feldspar cumulates.

3. The BIOtIte rlch Monzonnte is probab]y a cumulate associated
with the deve]opment of the Inner Syenlte This is supported
by its irregular occurrence in the fne]d and by its chemistry
(see Chapter 6). The Inner Syenite crysta]]nzed under high
f02 conditions (sectlon 8.4) which implies that the H Ozcontent
of the magma was also hlgh Thus crysta] fractlonatlon was
rapid and efflc1ent (due to lowered densnty and viscosity in
the magma), and the Inner Syenite liquid developed rapidly and
was emplaced soon after the Outer Syenite. “Under such conditions,
portions of semi~consolidated cumulates (Biotite-rich Monzomite)
may well have been caught up in the lnner Syenite liquid and

emplaced with tt at higher levels.

b. Intrusion of the! Hub Syenite.
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Explosive emplacement of the Syenite Porphyry and aggliomerates
in the core of the complex, and the emplacement of the igneous

breccias and quartz-feldspar porphyries N of Schlueberg.
Intrusion of the nepheline syenite and tinguaite dykes.

Intrusion of bostonite and quartz-bostonite dykes into radial

fractures in the complex and surrounding gneisses.

Emplacement of the Outer Ring Dyke into ring fractures developed
by settling of the consolidated syenites into the exhausted magma

chamber. below.
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CHAPTER 5§

THE DRACHENBERG SYENITE COMPLEX

5.1. INTRODUCT | ON

The Drachenberg Syenite Complex lies 2 km E of the Luderitz -
Oranjemund main road 160 km N of Oranjemund. It |s the most poorly
exposed of the three comp]exes, and it is estimated that more than 85/
of the comp]ex is covered by younger formations, mainly Wlndvb]OWH sand.
A very generous impréssion of the extént of the outcrop is givén on thé

1:10 000 geological map.

Thé syenftés of the compléx occur as a séries of scattéréd ouf-
crops on the crests of low hills and ridgés to thé W and SW of thé Drachen-
berg peak (435 m). The syenités are intrusive into various quértzites,

: quartz-muca schists, pe1|t|c schists, and granitic rocks of pre= Garnep agé
The size of the complex is snmllar to that of Pomona and Granitberg (| e.

2 to 3 km in diameter), but is difficult to estimate due to poor exposure.

5.2, Previous lnveétigation

Kéiser (1926) does not record any detalls of the complex, though
he was aware of its existence, and obviously vnssted the area (p. 230).
He does however mention that the Drachenberg syenites display variations
of texture over short distances, and a concentric disposition of syenites
‘of different textural typés;, Hé also méntiqns thé préséncé of abundant

alkali syenite dykes.

Beetz (1924, p. 35) describés thé Drachenberg intrusion as a
“Durchsmelzungskorper;“ and notéd thére, ‘'analogous assimilation phenomena
to those descrfbéd by-Kaiser for the Granitberg.'" Beetz also records the
' presénce of invaded country rocks in thé céntré of the intrusion, though whether

he is referring to Granitberg or Drachenberg is unclear.

Both Kaiser and Beetz were impressed by the similarities between
Drachenberg and the two complexes they studied in more detail - Pomona and
Granitberg, and it is evident from their writings that they considered them

to be of the same age. This account supportsAthis contention and is dis-

cussed more fully in Chapter 2.
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5.3 PRECAMBRIAN METAROCKS

Metarocks of pre-Gariep age (Kroner, 1972) appear sporadically
through the sand cover in the mapped area. They are dominantly metasediments
- quartzite, quartzmica schists and semi-pelitic schists. These rocks build
the Drachenberg and the ridges to the W of this peak. Dolomites of the Garlep
Group occur in the vicinity of the Luderitz-Oranjemund road, and to the W, Nw;
and S§ of the mapped area. Minor amphibolites occur to the S of the complex.
The metarocks all display a marked foliation which trends NW - NNW and dips
steeply to the E. |

On the ridges W of Drachenberg thevmetarocks are intrdded by an irregular
body of even textﬁred,imedium grained granite. The granite-metarock contact is
sharp with no interfingering, and the granite is strongly sheared within 3 to &4
m of the contact. Pegmatites which have éccompanied the granite intrusion are

also present.

5.4, SYENITES OF THE INTRUSIVE COMPLEX

c.b4.1. Introduction

- Drachenberg is the most perplexing of all the complexes in the Luderitz
Province in that (a) the lnter re]atlonshlps between the various syenites are
unknown, and (b) the exposures g)ve very little hlnt to any pattern in the dis-
tribution of the var:ous syenites, andAextrapolatlon from one outcrop to the
next is not possible. | From the meagre field, petrographic, and chemical

evidence, the fol]oWing age re]ationships for the syenites are proposed:-
Quartz-feldspar porphyry dykes
Bostonite dykes

Syenite Porphyry

Various syenites and nordmarkites Iz
‘Quartz-free syenites
Biotite-rich syenlte

Fine and coarse grained porphytltlc syenltes

Quartz monzonite
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Although the position of some of the rock types in the scheme is
unequivocal (e.g. the dyke rocks), the status of others is either unknown

or ambiguous.

5.4.2. The Quartz Monzonite

This rock occurs in scattered outcrops at the S end of the exposed
~ portion of the complex, SW of Black Cap Hill. Qutcrops are in the form of
- large, red to grey co]éurgd exfoliated boﬁlders, protruding through the sand
cover. A further occurrénée, a singlévbouldér,,occurs dﬁé soﬁth of Black
Cap Hill, south of thé jéép track, and far‘rémovéd from thé othér oﬁtcrops.
This might indicate that thé Quartz monzonité Qndér]iés large aréas in the
south of the éomp]éx; The monazife is host to a nﬁmbér of small, 3 to §
cm roundéd xenoliths, which aré moré finé grained thén the monzonité, bﬁt

appear to have the same mineralogical composition.

' The relationship of the Monzonite to other syenites in the complex
is ambiguous. A sharp contact bétween‘the Mon;oniﬁe and a xéno]ith-rich
biotite syenite, possibly ré]ated to the Biotite-rich Syenité (séé section
5.4.6.) occﬁrs j&st E of the wéstérn-most outcrop of Quartz Monzqhite.

The contact is sharp and regular and neithér rock is chilled.  Although
the contact was éarefu]ly e*amined, noiconc]usion coﬁ]d be reached as to

their precise relationship.

5.4.2.1, Petrographic Features

" The Quartvaonzonite is a reddish, coarse-grained hypidiomorphic
granular rock in which all the major mineral constituents are easily
identified in hand specimen. Modes and a chemical analysis are given

in Table-14.

Both plagioclase, zoned towards perthite, and alkali feldspar
are present. The plagioclase is generally unaltered and in the cores

has a composition An Alkali feldspar in both discrete and zoned

30-35°
crystals is composed of a fine intergrowth of K- and Na-rich phases, the
former being typically altered and giving the rock its reddish hue. The
plagioclase is frequently host to tiny euhedral crystals of biotite and

apatite.
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Quartz occurs as interstitial grains dusted with numerous submicro-

scopic inclusions.

Strongly pleochroic biotite is the dominant mafic mineral, and is
host to numerous inclusions of apatite and zircon. Hornblende (pleochroism:
Kl(b]ue-green)ﬁ o' (pale ye]low-brbwn) occurs as ragged crystals frequently
enclosing biotite, Ti magnetite and to a lesser extent apatite. Narrow rims
of hornblende are often seen surrounding biotite, and can'possibly be inter-
preted as reaction rims: Accessory minerals include euhedral apatite, sphene,

and Ti-magnetite (now seen as intergrowths of magnetite and ilmenite).

5.4.3. Fine- and coarse-grained porphyritic syenites

Thesé aré dark grey to black syénités which crop out on Black Cap Hill.
Less well déve]opéd égposﬁrés_occﬁr_in thé oﬁtcrops wést of this hill. The
coarse, porphyritic syénité intrhdés thé finé-grainéd porphyry, and déspite
their diséimilafity in téxturé, théyvhavé és;entia]]y thé samé‘minéraiogy and

chemistry, and may be different facies of the same intrusive pulse.

The porphyrific syenités aré intrﬁdéd by coarsé-grained ]éucocratit
syenites, some of which are quartz-bearing.‘ Thé intrusivé relationship is
clearly exposed on several places on Black Cap Hill and in the outcrops to
the west. The contacts are sharp and the leucocratic syenfte encloses xeno-
liths and partially stoped blocks of the porphyrttlc syenites. The latter
are also intruded by numerous veins which are offshoots from the leucocratic

syeni tes.

5.4.3.1. Petrographic Features

The fine-grained porphyry cénsists of 5 to 8 mm perthite phenocrysts
set in a fine groundmass whose average grain size is 0,05 to 0,10 mm. The
'perthite phenocrysts are rounded and display marked zoning, an effect which
is enhanced by the concentration of numerous sub-microscopic inclusions in
zones parallel to the grain outline. The corés of many of these phenocrysts
display weak albite twinning or faint chessboard albite fwinning, indicating
that they have the composition of Na-plagioclase. Inciusions of biotite,

augite, and magnetite are common in the phenocrysts.

The groundmass is composed dominantly of perthite in éhhedral grains,
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the outline of the latter being accentuated by the concentration of small
grains of the mafic minerals along the crystal boundaries. The cores of
thesejgroundmass feldspars are dusted with submicroscopic inclusions.
Mafic minerals in the groundmass are apatite, biotite, Ti-magnetite (con-
sisting of exsolved intergrowths of magnetite and ilmenite), rounded grains
of colourless clinopyroxene (augite), and a little sphene. These mafic
minerals show a tendency to be associated ?n aggregates or clots which

.occasionally reach the size of 1,0 to 1,5 mm.

The coarsé-gréinéd porphyry displays a g]oméroporphyritic texture,
with 4 to 7 mm phenocrysts of pérthité forming aggrégatés which attain sizes
of 2,0 to 2,5 cm. Thé phénbcrysts aré subhédra] and display a slight zoning.
Perthitic intergrowths are wéll dévé]opéd, and thé Na-rich'phésé displays

albite twinnihg.

Thé groundmaés is coarsér grainéd than in the finé-grainéd pofphyry,
with an average grain sizé of 0,2 to 0,3 mm. It is composéd éssentia]ly of
anhedral perthife with sutﬁréd, intérldcking grain boundariés. Mafic minerals
are biotite, hornblende, a little augite with reaction rims of hornblende, Ti-

magnetite, apatite, and sphene.

5.4.4.  The Biotite-rich Syenite

This coarse grained, dark grey rock has a distinctive texture, arising
from the abgndance of large 1,0 to 1,5 cm plates of biotite. lts field
charactéristics and hand spécimén appearancé aré very similar to the Bfotite-
rich Monzonite of the Pomona Comp]éx. It outcrops:on the hill immediately N

of Black Cap Hill, and on the ridge W of Drachenberg peak.

Thé Biotite-rich Syenite is fréquent host to xenoliths of a porphyritic
syenite, similar in appearance to the fine- and coarse=-grained porphyries '
discussed above. These xeholifhs are wéll rounded and range up to 20 cm
in size, but occasional blocks 0,5 m in diametéf‘are seen. Also présent as
xenoliths is a fine grained facies of the Biotite-rich Syenite. In places
the xenoliths are concentrated to the extent that the xenolith/host rock ratio
exceeds 50%. On the evidence of these xenoliths thé Biotite-rich Syénite is
younger than the porphyry rocks on Black Cap Hill, though these two rock types

are not seen in contact.
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The xenoliths occur in a zone some 30 to 40 m from the outer edge
of the. Biotite=-rich Syenite outcrop area. Lack of outcrops and their
sporadic nature does not allow this zone to be traced along its length,
but radial sections across the outcrops reveal.thfs consistent positioning

of the xenolith-zone in the syenite.

The relationship between the Biotite-rich Syenite and the other
syenites in the complex is perpiexing. The outer-most contact of this
Biotite-rich Syenite is seen in one small, badly weathered outcrop, at
the northern most end ef the complex. E]sewhere, along the iength of
the ridge crest W of Drachenberg peak, and in the oatcrops further S,
the actual contact lies beneath sand cover, even though exposures of
the BlOtlte rich Syen|te and the leucocratlc syenite lying on its outer

edge, occur within a few metres of each other.

Re]ationshipe at the sing]e exposure of the contact ate difficult
to interpret due to the weathered nature of the outcrop. The leucocratic
syenite develops a pegmatitic texture at the contact, and veins of this
syenite cut the Biotite~rich Syenite. On this'evidence the outer, ]ea-
cocratic syenite is interpreted as being intrusive.inte the Biotite-rich

Syeni te.

On the S side of the ridge west of Drachenberg peak (i.e. S of the
contact described above), definite intrnsive relationships between the Biotite--
rich Syenite and a coarse-grained leucocratic quartz-syenite can be seen.

The intrusive quartz-syenite deve]ops a pegmatctxc facxes at the contact,
and veining of the Biotite-rich Syenite by the ]atter is common. It is
unlikely that the qUath-syenite”is‘re]ated to the outermost syenite mentioned

above as the latter is devoid of quartz.

Elsewhere, towards the centre of'the complex, the Biotite-rich Syenite
becomes more leucocratic and more_even-textured. In this way the Biotite-rich
Syenite grades into more 'normal' syenites. This gradation is best observed
in the outcrops to the N of Black Cap Hill. It must be emphasised that the
sporadic nature of the exposares does not allow continuous observation of this
gradation. However there is no evidence of intrusive or sharp contacts and
the inferred gradationa] relationship appears to be the best explanation of

the field evidence.
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In summary, the Biotite-rich Syenité is a zoned body, intruded by
leucocratic quartz-free syenites along its outer contact. -Towards the
centre of the complex the Biotite-rich Syenite grades through a xenolith-
rich zone; then becomes progressi?ely more leucocratic and apparently

~grades into quartz syenites of more 'normal! character which outcrop along

its inner edge.

" 5.4.4.1. Petrographic Features

The Biotite-rich Syenite is a coarse grained hypidiomorphic granular
rock, with gradations between mesocratic and leucocratic types. The average
grain size is 3 to 4 mm, but the biotite and the occasional zoned feldspar '

phenocrysts‘may reach 1,5 to 2,0 cm in diameter.

Anhedral to subhedral perthite is the.dominant constituent, and ‘
displays coarse exsolution féatures in common with most perthites from other
syenites in this and thé Pomona complexes. Clear, untwinnéd Na-feldspar
occurs in the cores of some of the larger feldspar grains, and optical
properties indicate that these cores may be as basic as oligoclase in
composition. These'gfains show continuous zoning from oligoclase to normal
perthite rims. The structural state of the feldspars is intermediate between
orthoclase and microcline though the cell dimensions are anomalous (see section

7.8.1.).

Quartz is not present in the mesocratic facies of the syenite but

appears in the leucocratic rocks towards the centre of the comp]ex.

Biotite is the dominant mafic mineral and occurs as large plates.
Pale green augite is ubiquitous, but shows varying degrees of replacement
~ by hornblende. Thus in some specimens hornblende is absent, whereas in

others hornblende is in greater abundance than pyroxene.

Accessory minerals are euhedral apatite, Ti-magnetite, and less

commonly sphene.

5.4.5. Various Syenites and Nordmarkites

N

The differentiation and classification of the remaining syenites
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(those NW and SW of Black Cap Hill and the outcrops SW of Drachenberg peak)
"is confusing. Exposures are poor, and the generous areas of outcrop
designated on the map are in fact concentrations of scattered boulders
protruding through the sand.. No differentiation was possible on Fie]d
characteristics and even the petrographlc features of the collected

specimens are somewhat amblguous

In hand specimen the syenite are all coarse grained and leucocraticr
Alkali feldspar is the dominant constituent and all carry biotite. Quartz
is present in some specimens, but is absent in others. Likewise zoned
feldspars, with cores of Na-feldspar occur sporadical%y in some syenites
and not others A petrographlc classification of these syenltes on the
basis of the presence or absence of quartz and zoned feldspars revea]ed the

following:

(1) The syenites' intrusive along the outer edge of the Biotite-rich

Syenite are all quartz free.

(2) Similarly, quartz-free syenites are found in the central outcrops
NW of Black Cap Hill.

(3) Quartz-syenites occur in aklinear belt of outcrops SW of Drachenberg
peak, in the scattered outcrops SW of the ridge west of this peak
(i.e. within the belt of Biotite-rich Syenites), and in a similar
position with respect to Biotite-rich Syenites N of Black Cap Hill,

and in the outcrops to the west of this hill.

(4) Both quartz-free and quartz bearnng syenites intrude the porphyritic

rocks on Black Cap Hill.

-~ (5) Zoned fe]dspars may or may not be present in each of these occurrences.

On the basis of the presence or absence of Quartz it is possible,
through extrapolation, to reconstroct‘the hypothetical structure over part
of the complex wi th the sand cover removed. This.reconstroction is illus-
trated in Figure 16.  The fauft positions indicated in the figure are
supported by the offsets in the bostonite dykes. Extrapolation of the re-
constructed features around the W and SW of the comp]ex is confused by dls-

similarity of rock types, and was not attempted.

Figure 17 is a hypothetical cross section through the N part of the
complex, and is constructed from all the data available. The section also

contains an interpretation of the intrusive development of the complex as is
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4 - Quartz-bearing, leucocratic facies of the Biotite-rich

Syenite; 5 - Quartz-free Syenite; 6 -~ pegmatitic nordmarkite.
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discussed in section 5.6.

5.4.5.1.

Petrographic Features

Quartz-free Syenites - These are coarse grained hypidiomorphic
granular rocks whose dominant constituent is perthitic alkali
feldspar. The perthite is subhedral and'displays.a coarse,
‘patch' type exsolution intergrowth, with the Na-rich phase
invariably sho@ing.a]bite twiﬁning. Zoned feldspars may be
present as notéd above. 'Thé cores of thése crystals are clear,
una]teréd, and Qntwfnnéd, but optical propértiés'sﬁggest that

somé may bé oligoc]asé. Tiny inc1ﬁsions of biotité and opaque
ore,‘and occasionally apatité, aré invariably présent in thé cores.
The zoning in thésé grains is progréséivé, and thé perthite rims
are indistinguishab]é from thé‘homogénéous bérthité grains in the
rock. In some spéciméns théré is,évidéhcé of abrﬁpt mantling of the

cores by perthite.

Mafic minerals generally form <{15% of the rock, with biotite, dominant.
followed by brown hornblende, In some specimens pale green clino-
pyroxene occurs in the corés of thé hornb]endé crystals. Accessory
minerals are euhedral apatite} Ti-magnétite (now oxidised to magnetite-

ilmenite intergrowths), and less commonly sphene.

Modes and chemical analyses of Two quartz-free syenites, DM110 and

DM125 are presented in Téb]e 1h.

Quartz-bearing Syenites - Apart from the prgsence.of quartz, the
petrography of these syenites does not differ much from the petro-

graphy‘of the quartz-free..syenites discussed above:

Perthite is‘the”dominant constituent exhibiting both patch and vein
typg‘exsolutiqnhintérgrowth;t'\’The cores of the zoned feldspars may
show faint é}bite twinning, qndigp;jcal determinations indicate that
they are oligo;]asé in composftion. In all other respects - the
presence of inclusions, the progressive zoning and the abundance of

these feldspars in the rock - they are identical to the zoned feld-

.......



Quarts never exceeds 5 to 10% of the rock and occuirs in an inter-

stitial position between the perthite laths.

The mafic mineralogy is the same as for the quartz-free syenites
in all respects except that sphene is rare and zircon is usually

present as inclusions in the biotite.

An analysns and mode of a typical quartz syenite, DMllS, is pre-

sented in. Table 14,

5.4.6. The syenites and quartz syenites intrusive into the porphyries of
Black Cap Hill . o

Various syenites lntrusive into the fine and coarse grained porphyries
are similar to those already descrlbed, althdagh their status in the strhctufe
and development of the complex is obscafe. if the reconstructlon in Flgure 16
is correct, the lntrasive syenites on Black Cap Hlll shdald be qaartz-bearing
as they lie thhln the rlng of Blotlte~r|ch Syenite. However, only those
syenites along the W side of the Hnll carry quartz, and furthermore the eastern-
most outcrops have a fleld appearance and petrographic characteristics similar

to the Quartz Monzonite!

In the exposures W of Black Cap Hi1l the porphyritic rocks are intruded
by quartz syenites which grade westwards into a syehlte similar in appearance
to the more leucocratic facles of -the Biotite-rich Syenite; The syenite en-
closes a number of zenollths of pofphyry‘and although it is not so delineated
on the 1:10 000 map, it is possibly a correlate of the Blot:te rxch Syenite.
The relationship of this syenite to the Quartz Monzonite has already been noted

(see section 5.#.2.).

Then again, the relationship of the coarse-gralned leucocratic quartz
syenite, which intrudes the Blotlte rlch Syenlte on the ridge W of Drachenberg
peak (see section 5.4.4.), to the other syenites in the complex is obscure.
Similar leucocratic quartz syenites with pegmatitic characteristics are found
intrusive into the rocks on Black Cap Hill, and in minor exposures in the
vicinity. These possibly represent fairly late stage magmatic acthity in

the complex.
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A medium grained leucocratic granite in the form of a short dyke is
apparently intrusive into the syenites W of Black Cap Hill. As there is
evidence that the Drachenberg complex is composed of syenites showing prd-
gressive enrichment in quartz, this small occurrence of granite is'possibly

a late stage differentiate of the syenites of the complex.

5.4.7. The Dyke Rocks

The sporadic nature of the dyke rock outcrops is well illustrated on
the 1:10 000 geological map. Two types are recognised - the feldspar-phyric
quartz bostonites, and the qdartz-fe]dspar porphyries, the former of which is

more common.

The dykes are fine-grained with the phenocrysts rarely exceeding 2,0
to 2,5 mm in size. They are highly altered and appear in the field as orange-
brown to cream coloured rocks, but the rare fresh exposures are grey-green in

colour.

Related to these dykes is a large plug of Syenite Porphyry on the
Luderitz - Orénjemund road, SW of Drachenberg. No outcrops, other than
those revealed by the road cuttings are visible, but the extent of the plug

is easily delineated as it forms a low positive feature in the topography,

and is covered by chips of porphyry derived in situ by weathering. It is

cut by a number of bostonite dykes.

J
5.4.7.1. Petrographié Features

Thé Syenité Porphyry is a réddish, coarsély porphyritic rock in which
phehocrysts of perthité, Qp to 6 mm in léngth, form about 10 to 15% rock. The
groundmass consists éssénpial]y of a fé]téd mass of alkali feldspar ]aths'O,l
mm in size. Clear quartz occurs as an interstitial.mineral but does not exceed

-5 to 10%. Mafic minerals are heavily oxidised and unidentifiable.

. The Quartz-Bostonites aré similar to the syenite porphyry but much finer
grained.  Alkali feldspar phenocrysts are highly altered, as are those in thé
‘groundmass.  The latter may show some preferred_orientation which imparts an
orthophyric texture to the rock, or they may occur in radiating aggregates

giving rise to a bostonitic texture. Quartz is typically interstitial and
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mafic minerals are rare, if present at all. Since most of the bostonites
are’strongly altered, only opaque reddish oxidation products (possibly
limonite and goethite) 6f'the mafics are present. Colourless muscovite
is also invariably present in the groundmass, but it is uncertain whether

it is primary or not.

0f the two samples of comparitive?y unaltered bostonite collected,
one carried mauve~green arfvedsonite, whereas the other contained a few
slender, green needles of aegirine.. The former specimen also contained a

few euhedral microphenocrysts of zircon.

Quartz-feldspar porphyries différ from thé quartz-bostdnites only
in the presence of éuhédra] phénocrysts of qﬁartz in thé formér. Al
gradations in composition betweén thé two probably éxist, and dykés with
compositions intermédiaté betwéén thésé two commonly display micrographic

intetgrowthé of alkali feldspar and quartz.

5.5. CONTACT RELATIONSHIPS

Syenite~country rock contact relationéhips are SpOradfcally exposed _
on the ridge W of Drachenberg peak. Exposures are poor but display enough

features to allow a general description of contact phenomena.

5.5.1. Contact Metamorphism

- The extent of the.thérma] metamorphic aureole sﬁrroﬁnding the complex
was not determined with any certainty due to the poor exposures and the com-
plicating presence of the pre-syenite granite intrusion. From the limited
study presented here a steep temperature gradient appears to have existed
across tHe contact zone, and only those rocks within a few tens of metres
of the syenites show any effects. This can be ascribed to thermal meta-

morphism accompanying the emplacement of the complex.

5.5.1.1. Petrographic evidence

The quartzites, feldspathic quartzites, and quartz-mica schists,

show the effects of recrystallization and development of equigranular, non-



TABLE 11
5

Mineral Assemblages in contact metamorphic schisp{, Drachenberg

Specimen No. 53 54 56 57 61 62 64 65 69 70 71 84
Quartz X X X X | X X X X X X X
Alkali feldspar x Xx X X x X X X X X X X
Biotite X X X X X X X X X
Garnet X X  x X

Orthopyroxene X X x X

Cordierite X x x x 1 X
Sbinel X "X X X X
Opaques X X X X |

Sillimanite X X X
Zircon o X X ox X

Sphene A X X

Sericite X X X X
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oriented textures at the expense of the marked foliation of the original rocks.
They remain mineralogically unaltered and are composed of perthite quartz and

biotite.

In contrast, the darker, pelitic schists are metamorphosed to massive,
medium-grained hornfelses. Garnet is often porphyroblastic, and the only con-
stituent apparent in hand specimen. In thin section these rocks are medium-
grained with granobiastic or porphyroblastic textures, although they still retain
a certain degree of preferred orientation of their constituents. Anhedral quartz
and clear microperthfte'are the dominant constituents, though the former may be absent.
Mafic minerals are blOtIte, cordler;te, magnetite, garnet, spinel, and orthopyroxene.
Cordierite forms large anhedral porphyroblasts crowded w:th |nclusuons, especially
dark green splnei and sul]xmanlte. These splne] inclusions in the cordierite and
in other mnnerals are probably responsnb]e for the dark colour of the rocks.
Orthopyroxene exhlb}ts.strong pleochroism ( o&'~ pink; B’- pa]e green).  Zircon

is a ubiquitous accessory.

Mineral assemblages are summarised in Table 11.

5.5.1.2. Conditions of metamorphism

Since the syenites at Drachenberg are believed to have crystallised in

a sub-volcanic environment where P has not exceeded 1,0 Kb, the thermal

metamorphism accompanying the intrugggl must be of the low pressure type. The
mineral assemblages of 4 samples (DM62, DM6L, DM56, DM61) taken from close to
the contact indicate that conditions typlcal of the low pressure, pyroxene-
hornfels facies (Turner, 1968 p. 225) were achieved in the inner part of the
aureole. This in turn suggests that temperaturesbat the P mentioned

above could have reached 600° to 650°C.

total

5.5.2. Magmatic Assimilation

The poor exposures that thwarted proper observation of the contact
metamorphism also allow only a cursory examination of the magmatic assimilation
effects at the contact. The quartz~free syenites on the ridge W of Drachenberg
peak display a clotting of mafic minerals and an increase in grain size as the
contact is épproached. At the contact the syenite develops a coarse grained

pegmatitic facies which may contain a substantial amount of quartz. Magmatic
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veins in the country rock beyond the contact are commonly granitic in com-
position, and may carry garnet. The latter may be xenocrystic, or they

may have crystallised from a granitic liquid contaminated by pelitic material.
Certainly the presence of quartz in the syenite contact facies indicates that

some assimilation of quartz-rich metarocks has been accomplished.

There is a noticeable lack of interfingering of magmatic and country
rocks. Xenoliths of metarocks in the syenite are equally rare. Despite
this, assimilation/contamination mechanisms similar to those described at
length for Granitberg (éee section 3.6.3.3.) have probably operated at Drachen-

berg, but to a lesser extent.

5.6. _ INTRUSIVE HISTORY OF THE COMPLEX

1. [ntrusion and crystallization of Fine-and Coarse-grained Porphyritic
Syenites. |

2. Intrusion of the Biotite-rich Syenite with disruption and incorporation

of xenoliths of the Porphyry rocks in (1) above. Partial in situ
" differentiation to give gradation from the Biotite-rich Syenite at the
base, through the xenolith=rich zone, to leucocratic quartz syenites
at the top. '
3. Ring faulting and collapse and tilting of 1arge segments of the con-

solidated Biotite~rich Syenites. Quartz-free Syenites move up the

central vent and up possible ring fractures around the edge of the

comp lex.
L, Intrusion of coarse-grained quartz-syeniteé.
5. Inérusion of small bodies of late granitic differentiates.
6. intrusion.of bostonite and duartz-feidspar porphyry dykes.

The position of the Quartz Monzonites in this scheme is uncertain.
Its mineralogy and chemistry indicate that it is one of the earliest rocks

in the intrusive sequence.



_94-

CHAPTER 6

THE CHEMISTRY OF THE INTRUSIVE COMPLEXES

6.1. INTRODUCT{ON

Rock samples from the 3 complexes were collected for analysis by
X-ray f}uorescence (XRF) procedures. Analytical conditions and methods
of sample'preparation‘used, are the standard methods employed in the Geo-
chemistry Departhent, University of Cape Town, and are summariséd in thé
Appendix. In order to test the precision of the sample preparation and
analytical techniqués, 11 a]iquotﬁs of oné spécimén, GM146, weré analyzéd
for both major and tracé_éléménts. Thé résults_aré présénted ih thé
Appendix and apart from 7,7% coéfficiént of variation (c.o.v.) for MgO,v

the c.o.v. for the other elements are less than 1,7%.

The elements analyzed for are the major elements Si, Ti, Al, Fe2+,

Fe3+

Th, Pb, Ga. It was not the intention to provide extensive trace element

, Mn, Mg, Ca, Na, K, P, and the trace elements Ba, Rb, Sr, Zr, Nb, Y,

data for the syenitic rocks of the complexes, rather the trace elements
‘selected for determination were those which are of most use in monitoring

any differentiation process.

SeVera] elements that are perhaps important in alkaline rocks (Hf,
Ta, Mo, Zn, Li, Sn, F, C1) have not been determined for the purposes of this
thesis. With regard to F and C1 it was felt that the abundance of these two
elements in coarsely crystalline rocks would baré little relation to their
abundancés in thé 6riginal magma. Fﬁrthérmoré F and C1 are sﬁsceptible to
loss during alterétion. Thus although analysés might have indicated any
general differences between the dVérj and undersaturated suites, direct

-comparison between individual analyses would have been tenuous.

6.2. " THE PETROGRAPHIC MODEL FOR THE LUDERITZ PROVINCE

Petrographic evidence indicates that the alkaline rocks in the
complexes can be grouped into a silica oversaturated suite and a silica
_undersaturated suite (i.e. rocks with modal nepheline). - Within these
suites, the quartz or nepheline content of any rock varies sympathetically

with its degree of differentiation, as is indicated by field relationships
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Major and trace element analyses for nepheline syenites and bostonites Granitberg

PCNS Inner Foyaite

Outer Foyaite Tinguates - Bostoni tes

- GM128  GM146 | GM131  GM350 | GM129  GM136  GM142  GMI47  GM171 | GM130  GM77  GM160 GM339  GM340
Si02 52,13 53,42 | 56,63 56,79 56,60 56,83 56,50 56,99 56,57 | 60,51 58,25 60,14 | 67,82 69,35
Tio, 1,56 1,27 | 0,51 0,43 | 0,29 0,33 0,34 0,28 0,33 | 0,36 0,60 0,37 0,26 0,23
A12°3 17,41 18,28 | 18,78 . 3§,80 21,25 21,50 21,87 21,81 21,28 | 18,68 19,64 19,61 | 14,58 16,22
Fe203 2,27 1,92 2,67 2,26 1,37 1,19 1,13~ ',1,06 : 1,32 | 2,45 j 1,69 2,20 2,54 0,54
Fe0 4,80 4,23 2,11 2,18 0,91 1,29 0,87 1,17 1,22 1,01 1,76 0,69 0,91 0,09
MnO 0,21 0,23 0,33 0,41 | 0,18 0,21 0,17 0,18 0,23 0,31 0,20 0,26 0,34 0,07
Mg0 2,85 2,24 | 0,90 0,8 | 0,25 0,2 0,16 0,29 0,19 | 0,33 0,51 0,09| 0,19 0,17
Ca0 3,83 3,03 | 1,48 1,52 0,96 0,82 0,70 _o0,8 0,75 | 0,87 1,31  0,73| 0,12 0,005
K,0 L,60 4,88 | 5,96 5,16 | 5,96 5,89 5,93 6,02 5,77 | 5,43  $,13 5,70 | 4,58 6,64
Na, 0 6,14 7,49 8,43 8,40 9,15 9,42 10,85 9,60 10,10 9,07 8,09 8,87 7,10 5,58
P,0; 1,32 1,01 | 0,33 0,29 0,00 q,oo q,oq 0,01 0,00 - _o,oh 0,16 0,00 0,02 0,05
H,0 0,52 0,08 0,32 0,16 0,64 0,16 0,14 0,16 0,13 0,06 ~ 0,06 0,07 0,16 0,19
Lo 0,83 0,58 y 1,71 2,06 | 1,49 1,41 0,85 0,96 0,8 | 0,50 0,53 0,48 | 0,46 0,60

98,47 98,66 | 99,36 100,32 99,05 99,17 99,35 99,34. 98,75 |.99,62. 98,93 99,21 | 99,08 99,74
Fl - 72,77 79,34 | 89,56 89,53 94,53 94,69 96,15 94,98 95,35 } 95,06 91,59 96,12 | 96,89 98,90
Ba 1980 1586 528 381 52 4,2 6,5 16,2 * 101 313 * 20 98
Sr 1906 1596 436 395 78 7,7 11,7 22,0 L,s - 88 281 9,4 | 13,3 17,6
Rb 101 152 198 211 | 165 177 181 166 197 -232 162 2540 758 364
Ga 20,03 22,9 26,7 26,6 24,1 23,8 25,2 22,9 26,6 28,9 24,6 30,8 38,1 28,7
Ir - 586 843 1271 1200 555 535 420 539 732 2090 1125 1921 2902 5hh
Nb 135 199 281 289 | 158 167 155 135 222 L1y 241 379 1486 b26
Th % 9,9 41,8 38,2 17,9 30,2 13,4 13,1 29,1 Ly 26 39 178 62
Pb : * 11,0 27,1 39,2 13,7 6,5 6,5 * 6,7 38 11 19 98 20
Y 31,3 34,2 | bk 71 | 24,6 32 23 22 35,5 61 27 36 90 50

* below detection limit
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GM128
27,18
33,50
6,37
9,99

3,28
7,52

3,13
3,29
2,93

60,8
5,1
19,4
7,0
2,1
3,2
1,1
1,3

GM146
28,84
31,82

1,85
17,09

5,41

5,48

2,39
2,78
2,38

60,5

13,8

10,2
8,1
1,4
2,1
1,2
1,7

TABLE 12

(contd.)

CIPW Norms and modes for nepheline syeniteS‘énd bostonites, Granitberg

GM131
30,49
36,81
16,83

3,04

4,31
1,80

0,78
2,35
0,96

66,5
19,3
5,4

7,4
0,2

1,1

GM350
30,49

36,88

16,85

2,72

4,73
2,05

0,69

1,91
0,81

67,2

18,2

4,6
8,1
0,3

1,6

GM129

35,22
30,60
24,66

v'1,13

2,71

0,63

1,42 .
0,5h

63,4

28,1

3,0
3,5
0,2
0,7

1,1

GM136
34,81
30,08
25,86

1,67

3,5k
0,14

0,89

0,62

60,5
31,0

1,0
5,6

0,4
0,5

0,9

GM142

35,04
24,77

29,64
2,00
3,27
2,99
0,18

0,64

59,0

32,4

GM147
35,57
28,04
27,43
2,24
3,37
0,60

0,41

0,53

63,5
28,0

2,1
5,9

- 0,2

0,3

GM171
34,10
27,31

27,11
0,88
3,82
3,22

0,71

-

0,62

61,7
31,7

2,1

3,7
0,2
0,4

0,2

GM130  GM77  GM160  GM339
32,09 36,22 33,68 26,95
40,69 35,42 40,34 49,51
13,64 17,05 15,06 -

- ’ - - 10,77
0,66 - - 0,69
7,09 1,36 5,20 7,35
3,44 4,56 2,02 0,41
0,69 0,4 - -
- - 0,53 -
0,09 0,38 - 0,02

- 1,77 0,58 -
0,68 1,13 0,69 0,49

72,4

5,0

22,4

0,2

0,6



TABLE 13

 Major and trace slement analyses for syenites and nepheline syenites, Pomona

PM6L4 - PM55 PM157 PM63 PM60 PM127 . PM66 PM156 PM177 PM53 PM61

%5i0, 49,35 59,54 60,96 59,88 62,51 62,99 66,77 68,05 75,02 60,49 58,36
Tio, 2,41 1,01 0,83 0,74 0,57 0,74 0,33 0,26 0,12 0,25 0,32
A1,0, 17,45 18,59 18,72 17,53 17,38 17,14 16,08 17,46 12,46 19,22 20,29 .
Fe, 3 3,47 1,60 1,48 2,13 1,77 2,14 1,97 0,28 1,31 2,31 1,91
FeO 5,49 2,17 2,00 1,76 1,29 0,62 0,63 0,09 0,25 0,34 0,71
MnO 0,24 0,14 0,13 0,20 0,28 0,17 0,15 0,00 0,00 0,25 0,23

. Mg0 3,59 1,19 1,10 0,85 0,20 0,49 0,17 0,14 0,26 0,23 0,41
a0 . 5,75 2,53 2,3 1,83 0,56 1,24 0,36 0,05 0,13 0,61 0,87
K,0 3,62 5,71 5,50 6,00 6,55 6,33 4,98 - 6,32 7,007 528 5,75
Na,0 4,58 5,66 6,07 5,76 6,23 6,25 6,99 6,49 3,26 9,04 . 9,06

‘P2°5 1,57 0,35 0,30 0,30 0,04 0,06 0,00 0,02 0,01 0,00 0,00
HO 0,10 - 0,12 0,10 0,37 ,07 0,09 0,15 0,17 0,14 0,16
L.0.1. 1,48 0,53 0,40 0,99 0,90 °  ,93 0,63 0,51 0,68 1,10 1,01

99,10 99,02 99,97 98,07 98,65 99,17 99,15 99,82 100,74 99,26 = 99,08

Fi ‘59,24 82,22 83,82 86,68 93,99 92,1 96,82 99,00 : 98,26 96,84 94,87
ppm Ba 1880 1281 1312 1089 "'113 - 28 30 - L8 1010 * 12,1
Sr 2371 1167 1213 679 88 25 15 9,1 61 12,6 20,5

" Rb 125 120 - 106 166 206 222 . 203 330 L43 296 - 258
Ga 18,9 18,6 18,5 19,17 21,5 21,9 30,2 27,7 21,5 35,4 34,4
zr 318 564 560 537 1050 1423 803 825 349 1255 1861
Nb 103 173 139 167 265 332 633 513 554 474 381
Th - 7,7 12,3 12,2 nd 28 L1 78 73 85 62 74
Pb L% 12,8 12,1 nd 15 25 15 * ' * g 29
Y 25 29 22 25 34 56 52 29 50 21 29

&
«

below detec tion limit; nd - not determined



" TABLE 13  (contd.)

CIPW Norms and modes for syenites and nepheline syenites, Pomona

| PMEL PM55 PM157  PM63 PM60 PM127  PM66 PM156 PM177  PM53 PM61
or 21,39 37,74 32,50 35,46 38,71 37,01 29,43 37,35 41,78 31,20 33,98
ab 33,58 L6 ,46 50,27 48,45 52,71 52,88 54,99 54,63 24,73 h3,h4‘ 34,78
an " 16,37 8,46 7,60 4,26 0,12 0,03 - - - - -
ne 2,80 0,77 0,59 0,16 - - - _ - - 14,10 20,36
0 - - - - 0,11 0,43 7,22 5,95 29,14 - -
ac - - - - - - 3,66 0,25 '2,51 6,18 3,78
di ' 1,53 1,45 1,74 2,28 1,99 2,63 1,47 . - 0,21 2,25 3,52
“hy - .- - - 0,02 - 0,02 0,35 0,44 - -
ol 8,64 2,68 * 2,35 1,20 - - - - - - -
wo - = - - - 0,98 - - - 0,12 -
mt 5,03 2,32 2,15 3,09 - 2,57 0,46 1,02 - 0,47 0,25 0,87
i b,5% 1,90 1,56 1,39 1,07 1,39 0,62 0,19 0,23 0,47 0,60
ap . 3,72 0,83 0,71 0,71 0,09 0,14 - 0,05 - 0,02 - -
tn | - - - - - - - 0,08 - - -
ru - - _ - - - - - 0,12 - - -
hm . : ’ 1,82 - 0,19 0,12 - -

Plagioclase 17,6

Perthite = 47,3 78,1 76,4 95,7 91,1 90,0 9k,6 17,2 79,7

Quartz - - - - 1,2 6,1 2,0 11,10 12,0%% * groundmass

Biotite - 20,8 8,3 10,3 0,3 0,9 _ 1,1 % nepheline
Clinopyroxene 5,0 7,1 4,2 o o= 2,1 5,2

Amphibole - 4,3 5,7 1,7 2,7 3,1

Opaque 2,7 1,8 1,5‘ 1,1 1,4

Sphene Lo 0,4 1,5 '

Other 2,6 - 0,8 1,0 0,6 0,8 3,8 71,7% 2,0



TABLE 1k

Major and trace element analyses of syenites from Drachenberg

DM105 DM106 DM110 DM125 DM12L4 DM126 DM115 DM111

% si0, 60,10 59,09 60,58 60,35 60,56 57,39 65,10 75,52
Tio2 - 0,86 0,77 0,67 0,62 0,94 1,24 0,49 0,04
A1,0, 17,92 18,18 19,01 17,99 17,11 17,65 16,69 12,35
Fe203 1,60 3,25 1,92 1,48 1,84 2,78 1,47 0,46
Fe | 3,22 1,87 1,75 2,65 3,45 . 3,27 1,56 1,08
MnO 0,29 0,14 0,13 0,16 0,13 0,19 0,10 0,07
MgO 1,17 1,12 0,85 1,02 . 1,50 1,91 0,64 0,16
Ca0 , 2,33 2,48 2,72 1,90 2,94 3,27 1,22 0,08
K,0 5,98 6,08 5,37 6,5h 5,41 5,4k 6,24 4,60
Na,0 5,52 5,34 5,81 5,39 h,36 5,17 5,20 4,01
ons' 0,37 0,39 0,31 0,25 0,41 - 0,61 0,16 0,01
H,0 0,13 0,06 0,07 0,08 0,12 0,07 0,19 0,19
LO1 0,20 0,27 0,4k 0,33 0,36 . 0,38 0,43 1,06

99,69 . 99,04 99,63 ~ 98,76 99,13 99,37 99,49 99,63
Fi . 82,29 82,11 81,60 85,06 78,90 76,40 89,5k 96,12
ppm Ba : 541 760 981 ° 817 928 877 358 L3
Sr 276 304 996 423 508 610 214 21
Rb 103 122 96 119 157 . 124 165 493
Ga 20,7 22,0 18,8 20,7 22,0 20,9 21,7 25,6
ir 503 683 - 679 571 611 659 583 234
Nb 124 127 117 140 110 151 143 408
Th - 6,8 14,2 = 9,4 nd 1k, Lo 71
Pb 10,9 13,7 * 23 nd L6 32 9,1
Y 31 ‘ 37 21,0 26 34 34 29 : 52

bel ow detection timit; n.d. - not determined
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TABLE 14

(contd.)

CIPW Norms and modes for syenites from Drachenberg

DM105 DM106

35,34 35,93
46,10 45,05

6,46 7,69
0,32 0,07
2,24 1,61
R 1,43
0,88 0,93
2,32 4,31
1,61 1,b5
- 0,28

DM110
31,73
Lo, 16
9,94

1,23
2,27
0,03
0,73
2,78
1,26

87,4

2,1
3,0
5,5
0,8
0,8

DM125
38,65
44,33
5,58
0,69

90,2

3,6
3,6
2,6

DM12L
31,97
36,89

11,14

7,83
0,68
3,31
0,97
2,67
1,76

34,7
ke,2
9,0

b7
3,2

2,2

DM126
32,15
43,05
8,89
0,38

2,70

3,99
1,44

k,03
2,33

6,3

1,0

12,1
3,2

1,1

DM115
36,87
L4,00
3,78
7,65
1,00

2,15

0,35
2,13

0,92

87,1
6,2

1,9

2,7

2,1.

DM111
27,18
33,93

0,33

33,45
2,07
0,02

2,78
0,08

12,3

8,2.

79,5 *
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and petrographic characteristics.

The Luderitz Province.rocks are therefore analagous in nature, and
perhaps in genesis, to the rhyolite-trachyte, and the phono]ite-trachyte
suites which haVe been well documented from localities throughout the worid.
Magma variation, or differentiation, in current petrological theory is largely
ascribed to crystal fractionation and the evolution of the rhyolite-trachyte
and phonolite-trachyte suites are no exception. With respect to the Luderitz
Province, the development ef quartz- and nepheline-rich syenites. from a saturated
syenitic parent by crystal fractionation is not only feasible, but. is suggested

by the field and petrographic evidence..

The hypothesis to be tested by the chemical data is that mentioned
above, i.e. the over=- and undersaturated suntes are consanguineous, and have
evolved through crystal fractionatlon processes .~ It is also intended to show

which phases partake in the fractionation scheme.

It must be noted that it is becomlng lncreaSIngly evxdent that the
chemistry of crystallnnibheralkallne rocks does not. necessarnly reflect the <
composition of the magma from which they crystallized. MacDonald (1969),
MacDonald et al (1970), Gill (1972) and Noble (1970) have all described the
importance of the vapour phase in modifying magﬁa compositions such that
phenocryst-crystalline groundmass analyses do not reflect phenoéryst*liquid
equilibria and therefore cannot describe the differentiation path of the

magma.

6.3. THE PROBLEM OF INVESTIGATING ALKALINE-PERALKALINE SALIC IGNEOUS
» ROCKS BY MEANS OF CHEMICAL VARIATION DIAGRAMS

Chemical varfation,diagrams”have played a very important two-fold role
in igneous petrological stadies for over 70 years. Ffrstly,they have been
invaluable aids in assisting investigators to interpret their chemical data,
and secondly,they have provided a simple means by which authors may present

data so as to be easily assimilated by the reader

Molecular %, weight %, elemental values, and calculated normative
constituents have been incorporated in a wide variety of variation diagrams
which range from the simple (Harker diagram), to the more complex (Latent

Vector diagram (Le Maitre, 1968)). Specific types of plots are applicable
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to a wide range of rock compositions, whereas others have a more restricted
application. Most diagrams are based on the hypothesis that crystal frac-
tionation has-been the sole or dominant process whereby variation in magma

composition is achieved. Thus many of these general diagrams, e.g. those

utilising the DifFerentiation Index or Crystallization Index (Thornton and

Tuttle, 1960 ; and Poldervaart and Parker, 196%) are a quantitative and

diagrammatic positioning of a rock composition in Bowen's reaction series.

With few exceptlons most suites of salic alkaline rocks show little

major element variation, and important features such as Na/K ratio, peral- f

kalinity, and over- and undersaturatuon are obscured or even ignored in "o
conventiona] plots Even the CiPW Norm is not strcct]y valid for peralkaline Abe;;jff’“
and undersaturated alkaline rocks St s for these reasons that the illus- AL&ya,!971'

tration of analyses of a]ka];ne rocks, and especsa]]y the nnterpretatlon of
such illustrations, must be carefu]ly considered. A case in point is the
misinterpretation of fe]dspar phenocryst - who]e rock data for pantellerltes
(Carmichael and MacKenzne 1963) in WhICh the conventlonal Granite system

- plot was used lgnorlng excess a]kalles over alumina (see Bailey and Schatrer
1964) .

ITlustration and interpretation of chemical variation in alkaline

rocks has been treated in a number of different ways:-

1. Authors have modified the oxide-oxide plot of the Harker type ny 'ﬁ?
plotting diagrams of OXIDE v INDEX. INDEX is chosen because (a)
it shows significant variation or |"spread“ for the compositions
under consideration; and (b) it is known or assumed to vary
sympathetically with fractionation, e.g. normative ne of Gill
(1972), the Fractionation Index (Fi1) of MacDonald (1969), and
Na + K/A1 of Nash et al (1969). ,

2. Authors have used distortion-free diagrams which handle the chemical
data rigorous]y,'either in who]e or in part. The simplest is the
. Molar Ratio diagram of'Pearce‘(]968), and a more compiex type is the
Latent Vector diagram of Le Maitre'(1968)f There are also a large
number of statistical methods of handling large numbers of analyses,
but the petrological sngnlflcance of any trends der|ved by the
statistical manipulations is often obscure, e.g. the Factor ana]ysxs

of the Hebriddéan tholeiitic magmas (Holland and Brown; 1972).

3. Authors have devised standard plots to test for specific fractionation
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schemes for alkaline rocks. Of most value is that of Bailey and
MacDonald (1969). ‘

L. Authors studying porphyritic volcanic rocks have treated their rocks
~as crystalliquid equilibrium systems, aﬁd by plotting phenocryst and
whole=rock compositions onto suitable diagrams have analysed genetic

trends in terms of fractional crystallization directly, e.g. Nash et

al (1969).

in the Luderitz Province ooarse grained equigranular rocks predominate
and the methods out]ined in (4) above are inapplicable The other approaches
outlined above are however of. consnderable use and the fol]oW|ng scheme of

evaluation is proposed'-

A. Use MacDonald's FI V'Oxide plot tovillostrate the chemistry of the

rocks and the possible variation with'frqctionation.
N . N . : 14 N \ . .
B. Use the Bailey and MacDonald diagram to test for feldspar fractionation.
6.4. MAJOR ELEMENTS o
g

Figures 18 and 19 are olots of Wt% oxide versus Fractionation Index (FI)J
(MacDonald, 1969). Fl is the sum of the normative components g + or + ab + ac . i
+ ns.  For undersaturated rooks a modified Fi; ne + or + ab + ac + ns is used.

Fl represents the experimentally determined pa%h which fractionating peralkaline
liquids follow (Bailey and Schairer; 1966), and increases with increaeing diffe-
rentiation. The Fl for each rock type in the complexes agrees well with field

and petrographic evidence.-: An important exception is that the lnher syenite at

Pomona has a higher Fi than the Hub Syenite. Fleld petrographlc and chemlca]

evidence indicate the reverse, i.e. the Hub Syenlte is more fractaonated than Dfi@“ﬂ““”
the Inner Syenite. ' ' ' i
. 4
The Fi vs oxide dxagrams are therefore a convenlent method of illus- E
tFEting chemical varnatlon in an alkaline rock sunte Furthermore they may ?
also be used in genetic interpretations with respect to crystal fractionation. e

6.4.1., The Undersaturated Suite

With increasing Fl the undersaturated rocks display increasing KZO’
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Na20 K20 + Na20 Fe 03/Fe0 + Fe203, and slightly increasing 5302 and A1203

Conversely Ca0, Mg0, Ti0, and total Fe (as Fe.0.) decrease with increasing

273

Fi, whereas MnO remains essentially constant.

The other major featdre in the diagrams is the considerable scatter
in the abundance of certain oxides shown by rocks with high FI. This is

especially not:ceab]e for SIO A1203 Fe203/ (FeO + Fe203

extent Na20 . In all cases the scatter can be attributed rock types. The

tinguaite dykes and the Pomona foyaite all show higher SiO2 and Fe 0 / (FeO

), and to a lesser

+ Fe203), and lower Al and Na,0 when compared thh rocks of snmx]ar Fi,

2 3 2
the Granitberg Outer Foyaite. This scatter is a reflection of their mineralogy.
The dykes and Pomona foyaite are lower in modal nepheline but higher in modal
aegirine than the OQuter Foyaite. Since Fl is insensitive to nephe]ine/aegirinef:&

ratios a scatter in the major elements in these two minerals can be expected.

In genera], the chemlcal var|at|on deplcted in the dlagrams is typical

of that which can be expected in a suite of nepheltne syenltes of this kind.

6.hr2. The Oversaturated Suite

Variation of oxide abundances with Fli for the oversaturated rocks show

2,'K20 Fe, / (FeO
0 all increase with increasing Fl, whereas Al 03, total Fe, MgO,

many features in common with the undersaturated suite. Si0
+ Fe203) and Na2

Ca0, and TiO2 decrease and Mn0O remains constant.

More noticeable is the scatter in oxlde abundances for hngh FI rocks,
partlcu]arly |n KZO NaZO 5102 and A]203 This would be expected in a suite
of this kind where Fl is insensitive to the normative quartz/fe]dspar ratio.
‘Although a bostoni te ( < 5% quartz) and a quartz feldspar porphyry (30% quartz)
can have the same F! they would dlffer considerably in their quartz/feldspar
ratios and therefore in abdndancee of SiOZ, A1203 KéO and Na20. The scatter
mentioned above can be attributed to the ''diluting' effect of quartz in the

high Fl, quartz rich rocks.
b

The imp]ications of this is that the F1 diagrams are useful to depict
chemical variation controlled by fractionation of plagioclase and mafic minerals
(other than aegirine), they are of Iittle_use in rock énites where alkali feld- ¢
spar fractionation is dominant. /// \

1
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6.4.3. The behaviour of Ca and Mg in peralkaline liqbids' R

One of the less obvious contrasts between the two suites is the
extreme depletion of Ca in the oversaturated dyke rocks in contrast to
the highly fractionated undersaturated rocks. " An examination of the
- literature reveals that depletion of Cal to less than 0,10 Wt% is
occasionally observed in acid alkaline rocks (MacDonald, 1969; Noble et.
al., 1971) but never in undersaturated rocks where it appears to stabilize
at about 0,5 to 0,4 Wt% (Gill, 1972 and this work). Of course Ca in
greater amounts in both under and oversaturated alkaiine rocks is commonly

Teported.

This distribution seems to be in contrastlto observed partitioning
of Ca between melt and alkali feldspar phenocrysts. Noble et at (1971)
reported that Ca was preferentially partitioned into glass in certain
sanidine phyric comendi tes from the Great Basin, U.S;A., and suggested that
feldspar fractionation could result In an increase in Ca in residual liquids,
and, regardless of degree of fractionation, siightly peralkaline silicic
magmas will contain significant amounts of calcuum. Nicholls and Carmichael
(1969), noting the dafferences between pera]kallne under- and oversaturated
liquids, pointed out that s%nidlnes £ rom pante]lerltes and comendltes con=
tained much less anorthite molecules (6,1 to 0,2%) than do sanidines frem -
phonolites (1 to 10%) (Nash et al 1969; Carmichael, 1965).4

The other major phase in undersaturated liquids .is nepheline.
Heier's (1966) figures show that the ratio Ca (feldspar) /Ca (nepheline)
ranges from 0,58 to 0,72 for coexisting feldspar and nepheline in a nepheline
syenite. if Ca is already preferably enterjng the fe]dspar then the pre-

cipitation of nepheline would further deplete an undersaturated liquid in Ca.

The implications of the observed partioning mentioned above isAthat,
if feldspar fractionation is the’dominant mechanism by which peralkaline
phonolitic and acid liquids are-generated, the phonolitic liquids are more
likely to show a marked Ca depletion than acid liquids. This, as has been

noted, is in contrast to the Ca distribution in the Luderitz Province.

However, phases other than feldspar'must also be considered. Na=
pyroxene is a common mineral in all peraikaline rocks and generally carries
notable amounts of Ca. ln the writer's experience, undersaturated rocks

are seldom completely depleted in mafic minerals. In addition in under'
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saturated rocks crystallizing almost pure aegirine, significant amounts of
fluorite, eudialyte, sphene, and rinkolite>(a11 with Ca as a major con-
stituént) are often present with textural evidence indicating that they
crystallized interstitially from residual liquids. In contrast acid

rocks are often entirely depleted in mafic minerals and in their absence
the cnly possible minerals, with major amounts of Ca, likely to crystallize
are fluorite, and sphene. In the Luderitz Province undersaturated dyke
rocks carry abundant Na-pyroxene, sphene, fluorite, eudialyte whereas the
bostonites and quartz feldspar porphyries are essentially quartz-feldspar

rocks.

What is propdsed_hefe is that Ca in highly differentiated péralkaline
over- and undersaturated liquids is controlléd by procéssés in addition to
feldspar fractionation, probably by fractionation of Ca—béaring mafic minerals.
The incorporation of Ca into alkali fé]dspar as anorthite might bé a strong
influence in thé éarly stages, éspécially in thé dévé]opmént of the peralkaline
conditiqn. The common'occhréncé of laté'crystallizing fluorite, éudialyte,
Ca-bearing arfvédsonité and rinko]ité indicatés that Ca is somewhat soluble
in peralkaline undérsaturatéd mélts and is stabilizéd theré so that significant
amounts remain in the résidua] liquid regardléSs of degrée of fractionation.

In contrast, in oversaturatéd péra]kaline liqﬁids, Ca appears to réadily enter
mafic minerals and alkali feldspars, and may be depleted to very low concen-

trations by fractionation of these two phases.

Low Mg { <. 0,2 WtZMg0) is exhibited by the high Fl rocks of both the
over- and undersaturated suites. Low Mg is not unusual in strongly fractionated
peralkaline rocks (é.g. Siednér; 1965; Nob le 1968; Bailéy and MacDonald, 1970;
Ewart et al, 1968; MacDonald, 1969; Noblé ét al, 1969; Gill, 1972) but seems
to be most commonly reportéd in acid rocks. What is noticéab]é in regard to
the distribution of Ca mentioned abové, is that éxtreme dépletion of Mg is
often recorded wfthout similar depletion in Ca (Séé Noble ét al, 1969). This
supports the ideas expressed abové, that crystal fractionation {(which on]d
deplete liquids in Mg) is not thé so]é_contro] of the distribution and abundance

of Ca in paralkaline liquids.

6.4.4, Feldspar fractionation and the development of the Luderitz Province Magmas

Since Fl diagrams do not adequately test the chemical data for feldspar -
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fractionating, molecular % Na20, KZO’ SlO2 and A1203 have been plotted in
the relevant sections of the quarternary system NaZO K, 0- A1203 SIO
(Figures 20 and 21). These plots have been devised by Eblley and Mac-
Donald (1969) to illustrate the degree of under- and oversaturation of
salic rocks and their peralkalinity as well as to test if any peralkaline

rock series could have evolved through feldspar fractionation.

These authors applied thelr dlagrams to consider problems‘ln the
evolution of silicic peralkaline lavas and glasses, but there is no reason
why they should not be applied to silica- undersaturated rocks. Indeed,

Gi1l (1972) has recently done so.

6.4.4.1. Undersaturated Suite &
Figure 20 (a) is part of the SlOZ?Al 0 -(Na 0+K O) face of the
SiOZ-Al2 3 Na 0~ K20 volume in Wthh the composatlons of the nephelnne

bearing rocks have been plotted. Also plotted is the feldspar join (F),
the undersaturated mlnimum in the system SIOZ-NaAlsxOM-KAllel+ (N) and the
albite-nepheline cotectic (P-T). Compositions plotting to the left
(A1203-rich side) of the line FR are meta- or peraluminous, whereas those
to the right are peralkaline. Apart from the two PCNS specimens (GM128
and GM146) all the undersaturated rocks are peralkaline. Moreover these
compositions lie with some scatter about a line originating at F, but
projecting |nto the peralkaline field. The significance of such a line
is that any composition lying on the lsne can be derived from a more
siliceous composition on the llne purely by feldspar fractlonatlon Any.
composition lying off the line cannot be derived from one on the lane by
fractionation of feldspar alone, but possnbly by feldspar fractionation

coupled with some other differentiation process.

In reality it would be'naive to expect the compositlons of a series
of crystalline rocks, which have evolved solely by feldspar fractionation,
to plot exactly on such a llne, and a certain amount of scatter most be
tolerated. It must also be noted that below the albite-nephellne cotectic
considerable scatter can_be expected as nepheline joins alkali feldspar on:
the liquidus and co-fractionation ot these two phases will move the liquid

composition sharply away fromits original feldspar controlled path.
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The disposition of the peralkaline rocks of the undersaturated
suite suggests that their evolution could have been controlled by alkali

feldspar fractionation.

The two PCNS specimens plot in the metaluminous field and a line
joining them to the peralkalihe nepheline syenites passes to the A1203-
rich side of F.  Gill (1972) has shown that an evolutionary trend of this
orientation can be interpreted in terms of fractionation of an alkali feld-
spar with a small proportion of anorthite molecule, For the compositions
as plotted a feldspar cbntaining about 10 mole%. An is indicated. An alkali
feldspar of this composition is well within the range réportéd by Scharbert
(1966) (5 to 14%An) and Ridléy‘(1970) (2 to 12,6%An), th gréater than that
5,8% An determined by Carmichael (1964) for.an alkali feldspar in eqﬁilibrium

with an undersaturated liquid.

The trend could also have evolved through fractionation of an An-poor
alkali feldspar together with some other alkali-poor, Al-bearing phase.

Augite phenocrysts in the PCNS have 2,30% A120 (Table 21), and co-fractionation

3

of these with the feldspar could have generated the evolutionary path.

" Figure 20 (a) does not show the alkali ratio of the plotted compositions,
and although feldspar fractionation is indicated, it is not proven. The line
connecting the plotted compositions is actually the projection of a plane in
the SiOz-A1203-Na20-K20' volume with an alka]i/alumfna index of 54 : 46.
Examination of the projected compositions on this plane involves the least
distortion (except for the PCNS compositions) since the plane is the '‘best

fit" to the compositions.

Figure 20 (b) is a plot of the compositions on this plane contoured
for various values of molecular NaZO/ (Na20+K20). Tie lines connect rock

compositions to their bulk feldspar -compositions plotted on the feidspar join.

The feldspar compositions for the {nner and Outer Foyaites aré.for
bulk separates from coarse grafned rocks and do ﬁot nécessarily represent the
composition of the liquidus feldspars. Such féldspars, i.é. thosé.first
‘appearing on the liquidus, would probab]y'bé moré Na-rich than those plotted
and would represeht compositions involvéd in thé fractionation. In contragt'
the PCNS feldspar composition is for phenocrysts and is moré représentative

of the composition of the fractionating feldspar.
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described in the text.
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The whole rock compositions have near constantbalkali ratio of
0,70 to 0,73 except for the two PCNS specimens which are more potassic.
Clearly then, the main peralkaline development of the undersaturated trend
could have been controlled by fractionation of an alkali feldspar with near-
constant composition of Ab70-720r30-28° This is slightly more Na-rxch than
the feldspar compositions determined for rocks in this series but it has al-
ready been explained that the liquidus feldspars could well have had this
composition (Ab70_720r30_28). This is convincing evidence that alkali feld-

spar was the dominating.control in the evolution of the undersaturated suite.

The alternative to the above argument is that the liquids were
initially more potassic than the analyses of their crystalline products
indicates, and that they lost alkalies, especially K, on crystallization.
Such a phenomenon is common, though Na is usually préferentia]]y lost, and
appears to be the chiof roason for laok of sensible meaning between feldspar

phenocrysts and their groundmass in peralkaline rocks.

The relationship between the PCNS specimen GM146 and its feldspar
phenocrysts is more perplexing. Fractionation of the indicated feldspar
composition would drive the residual liquid towards more K-rich compositions,

~away from the path of the undersaturated trend.

However, GM146 contains abundant biotite in the groundmass and as
phenocrysts, in fact biotite is more common in these rocks than in any other
nepheline syenite. Fractionation of biotite with its extremely high K/Na
ratio, wouid offset any liquid trend controlled by fractionation of the
feldspar phenocrysts, and steér it to moro sodic compositions. Since
biotite has thé samé alkali : Si : Al proportions as in alkali fé]dspar,
biotite fractionation would be indistinguishable from feldspar fractionation

when evaluated in the S:OZ-A1203-(K29+Na20) plane.

6.4.4.2. The Oversaturated Suite -

The saturatod and oversatdratod syénités from Pomona and Drachenberg .
are plotted in Figure 21 (a) which is the ovérsaturatéd portion of the plane
SiOZ—A1203-(K20+Na20). The varioos féaturés of this portion of the plane
have been given in detail by Bai]ey»and MaoDona]d'(1969) and are similar to

its undersaturated analogue discussed above.



Figure 21.

molecular
1969).

the text.

Composition of the oversaturated suite in terms of
Si02, A1203, KZO’ and Na20 (after Bailey and MacDonald,

Symbols as in Figure 19; other features described in

1
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Many of the syenites plot in a cluster on the critical line of
saturation in the metaluminous field. The Biotite-rich Monzonite, PM6L,
plots well away from these syenites at a more Al-rich composition.
Significantly the more siliceous Drachenberg rocks all plot in the metal-
uminous field whereas the more siliceous Pomona syenites and dyke rocks

plot in the peralkaline field.

|t appears that the Drachenberg suite of syenites could have
developed by fractionation of a single feldspar containing about 7% An
molecule.  The constané appearance of zoned alkali feldspars with
anorthoclase or sodic plagioclase corés in many of these syenites is
evidence that such feldspars did crystallize. Howéver, constaﬁt frac—
tionation of such feldspars wpuld soon.dép]été thé residuaé.liquid in
A1203 and drive it into the peralkaline field. From the metrographic
evidence more ''normal'' (An-poor) alkali feldspar followed soon on the
precipitation of the An-rich féldspars, and succéssivé liquids weré
probably steered along a metaluminoﬁs path by thé bufféring effect of
the fractionation of these two feldspars. Although A1203 would initially
be depieted in the residual liquid, prolonged fractionation of stochiometric
alkali feldspars would offset the depletion énriching the liquid in Al. In
this manner the A1203 content of the liquid is kept fairly constant, allowing

for the appearance of a ternary feldspar in successive fractions.

F}gure 21 (b) is part of the p]ane Na 0. A12 3" K20 A1203 - SiO2
showing the alkali ratio of the various syen:tes The Drachenberg syenites
and siliceous derivatives have very similar a]kali ratios, i.e. NaZO / (NaZO
+K20) between 0,55 and 0,59, which is consistent with the fractionation scheme

proposed above.

Feldspar fractionation in the Pomona sYenites would initially involve
a feldspar with a considerable proportion of An molecule in order to drive the
residual liquid rapidly into the peralkaliné fié]d. The position of PM64 with
respect to the Outer Syénité (PM157) and the lnner Syennte (PM60) is perhaps
signifiéanf as it appears that it coﬁ]d be a cﬁmulaté arising through such a
- process. The molecular ratio.A1ZQ$/(Na20+K20) is gréatér than 1,0 for the
mafic minerals in the Outer\Syenite and their fractionation would assist in

developing this peralkaline trend.
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The Inner Syenite, Hub Syenite and the various dyke rocks lie -
close to a line passing through the projection of the feldspar join, F,
and extending into the peralkaline field. Their evolution could there-
fore have been controlled by fractionation of alkali feldspar. The
quartz-feldspar porphyry, PM177, is displaced to the left of the line,
possibly due to alkali loss on crystallization (MacDonald, 1969).

Consideration of these compositions in the Na 0. A12 3 - KZO'

Al 2 3" S|02 plane (Flgure 21 (b) ) reveals. that the alka]n ratio for
the syenites is similar (0,59 to 0,63) but varies widely in the dyke
rocks. Bulk feldspars are more sodic than thé rocks from which they
are derived and the initial feldspars to crystailize.wére probably more
so. It does not séem possible to account for thé chemical féatures of

the various rock types by feldspar-fractionationrabeveodone.V

6.4.5. Summary of major element data

Major element data for the undérséturatéd suite and the Drachenberg
syenites are consistent with the evolution of these rocks by a process of
crystal fractionation dominated by alkalx fe]dspar The steady decrease
in Ca0, Mgo0, T‘O2

(biotite, clinopyroxene and amphibole) were fractionated along with the alkali

and total Fe with increasing Fl confirms that mafic minerals

feldspar.

The data for the Pomona compiex suggest a feldspar fractionation
scheme for the evolution of the syenites and siljceous dykeArocks, but con~-
sideration of alkali ratios in the rocks indicates that some other process
modified the evoiutionary trend in the late stages. As with the Granitberg
and Drachenberg rocks, maficAminérgl fractionation_a;companied feldspar '

fractionation at all stages of the evolution of these rocks.

6.5. TRACE ELEMENTS

Trace elément abundances listed in Tables 12, 13, 14 are plotted
against Fl in Figures 22 and 23. Several element ratios are listed in

order of increasing FI in Tables 15, 16, and 17.
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SAMPLE

GM128
GM146

GM350
GM131

GM77
GM129

GM136

GM147
GM171
GM142

GM130

GM160
PM61

PM53

* denominator or numerator

Fi K/Ba
72,8 19
79,3 25
89,5 112
89,6 81
91,6 = 160"
94,5 952
94,7 11642
95,0 3126
95,4 *
96,2 7027
95,1 L6

96,1 *
94,9 3943
. 96,8 ’ *

 TABLE 15

Interelement ratios for the undersaturated rocks from Granitberg and Pomona

Ba/Sr

1,04

0,99

1,81
1,21

1,11

10,66

0,52
0,73

below detection limit

Ca/Sr

14,4
13,6

27,5
24,2

- 33,3

87,9
761
263

1191

L27

70,6
555
30,3
346

K/Rb

378
266

203
216

314

299
276
301

243

271

194

197

185

- 148

K/Th

Loo1

1120
1024

1928
2765

1630

3817
1646
3672

' 1025
1188

643
699

Zr/Th

a
®

85,2

31,4
30,4

42,6

31,0
17,8

41,1
25,2

31,3

47,5
48,3
25,1
20,0

Zr/Nb
4,35
I, 24
L,15
4,52

3,51
3,21
3,98
3,30
2,71
5,05
5,08
4,88
2,65

Ti/Nb
69,3

38,2

8,9
10,9

7,9

11,0
11,9

12,4
8,9

13,2

5,2

5,9
5,0
3,2

PbxlOZ/Srv ‘Gaxloh/Fe

%
17,4

9,9
6,2

3,9

175
8Ll
1488
560

43,3
2063
1434
3595

12,8
17,1

16,8
14,3

20,8

25,2
28,6
30,9
28,8

31,8

16,9
20,0
25,8

21,9

3+

: Gaxth/Al

2,20
2,37

2,67
2,68

2,37

2,14
2,09
1,98
2,36
2,17

2,92
2,96
3,20
3,48



SAMPLE
PM6L

PM55
 PM157
PM63

PM60
PM127
PM66

GM339
GM340
PM156
PM177
DM111

‘Fl
59,2

82,2
83,8
86,7

9k,0
92,4
96,8

96,9
98,9

© 99,0

98,3
96,1

K/Ba
15,9

37,0
34,8
k5,7

482

1876

1379

1893

559
1093
77,9

. 888

TABLE

16

Interelement ratios for the oversaturated rocks from Pomcna and Granitberg

Ba/Sr
0,79

1,09
1,08
1,60

1,28
1,11
1,95

1,50

5,57

- 5,27
16,37
2,00

# denominator not determined;

Ca/Sr  K/Rb
17,3 2ko
15,5 395
13,9 450
19,3 300
45,5 264
351 236
67,1 203
59,0 50
2,0 151
39,2 159
15,1 132
26,5 77

K/Th
L300

3854
3746

oS
w

1888

1284

530

213'

890
986

690

624

r/T
45,0

45,8

h  Z

45,9

oS
w

36,4

34,8

10,3

16,3

8,8

11,3

4,1
3,9

r/Nb
2,99

3,26
k,03
3,21

3,97

h,29

1,27

1,95
‘1,38

1,61
0,63

0,57

Ti/Nb
140

35,0
35,8

26,6

T2,9
13,4

3,12

1,05

3,24
3,02
1,29
0,58

numerator or denominator below detection limit

Pbx102/5r

Lo
~

1,01
0,99

17,0
101

974

13383

3517 .

41,8

Gax10t/Fe3t
7,8

16 6
17,9
12,8

17,4
14,6
21,9

21,4
75,9
C141,3
23,5
79,8

Gax10h/AL
2,04

1,89
1,87
2,05

2,34
2,42
3,55

4,94
3,34
2,99
3,26
3,91

Y
25,1
29,3

22,0
25,4

33,9
56,0
52,2

90,0
49,8
29,5
50,0
51,7



SAMPLE

DM124

DM126
DM110
DM106
DM105
DM125

DM115

DM111

ot
«

Fl

78,9

76,4
81,6

_ 82,1

82,3
85,1

89,5

96,1

K/Ba

48,4

. 51,5

45,4

66,4

91,7
66,4

144

888

Ca/Sr

denominator be 1 ow detection limit

TABLE 17

Interelement ratios for the Drachenberg Syenites

K/Rb
286

364
Lok
Ly
482
456

314

77

denominator or numerator not determined

K/Th

3206

3556
7294
5776

1282

624

Zr/Th

k6,7

48,1
73,9
60,7

14,4

3,88

Zr/Nb

5,55

4,37
5,81
5,38
4,06
4,08

4,08

0,57

Ti/Nb PbeOz/Sr

51,2 *
49,2 7,6
34,4 ?
36,4 4,51
41,5 3,95
26,6 5,58
20,8 Ih,9
0,58 41,8

Gax]Oh/Fe

17,1

11,8
14,0
9,7
18,5

19,9

21,1

79,7

Gaxth/AL
2,43
2,24
1,87
2,28

2,18
2,17

2,46

3,91

Y

34

34

21
37
31
26

28

.
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6.5.1. Barium

Ba is one of the largest divalent cations and may substitute for
K" and Ca++, the former being the most important substitution. Ba is
therefore concentrated in the two common K-bearimg minerals alkali feld-
spaf and biotite - a feature whiéh has been repeatedly observed by several
workers and emphasised by the recent compifation of data by Puchelt (1972) .
The important Ca-bearing minerals which Ba enters are plagioclase, pyroxenes

and amphiboles.

There are many determinations of the distribution of Ba between
phenocryst and melt for a humber of différent minerals in different rock
types. Philpotts and Schneleer (1970) fand that the distribution co-
efficient, D, was greater than 1,0 only for K-feldspars_and biotitél- in
all other minérals it was Jess than oné.  Bér]in‘and Henderson (1969)

reported data for phonolites and trachytes as follows:

Na plagioclase; D 0,72 - 1,09
Sanidine; D 1,17 - 8,95
Biotite; D 1,6 - about 15,

Similar values are reported by Korringa and Noble (1971) and Lovering (1969)
for silicic volcanic rocks.. Heier (1966) found the ratio Ba (feldspar)/Ba
(nepheline) to be about 80, and that K/Ba was higher in nepheline than feld-

spar.

These distribution coefficients readily explain the behaviour of Ba
in a rock series related through crystal fractionation. Ba increases with
fractionation from basic throﬁgh intérmédiaté compositions to thoselliqﬁids
where alkali feldspar and biotité bé;omé ]iqﬁidus bhasés. With fractionation .
of one ‘or both of these phases Ba will décréasé in the résidualnliquid. Very
low Ba in felsic igneous rocks is indi;ativg of protracted.crystal fractionation

in which alkali feldspar and/or biotite have been important.

‘ Such is the case with many recéntly described alkaline rock suites
(eg. Gill, 1972; Nob]é ét al, 1972; Scéal and Wéaver, 1971; Ewart et al,
1968; MacDonald and Edge, 1970; Upton, 1960; Upton, 1964; Abbott, 1968;
Ridley, 1970; Bishop and Wool]éy; 1973). Général stateménts that alkalic
rocks are enriched in Ba (seé PQché]t; 1972) aré mis]éading whén not con-
sideredeithin the context of théir origin and evolution. This work, and

those referenced above, provide ample confirmation of the carélessness of
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such statements.

6.5.1.1. The Undersaturated Suite

Ba decreases progressively with increasing FI from the PCNS (2000
ppm) to the Outer Foyaites ( < 2,5 ppm, the detection limit). This regular
decrease in Ba and the extreme depletion of this element can only be ascribed
to extensive feldspar fractionation and/or biotite fractionation. This con-
firms the findings of the major element data and.also indjcatesvthe Fl is a

good measure of fractionation in an alkaline igneous suite.

K/Ba, as expected increase progressively with FI from 19 to values
of about 12,000 (Table 15) although there is considerable variation amongst

rocks with high Fl due to the véry low Ba levels in these rocks.

6.5.1.2. The Oversaturated Suife

Steadily décreasing Ba with incréasing FI, is also exhibitéd in the
oversaturated suite. As a group, the Drachénbérg syénites aré poorer in Ba
than the Pomona syenites, for any value of FI. The quartz-feldspar porphyry
has- anomalous Ba concentration (1010?ppm) compared to rocks of similar Fl in

the suite.

K/Ba ratios (Tables 16, 17) range from 37 to about 1800 in the high
FlI specimens. As in the undefsaturated rocks the variation of Ba and K/Ba
indicate that the evolution of oversaturated suite can be ascribed to pro-

tracted alkali feldspar (or'bfotite) fractiopation. .

6.5.2. Strontium

The behaviour of Sr is comp]éx. It sdbstitdtés for both Ca and K,
however, the substitution is not only contro]]éd by thé préSéncé of thésé two
major cations but also by their co-ordination in various phasés (Taylor, 1965).
Thus Sr readily substitutés for Ca in plag?oclasé bﬁt not in pyroxéne. There-
fore in basic through intérmédiaté ]iqﬁids Sr décréasés with fractionation, but
Ca/Sr may vary depénding on the propqrtion_df Ca-pyroxéné to plagioclase that

is removed (Berlin and Henderson, 1968; Korringa and Noble, 1971; Brooke,
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1968).

In telsic alkaline liquids Sr is strongiy partitioned into the
feldspers. D for sodic plagioclase is 3 to 4 (Berlin and Henderson, 1969)
and for alkali feldspars is the same (Korringa and Noble, 1971). Sr is
also more readily incorporated into these feldspars than Ca (Noble et al
1969; Berlin and Henderson, 1968, 1969) thus with minor pyroxene-amphiboie
fractionation in these liquids the Ca/Srhretio increases in the residual

liquids. In contrast to Ba, strontium does not enter biotite to any extent.

in coexisting feldspar the nepheline, Sr concentrates in feldspar
relative to nepheline, and Rb/Sr and Ca/Sr for nepheline are greater than
for alkali feldspar, whereas the reverse applies to the Ba/Sr ratio (Heier,

1966) .

Variation in the Ba/Sr ratio with fractionation is discussed by
Taylor (1965) and Berlin and Henderson'(1969).v In liquids_where plagio=’
" clase is the fractionating feldspar, Ba/Sr will increase in residual liquids,
but with precipitation of an alkali feldspar the behaviour becomes more com-
plex. Concentration of Sr relative to Ba has been observed in pegmatites
and strongly fractionated granitic rocks (Taylor, 1965; Rhodes, 1969),
indicating that Ba/Sr should decrease with fractionation. Heier found
Ba/Sr varied from 0,84 to 1,88 for alkali feldspars from nepheline syenites.
in the absence of any other major Ba- or Sr-bearing phenocryst (biotite or
plagioclase) it appears that Ba/Sr should remain nearly constant possxbly

decreasung in the late stages.

6.5.2.1. Undersaturated Suite

Sr decreases progressive]y With increasing F1, whereas Ca/Sr increases.
This supports then the evndence of the major elements and the Ba dlstrnbutnon

that the suite has evolved through feldspar fractlonatlon

The Ba/Sr ratio increases from the PCNS ( ~ 1,0) to the Inner Foyafte
- (1,8) then drops in the Ohter Foyaite (0,5 to 0,7). This variation could be
brought about by variation in Ba/Sr of the fractionating'feldspar, or by the
fractionation of abundant biotite (high Ba, low Sr) with alkali feldspar in
producing the Outer Foyaite The ratio Ba/Sr (feldspar)/Ba/Sr (nepheline)

is about 5 (Heier, 1966), therefore the observed Ba/Sr variation in the suite
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indicates that nepheline was never an important fractionating phase.

6.5.2.2. The Oversaturated Suite

Sr decreases progressively with increasing Fl in a manner similar
to Ba. This depletion of Sr is in keeping with the variation reported in
many alkaline suites (Abbot, 1968; Siedner, 1965), and supporté a feldspar
fractionation model for, the development of these suites. Ca/Sr (Table 15)
increases with increasing Fl to the Hub Syenite (PM127) then decreases in
the dyke rocks but shows considerable scattér. This pattern reflects-fhe
extreme depletion of Ca in these rocks (seé section 6.4.3.) in contrast to
Sr. It is notable that PM177 has low Sr, emphasising thé anomalous Ba |

concentration in this rock.

Ba/Sr fluctuates between 1,08 to 1,28 for the Pomona syenites and
thereafter increases to values in excess of 5 in the strongly fractionated

rocks as predicted by Taylor (1966).

The Drachenberg syenites are notably lower in Sr than the Pomona
syenites and this is also reflected in the considerably different Ba/Sr

and especially Ca/Sr ratios in comparison to the Pomona syenites (Table 15).

Plots of 3a vs Sr and Ca vs Sr for all the analysed rocks are pre-
sented in Figures 24 and 25, and illustrate the'different behaviour of these
elements in the two suites. Ca and Sr show covariance in the early stages
of fractionation (high Ca and high Sr) but in the more fractionated rocks
Sr is concentrated relative to Ca in the oversaturated suite, whereas the
reverse is observed in the undersaturated suite. This contrasting behaviour
in Ca/Sr reflects the contrasting behaviour of Ca in the two suites (see.

section 6.4.3.).

The marked covariance of Ba and Sr in Figﬁré 24 s typical of strongly
fractionated alkaliné'rock suités (Siedner, 1965). Some divérgénce is noticeable
in highly fractionated rocks whéré Ba is enfichéd relativé to Sr in the oversatu-
rated suite, whereas thé reversé is thé casé in thé undérsaturated sul te. This
implies that in undersaturated péralkaliné,]iqﬁids thé éasé with which trace
elements enter crystallizing alkali fé]dspar is Ba> Sr» Ca, and in oversaturated

liquids the order is Ca> Sr> Ba.
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Noble et al (1969) have emphasized that Sr and Ba are the two most
useful elements by which fractionation in a felsic alkaline rock suite can
be monitored. The data presented here confirm this emphésis. Furthermore
the feldspar fractionation model for the evolution of the two suites whiéh
was proposed on consideration of the major elements, is fully supporfed by

the data for Sr and Ba.

The data for the other trace elements can therefore be présented on

the bésis of this model.

6.5.3. Rubidium

The association of K with Rb,lfirst noted by Ahréns et al (1952), is
a well known phenomenon which has recéivéd éxtéhsivé tréatmént (see reviews of
Erlank (1968) and Shaw (1968)). Rb sﬁbstitutes réadi]y for‘K in alkali feld-
spars and biotites, both common minerals in fé]sic alkaline rocks, therefore
distribution coefficient data for thése phaSés are important in déscribing the

behaviour of Rb in alkaline rocks.

Dupuy's (1968) data on ignimbfites indicate that D for sanidines.vary
from 0,66 to 0,83. D for biotites from the same rocks varies from 1,26 to
1,58. Noble and Hedge (1970) report D = 0,25 to 0,45 for sanidine in silicic
lavas. These data indicate thaf pfotracted alkali feldspar fractionation would
enrich residual liquids in Rb whereas fractionation of notable amounts of biotite

could reverse this trend.

K~rich undersaturated volcanics in central Italy have D values for sani-
dine of 1,03; 1,15; 0,76 (Barbieri et al 1968), thus crystallization of these .

sanidines could deplete residual liquids in Rb.

K/Rb is a widely used fractionation and genetic indicator in petrology.
Data from nature and experimént (sée Dupuy, 1968; Barbieri et al 1968; Noble
and Hedge, 1970; Phillpotts and Schnetzler 1970; Beswick, 1973; and Goodman
1972) all indicate that K/Rb (phenocryst)/K/Rb (liquid) is greater than unity
for alkali feldspar, plagioclase, and clinopyroxene, but less than unity for
biotite. Unless extensive fractionation of biotite has occurred successive

liquids in a fractionation series should show decreasing K/Rb ratios.
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Heier (1966) has reported that Rb enters nepheline more readily than
coexisting feldspar and that K/Rb (nepheline) » K/Rb (feldspar).

6.5.3.1. The Undersaturated Suite

Rb behaves in a variable manner_increasing from 101 ppm in the PCNS
to 200 ppm in the Inner Foyaite, before decreasing in the Outer Foyaite.
Apart from GM77, the dyke rocks and the Pomona syenite are enriched in Rb

relative to the Outer Foyaite (Figure 22).

Variation of K/Rb with Fl is a mirror image of the Rb variation, and
K/Rb values are listed in Table 15. The Outer Foyaite theréforé shows high
K/Rb ratios in relation to the Inner Foyaite and the dyke rocks. The range
in Rb and K/Rb is comparablé to othér undérsaturated alkaline suites (e.g. '_
Ilimaussaq - Ferguson, 1970). From a review of published data, undersaturated
suites only rarely show K/Rb < 130, though low K/Rb ratios have been reported
(e.g. the Vico Volcano, central ltaly (Barbieri ét al, 1968), phonolite dykes
in the Gronneda]-ika area of S. Greenland (Gill, 1972)). This could wé]] be
due to co-fractionation of nepHelfne whose effect on Rb and K/Rb is opposite
to that of feldspar (Heier, 1966). Thérefore_Rb and K/Rb behaviour in undef-
saturated rocks appears to contrast to oversaturated suites where extreme Rb
enrichment and resulting very low K/Rb ratios ( < 100) are commonly reported

(see section 6.5.3.2.).

it seems impossible to account for the K/Rb variation in the under-
saturated suite. The comparatively high K/Rb ratios of the Outer Foyaites

could be due to -

(a) biotite fractionation
(b)  nepheline fractionation

(c)  the possibility that the Outer Foyaite is a cumulate.

Ba and Sr data do not support (b) and (c) and to a certain extent (a).
If biotite fractionation were to be responsible, large quantities are required
to be fractionated to offset any feldspar induced trends. The mineralogical

and petrographical evidence does not support this.

Also to be considered is any enrichment or depletion by a vapour phase.
~This does not seem to be a possibility as Beswick (1973) indicates that K/Rb

distribution between crystals and vapour is the same as between crystals and
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vapour is the same as between crystals and liquid.

6.5.3.2. The Oversaturated Suite

Rb increases sympathetically with FI showing a marked‘enrichment
in high Fl rocks. The saturated syenites at Pomona and Drachenberg have
similar Rb abundances (100 to 130 ppm) whereas the siliceous syenites and

dyke rocks have Rb concentrations of 300 to 800 ppm.

K/Rb decreases irrégu]ar]y from‘the saturated syenites (K/Rb
400 to 500) to the si]icéous dyké rocks (K/Rb < 200) two of which have véry
low K/Rb ratios of 50 (GM339) and 77 (DM111). The Biotite-rich Syenite
(Drachenberg) and the Biotité-rich Monzonite (Pomona) have lowér K/Rb ratios
than their assdciatéd satﬁratéd syénités, dﬁé éssential]y to the abundancé
of biotite in these rocks. Howéver, théir fé]dspars méy also contributé _
to these low K/Rb ratios, and suppoft'the proposal that thésé rocks are .

cumulates.

The pattern of high K/Rb in the syenités'with an irregular scatter
towards very low‘K/Rb quartz-bearing derivative rocks fs typical of many
oversaturated alka]iné rocks (MacDonald and Edgé, 1970; Abbott, 1967;
Bowden et al 1962; ‘Siédner, 1965). This pattern is strongly indicative
of prolonged feldspar fractionation and therefore supports other chemical

‘data in confirming that this process was the dominant control in the

evolution of these rocks.

6.5.4, Gallium

Ga is a trivalent element with a low ébundance in terrestrial rocks
(generally < 50 ppm) but enriches in highly fractionated granites and nephe-
line syenites (75 to 100 ppm) (Burton and Culkin, 1972). Thus Ga appears

to increase with increasing differentiation.

Ga may exhibit a covariance with both Al and ferric iron due to
similarities in size and valency. Generally Ga is held to follow Al more

closely than Fe3+ (Burton and Culkin, 1972) but Taylor (1965) and Goodman
3+

(1972) have suggested that Ga displays a closer coherence to Fe’ , especially

in six~-fold co-ordinated sites.
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Ga therefore enters feldspars, micas, magnetite and alkali clino-
pyroxene to much the same extent though micas and magnetite appear likely
to concentrate Ga more than the other phases (Burton and Culkin, 1972).
Goodman (1972) has determined D values for Ga in different phases in basic
lavas. D for plagioclase ranges from 0,85 to 1;27 and increases in more
sodic plagioclase. A1l other phases showed D < 1,0. Ga/Al ratios in
plagioclase are always 1e§s than in the coexisting groundmass, but the

reverse applies to olivine and pyroxene (Goodman 1972).

The behaviour 6f'Ga and Ga/Al in felsic alkaline rocks can only
be indicated by the extrapolation of Goodman's (1972) data. Extensive
feldspar fractionation increasé Ga/Al in thé résidua] liquid. The effects
of mafic minerals aré largely unknown bﬁt jt appéérs that magnetite, with

very high Ga/Al ratios, is likely to counteract any feldspar induced trends.A

6.5.4.1. The Underséturated Suite

Ga is not notably enrichéd in thésé rocks varying from 20 to‘35,5
ppm. In contrast FergUson (1970) réports high Ga values (40 to 100 ppm)
for the |limaussaq foyaites. The distribﬁtion of Ga in the Fl variation
diagrams is identical to Rb, being relatively depleted in the Outer Foyaites

compared to the dyke rocks and the lnner Foyaite (Figure 22).

A plot of Ga vs Al (Figure 26) shows no coherence between these:
elements, and ignoring the Outer Foyaites, Ga/Al increases with increasing
FI (Table 15). A plot of Ga vs Fe>*

alsp shows a similar lack of coherence
(Figure 27) and Ga/Fe3+ increases with increasing FlI (Tab]é 15).

.In-the light of the poor.knowledge of Ga in crystallizing alkaline
liquids the trends illustrated above are difficult to interpret in terms of

crystal fractionation.

6.5.4.2. The Oversaturated Suite

The distribution of Ga in the FI plots (Figure 23) is almost identical
to Rb. Ga increases steadily with increasing Fl but shows a wide scatter in
high FI rocks (dyke rocks). The Drachenberg syenites are slightly enriched

in Ga relative to the Pomona syenites.



‘7 2an3814 uT se sToquig

*$Y201 3IJUTAOIJ ZITILpPNT I®
*g9g 9In3t14g

#7 2in814 ul se
103 1V% sa eswudd Jo 3j01g

*SY201 ®OUTACIJ ZITI9pPNT iB
*l¢ @2an31g
161

sToquis
10 29 dd
3 . d% SA eju Jo 1074
oY
E=E)
4 L
~ ] \_ 1
Vs
/
/
’ S
- /7 VA -is1 -
/
/ / I}
/ / / !
\\ fo) \\ / /
o 4 o X - o~ \ / ke
- \\ [+) / / / -] o -3SC
Ve (o] X / / ! 9
7 e -/ X ! .
/ / Q
\\/ ) A@ ¢ x /
i / /o J +5¢ -
/ / ) o
) ] / O /
4 / ! o
\ ¢ /
/ 1 ©
’
i r 0 / \ - lwm
(5] / I}
7 / !
/ / /
/ / |
/ Q / /
o \\ o / | -4G¢E
7 { !
/ /
/.o / /
Py \% 18




- 114 -

The Ga/Al ratios increase progressively with increasing FI (Table v
16, 17). A piot of Ga vs Al (Figure 26) shows no coherence between these
3

two elements, in fact the correlation is negative. A Ga vs Fe * plot shows

no coherence and Ga/Fe3+ ratio varies considerably with FI (Tables 16, 17).

If the extrapolations from Goodman's (1972) data are correct then
the increasing Ga/Al ratios indicate fractionation dominated by alkali feld-
spar, confirming the interpretation of the major element and other trace

element data.

6.5.5. Zirconium

Zr increases with fractionation éspécial]y in alkaline rock series
(Chac and Fleischer, 1960). This féatﬁré, and thé_véry high concentrations
of Zr in alkaliné felsic rocks, is a commonly féported phehoménon (MacDonald
and Parker, 1969; Ferguson, 1970; Gill, 1972; Weaver, et al, 1972; Siedner
1965; Upton, 1960; BOWdén 1966; Bﬁtlér and Smith, 1962). This.réflécts
the high solubility of Zr in peralkaliné liquids, for which theré is experi-=
mental evidence (Dietrich, 1968), and pétrographic évidénce (éudialyte and
less frequehtly‘zircon aré typical laté crysta]lizing interstitial minerals

in the Granitberg and Pomona nepheline syenites, tinguaites and syenites).

Zr does not. commonly substitute for other common ions but is known
to replace Ti in early Fe-Ti oxides as well as entering pyroxene and apatite
(Taylor, 1965; Arrhenius et al 1971). In alkaline rocks high Zr has been

reported from Na-pyroxenes and arfvedsonite (Vlasov et al 1966).

6.5.5.1. The Undersaturated Suite

Zr is abundant in these rocks and has simjiar pattern of variation
as Rb and Ga, i.e. it is rélative]y depleted in the Outer Foyaites. Despite
this, Zr incréases with increasing Fl; The Zr abundances in the various rock
units can be directly attributed to the presence or absence of Zr-minerals.
Thus Zr-minerals are absent in the PCNS and only rarely present in the Outer

Foyaite. In contrast the other rocks contain notable amounts of zircon and/or

eudialyte-eucolite.
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I't does not seem possible to account for the Zr distribution without °
‘postulating fractionation of either zircon (eudialyte is always a late crys-
———’

tallizing mineral) or Zr-rich mafic mineral during the middle stages of the

development of the undersaturated suite.

6.5.5.2. The Oversaturated Suite

- Zr does not show the enrichment expected of a peralkaline silicic
suite (see above). Zr increases slightly with increasind FI, but is strongly
depleted in some of the dyke rocks, only GM339 (2990 ppm) showing notable

enrichment (Figure 23).

The only éxp]anétion of the Zr distribution pattern is that Zr was
removed by fractionation of zircon or Zr-rich mafic minerals. WEth respect
to this suggestlon the occurrence of large euhedral zircons in the Hub and
Inner Syenites, and the presence of microphenocrysts of zircon in a bostonlte

at Drachenberg, is perhaps sngnlflcant.

6.5.6. Nicbium

Nb substitutes for Ti and Zr in igneous minerals, but has a tendehcy '
to form large complexes with oxygen in the liquid and therefore enriches in

residual liquids with fractionation (Taylor, 1965).

Nb therefore shows a coherence wjth both Ti and Zr although it tends
to enrich relativé to thesé é]éménts in residﬁa] liquids. Nb is found in
Ti-minerals (Fe-Ti oxidés, sphené, pérovékité) and Zr—minéra]s. There is
no distribution coefficiént data for Nb, and the variation:ovab can only
be treated qualitatively. Theory predictéithat Ti/Nb and Zr/Nb should

decrease with increasing fractionation (Taylor, 1965).

6.5.6.1. The Undersaturated Suite -

Nb has a similar distribution to Zr, being relatively depleted in
the Outer Foyaite in contrast to the dyke rocks and the Pomona foyaite.

Therefore, in general, Nb increases with increasing FI (Figure 22).

M‘AF:("' i
o
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Zr/Nb has a complex behaviour (Table 15). Nb is enriched relative
to Zr in the Outer Foyaite and the Pomona Foyaite but the reverse applies to
the tinguaite dykes. The PCNS and Inner Foyafte have ZE/Nb.ratios inter=

mediate between these two.

"Ti/Nb (Table 15) generally decreases with increasing FI but again

the Outer Foyaites are anomalous to this trend.

In general these trénds are similar to thosé shown by other alkaline
suites. At lliﬁaussaq-(Ferguson, 1970) Nb and Zr/Nb increase with differen-
tiation but Ti/Nb decreases. This antipathetic variation of Zr/Nb and Ti/Nb
is in part also displayed by thé Lﬁdéritz Provincé Qndérsatﬁratéd rocks.
Perhabs undér conditions of éxtrémé fractionatfon in péralkaliné liquids, Zr

enrichment relative to Nb operat€s in contradiction to theoretical predictions.

6.5.6.2. The Oversaturated Suite

Nb increases with increasing FI in this suite (Figure 23) whereas
Ti/Nb decreases prougressively in both the Pomona dnd Drachenberg syenites

(Table 16, 17).

Zr/Nb has a more complex behaviour. It remains fairly constant
in the Drachenberg syenites (Table 16, 17) but in the Pomona syenites it
increases slightly with increasing Fl.  The oversaturated dyke rocks have

very low ratios in keeping with the low Zr in these rocks (Table 16, 17).

The behavibur of Nb is similar to that recorded for other alkaline-
peralkaline silicic sQités (MacDonald and Edge; 1970; Weavér, Sceal and
Gibson, 1972; Cox et al, 1970). Thé Zr/Nb variation is not éntire]y ,
similar to that in other peralkaline suités. At Mayor lsland, New Zealand -
(Ewart et al, 1968) Zr/Nb Is nearly constant but high at 16 to 18 in the V
pantellerites. Butler and Smith (1962) record Zr/Nb of 5,4 to 6,0 for the
Pantelleria pantellerites. Weavér et al (1972) show that the coherence
between Nb and Zr for trachytes and pgﬁte]]erites from a number of Rift Valley.
volcanoes is near perfect. Furthermore, lavas from each volcano have a unique

Zr/Nb ratio with no indication of fluctuation with fractionation.

For the Tugtutog dykes (MacDonald and Edge, 1970; MacDonald and Parker,
1970) Zr/Nb increases with fractionation from 5 to 10, contrary to theoretical

predictions. In contrast Ti/Nb varies considerably but generally decreases
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with fractionation. The antipathetic variation of these two ratios is
similar to that noted by Ferguson (1970) for the undersaturated |limaussag

rocks.

It does not seem possible to account for the behaviour of Nb, Ti/Nb
and Zr/Nb in the Luderitz Province rocks. The data reviewed here suggests
that factors governing Nb and Zr behaviour in melts breakdown in peralka}ine
liguids. It has been shown that Zr/Nb ratios may remain constant (Rift
Valley voloanoes), increase with fractionation (!limaussaq, Tugtutog) or
decrease with fractionation'(this work). No genera] rules ‘regarding Zr/Nb

behaviour in peralkaline melts can therefore be made.

6.5.7. Thorium

Th is general]y present in terrestrlal rocks in amounts < 30 ppm and
in all igneous rock serles it nncreases with differentlatlon (Rogers and Adams,
1969). 0f the common igneous minerals, Th is notlceably concentrated in
apatite, sphene, zircon, Fe-Ti oxides as weil as biotite and hornblende. Th
variation in any igneous rock series‘is therefore probably controiled by mafic

mineral fractionation.

No distribution coefficient data are available for Th, in fact the
location of Th in rock=forming minerals is uncertain. It is possible that
in some minerals it does not fill lattice sites but occures interstitially -

or in submicroscopic defects (Rogers and Adams, 1969).

6.5.7.1. The Undersaturated Suite

The Th distribution has a pattern similar to the Zr distribution in
these rocks (Figure 22). Th increases with increasing FI but is depleted in
the Outer Foyaite. Compared to the data collected in Rogers and Adams (1969)
some of the undersaturated rock have abnormally high Th ( > 30 ppm), but Gill.
(1972) reported 50 ppm Th _.in the Grdnnedal-lka phonolites so the values reported

here may be quite normal for peralkaiine undersaturated rocks.

Zr/Th decreases with FI (Table 15) with the two Pomona specimens having

very low values for the ratio. There is no regular variation of the K/Th ratio.
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Since the distribution of Zr-and Th is similar, the Th distribution
is probably controlled by fractionation of Zr~bearing minerals. However,

the data does not allow any certain predictions to be made.

6.5.7.2. The Oversaturated Suite

Th increases w?th increasing Fl and the siliceous dyke rocks all have
60 ppm Th.  The White Mountain Magma series contains up to 50 ppm and more
Th and is considered by'Rogers and Adams (1969) to be high.  On this scale the
oversaturated dyke rocks are abnormally énrichéd in Th., Howéver, data on Th
for similar rock suites afé few in thé litératﬁré and it is uncertain whether

such enrichment is common or not.

Zr/Th decreases with increasing F! (Table 16, 17) and ratios for the
dyke rocks are very low due to the Zr depletion in these rocks. K/Th (Table
16, 17) decreases regularly with in;reasjng F1 in the Pomona syenites, being

lowest in the dykes. In the Drachenberg syenites K/Th varies considerably.

It is noticéable that the'distribution pattern for Th is unlike that
for Zr in the oversaturated suxte, in contrast to the undersaturated rocks.
If the Zr de§{|c1ency in the dykes is ascribed to fractionation of zircon,
then it would seem that Th does not substltute for Zr in zircon, or perhaps

in any other mineral.

6.5.8. Lead

Pb may substitute for both K and Ca in common silicate minerals (feld-
spars, apatite, micas, plagioclase). However, Pb is concentrated in residual
liquids due to marked covalency of the Pb-0 bond in comparison to Ca-0 and

K-0 bonds (Taylor, 1965).

Pb"t and sr*t oare nearly identical in size and should show a strong

coherence, but Sr enters K and Ca sites more readily than Pb thus Pb/Sr ratio

increases with fractionation.

Wedepohl (1956) has shown that Pb concentrates in micas (up to 70
ppm), alkali feldspar {up to 80 ppm), Fe-Ti oxides (10 to 40 ppm), and p]agno-

clase { < 15 ppm) in that order. However, no distribution coefficients are
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available, and Pb abundances in a rock series cannot be evaluated quantitively.

6.5.8.1. The Undersaturated Suite

Pb has a distribution pattern similar to Th, Ga, Zr, Nb, and Rb in
this suite, i.e. increases with increasing Fl but is relatively depleted in
the Quter Foyaites. The Pb/Sr ratio increases with increasing Fl (Table
15) although there is some variation éspécia]ly in the dyke rocks. Despite
their depletion in Pb the Outér Foyaités have high Pb/Sr ratios - thié ratio

is therefore a better indicator of fractionation than Pb abundances alone.

There is litt]é comparéblé data in thé litératuré. In a trachytéF
phonolite suité from Ua PQ, Marqﬁésas Islands (Bishop and WOoiléy, 1973)
Pb/Sr increases from 1,1 in the trachytés to 25,0 in thé phono]ités. The
diagrams of Gill (1972) indicate that Pb/Sr also increases with fractionation
in a suife of phono]ité dykés. Both thésé réports confirmvthe date presénted

here.

"6.5.8.2, The Oversaturated Suite

Pb shows an irregular variation in the syeniteé and is relatively
depleted in the dyke rocks (Figure 23). Pb/Sr increases with increasing

FI (Table 16, 17) as is predicted by theory.

Comparison with other ovérsaturatéd suités indicates that at Paresis
(Sidner 1965) and in the dykes from the Tﬁgtﬁtoq région'(MacDona]d and Edge,
1970) Pb increases régu]ar]y with incréasing fractionation and né depletion
occurs in thé highly fractionated rocks. Calculation of Pb/Sr from the data
given by these authbrs shpws that this ratio increases with increasing frac~

tionation as reported here.

6.5.9. Yttrium

Y has a variable and complex behaviour in evolving magmatic rocks, _
but no distribution coefficient data are available so its behaviour is difficult
to interpret. Data quoted by Hermann (1970) indicate that Y is enriched in

alkaline rocks compared to basalts, but not neceisarily so compared to ‘'normal'
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granites. In an intrusive sequence in alkaline rock complexes, Y tends to
enrich with fractionation but may be quite variable and no general rule

applies.

Y coﬁcentrations in co-existing alkali feldspar and arfvedsonite
in a syenite, quoted by Hermann (1970) shaow that arfvedsonite (170 ppm) holds
10 times more Y than the feldspar. Towell et al (1965) found that the abun-
dance of Y in various minerals in granitic rocks of the Southern California
batholith is biotite ) plagioclase > K-féldspar. For a gabbro the same
authors find apatite 7>-hornb]ende ¥ augite 7 plagioclase. This evidence

suggests that Y is strongly concentrated in mafic minerals.

6.5.9.1. The Undersaturated Suite

Y abundancés'are ]istéd jn.ordér of incréasing Fi in Tab]é 15 and
are variab]é with respéct to increasing fractionation. Générallf’Y has a
similar distribution pattéfn to Ga, Rb, Th, Zr étc. in this suité - énriching
in the Inner Foyaité and some of thé dyké rocks bﬁt is rélativély depléted in
the Outer Foyaite. Other undersaturatéd alkaline rock suites have similar
abundances of Y, éxcépt for thé Lovozero massif which is enriched in Y (Vlasoy

et al, 1965).

The fairly constant values of Y and its slight enrichment with frac- .
tionation indicate that mafic minerals did not dominate the evolutionary path

of these nepheline syenites.

6.5.9.2. The Oversaturated Suite

Y abundan ces (Table 16, 17) are similar to the undersaturated suite
with no regular variation with fractionation. Thé Drachenberg syenites have
slightly higher Y.than similar Syénités from Pomona. The behaviour of Y in
the Luderitz Province silicic rocks contrasts with the much higher concentra-
tion, and marked increase of Y with fractionation réported by MacDonald and

Edge (1970) for the Tugtutoq dykes.
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6.6. COMPARISON BETWEEN THE POMONA AND DRACHENBERG SYENITES

In the preceeding account the Pomona and Drachenberg syenites have
been discussed together with the implication that they are consanguineous.

Here | point out a few differences between the two complexes.

On major element chemistry there appears to be no difference between
the syenites from each complex, but in the discussion on feldspar fractionation,
the metaluminous nature of the late differentiates from Drachenberg was noted,

in contrast to the peralkaline nature of similar rocks from Pomona.

At this stage all lndlcatlons are that the syenates from both complexes
could have been derived from the same parent (trachytlc, or one of more ba5|c

character), but that they evoIVed by slightly different fractionation processes.

On considering trace e]ements, differences are more marked. The
Drachenberg rocks have dlstlnctly lower Sr and Ba and sltghtly higher Ga.
For snmllar values of Fl the ratios Ba/Sr, Ca/Sr, K/Ba are also dxfferent
Despite the characternzatnon of Fl, the Drachenberg syenltes appear to be
more ”fractlonated” than the equ:valent Pomona syenltes Yet this is hard]y
reflected in K/Rb, where, if anything, the Drachenberg rocks have higher K/Rb

than the Pomona equnvalents

This indicates that the Pomona and Drachenberg syenites have no
immediate common parent. If the Syenites are_considered part of an alkali
basalt - trachyte - rhyolite iiqoid line of descent, the differences indicated
above may not even be resolved to a common alkali basalt parent. Abbott (1967)
and Kable (1972), have shown that ln a large number of contlnental and oceanic
alkaline suites, K/Rb, K/Ba and other ratios of the ”resndua]“ elements, remain
remarkably constant during the evolution of the basalt- trachyte spectrum, and
only show differentiation with the‘development of more siliceous, or nepheline-

bearing rocks from the trachytes. Therefore it is possible that the element

ratios of the syenites reflect the value of these ratios in their basaltic" 4
parents.
6.7. COMPARISON BETWEEN THE POMONA AND GRANITBERG UNDERSATURATED ROCKS

Although all the nepheline-bearing rocks have been discussed as a single-
suite this does not imply that they are of the same evolutionary trend. in this

respect it would be worthwhile to compare the undersaturated rocks at Pomona and
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Grani therg. However, the outcrop area of nepheline syenites and tinguaites
at Pomona is small, and enough samples were not collected to justify a full-

scale comparison.

In general the Pomona_nephe]ine syenite, although a coarse grained
rock, has a similar chemistry to the tinguaite dyke rocks. Although it con-
tains far less normative nepheline than the Granitberg Outer Foyaites it is
chemically more ''fractionated" and several of the difféféncés have been noted
in the precedjng account. With thé évidéhcé availab]é suggéétions as to thé
possible different orig}hs‘of thé Pomona and Granitbérg rocks would bé specu-

]ation,

6.8. . COMPARISON BETWEEN THE UNDERSATURATED ~ AND  OVERSATURATED SUITES

It is importéntvto compare the chemistry of the oversaturated and the
undersaturated suites in order to test suggestions that they may arise from a
common '‘trachytic' parent. It has already been established that it is unlikely
that the Pomona and Drachenberg syenitic rocks are re]atéd to an immediate com~
‘mon parent. fn this section the possiblé relationship of the Granitberg fdyaites

to the syenites of these two complexes is discussed.

To facilitate comparison,‘the variation of major_and trace elements with
Fi for the oversaturated suite, is indicatéd.by a field enclosed by a dashed line
on the FI vs OXIDE and FI vs ELEMENT plots (Figuré 18, 22) for the undersaturated
rocks. Where the Pomona and Drachenberg rocks show different trends (e.g. Sr)

~ the field for each complex is delineated.

Only the fields for the saturated syenites are indicated; (a) to avoid
confusion on the diagrams, and (b). because these are the rocks important to the

problem of consanguinity.

6.8.1.  Points of difference

FI is a sensitive méasure of the ratio of felsic/mafic minerals in-a
rock which does not crystallise acmite. In the initial members of the under=-
saturated trend (PCNS sﬁecimens GM128, GM146) with 10 to 17% normative ne,
mafic minerals are more abundant than in.the syenites, which have less than

1% normative quartz.
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If the nepheline syenites were generated by fractionation from a
trachyte (syenite) parent then that parent must have been unusually rich
in mafic minerals and would be quite unlike any of the syenites (in mineral-

ogy and chemistry) observed at Drachenberg or Pomona.

Thus although the syenites and the initial members of the undersat-
urated trend have similar‘Fl's they are not strictly comparable. in terms
of the trachyte parent‘mode] which is being testéd, the PCNS specimens are
far more ''fractionated'' than the syénites (sincé they-havé devéloped a con~
siderable amount of nepﬁeline), assuming that fractionation in the trachYte-
rhyolite and trachyte-phonoli;é spéctra-aré of éqﬁal éfficiency. Indeed,
Gill (1972) found normativé nepheliné a béttér indéx'of fractionation than

FI.

6.8.2. Major elements

Apart from the obviousASiOZ_difference the undersaturated suite is

2O, Mg0, Na2 + KZO and depleted in KZO' The differences in

the alkalies may not be significant, but the difference in Mg is, especially

enriched in Na

when the 'real! positioﬁ of the PCNS in the fractionation scheme is taken
into account. If the PCNS is derived by fractionation from the syenites;
then the nature of the fractionation must have been one of Mg enrichment.
This is possible by early rémoval of Fe in iron bearing minerals, e.g.
magnetite, which requires a high f02 ¢nvironment. Since it has already

been pointed out that the PCNS is more abundant in mafic minerals than the
syenites, marked fractionation of_Fé mafic mjnéra]s is untenab]é. It seems
unlikely then.that the PCNS aré dérivéd from ahy of thé Pomona or Drachenberg

syenites.

6.8.3. Trace elements

The syenites have lower Nb, Zr, Ga, Rb, but similar Pb and Th, when
compared with the PCNS. Since the abundance of these elements increases
with fractionation, consideration of the position of the PCNS relative to the
syenites in terms of normative nepheline, reveals lfftle real difference in

the amount of these elements in the two rock types.
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Ba and Sr in the PCNS is much higher than in both the Drachenberg
and the Pomona syenites and this difference is aggravafed when comparfson
is made on the '"normative nepheline'' basis. Since the studies heré and
elsewhere (see the discussion on these two elements) report the progréssive
decrease in Ba and Sr with fractionation in trachyte-phonolite and trachyte-
rhyolite suites, the high Ba and Sr in the PCNS'cannot be reconciled with

the derivation of the latter from the syenites.

The compositions of the rocks from all 3 complexes are plotted in
the two conventional KNC and FMA trianguiar diagrams, Figﬁres 28 and 29.
It is cléar that each comp]éx has a Qniqﬁé fractionation path althbugh therei
is considerab]é convérgénce in thé highly fractionatéd rocks .in the FMA dié-
gram. Altogether, thesé diagrams support thé féaturés évidént in the Fl
plots and.the Bai]éyeMacDonald diagram, and ré-emphasise thé points discusséd

above.

6.9. SUMMARY

Each complex in the Luderitz Provincé has developed independently,
and their syenites cannot be rélated to any common parent presently exposed
in the Province. Successive rock types in each complex havé evolved through
~ crystal fractionation dominated by alkali feldspar, and supported by minor
amounts of mafic mineral fractionation. The chémistry of the dyke rocks,
particularly in the oversaturated sﬁites, suggests that their development
through crystal fractionation has been modified by vapour phase action

during crystallization.

The chemical and petrographic féatures of the undersaturated suite
are analogous to a typical trachybasanite - phonolite evolutionary trend
(Coombs and Wilkinson, 1969; Ridléy; 1970; Turner and Verhoogen, 1960).
The'oversaturated suités at Pomona and Drachenberg, although not consan-
guineous, are similar to typicaf saturated trachyte - alkali'rhyolite

suites (e.g. Abbott, 1969; Turner and Verhoogen, 1960).



Figure 28. KNC diagram for all Luderitz Province rocks.

0o, G = Granitberg and Pomona undersaturated
rocks
e, P - Pomona oversaturated rocks

e , D = Drachenberg oversaturated rocks.
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CHAPTER 7

THE MINERALOGY OF THE ALKALINE ROCKS

A microprobe has been used to analyze the mafic mineréls and nepheline
in carefully selected samples from the undersaturated suite at Granitberg,vand
the oversaturated suite_at Pomona; Since the mineralogy of these two suites
is similar, it is intefeéting to compare the composition of the minerals crys--
tal]izihg in contrasted peralkaline environments. In addition the ana]ysés
may be used together with thermochemical data to estimate important intensive

parameters of crystallization -~ P, T, f02, fH20, etc.

The microprobe analytical procedures are summarised in the Appendix.

7-1. MAFIC MINERAL REACTION SERIES

The mafic mineralogy of the principal members of the undersaturated
suite (Granitberg), and the oversaturated suite (Pomona), is summarised in

Figures 30 and 31, the main features of which are discussed below.

7.1.1. The Undersaturated Suiteb

Biotite and clinopyroxene are present at all stages of the development
of the suite. Amphibo]e is noticeably absent, but has appeared in trace amounts
in the early stages of érystallization of the Inner Foyaite, and late in the

crystallization of the marginal zone of the Outer Foyaite.

~ Perovskite is unusual in its appéarance in the Inner Foyaite, and to
the writer's knowledge, .there is no record in the literature of perovskite
crystallizing in mildly undersaturated nepheline syenite in apparent equilibrium
with alkali féldspar. The perovskite appears to have developed at the expense.

of Ti-magnetite and sphene.’

A marked divérsification in what is ésséntia]ly a simple mineralogy
appears in the marginal zone of thé Outér Fovaite, whére aénigmatite crystallizes
at the expense of an Fé-Ti oxidé, along with astrophyllite, lavenité, arfved-
sonite, and eudia]yté-eucolité. Thé'rélationship.bétwéen aénigmatite and'

astrophylilite is similar to the relationship between aegirine and arfvedsonite.



Figure 30.

Mafic mineral reaction series, Granitberg foyaites.

PCNS Biotite Augite zoned to Na—pyroxene- Ti-magnetite Sphene
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. . S13 3 . . )
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occasional cores of Na—amphibole \\\\\\\\k \N
| ! |
Intermediate Biotite as above Sphene + Perovskite
zone - ' : ’
!
\ 4 . 1
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Figure 31.

Mafic Mineral reaction series, Pomona Syenites.
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The mineralogy of the undersaturated rocks is typical of miaskitic
nepheline syenites, except for the core zone of the Inner Foyaite, and the
marginal zone of the Outer Foyaite which have distinct'agpaitic affinities
(Sorensen, 1960). '

7.1.2.  The Oversaturated Suite .

Biotite is a constant member of all stages in the fractionation
scheme, except in the nordmarkite Ring Dyke. Amphlboie is important in
all rocks other than the cumulate, and is the only minerai in the Ring Dyke.
Pyroxene, as augite, appears eariy; bat.in the middie stages is repiaced by

amphibole. It reappears in the Hub Syenite as Na-pyroxene.

Ti-magnetite and sphene are also always present, except in the Ring

Dyke. Zircon is abundant in the Inner and Hub Syenites.

7.1.3. Comparison between the Over- and Undersaturated Suites

The most obvious contrasting feature in the two suites is the impor-
tance of amphibole in the oversaturated trend, compared to its almost total
absence in the undersaturated suite. This appears to be a common phenomenon
in peralkaline rocks. In the writer's experience, although alkali amphibole
may accompany Na-pyroxene in undersaturated alkaline rocks, it is seldom, if

ever, present to the exclusion of alkali pyroxenes. Yet the converse is

common in the oversaturated alkaline rocks. If this observation is general,
it is difficult to explain. Alkali amphibole crystallizes from melts which ”
precipitate aegirine only under low fO2 conditions, yet silicic alkaline rocks - r

crystallize at higher f0 than do undersaturated iiquids (Nash et al, 1969;
Y g 2

this work section 8.4, ) However lf high 0 lndlcates high fH,0, then the

2. 2
persistence of anhydrous mafic phases in the relatively dry undersaturated

liquids .is to be expected.

The other feature is the extreme diversification in mineralogy commonly
reported in alkaline undersaturated rocks, in contrast to the relatively simple
mineralogies of oversaturated peralkaline rocks. Vlasov et al (1966) reports
over 130 mineral species and varieties in the Lovozero massif, and similar com=
plex mineralogies are seen in the peraikailne undersaturated intrusions of the

Gardar prOV|nce, S. Greenland (Sorensen, 1960).
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[t is doubtful whether these differences are due to the undersaturated
rocks being more 'fractionated' than their oversaturated counterparts. More
likely, the undersaturated environment provides optimum conditions for the
stabilization of Zr, Ti,band Nb complexes in the melt, and subsequent crystall-
ization of these elements in a variety of minerals. At Lovozero Zr, Ti, and -

Nb are major constituents of 37 different minerals (Vlasov et al, 1966).

7.2. . BIOTITE

Analyses of biotites are presented in Tables 18, 19. Since no OH or
halogen (F, C1) has been determined the totals of the analyses are low. The

formulae are based on a cell of 22 oxygen atoms, and the composition of the
biotftes, calculated fromvthe octahedra]ly co-ordinated cations, are expressed
in terms of mole % of four tompositiona]‘énd-mémbéfs - annite, phlogopite,
manganophyllite and Ti-biotité. Thé composition of the biotites in térms of

these end-members is illustrated in Figure 32.

The composition of individual biotite grains is remarkably constant
over the whole grain area. During analysis slight zoning of Ti, Mn and to a

lesser extent Fe and Mg was noted in some grains.

The biotites from both suites are all Al-poor and some Ti has been
assigned to the tetrahedral sites with Si and Al. Despite this, the biotites
are all peraluminous, in that they contain excess Al over Na + k + Ca, a feature
which seems to be common with many analyzed biotites (Deer et al, 1962). Frac-
_tionation of biotite can theréforé énhahcé any peralkaline trend, or even'gene-
rate it, as has been noted by'Carmichaél'(1967). Furthermore this data supports
that of Carmichael (1967) in indicating that péra]uminous biotites.readily érys-

tallize in peralkaline environments.

Ca is not present in biotités to any extent, a feature which is emerging
with more microprobe analyses of biotites, and suggests that the Ca recorded in
most analyses of bulk separates is due to contamination by apatite inclusions -
(Mitchell, 1972; Carmichael, 1967).

\ Mn is especially high in some of thé'biotités from thé Luderitz Province
rocks studied here. Wéight % MnO rangés from 0,54 to 2,07 in thé ovérsatﬁrated
syenites, and from 0,99 to 3,78 in thé néphéiiné”syéqités. This is far higher
fhan any of the ignéous'biotités ]istéd in Déér'ég;gl‘(l962), but Nash and



TABLE 18

Microprobe analyses of biotites from nepheline syenites, Granitbefg.

GM146 GM146 GM350 GM350 GM147 GM147 GM137

510, 35,00 34,85 35,15 36,02 34,03 34,46 34,36
TiO2 3,29 3,10 3,56 3,52 3,88 3,78 3,93
A1,0, 13,28 © 13,60 10,35 10,01 11,91 12,35 12,11
Fe0* 25,27 25,12 28,76 27,86 - 31,36 31,13 31,80
MnO 1,01 0,99 3,60 3,78 3,21 3,25 1,68
~ MgO 9,04 9,02 5,06 5,84 2,90 3,98 2,72
ca0 0,01 0,01 0,01 0,01 0,01 0,01 0,05
K,0 9,21 9,16 8,92 9,08 - 9,07 9,24 8,88
Na,,0 0,28 0,40 0,30 0,32 0,23 0,23 0,18

96,40 96,26 95,72 96,43 96,62 . 98,44 95,72

% All Fe as FeO

Number of ions on the basis of 22 oxygens

Si 5,498 5,478 5,746 5,812 5,576 5,522 . 5,641

Al 2,459 2,520 1,994 1,904 2,300 2,332 2,344
Ti ' 0,043 0,002 0,260 0,284 0,124 0,146 0,015
Ti 0,346 0,365 0,158 0,143 0,355 0,309 0,470
Mn 0,134 3,303 0,498 0,516 - 0,466 0,441 0,234
Mg 2,117 2,115 1,233 1,404 0,709 0,951 0,664
Fe 3,320 0,132 3,930 3,759 4,298 4,172 4,366
Ca - s - - S - 0,010
Na 0,085 0,121 0,096 0,100 0,075 0,073 0,057
K 1,846 1,836 1,860 1,869 1,895 1,888 1,859
Ann - 56 .. 56 68 - 65 74 71 - 76
Phlog - 36« 36 21 24 12 16 12
MnBi 2 w2 8 .9 8 8 4

TiBi 6 6 3 2 6 5 8



TABLE 19

Microprobe analyses of biotites from syenites, Pomona

PM64 PMEL PM157 PM157 PM60 PM127

sio, 35,81 35,94 35,45 35,66 37,36 40,68
Tio, 4,26 4,49 2,95 2,48 3,03 2,87
A1,0, 11,75 11,55 11,12 11,32 13,25 10,60
Fel% 19,96 20,41 24,11 23,01 17,65 17,26
Mn0 0,57 0,54 0,91 0,95 2,07 1,49
MgO 12,21 11,80 9,56 10,49 12,99 14,63
Ca0 0,01 0,03 0,01 0,03 - 0,01 0,01
K,0 9,32 9,33 9,24 9,46 9,56 9,43
Na, 0 0,41 0,43 0,26 0,3 0,28 0,19

gk,31 94,52 93,61 . 93,81 96,21 = 97,16

% A1l Fe as Fe0

Number of ions on the basis of 22 oxygens

i 5,606 5,625 5,720 .5i715'. 5,669 ° 6,042

Al 2,168 2,131 2,116 2,140 2,331 1,856
Ti 0,226 0,244 0,164 0,145 0,039 0,102
COTi 0,275 0,284 0,136 0,154 0,34 0,218
Mn 0,075 0,072 0,12k 0,129 0,267 0,187
Mg 2,850 2,753 2,300 2,531 2,940 3,240
Fe 2,613 2,671 3,253 3,084 2,239 2,143
Ca - 0,005 - 0,005 - -
Na '0,126 0,131 0,082 0,096 0,081 0,055
K 1,861 1,83 -1,902 1,933 1,851 1,786
Ann 45 46 56 52 38 37
Phlog Lo 48 Lo 43 50 56
MnBi : 1 1 2 2 5 3

TiBi 5 . 5 2 3 6
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Wilkinson (1970) reported very rapid zoning toward extremely Mn-rich marglns
in biotites from Na-syenites in the Shonkin Sag laccolith. The biotites
analyzed here are all very homogeneous with respect to Mn, except at the
rims in specimens in the Hub Syenite (PM127) and the Inner Royaxte (GM350)

where a slight Mn depletion was detected during analysis.

There is a contrasted variation in Fe and Mg fn the biotites for

" the over- and undersaturated suites. In the oversaturated suite the phio-
gopite component increases with fractionation (as determined by major and
trace element data) froh the Outer'Syenite-> Inner Syenite'—>Hub Syenite.
The cumulate, PM64 has a biotite‘Fe/Fe+Mg intermediate between the Outer
and Inner Syenites (Tablev27). This variation is i]]hstrated in Figure
32. In contrast the biotites in the undersatarated saite have'much,higher
Fe/Fe+Mg than any of the oversathrated syenites, and the phlogopite com-
ponent in the blotlte decreases W|th fractlonatlon No zoning of Fe and
Mg occurs in the biotites except in the Inner Foyalte (GM350) which display
slightly Mg~=rich rims. The sxgnlflcance of the Fe - Mg variation will be

discussed in section 7.9.

3
7.8. AMPHIBOLES

Analyses of the amphiboles are presented in Table 20 with their
formulae calculated on the basis of 23 oxygens in the cell.. No determin=-

ations of OH or F were made, thus the analyses have low totals.

During ana]ysés compositional inhomogeneitylwas detected in amphi-
boles from severa] of the rocks. Fe and Mg are generally constant over the
whole grain area, but some grains show slight Fe enrichment at the rim. The
minor elements, Ti, Al, and in the more.alkali amphiboles, Ca, show more
marked variation. No pattern in the inhomogeneity cou]d be detected, except
in the arfvedsonlte in GM137 whlch shows a dlstnnct Ca and Al depletion to-
wards the margins of the grains. As in the blotntes, Mn is surprisingly

constant over the grain area.

The Fe-edenite (PMI57) and the alkali amphibole in PM60 are all
"slxght]y Al-poor - in all the other amphiboles Al enters both the Z and Y
positions.  In the Fe- edenlte Al > (Na + K) and-fractionation of these
amphiboles will generate a pera]kallne eondition in the residga] liquid.

PM157, in which these amphiboles are found, is not peralkaline, but all



"~ TABLE 20

Microprobe analyses of amphiboles from syenites and nepheline syenites, Granitberg and Pomona

Na 0,975

PM157 PM157 PM60 PM127  PM127 PM66 PM66 GM137
$i0, 40,38 40,00 49,28 53,02 54,35 49,54 k9,74 47,51
Tio, 2,44 2,30 1,03 0,26 0,36 0,68 0,73 2,02
A1,0, 9,09 9,38 3,10 1,80 1,34 1,46 1,38 3,60
Fe0% 19,83 20,12 16,95 15,12 15,09 25,63 27,29 26,39
MnO 1,03 0,99 3,43 1,87 2,09 4,97 4,84 2,20
Mg 8,75 8,82 11,56 13,11 13,43 4,99 L,54 3,75
Cad 10,60 10,52 6,69 6,41 5,30 3,22 3,10 2,55
Kzo‘ 2,23 2,35 1,42 1,26 1,17 1,17 1,19 1,77
Na,0 3,21 3,10 5,16 5,45 5,56 6,18 6,35 7,79
97,56 97,58 98,62 98,30 98,68 97,84 99,17 97,60
* A1l Fe ans Fe0
Number of ions based on 23‘oxygens
Si 6,323 6,274  7,k409 7,801 7,934 7,807 7,786 7,517
Al 1,667 1,72k 0,549,199 0,066 0,193 - 0,214 0,483
Al 0,112 0,162 0,074  0,0k0 0,188
Ti 0,287 0,270 = 0,116 0,028 0,039 0,081 0,086 0,240
Mn 0,136 0,131 0,437 0,233 0,257 0,664 0,642 0,295
Mg 2,041 2,062 2,591 2,875 2,906 1,172 1,059 0,884
Fe 2,597 2,6 2,131 1,860 1,832 3,378 3,572 3,492
Ca - 1,778 1,767 1,078 1,010 0,824 0,554 0,520 0,432
K 0,446 0,471 0,273 0,236 0,216 0,235 0,237 2,390
0,943 1,505 1,554 1,565 1,888 1,928 0,357

GM137
48,10
1,83
3,48
25,61
2,28
3,95
2,32
1,85
_7,83
97,25

7,599
0,401

0,218
0,217
0,305
0,930
3,384

0,303
2,398
0,373.
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Figure 32. Composition of biotites and amphiboles from Granitberg
and Pomona. Amphibole compositions in terms of atomic Mn, Fe, and

Mg, with the triangular 'error of closure' proportional to the Ti
content. Biotite compositions in terms of Mn, Fe, and Mg only.
Numbers refer to rock samples. Dashed arrows indicate direction
(but n6§ necessarily the path} of fractionation,as deduced from

field and chemiéal data.

o, - undersaturated syenites, Granitberg

o, Zﬁx ~ oversaturated syenites, Pomona
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the other rocks (except PM64) are, and in these A1 < Na + K. The Na+K/Al
ratio in the amphiboles, unlike biotite, appears to be sensitive to the

NA+K/A1 of the environment in which they crystallize.

Ca in the amphiboles decreases with fractionation, as does Ti,
although the arfvedsonite in GM137 has high Ti. This rock is devoid of
Fe-Ti oxides and sphene and Ti has entered the mafic silicate minerals

instead.

Mn is considerably enriched in the amphiboles, the Mn0 content
increasing with increasing fractionation to nearly 5 Wt% in the arfvedsonites
in the nordmarkite ring dyke (PM66). This is far higher than the MnO content
of any amphiboles listed by Deer et al (1962). Such high Mn has not even
been réported in thé amphibo]és of the.Lovozéro massif whéré Mn is enriched
to the extent that it is one of thé main hinéral—forming é]éments in 15

minerals (Viasov et al, 1966).

Fe and Mg variation in thé amphiboles is similar to thé biotites.
The amphiboles becomé moré Mg~rich with fractionation from thé Outer Syenite
to the Hub Syenité. The arfvédsonité in thé nordmarkité ring dyké has low
Mg, similar to the arfvédsonité in GM137.  The composition of the amphiboles

is illustrated in Figure 32.

7.4, ‘, PYROXENES

Analyses of clinopyroxenes are présénted in Tab]e; 21, 22, with thefr
formulae based on a cé]] of 6 oxygéns. Thé compositions of the pyroxenes in |
terms of mo]é % of the three énd-mémbér no]éch]és, Acmité; Diopside and Heden-
bergite are also givén, The compositions aré also plotted in Figure 33, where
the error of closure is proportional-to thé Mn content of the pyroxenes. Most
of the analyzed pyroxénés aré zoned toward acmite=-rich rims, thus several deter-

minations of the composition of the core and rim were made on individual grains.

Both the Ti and Al contents of the pyroxenes are ‘normal' and withfn
the range commonly reported for igneous alkali-pyroxenes (Gomes et al, 1970;

' Tyler and King, 1967; Stéphenson; 1972). Potassium was either very low or

not detected in the pyroxenes, a féature also notéd by Stéphénson (1972). In

contrast analyses of bulk sépargtes common ly réport considerable amants of K,

greater than 1% in some separates. It would appear that these high K contents
P PP



Figure 33. Composition of Na pyroxenes from Pomona and

. . . ++ :
Granitberg in terms of atomic Na, Fe , and Mg.

- undersaturated syenites, Granitberg
A - Oversaturated syenites, Pomona
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TABLE 21

Microprobe analyses of clinopyroxenes from nepheline syenites, Granitberg.

© GM1L46  GM146  GM350  GM350  GM137(c) GM137(i) GM137(r) GM137 GM147(c) GM147(r) GM147(c) CMIh7(r)

SiO2 51,12 51,05 51,56 52,28 50,85 _50,h3 51,23 50,50 50,73 50,75 50,60 50,63
Tio, © 0,46 - 0,49 0,52 0,57 0,41 0,47 0,56 0,73 0,53 0,45 0,58 0.56
AL, 0, 2,29 2,30 1,06 1,00 1,33 1,20 0,97 ~1,00 1,90 1,18 1,97 1,19
FeO* 9,23 9,26 23,84 24,57 17,10 23,52 25,49 26,43 14,52 24,17 15,59 25,37
MnO 0,86 0,82 1,58 1,62 1,81 2,24 1,63 - 1,22 2,05 2,63 2,13 1,95
MgO 13,02 13,50 2,87 2,08  6,k42 1,93 0,88 1,37 8,64 - 2,26 7,92 1,75
a0 20,01 20,17 9,34 6,18 19,99 16,10 9,78 9,94 21,1 13,66 20,93 9,42
Na,0 1,13 1,21 7,36 . 9,64 2,05 3,52 7,25 8,53 1,87 5,86 1,93 8,20

98,12 98,80 98,12 97,99 99,97 99,43 97,82 99,73 101,35 100,98 . 101,67 99,08
% A1l Fe as FeO. KiO cbnsisteﬁtly <0,01. (c) - core; (i) intermediate zone  (r) | rim.

~ Number of Cations on the basis of 6 oxygens

Si 1,949 1,936 2,084 2,117 1,988 2,033 - 2,097 2,048 1,945 2,025 1,942 2,062

Al 0,103 0,103 0,049 0,048 0,061 0,057 0,047 0,048 0,085 0,056 0,089 0,056
Ti 0,013 0,014 0,016 0,017 0,012 0,014 . 0,017 0,022 0,015 0,01k 0,017 0,017

Mn 0,028 0,026 0,054 0,056 0,060 0,077 0,057 0,042 0,066 0,089 0,069 0,067

Mg 0,740 0,763 0,173 0,126 0,374 0,116 0,054 0,083 0,493 0,134 0,451 0,106

Fe 0,294 0,294 .0,806 0,832 0,559 0,793 0,872 0,896 0,466 0,806 0,499 0,864

Ca 0,818 0,819 0,404 0,268 0,837 0,696 0,429 0,432 0,864 0,584 0,857 0,411

Na 0,083 0,089 0,577 0,757 0,156 - 0,275 0,575 0,670 0,139 0,454 0,143 - 0,647

Di 69,7 70,5 16,8 12,4 37,7 11,8 5,5 8,1_ 48,3_. 13,0 44,3 10,3

Hd 22,5 21,3 27,4 12,9 46,6 . 60,3 36,0 26,3 38,3 42,9 41,7 27,3

Ac 7,8 8,2 55,8 74,7 15,7 27,9 58,5 65,6 13,6 Ll 1 14,0 62,4



SiO2
Ti02'
A1203
FeO*
MnO
MgO
Cal
Na,0

Microprobe analyses of clinopyroxenes from Syenites, Pomona

TABLE 22

* All Fe as Fe0;

Si
Al
Ti
Mn
Mg
Fe
Ca
Na

Di
Hd
Ac

7,9

PM6L PM64 (c) PM6L (1) PM157 PM157(c) . PM157(r) PM127 PM127(c)
51,39 52,64 51,40 51,27 51,76 51,20 52,37 51,08
0,25 0,32 0,71 0,48 0,61 0,46 0,13 0,28
1,51 0,92 2,20 1,67 1,86 1,84 0,32 0,67
12,11 7,39 10,37 10,84 9,50 11,89 19,94 13,25
0,64 . 0,39 0,41 0,85 0,85 1,02 2,00 2,07
11,91 14,71 12,58 11,32 12,51 10,60 5,64 9,29
21,54 22,36 22,19 21,67 21,69 21,04 14,56 21,50
1,26 0,52 1,13 1,06 1,13 1,29 5,05 2,08
101,13 99,91 101,00 99,15 99,91 99,35 100,02 100,19
KZO consisténtly < 0,01; (c) coré; (r)
Number of cations on the Easis of 6 dxygéns
1,951 1,978 1,922 1,958 1,948 1,959 2,057 1,971
0,066 0,040 0,097 0,075 0,083 0,083 0,015 0,031
0,007 0,009 0,020 0,014 0,017 0,013 0,004 0,008
0,020 0,012 0,013 0,027 0,027 0,033 0,066 0,068
0,668 0,813 0,701 0,644 0,702 0,605 0,330 0,534
0,380 0,229 - 0,324 0,346 0,299 0,381 0,655 0,427
0,868 0,889 0,889 0,887 0,875 0,863 0,613 0,889
0,092 0,037 0,082 0,079 0,082 0,096 0,384 0,156
62,5 77,1 67,5 63,3 68,4 59,4 31,5 51,9
28,9 19,4 24,6 28,9 23,7 31,2 32,0 32,9
8,8 3,5 7,9 7,8 9,k 36,5 15,2

PM127(r)
50,43
0,26
0,42
19,36
2,30
5,79
17,60
3,98
100,52

1,997

0,019
0,008
0,077
0,342
0,641
0,746
0,305

32,3
39,0
28,7



- ‘]30 -

are due to impurities or to the fact that K is frequently concentrated along cee wleo
Lo

cracks in the grains (A.J. Erlank, personal communication), since microprobe™

analyses consistently confirm the virtual absence of K from pyroxenes.

One of the outstanding features of the Luderitz Province pyroxenes
is their high Mn content, up to 2,63 Wt % MnO in the pyroxenes in the more
fractionated rocks. The only record of similar concentrations of Mn in
pyroxenes is in Vlasov et al (1966) who report 1,4 Wt % MnO in the aegirines
in the Lovozero alkaline massif. Gerasimovskii (1956) records 2,12 % MnO
in pyroxenes from miaskitic alkaliné rocks, though he does not mention the
locality. It is also noticéab]é that the mafic minerals coexisting with

the high Mn=-pyroxenes are also enriched in Mn. In the Outer Foyaite the

Mn0 content of Pyroxene biotite, and Ti-magnetite is 2,63; 3,25; and 6,14%

respectively.

7.5. AENIGMATITE

Aenigmatite is found in the outer zone of the Outer Foyaite, and
analyses are presented in Table 23. Aenigmatite is known to occur in both
over- and undersaturated peralkaline rocks, but none has been found in the.

silicic rocks in the Luderitz Province.

Little variation in the composition of aenigmatite‘occurs, except
amongst the minor elements. Microprobe analyses (this‘work, and Nicholls
and Carmichael, 1969) indicate that K is virtually absent, in contrast to
that indicatéd from bulk séparaté analysés (Vlasov ét al, 1966; Kélsey and
McKie, 1964). The K conténts in thé lattér ana]ysés appear to be dué to

contamination.

The outstanding feature of the aenigmatités analyzed here is their
high MnO content (4,3 Wt %) comparéd to thosé from Lovozero (2,42 % - Vlasov
et al, 1966), from pante]lérités and coméndites (0,49 to 1,19 % =~ Nicholls
and Carmichael, 1969), and those analysés listed by Kelsey and McKie (1964).
The Ti/Fe+Ti ratio for the Granitberg aehigmatites is 17,1, well within the

range reported by the latter authors.

The petrography of the aenigmatite-bearing rocks at Granitberg
indicates that this mineral does not precipitate from a melt crystallizing

Fe-Ti oxides. Similar conclusions were made by Nicholls and Carmichael

&
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Microprobe analysis of aenigmatite from foyaite GM137, Granitberg

TABLE 23

Si0,
Ti0
A1203
Fe0%

Mn0

Cal
K.0

Na,0

10071
Fe + Ti

* All Fe as FeO

17,1

41,73
8,07
1,09

35,89
k,39
0,90

0,33

17,1



Fel
2 37:
MnO
Ti0
A1,.C

273
Cr203
Na, 0
Si0

- ca0

Mg0

* Fe203

TABLE 24

Analyses of Ti-magnetites

PM64 PMI157 PM127
31,97 32,42 31,60
63,04 60,21 63,43
0,90 1,52 0,63
2,83 - h,72 2,23
0,63 0,72 0,02
0,05 0,03 0,03
99,42 99,62 98,94

calculated by the method of Carmichael (1967)

** microprobe analysis; other analyses by XRF,

GM147 * ¥

47,00
34,89
. 6,14
12,22
0;13
n.d.
0,05
0,02

0,04

0,04

100,53
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(1969) for acid alkaline rocks. This antipathetic relationship between

aenigmatite and Fe-Ti oxides will be dealt with more fully in section 8.6.

7.6. Fe-Ti OXIDES

Ti-magnetite is the sole primary Fe-Ti oxide crystallizing in both
the oversaturated and undersaturated suites. The magnetite is now seen as
‘intergrOWths of i]menité and magnetité, and following Buddington and Lindéley
(1964), the ilmenite is‘consideredvto répresént thé original ulvospine] com-
ponent of the magnetite-ulvospinél solid solution, which has been oxiﬂ%ed on

exsolution.

Bulk concentrates of the oxides wéré made for analysis by X-ray fluor-
‘escence. Concéntratés of sﬁfficiént bﬁlk and phfity wéré obtained only from
PM64, PM157, and PM127. Théir ana]ysés aré préséntéd in Tab]é 2L, and havé
been recalcu]atéd to éxpréss thé composition in térms of mole % Usp according
to the ru]és of Carmichaél'(1967). This méthod also allows an éstimate of

Fe203 to be made.

In the Outer Foyaite a one-phase oxide mineral occurs. Anisotropism

and other properties in reflected light indicated that it was possibly ilmenite.

However the microprobe analysis of this oxide indicates that it is an Mn-rich
Ti?magnetite. The grains are not compositionally homogeneous, but a satis-
factory analysis (Tabie 24) was obtained by analyzing sufficient spots. No
reference to maghétites with Mn contents of similar magnitudé could be found
in the literature, but Vlasov étAa1”(1966) réported manganilménite with 13%

Mn0 from the Lovozero massif.

7.7. NEPHEL INE

Analyses of nepheliné from rocks in thé Qndérsaturatéd suité aré pre-
sented in Table 25 and théir composi tions plpttéd in térms of nepheline-kalsi-
lite-quartz in Figuré 34, , All_thé néphe]ines contain éxcess SiO2 whiéh is a
reflection of the temperatqre—dependent solid so}utjon Qf SiO2 in members of
the nepheline - ka]si]ite series (Hamilton and MacKenzie, 1960; Hamilton,
1961).

[



Figure 34. Composition of nepheline from the Granitberg undersaturated

syenites, in terms of mole Ne - Ks - Qz. Dashed lines indicate the

experimentally determined limits of solid solution of SiO2 in the

nepheline at the indicated temperatures (after Hamilton, 1961 ).



TABLE 25

Microprobe analyses of nepheline from foyaites, Granitberg

GM146 GM146 GM350  GM350 GM147 GM147  GM137
SiO2 k6,40 l+6_,13 - L6,47 L6, 81 45,60 45,94 ke ,54
‘A1203 32,21 22,44 33,01 32,91 33,63 33,67 33,04
FeQx 0,53 0,49 0,73 0,69 0,42 0,47 - 0,51
MnO nd fid 0,01 0,01 0,01 0,01 0,01
Ca0 0,24 0,24 0,01 0,01 0,03 0,03 10,01
K0 4,81 5,51 5,29 5,14 - 5,85 5,80 5,65
Na,0 . 15,56 . .15,19 .. 14,54 14,66 .°15,26 15,54 . 15,08

99,22/ 100,01 100,13 100,29 100,84 101,50 100,85
% All Fe as Fe0; n.d. - not determined.
Ne 73,83 71,95 70,80 67,48 71,27 71,85 70,39
Ks 16, 4l .18,77 16,96 17,34 20,01 19,66 19,33

Q2 9,72 9,27 12,24 15,17 8,71 8,48 10,28



TABLE 26

Bulk Alkali-feldspar analyses

Outer Syenite PMi57
Inner Syenite PM60

Hub Syenite PM127 .

PCNS (phenocrysts) GM1L6
Inner Foyaite GM350

Outer Foyaite GM147

KZO

5,48

6,51

6,70

3,65
6,26

6,54

NaZO

7»01
6,63

6,54

9,95

7,32

8,07

Ab66or3h

Ab, Or

617 39

Ab, Or

60 40

Ab800r20
Ab640r36

Ab650r35
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Excess SiO2 is generally of the order of 0 to 5 Wt % for the ‘plutonic!
nephelines and may be as high as 10% for the phonolites. Hamilton (1961) has
proposed that temperatures of quenching in nepheline-bearing rocks may be deter-
mined using the excess SiO2 in analyzed nephelines. When the plotted composi-
tions for the Granitberg nephelines are compared to the limits of solid solution
- for varioue temperatures (Figure 34), the indicated temperatures are clearly
.anomaiousiy high for coarse grained rocks, the lowest being in the region of
900O to 9SOOC. No signs of disequiiibrium have been observed, either optically
or during anaiysis. The high SiO content of the nepheiines appears therefore,
to be due to small errors in the analyses ~ This dnderiines Barth's (1963)

criticism of this geothermometer

Apart from excess SiO2 the nephelines show little variation in the
amounts of Ne and Ks molecule. However in accordance with experimental evi-
dence there is a slight increase in the amount of Ks molecule with the deter~-

mined position of the rocks in the fractionation scheme.

7.85 ALKAL[ FELDSPAR

The ma|n features of the alkali feidspars in the two suites have been
presented in the petrographic descrlptions of the various rock types. Na and
K determinations were made on Eglg separates by X-ray fluorescence, and the
results are presented in Table 26. The analyses have already been used with
the major element data (see section 6.4.4.), and their significance discussed
in the light of feidspar fractionation. In addition a limited X-ray study
of the structural state of the feidspars has been conducted. The data is

presented and discussed below.

7.8.1. Structural state of the alkali feldspars

The structural state of the potassic phase of the perthites (hereinafter
referred to as K-feldspar) in the major rock units of the'Granitberg, Pomona, and
Drachenberg intrusions was studied by X-ray diffraction procedures. The purpose

of the study is twofold:

(a) to attempt to confirm the evidence from other intrusions (see Parsons
and Boyd 1971) that the degree of fractnonatlon of a magma in an

intrusive sequence controls the structurai state of the crystallizing
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feldspar;

(b) to establish whether there is any difference in the structural
state of the alkali feldspar crystallizing in an undersaturated

environment compared to an oversaturated environment.

This study was limited in the number of samples processed by the number
of chemical analyses avaiiabie, and by the number of rock samples whose degree
of fractionation could be confidently estimated by association with the analyzed

samples. In all, the rather small number of 44 samples were processed.

0f all the physlcai methods of estlmating the structura] state of the
feldspar the 'three peak' method of Wright (1968) was selected for the following

reasons:

(1) the refiections measured are directiy reiated to the unit cell
dimensions of the feidspars. Moreover Smith (1970) has con-
ciuded that ceii dimensions have the greatest significance with
respect to order disorder |n alkali feidspar, whereas triclinic

geometr%y has ilttie fundamentai significance.

(2) A minimum of sampie preparation is necessary in order to ensure
sharp, interference-free refiections (both nepheline and plagio-
clase interfere with the 131 and 131 refiectionS'iftthe obliquity
method of Goldsmith and Laves (1954) is used). '

7.8.1.1. Results

The normality of the ceii dimensnons for the K—feidspars were tested
as suggested by Wright (1968, P 93). Most of the feidspars are considered
to be 'normai‘ and the 20 vaiues for the 060 and 204 reflections of these feld-
spars have been used to caicuiate 6 as suggested by Ragiand (1970) . Both
normal and anomglous K-feidspars have been used to construct the plots in
Figure 35. Only normei feldspars have been piotted in the Fractiohetlon

Index diagrams. (Figure 36).

7.8.1.2. Discussion

Except for DM115 and DM105 all the Drachenberg syenites possess

‘anomojlous' K-feldspars in the sense used above. Major and trace element
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Figure 35. Structural state of K-feldspars from the intrusive

comp lexes. Oversaturated suite: x - Outer Syenite; o = Inner
Syenite; o - Hub syenite; & - Biotite-~rich Monzonite; + - dyke
rocks; D - Drachenberg Syenites. Undersaturated suite: x - PCNS

o — Inner Foyaite; o - Outer Foyaite; + - tinguaite dykes.

Diagram after Wright(1968).
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chemistry indicate that DM115 has undergone fairly substantial fractionation,
and DM105 is chemically more primitive. There seems therefore to be no sig-
‘ nificancé in the presence of anomelous feldspars in relation to the degree of
fractionation of the host rock. More extensive studies may negate this app-

arent dominance of abnormal feldspars in the Drachenberg syenites.

Considering the Pomona and Granitberg samples, it would appear that
anomolous feldspars are more common in the undersaturated than in the over-
saturated rocks. Otherwise, except for one sample, (PMé4), all the K-feld-

spars have structural states intermediate between Orthoclase and Maximum Micro-

line.

A1l the rocks, except PM6L4, are one feldspar rocks in which the single
alkali feldspar is a perthite. In many of the coarse-grained rocks the per-
thitic intergrowth is very coarse. The plagioclase component is often twinned

on the Albite law and has a composition An6 to An15 The position of the 201
reflection for normal feldspars can be used to estlmate the compos:t|on of the
- pog(éssnc phase using the curves given by Wright (1968). Many of the samples
gave broad or doubly peaked 201 reflections, indicating a range in the compo-
sition of the potassic bhasé, and is po;sibly a réf]éction of thé presence of

albite-rich domains as described by Vogel (1970).

Figure 36 shows a plot of §vs FlI. Fl is the Fractionation Index of
MacDonald (1969), and is believed to represent the degree of fractionation of
the host rock, where strongly fractionated rocks have a high FI. Likewise
indicates the structural staté of thé feldspar and is ca]cu]ated after the
formula given in Ragland (1970). & varies from 0,000 for a feldspar of the
Orthoclase series, to 1,000 for a feldspar in the Max imum Microline - Low Albite
series. For feldspars which have a structural state between the Orthoclase and
the Sanidine - High Albité series 6'}; calculated. The larger 8<3r(gis in the

positive sense, the greater the degree of ordering.

From the diagram it can be.séén that for the oversaturated rocks, there .
is a marked positiVe correlation bétWeén Fl and &, though thére exists a large
amount of scatter of the plotted points. Certainly as a group the K-feldspars
of the quértz bostonites and quartz-féldspar porphyry dyke rocks have higher &

values, and are therefore more ordered than those of the Pomona Outer Syenites.
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For the undersaturated rocks the high fncidence of anomgious feldspars -
allow only a few samples to be'p]otted, and no firm conclusions can be drawn.
There are indications that a positive correlation between & and FI could be
proved in a wider study, but a number of feldspars from rocks with a very high

Fi have disturbingly low values of s .

fn Figure 35 both normal and anomalous feldspars have been plotted,
and the pattern ]argely confirms those illustrated in Figure 36. Considering
the diagram for the oversaturated rocks, It |s clear that as a group the Drach-
enberg syenites not only show a high lnC|dence of anomalous feldspars, but crys-
tallised more disordered feldspars than any other syenites in the oversaturated
trend besides PM64.  This indicatés that thé Drachénbérg syénités shoﬁ]d be
considéréd as an éntity, and théy aré not part of'thé ovérsatﬁratéd trénd as

is developed at Pomona and Granitberg.

The moét ordéréd feldspars aré to bé found in the qﬁartz-bearing dyke
rocks, i.e. thbse rocks which aré chémically thé most highly fractionated in
the oversaturated trend. The oné»éxcéption to this is PM177, a qﬁartz-feldspar
_porphyry, thé trace eléhent chemistry of which is also éxceptional compared to
the other dyke rocks. Otherwise, with the']imitéd nﬁmber'of'samples studied,
the degrée of ordéring in thé K~feldspars incréasés with thé differentiation
series: Quter Syénite‘—a Ihnér Syénité-—+ Hub Syenite -—>Quértz-bearing dyke

rocks.

In the undersaturated rocks the pattern is more confused. The most
ordered feldspars are found in the tinguaite dykes and in the Outer Foyaite.
The feldspars from the Inner Foyaite have a structural state intermediate
between these and the PCNS of the Roof Zone, thus indicating an incréasé in
ordering of. the K-feldspars with the differentiation sequence: PCNS —» '
Inner Foyaite —> Outer Foyaite. However, both tinguaites and the Outer Foyaxte
are amongst those rocks which carry the mos t disordered alkali feldspars. In
order to arrive at any sound conclu510ns regardnng structura] state = composition
correlations in the undersaturated rocks, a statistical treatment of a large

number of samples would be required.

7.8.1.3. Comparison with other data

Parsons and Boyd (1971) have produced convincing evidence that-the

structural state of a K-feldspar is strongly dependent on the relative bulk
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composition of the rock in which it is found. They showed that in a number
of studied igneous intrusions, the most ordered K-feldspars were.found in
the most fractionated rocks in the differentiation scheme appropriate to

each intrusion.

This limited study indicates that similar conclusions can be applied
to the K-feldspars in the rocks in the Luderitz Province. It may be ardued
that increasing degree of fractionation is a refiection of decreasing temper-
ature of crystaiiization, and that temperature is the controiiing factor.
This may be refuted by comparing the structurai states of the feldspar in the
quartz-~bostonites to that of the quartz feldspar porphyry, PM177 The latter
crystaiiized at a iower temperature than the bostonites, but exhibits a more
primitive trace element chemistry,_and contalns more disordered alkali feld-
spars. Furthermore, if temperature were the chief controlling factor it would
not be expected that maximum microiine or near maXimum microiine (which is a
stable phase only below 400 c ) (Barth, 1969) be found in tlnguaites and foyaites
which crystallised at hlgher temperatures (in the range 700 to 800°C - see section
8.4.).

Likewise, cooling rate appears to have no effect on the ordering pro-
cesses as the most ordered K-feldspars are found in the fine grained, rapidly
cooled dyke rocks, as-weii as in some of the coarse grained foyaites. There
is abundant evidence in the coarse intergrowths of most of the perthites from
the syenites and foyaites, that annealing was prolonged and possibly fluxed
by volatiles. Ragland (1970) has suggested that such conditions can account’
for high degrees of ordering in_K-feidspars. The evidence from the Luderitz

Province appears to contradict this notion.

In their study, Parsons and -Boyd (1970) concluded that the nature of
the magmatic and volatile environment, at the time feldspar is crystallizing
from the magma, is critical in determining whether microline will form, or
whether orthoclase will persist during cooling. Their summary of the pertinent
literature emphasises the importance of volatiles in the ordering process.
Furthermore, they indicate that a peraikaiine environment promotes ordering,
whereas a peraluminous environment inhibits ordering, conclusions which are

supported by the synthesis experiments of Martin (1969a; 1969b).
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These postulates are well supported by the data from the Luderitz
Province. The three intrusions can be considered to have experienced sih-
ilar cooling histories. The Drachenberg rocks are all sub-aluminous and
saturated to oversaturated, and display the lowest degree of ‘ordering of all
the oversaturated syenites measured.. The Pomona syenites, crystallizing in
a progreésively increasing peralkaline environment, display more ordered K-
feldspars and a distinct positive correlation between ~ and the peralkaline

index, mole Na,0 + KZO/A120 (Figure 37).

2 3

It is notéworfhy that Parsons and Boyd's (1971) paper concerned it-
self with intrusive sequences which are largely oversaturated and dréw on
support from the experiménta] evidence of Martin (1969a) in presenting their
case. The latter work récords thé rélativé éasé.with which low albite was
syntheSised frpm‘gé]s having compoéit?pns‘on thé join NéA]Si308 - NaZSIZOS, |
i.e. in the presence of excess Na and excess Si. Martin (1969b) identified -
aNa+/aH+ in the aqueous phasé as béing critical to thé faté of ordéring of the

feldspars in his experiments, and apparently the presence of Na , when

25j205
dissociated in the aqueous phase, insured optimum values for these ratios.
Furthermoré, his.work showéd that thg présén;e Qf'NaF, NéCJ, NaZCOB, led not
only to less ordered structural states in the feldspars, but affected ordering
to varying extents. In the undersaturated environment, aquéous solutions of
these salts are likely to be important in the .fluid/volatile phase. The
occurrence of fluorite, cancrinite, and sodalite in many of the foyaites and

tinguaites attests to the variable distribution of F-, CI-, and CO3 in the
peralkaline undersaturated rocks during crystallization, and hence variable
aNa*/aH” and ak™/aHt. 1t thus seems possiblé to account qﬁalitativély for
the ordering ~ composition rélationships illﬁstratéd In Figurés 35 and 36, in

the undersaturated rocks of the Luderitz Province.

7.8.1.4. Summary

(1) All the feldspars studied exhibit structural states intermediate

between Orthoclase and Maximum Microline.

(2) Feldspars from the sub-aluminous rocks of the Drachenberg intru-
sion show a high incidence of anomal&us cell dimensions. The
structural state of both normal and anomalous feldspars is Ortho-

clase - the most disordered of any in the oversaturated syehites.
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(3) For the Pomona syenites and the oversaturated dyke rocks of
the province there is a distinct correlation between the
degree of order of the K-feldspars and the degree of frac-

tionation in the host rock.

(4) For the undersaturated rocks, anomalous feldspars are common,
and there is no clear correlation between ordering in the

feldspars and degree of fractionation in the host rock.

(5) The features éxhibitéd by the féldspars in the province,
support fhé findings of Martin's (1969a, 1969b) éxperimental
work., Ordéring is faci]itatéd by péra]ka]iné aquédus solu=~
tions in silica ovérsétﬁratéd én?ironménts, but may bé impeded
in,thé présénce of aqﬁeoﬁs solutions of alkali ha]idé and car-

bonate salts.

7.9. MINERAL CHEMISTRY AND CRYSTAL FRACTIONATION

7.9.1. Biotites and Amphiboles

The compositions of the hydrous minerals indicate that during the early
stages in the fractionation development of the oversaturated rocks at Pomona, the
"normal' trend of increasing substitution of Fe for Mg with increasing fraction-
ation is reversed. In contrast, in the development of the undersaturated suite,

the normal trend of iron enrichment is followed.

Table 27 presents Fé/Fé+Mg data for whé]é rocks and hydrous minerals in
both suités of rocks. In thé Qndérsatﬁratéd sﬁité, Fé/Fé+Mg in the biotités and
the whole rock are the same, and thé ratio incréasés stéadi]y with increasing :
fractionation. There is no who]é rock data for GM137 but the arfvedsonite which
coexists with the biotite has an Fe/Fe+Mg ratio distinctly different to the bio-

tite but of similar magnitude.

In the oversaturated suite the coéxisting biotite and the aﬁphibo]e have
the same Fe/Fe+Mg ratios, increasing from PM64 to PM157 then decreasing regularly
through the Inner Syenite to the Hub Syénite. v However the Fe/Fe+Mg ratio in the
whole_rocks do not reflect this trend, nor aré they the same as the ratios observed
in the minerals. The whole rock Fe/Fe+Mg ratios only show a slight decrease in
the Hub Syenite, otherwiselthey increase fromvthe ;umu]ate, PM6L4, to the nord?

markite ring dyke, PM66, the latter having the same ratio as the Inner Syenite.



TABLE 27

Fe/Fe+Mg ratios for whole rock and mafic minerals from Granitberg and Pomona

OVERSATURATED SUITE

SAMPLE WHOLE ROCK B!OTITE AMPHIBOLE | CLINOPYROXENE
PHek 0,76 0,68 - 0,39 - 0,57
PM157 0,80 0,75 0,75 0,49 - 0,59
PM60 0,95 0,64 0,65 -

PM127 0:87 0,60 0,59 0,65 - 0,82
PM66 0,95 - 0,88 -

UNDERSATURATED SUITE

GM146 0,77 0,78 - 0,47

GM350 - 0,86 0,87 | - ' 0,92
GM147 0,91 0,92 - | 0,68 - 0,95

GM137 - . 0,9% 0,90 0,77 - 0,97
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Also of importance is that the whole rock ratio is at all stages greater than

the ratio of the coexisting biotite and amphiboﬁe.

Data for Na-pyroxenes coexisting with the hydrous minerals are also
presented in Table 27.  The pyroxenes afe»zoned, yet in the oversaturated
sui te they have lower ratios than not only the whole rock, but the hydrous
minerals as well. In contrast, in the undersaturated suite, except for the
initial member of the trend (GM146), the pyroxenes (or in zoned pyroxenes,

the rims) have a higher ratio than both the biotites and the whole rock.

The only other mineral of importance for which no data is reported
is an Fe-Ti oxide. No Mg of significancé was détectéd ih thé analysed Ti-
magnetites (Table 24), énd thé Fé/Fé+Mg ratio for this minéral is efféctive]y
unity. I f magnétité was thé firsf minéra] to crysta]]izé thé Fé/Fé+Mg ratio
in the liquid would decrease, i.e. the liquid would be relatively enriched in
Mg. The data in the‘ﬁndérsatdratéd suité indicaté'that Fé and Mg aré distri-
buted proportionatély bétwéen ]iqﬁid and biotité, thﬁs, if'thé biotité and
amphibolé crysta]]izéd sométimé.aftér magnétité, thé ratios for thésé hydrous
- minerals would ref]éc; the ratio in thé ]iqﬁid at thé timé of crystallization,

i.e. the ratio will be less than the ratio for the whole rock.

From the data in Table 27 it appears that magnetite crystallized early
at all stages of fractionation in the oversaturated suite, followed by the mafic

silicate minerals. Since PM127 has a lower whole rock ratio than PM60 it would

appear that magnetite fractionation occurred during the evolution of the Hub

Syeni te.

Reports of Mg enrichmént in.minéra]s, or évén in succéssive liquids,
in a fractionation seriés aré not common. Carmichae] (1963) reportéd Mg-rich
pyroxenes in acid g]assés and prdposéd a procéss similar to that describéd
above to account for their composition.. Carmjchae] (1967) présented more
data on acid volcanics, sfmilar to that for the ovérsaturated suite in Table
“27. He also noted that an Fé-Ti oxidé abpéaréd before biotité and amphibole

in many of these volcanics.

Although early appearance of an Fe-Ti oxide in crystallizing liquids
is a common occurrénce, precipitation of large amounts of the oxide before the
appearance of other mafic phasés seéms to. require unusually high oxidizing con=

ditions (Hamilton et al, 1964). It is also important to note that in leucocratic
rocks mafic minerals form only a small pércéhtage of thé rock, thus their com=-

-
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position will be very sensitive to even moderate amounts of magnetite precip-
itation. In contrast, extensive magnetite crystallization is required to

notably modify the Fe/Mg ratio in a liquid of basaltic composition.

The work of Eugster and Wones (1962) and Wones and Eugster (1965)
has shown that‘a_hydrous phase such as biotite is compoéitional]y sensitive
to the f02 conditions under which it crystallizes. Oxygen fugacity exer-
cises a similar control on the composition and stability of amphibole (Ernst,
1968; Charles, 1573). |

In a crystalljzing magma where f02 is held constant or increases, the
Fe/Fe+Mg in the biotite will remain constant or decrease (Wones and Eugster,
1965; Muellér; 1971). This appéars to bé the situation in thé oversaturated
suite, and it might bé éxpécted that amphibolés will réact to constant fO2
_conditions in a similar_manner. Since the 'normal'! behaviour of f02 which is
being internally bufféred (Carmichael and Nicholls, 1967), i; to fall with falling

temperature, a constant fO, is indicative of an oxidizing trend (Osborn, 1959,

2 .
1962). It might be impossible to decide whether Mg-rich biotites are a direct
result of high f02

of abundant magnetite which radically alters the Fe/Mg ratio in the liquid.

conditions during crystallization, or of prior precipitation

Since both these processes are a result of high'fOzvthe distinction is probably’

superficial.

In summary, the compositions of the biotites and amphiboles in the over-
saturated trend jndjcate that dgring the development of'thg suite, f02 remained
constant or increased.. An Mg-enrichment trend was produced which is reflected
in the mineral compositions and, to a lesser extent in the whole rock cémpositions.
The unusual fO2 condjtjons'resultgd jn garly crystallization of Ti-magnetite, thus
there are large differences in the Fe/Fe+Mg ratios of the whole rocks and their

mafic minerals.

fn the undersaturated suiteAthe Fe/Fe+Mg ratio in the whole rock and the
biotites is the same for succéssivé fractions, and thé ratio incfeases steadily
with increasing fractionation. The undersaturated suite therefore crystallized
under normally evolving fO2 conditions, and crystallization of abundant Ti-magnetite

did not preceed the crystallization of biotite.
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7.9.2. Pzroxenes

The presentation of the clinopyroxene analyses in Figure 33 indicates
that both ;uites crystallize similar pyroxenes during the early stages of frac-
tionation, but in later stages, the pyroxene composition trends for each suite
diverge considerably. For a given Na content in the pyroxenes, the oversatur-
ated suite crystallizes more Mg-rich pyroxenes than in the undersaturated suite.
Figure 38 compares the two pyroxene crystallization trends with other trends
reported in the literature. It is clear that the oversaturated trend is Mg-

rich in comparison to most other trends.

It has become increasingly clear that Na-pyroxenes in a given rock series
conform to a unique path in terms of the compositional énd4members, Diopside,
Hedenbergite, and Acmite. Stephenson (1972) has recéntTy sﬁggested that in
undersaturated rocks the pyroxenes show early enrichment in NaFe™™ ™ relative
to the CaMg - CaFe*™ substitution, whereas in oversatﬁratéd rocks a markéd trend
- toward hedenbergite is developed before NaFe™** enrichment commences to any extent.

This is the reverse of the trend pattern exhibited in the Luderitz Province rocks.

Following the discussion on Mg énrichmént in biotités and amphiboles, it
appears thét tHe Mg-énrichment in thé pYroxénés in thé ovérsaturated syenites can
best be explained by considering thé f02 environmént in.which they crystallized.
A pyroxene crystallizing from a liquid which'has been depleted’in Fe by magnetite

precipitation under high f0, conditions will be Mg rich. Wones and Eugster (1965,

2 v
p. 1262 and figure 13) have indicated that the pyroxene crystallizing with biotite

in an oxidizing trend will be Mg rich.

Thus the position of pyroxéné crystallization trénds in the ternary Di =
Hd - Ac plot have Iitt]é to do with bﬁlk chémical compdsition of the host rock
(i.e. whether it is silica ovéf— or ﬁndérsaturatéd), but rather with the f02 and
temperature of crystallization, and the order in which mafic minerals appear on

the liquidus. Stephenson (1972) did note that fO. was critical to the early

2
enrichment of NaFet™ in the pyroxenes, but was wrong in suggesting that highly
oxidizing conditions are the perogative of nepheline syenites. In this respect

it is interesting to note that the f02 conditions under which salic undersaturated

liquids crystallize, are calculated to be some of the lowest of any igneous liquid
(see section 8.4. of this thesis; Nash et al, 1969; Nash and Wilkinson, 1970).
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Figure 38. Comparison of Luderitz Province pyroxene composition

trends with those from other suites and provinces.
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Pantellerites (Carmichael, 1962)
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CHAPTER 8

ESTIMATES OF SILICA ACTIVITY, OXYGEN FUGACITY, - AND
TEMPERATURE OF CRYSTALLIZATION

One of the most useful applications of the compositions of coexisting
minerals is their use with standard thermodynamic data in determining pressure,

temperature, and the fugacity of any gas phases present during crystallization.

These methods stem from important experimental studies of Wones and
Eugster (1965), Eugster and Wones (1962), and Buddfngton and Lindsley (1964),
and from the theoretica]‘considérations of Eﬁgstér and Skippénu(]967), Nicholls
et al, (1971), Carmichaé] et al, (1970), and Nicholls and Carmichaé] (1972).
Excellent éxamp]es of the application of thésé méthods to solving petrological
problems are givén in ;hésé abovéméntionéd papérs and in Nash and Wilkinson
(1970), Carmichael and Nicholls (1967), Mitchell (1972) and Stormer (1972).

8.1. THE  THERMODYNAMIC DATA

Gibbs"freé énergy data for thé minéra]s and ré]atéd substances used
in this section are ]isféd in Tab]é 28,  Most of thé data is from Robie and
Waldbaum (1968) but some is from other sourcés; all of which are listed in the °
table. Some of the data were derived by the writer using a variety of sources
and methods. These procecures are outlined below. |

£298 was calculated from entropy data in Robie and

For ulvospinel AH°
Waldbaum (1968) and Z§G0f298 from Verhoogen (1962). Z&GofT for ulvospinel
was then calculated with this data using the free energy function given in Robie

and Waldbaum (1968).

The data for annite was calcd]afed in a similar fashion, using'lkGof298
o} s o} :
and AS £298 from Zen (1973) to'estimate AH £298°

free energy function for annite, but at 298.15°K, the free energy function,

o _ .0 |
(GT H 298>
T

There is no listing of the

SO

i

298

and

(o] Q.
A(GT - '7*298) = -8
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These functions vary only slightly with temperature. Between
298%K and 1200°K for fluorphlogopite '

d [:C&G$ - H0298}:§ ~ 0.3 cal mole -]deg—T

- dT

If we assume a similar variation in the free energy function for

. . . o . .
annite over the same T range, we can estimate GfT for annite with reasonable

accuracy.

For phlogopite, Bird and Anderson's“(1973) estimaté of ZXG?298

used with the entropy value listed in Robie and Waldbaum (1968) to calculate

o o
Abergg- Dby !
fluorphlogopite after correction to the S 2

was

‘was then calculated using the free energy function for

98 value for phlogopite.

8.2. ASSUMPTIONS MADE IN THE CALCULATIONS

A, Members of solid solution series are considered to mix ideally, excépt
where there are quantitativé expressions for the departuré from ideality.
Therefore activity, a, is in most cases téken_as being equal to the mole frac-
tion, x, with allowances made for an entropy of mixing correction (assuning

random mixing) where an atom may occupy more than one site.

e.g.

_ aFeSiO3 = XFeSi03

\ 2
®Mg,Si0, = (XMg?_Si% )
: 7
a . — X .
Mg Si g0y, (OH), = ( Mg7s.8022(oH)2)

Recent Mossbauer spectroscopic work has revealed that most atoms have
site preferences in the lattices of members of a solid solution series, and
random mixing seldom, if ever, occurs. However quantitative expression for

departure from ideality in most solid solutions is lacking. Although the



TABLE

28

Free Energy data used in calculations in chapter 8

1. Ni cholls and Carmichael (1969)
2. Robie and Waldbaum (1968)

3. See section 8.1.

L, Anderéon'(]97])
- 5. Haas and Robie (1973)

6. Kelley (1962)

| ) ZXG?T
oK 800° _900° 1000° 1100° 1200° 1300° REFERENCE
ACMITE 505,56 h92,15 479,6 466,6 453,0 1
AENIGMA T ITE' 1698,3 1658,9 1616,7 1576,0  1534,2 o
- ALBITE 793,643 775,802 757,839 739,866 721,521 701,740 2
ANNITE 1007,2 979,3 1 951,5 925,6 895,9 B 3
DIOPSIDE 655,841 642,093 628,241 614,389 600,454 586,512 2
FERROS! LI TE 235,69 229,79 224,08 218,21 212,41 4
ILMENITE 246,742 2L0,822 234,920 229,003 223,044 217,062 2
MAGNET! T E 203,52 196,23 189,11 182,00 174,78 167,57 5
NEPHEL I NE 422,987 413,761 LolL,364 394,941 385,121 373,85k 2
PEROVSKITE 343,122 336,611 330,130 323,671 317,036 310,335 2
PHLOGOPITE 1250,5 1223,1 ° 1195,1 - 1165,8  1135,9 3
QUARTZ 182,905 178,680 174,494 170,325 166,175 162,039 2
ORTHOCLASE 803,577 786,047 768,405 749,759 . 730,W13 711,147 2
SILICA GLASS 182,222 178,075 173,943 169,838 165,748 161,684 2
SODIUM DISILICATE 493,k 482,14 471,8 k61,1 450,7- 439,9 6
SPHENE 531,967 520,907 509,906 498,906 487,773 476,589 2
STEAM L8644 47,353 46,040 k4,709 43,373 42,028 2
TREMOLI TE 2487,580  2430,170  2372,150.  2314,120 2
ULVOSPINEL 299,97 292,56 285,16 277,70 270,77 3
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assumption of ideality produces errors, the mole fractions are always applied
to equilibrium equations where the errors in the reactants tend to be cancelled

by the errors in the products of the reaction.

B. Where equations expressing the mineralogy of the rock are presented,
the phases in the equation (whether solid or gaseous or liquid) are assumed

to exist in mutual equilibrium over a range in temperature. in coarse-grained,
holocrystalline rocks this assumptidn is not necessarily valid, but is adequate

for the purpose to which it is applied here.

C. tn some of the cé]cu]atjons an estimate of Pu o (or POTAL if it is
assumed that PTOTAL=: PH O) is necessary. It is possible to'estimate'>PTOTAL
using silica activity dafa of Nicholls et al. (1971). This has not been
possible here. PTOTAL may-also bé ca]cu]atéd from a knpwlédgé of the cover
rock thickness at the time of qrysta]]ization of an intrusive body, but again -
this has not béén pos§ib1é. Sincé thé intrﬁsions havé all the charactéristics
of subvolcanic ring comp]éxés, PTOTAL was probab]y not gréatér than 1 Kb. For

the calculations P = 0.5 Kb has been assumed.

ToTAL = F H,0

D. It has been assumed that ;hé flﬁid phasé consists énﬁirély of HZO’ H2’
and 02. This is certainly incorrect as a number of halogen bearing phases
(sodalite, fluorite) have been identified in the rocks, attesting to the presence
of F, C1, C02, and possibly 502 as wé]]. Wi thout determinations of these sub-
stances in the minerals or whole rocks it is impossible to estimate the fugacity
of these species. However HZQ.js probably the dominant constituent in the fluid

phase and the assumption is therefore a valid approximation.

¢

8.3. ESTIMATION OF SILICA ACTIVITY

Several of the equations in the oxygen fugacity calculations involve
silica. Since quartz is either absent, or is a product of final crystallization
(in the Pomona syenites) an expression for the silica activity in the liquids from »

which the syenites crystallized is required.

For the nepheline syenites the silica activity is buffered by the reaction:
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%NaA]SiOh + SiO2 = %NaA1Si308 ............ o (1)

nepheline glass albite

where for pure phases at equilibrium,

0
‘Zkﬁr = 0
log a ]quId~ A (2)
. r ,
SIO2 ——
2,303RT

Slnce both nephe]nne and a]blte form solid so]utlons in the rocks in
question, equatlon (2) has to be corrected for the reduced activities of albite
in the a]ka]l fe]dspar solid solution, and nepheline in the nepheline- kalsilite

solid solutlon series.

Equation (2) thus becomes

liquid ZXGO + 1log afe]dspar - 3log afe]dcpathmd

log a _ . _ ’
si0, T — albite - nepheline ....... (3)
2,303RT ’ :

At P > 1 bar a correction term, AV (P~ 1))wherev
2,303RT
AV is the volume change of the solids accompanying the reaction and P is in

bars, must be applied to equation (3). Thus’

o _ - AG° AV
(Iog a ]1qu1d> P =P bars_ r_+ (P-1) + % log a feldspar
SiOZ 2,303RT 2,303RT albite
- 3 log a feldspathoid

nepheline ..... (k)

For P < 10 Kb the pressure correction term is negligible and has been

ignored in the sections that follow.

Using data from Nicholls et al. (1971), the determined compositions of
alkali feldspar and nepheline for the rocks in question, and the activity co-
efficients for alkali feldspars calculated from data in Thompson and Waldbaum

with temperature -has been calculated and

(1969), the variation of loga..
_ 5102

plotted in Figure 39.
GM147 has the highest silica activity for any temperatures, yet in the
petrographic sense it is the most silica undersaturated of the nepheline syenites,

in terms of normative and modal nepheline, and in Wt% Siqz. This emphasises one



log Ao,

=0.4}

600 - 800 1000

Figure 39. loga vs T for the undersaturated Granitberg syenites

Si0
(146, 350,147) definé&d by reaction (1), and for the Pomona oversaturated
syenites (127, 157) defined by reaction (6). Curve Q, is for a liquid
in equilibrium with quartz. Sp - Pv is the curve defined by the sphene

- perovskite buffer (Nicholls et al, 1972) ~
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of the important characteristics of silica activity = that in detail it need
not vary sympathetically with any of the common silica undersaturation indi=-

cators.

If the mineralogy of any of the undersaturated rocks defines a silica
buffer other than reaction (1), then the equations of type (4) for each buffer

. can be equated and solved simultaneously for P and T (see Nicholls et al., 1971).

The coexistence of sphene and perovskite in the Inner Foyaite (GM350)
is one such a]ternative buffer. The variation of logas 0 with T for this
buffer (Nicholls et al, 1971) intersects the nephel«ne alb%te buffer for GM350
gio. = -0,65 and T =1400° (1127°C).  This temperature is higher than
liquidus témperatures determlned for nepheline syenités under mild pressure
(1,0 Kb P O) (Sood and Edger; 1970; Millnollené.]971), and also nigher than

the exper|%entally determined liquidus of etindites (1118°C - Tilley and Thompson,

at loga

1972) which carry phenocrysts of both sphene and perovskite.

The presence of perovskite in GM350 is therefore onlikely to be due to
silica activity alone, and it is shown in section 8.5. of this work thaf fO2
plays an equally important part in stabilising perovskite in the foyaite. The 7
sphene-perovskite buffer cannot therefore be osed fo determine P, T, of equili-

bration.
The reaction

zNaFeS|2 6+1/’+KFe A1Si (0OH) +S|02-—,1/4Na Fe (0H)2+1/4KAISi308 Peee (5)

'3 019 53‘8 22

acmite annite glass rlebeecklte K-feldspar

represents the ‘common occurrence of a cllnopyroxene, biotite and Na-amphibole in
undersaturated and saturated syenltes, and is a potentially useful silica buffer
for these rocks. However free energy data for annlte, acmite and especially

riebeeckite are too imprecisely known for this buffer to be of much value. The

value of log a is very sensitive to varlatlons in ZlG therefore preCIse

S .
knowledge of [}G 2for the phases in the buffer reaction is critical for reliable

use of the 5|llca activities for P, T, estlmates. ‘Furthermore, riebeeckite has

a limited stability range with respect to‘temperatnre which 1imits the app]ication
of reaction (5). However the use of other amphibole compositions (e.g. Mg-
riebeeckite), with accompanying free energy data, might render reactions similar
to (5) useful for alternative silica activity determinations in peralkaline under-

saturated rocks.
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The absence of nepheline in the Pomona syenites does not allow reaction

(1) to be used to estimate silica activity in these rocks. Instead, the reaction
3 . l . - 4. . -
1/hKMg3A1$r3O]O(0H)2+ZCaM9512)6+5102._,1/#KA1S:308+1/hCa2M95518022(OH)2 ..... (6)

phlogopite “diopside glass K-feldspar tremolite

expresses the mineralogy of these rocks if the tremolite composition is taken to

represent the edenite and alkali amphibo]és in tHe syenites.

Log a 'vs T for this reaction is il]ustratéd in Figure 39, and falls

| 570 | |
at higher silica ctivities than reaction (1). Also plotted is the log agio
vs T variation for the reaction - 2

$10, %5 Si0,
glass quartz e (7)

for which

log a]'qu'd — AGCr . ,
510, 2,303RT ‘ ' :

(7a) |

“which illustrates the variation of silica activity in a liquid In equilibrium with

quartz (Nicholls et al., 1971; Carmichael et al., 1970).

Above 510°C the curve for reaction (6) lies above that for reaction (7).
This indicates that the syenites are effectively saturated with quartz for any
T> 510°C, yet quartz only appears in these rocks during the final stages of

crystallization of PM127.

Wones (1970) has indicated that the left hand side of reaction (6) is
stable at high temperature and the tremolite-K-feldspar assemblage at low temp-
erature. The thermochemical data for (6) as represented in Figure 39 is in

agreement with Wones (1970).

Therefore the reaction as written in (6) is not a reaction valid for
quartz-absent assemblages at magmatic temperatures and cannot be used to define

the activity of silica for the purposes required here.

It is thus impossible to define the silica activity in the liquids from

which the Pomona syenites crystallized. Since they contain no nepheline, and
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PM127 only precipitates quartz at the close of its crystallization their silica

activities must lie somewhere between those defined by reaction (1) and reaction

(7).

8.4. . ESTIMATION OF OXYGEN FUGACITY

In section 7.9. the importance of oxygen fugacity in the development of
the fractionation series was emphasised. It is possible to make estimates of

f02 and T of crysta]]iiation from the available mineral and thermodynamic data.

Since biotite, alkali feldspar and magnetite are present in nearly all

the over and undersaturated rocks, the oxygen fugacity can be defnned by the re=-

I}

action:
L ’ l
2KFe A1S|3O]0Q.OH) + 0, & 2KA1§;308 + 2Fe30h P e (8)
annite . W gas  K-feldspar - magnetite steam
for which
log f0, = A  + 2log afeldsPar . yiog o' TMAINELITE L 91og £H,0
SR S * k=feldspar magnetite
- 2,303RT : v
=2 log ablotlte 7
annite Cereeeiaaa (9)
For pure phases
log f0,= - 6876 _ 14,64 . (10)
T

(Nash and Wilkinson (1969) after Wones and Eugster (1965)).
More recently Wones (1972) has given for reaction (8) the expression (for pure

phases)

log f02== _ 14818 _

T

8,50 “ : AU (11)
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Figure 40. Biotite breakdown curves (reaction (8)) in £fO, — T space

. 2 :
according to reaction (11)(figure A) and reaction (10) (figure B). FMQ is the

‘quartz—fayalité—magﬁetite buffer curve after Wones and Gilbert(1969). The
arrow O, is the hypothetical trend for the Pomona Syenites, and the arrow

U, is the Trend for the Granitberg Foyaites.
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The variation of log f02 with T for (8) has been calculated from
expression (10) and (11) with the necessary corrections for the reduced
activities of the phases in the reaction. For the logarithm correction
terms the compositions of the minerals in each rock were used (with esti-
mates of Ti-maghetfte compositions for PM60, GM146 and GM350), and in
addition fH20 was derived from tables of Burnham et al. (1969)'assuming

= 0,5 Kb.
H20

The log f02 -T curves are plotted in Figure Lo. Also plotted is
the position of the OFM synthetic buffer (Eugster and WOnes, 1962) using
the expression given by Wones and Gilbert (1969).  Although the relative

position of the log f0,-T curves derived from (10) and (11) is the same,

2
their absolute pos:t|on differs. The curves derived using (]]) are steeper

? for T £ 1000°K, and at higher log fO for
T> 1000°K, than those_ca]culated from (10).

and lie at lower values of log fO

In a liqﬁid or fractiona] crystalTization séquéncé control]éd by an
internal buffér (Calmlchael and Nicholls, 1967) (= crystalllzatlon under con=
stant total composutlon of Presna]l (]966) and Osborn (1959)), the decrease in
fO2 with T is in a manner parallel to.the synthetic oxygen buffer curves (Nash
and Wilkinson, 1970; Eugster and Wones, 1965). This is the orientation of a
line drawn to intersect the curves given by (9) for GM1L46, GM350 and GM147 at
successively lower temperatﬁres (Figuré Lo). - Thus if GM146, GM350, and GM147
are indeed successivé liquid fractions (as the mineralogy, chemistry and field
relations indicate) derived at successively lower temperatures, then the oxygen
fdgacity in the fractionating magma from which they were derived, was internally
buffered. Moreover thé_sz conditions undér_which théy subsequently crystal]ized

was also internally buffered. Similar conclusions were also made in section 7.9.1.

Whether or not fO2 was contro]]éd by crystal-liquid equilibrium, or by the
composition of a coexisting fluid phase cannot be determined unequivocally as Car-
michael and Nicholls (1967) and Mueller (1971) have indicated. The latter author
is of the opinion that in felsié‘magmas with high H20 content the mass of mafic
minerals is too low to have any significant buffering capacity. Instead, fO2
is controlled by the interaction of the fluid phase with the melt, i.e. f02 is
controlled by the variation of the H20/H2 ratio of the dissolved water in the

melt.

In contrast; a line drawn to intersect the biotite breakdown curves

(reaction (8)) of PM157, PM60 and PM127 at successively lower temperatures cuts
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sharply across the QFM synthetic buffer curve (Figure 40). If this line
represents a crystallization or fractionation path for these rocks then it

~indicates crystallization under constant, or even increasing fO, conditions.

2

Similar conclusions regarding f0, conditions for the crystallization of these

2
rocks were made in section 7.9.1.

Constant, or increasing oxygen fugacity conditions during crystaili-
zation or fractionation implies open system conditions, where fO2 is controlled
by the composition of the fluid phase from which oxygen may be subtracted, or

to which oxygen may be added from an external source.

I f Mueller's (1971)iconténtjon, that f02 in féTsic magmas is controlled
by the composition of the fluid phase, is correct, then trends such as that des-
cribéd'for thé Pomona syénités shoﬁld bé moré common in a seriés of ré]ated fel-
sic rocks. In subvolcanic magma chambers (which is thé sétting énvisioned for
the Pomona complex), 6pén ;ystém conditions can bé'éxpéctéd to commonly prévail,
with the résﬁltant possible éffécts on thé flﬁid phasé composition and thé com-

position of the phases crystallizing from the magma.

As was discusséd in séction 7.9.1. théré is litflé récord of Mg-entich-.
ment or curtailed Fe-enrichment trénds in felsic rock suites. This rarity may
be more apparent than real. There are féw published accounts o'fva2 estimates
in a suite of related felsic liquids as described here. More investigations

into fO, conditions of crystallization of felsic magmas‘may reveal that conditions

2 v .
of constant oxygen fugacity do commonly prevail.

if two or moré oxygen fugacity bﬁffér assémb]agés can be identified in a
rock, then the two buffers may be uséd to givé ﬁnique f02 and T éstimatés of
equilibration. - If the minerals constituting the buffers are extensively zoned,
then the f02 and T interval of crystallization may bé definédf A fine example
of this approach is Nash and Wilkinson's (1970) account of the Shonkin Sag

laccolith.
The mineralogy of the syénites allows the following reaction to be written:

KFe3A15330]0(0H)1 +.3Si024&; KA15i308 + 3FeSi03 + _HZO ............ (12)

annite o glass K-feldspar ferrosilite steam

for which
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log fHZO _ ‘Z&G: + log ablotlte + 3 log a]JqUId - log afeldspar
— annite _ SiO2 . K-feldspar
2,303RT
- 3 log gPyroxene

ferrosilite .. (13)

If H,0, H, and 0, are the only gas phases present then -

277 2 2
K _ fH20 |
A ' ‘ , '
fH,.f o . . veee. (18)
2°0, . .
2
| and if PTOTAL" PH 0¥ PH2,== 6.5 kb i e (15)
then
P K
TOTAL. w. O.. H.. XH 0 : : _
_ 2 2 2 . .
fH.O = .
2 K f% :
W 5H2+ XHZO T (16)
' (Eugster and Wones, 1962). If we substitute fHZO obtained from (13) into (16) - -

then we may calculate f02.

in this manner the f02-T variation for each of the rocks was calculated.
For the nepheline syenites log 3cio is that calculated from equations (1;3).

For the Pomona syenites log a... was estimated is the log

. Log a ey
_ Si0 - ~ferrosilite
of the mole fraction of ferrosilite in the clinopyroxenes compositions recalculated
in terms of Wo, En, and Fs. The equnllbr:um constant for water, Kw, is taken from
the equation given by Zen (1973), and the activity coefficients of H,0 and H,

5!4 0, 5/H are from Burnham et al. (1969) and Shaw and WOnes (I96h respectively.

This procedure for estimating f02 is very unsatisfactory as Kw is very large
and fH2)> f02. Thus fO2
pressures considered here. Shaw (1967, p. 535) has shown that at P= 1 Kb and T=
1000%K, f0, ~23

under these P,T conditions) varies ohly slightly with variation in fHZO. Further-

is insensitive to large variations in fHZO at the moderate

in the region of 10 to 10-17 bars (typical of many magmatic liquids
more, variation of fHZO with variation in the chpdsition of the species in (12)
not reflected in f02 especially at high fH20. Nevertheless fOZ-T curves from (13,
- 14, 15 and 16) have been calculated. They are not smooth and the ''best fit'' curve
has been plotted in Figure 41, where they give satisfactory intersections with the

biotite breakdown curves (reaction (8)). The f0, -T co-ordinates of the inter-
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Figure 42. T - fO2 equiliibration data

defined by intersection of curves for

Figure 41. T - f02 equillibration reactions (9) and (18). Solid curves for

data defined by the intersection of (18) assumes silica activity defined by

curves calculated for reactions (9) » ‘the Ne-Ab buffer.
and (13).

Dashed curve for (18) assumes-

silica activity defined by the $i0, glass-—

2
crystals buffer (reaction (7)).
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sections of the curves for each rock is listed in Table 29.

An alternative f0, buffer is the reaction:

2
6Fesi0, + 0, &5 2Fe0, o+ 6810, (17)
ferrosilite gas magnetite - glass
for which
A6 ' R -

log £0,= ro. 210g aTl magnetite o log a]lqu1d

2,303RT -~ magnetite SiO2

- 6 log gPYyroxene

ferrosilite  +.viveenvnn. (18)

Two sets of curves relating f0, to T for (17) have been calculated for

_ 2
the Pomona syenites. One set was calculated using reaction (1) to define the
silica activity, and the other set uses reaction (7). For the nepheline syenite

log a.., is defired by reaction (1).
SIO2 '

The curves are plotted together with the curves for the biotite break-

down reaction in Figure 42, and the co-ordinates of intersection are']isted in
Table 29.

The interpretation of the temperature and oxygen fugacity equilibration
data in Table 29, in terms of the crystallization history Is complex. The rocké‘
in question aré coarse grained and holocrystalline with the constituént minerals,
apart from Na-pyroxene, showing slight or no zoning. It is thereforé reasonable

to assume that the T, f0O, data represent conditions close to the final crystalli- -

, _ 2 .
zation (> 75 to 80% crystals) especially as the composition of the rim of the
zoned pyroxenes were used to calculate the logarithm correction term for reduced

activity of FeSi03 in equations (13) and (18).

The one exception is GM146, which is a porphyritic rock and whose pheno-
cryst (nepheline, alkali feldspar, clinopyroxene, biotite and Ti-magnetite) com-
positions were employed in the calculations. The equilibration data for this
rock therefore represent conditions prevailing between the liquidus and final

crystallization.



TABLE 29

T - f0, equilibration data

SAMPLE . 1 _ 2
T°¢ logfo,* T°C logfo,*
GM146 880° -16,5 o 703° | -17,2
GM350 | o822° | -17,0 782° | -17,2
GM147 . 815° -17,5 782° - | -17,2
PM157 910° -16,1 720°%- | -17,0
555° | to -18,2
PM6O - - - -
PM127 .| 987° -14,7 815°- | -15,3
640° | to 16,k

Column 1 data for intersection of (10) and (12)
Column 2 data for intersection of (10) and (17)

* f02 in bars
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_ Referring to Table 29 the intersection data in columns 1 and 2 for

GM350 and GM147 is in fair agreement and indicating that crystallization was ' 5 \1,9
essentially complete at temperatures of zgg,;p 810°C.  GM147 however grades

into an agpaitic outer zone whose final products of crystallization are )
astrophyllite and.arfvedsonite; The experfmenta]ly determined stability of

the latter mineral (Ernst, 1968) indicates that in the agpaitic zone crys-

tallization was complete only at temperatures below 700°C (see section 8.6.1.).

This does not preclude the possibility that most of the 1iquid was crystallized

at the temperatures of equilibration.

The data in column 2 for GM146 is brobably anomalous as it was derived

from phenocryst data for which these temperatures appear far too low.

The agreement between columns 1 and 2 (Table 29) for the oversaturated
syenites is also poor. The column ] data for PM157 are reasonable for a trach-

ytic liquid although the fO, values can be considered a bit low. In column 2

is the range within which f?nal crystallization occurs according to reaction~(17).
It seems possible that the silica activity for PM157 is ciose to those defined by :
reaction (1), thus indicating a final crystallization tehperatﬁre?of about 700 to
720°C. Temperatures of this order must'however.be regarded as the absolete

minimum for a trachytic liquid under moderate pressure.

For PM127 the column 1 temperatures appear'anomohsly high. Mg-rie-
beeckite-arfvedsonite is a major mafic minera] in PM127 and final cryétallization,
at least, must have been iﬁ the s;ability field of this amphibole. For the oxygen
fugacity conditions indicated here, the experimental»work of Ernst (1968) suggests
temperatures less than 880°¢C for crystallization of > 75% of the liquid. However
the presence of b]ue, fibrous amphibole (probably ?iebeeckite) with quartz in.the
interstices between feldspar laths in PM127, sﬁgg-sts that the intefstitial liquid
crystallized in the stability field of riebeeckite. . This means temperatures

< 600°C and £0, <1072" bars (Ernst; 1968). .

CONCLUSIONS

Equilibration data for GM146 indicate that it was emplaced in a partially
crystalline state ( < 25% crystals) at about 880°C.  The data for GM350 and GM147
give temperatures of final crystallization ( > 80% crystals) in the region of 780

to 810°C, but the agpaitic facies of GM147 was probably only completely crystalline



Refere n ce " This work

Pressure (Kb) 0,5

PCNS 850°-880°
Inner Foyaite 780°-810°
Outer Foyaite 780°-800°

Outer Syenite 8800F9100v

Hub Syenite . ~ anomalous

Sbod and Edgar (1970)
Hamilton and MacKenzie (1965)
McDowell and Wyllie (1971)
Bowen and Tuttle (1958)
Millhollen (1972)

Barker (1965)

Yoder and Tilley (1962)

NN T W N =

TABLE 30

Comparative Solidus Temperatures

1 2.
1,0 1,0
- 850°
- © 750°
450° 7500

3 3 L 5

0,5 1,0 0,5 0,5
. . - 8Lg°-860°

850°-950° 760°-870° 910°-920° -
950°%+ 820%+ - -



TABLE 31

Possible temperature - oxygen fugacity limits of crystallization for Pomona

syenites and Granitberg foyaites.

0

GM146
. . ' 0
Liquidus Temp.* 880
> 80% crystals Temp. 820
solidus Temp.
Liquidus logf0 14,3

2
logf0,( 7 80% crystals) -17,3

solidus 1ogf02

* Temperature in degrees C.

GM350

o

950

o

780

-14,5

-17,7

GM1L47

930
780
650
-15,2
-18,0

-21,0

PM157

1050°
900

720

-13,5

-16,1

-17,0

PM127

880°

~-15,1
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at 650 to 700°C. Final crystallization of PM157 oecurred at. 900 to 91OOC
with the possibility of complete crystallization occurring only at tempera-
tures as low as 7OOOC. The data for PM127 is anomalous but mineralogy
suggests that the liquid was mostly crystallized at 880°¢ though the inter-
stitial liquid probably only crystallized at < 600°C.

In Table 30 the temperatures of crystalliiation are compared to those
derived by other workers, mostly from experimental systems. There is consid-
erable variatxon in the reported solldus temperatures, and the temperatures
estimated here for the Luderitz Province rocks agrees well with those from
L dP/dT of.the‘solldus is small (McDowell and

Wyllie, 1971) thus small vari&tions in the pressure of crystallization produce

experiment. Below 1,5 Kb P

large variations in the temperature. The composition of the gas phase is also

important. Diluting an aqueous fluid phase with COé

over 100°C (Millho]len} 1971). It is not unexpected then, that such large

may elevate the solidus by

variations in the solidus temperatures assembled in Table 30 exist.

It is also possible to'estimate the ]iquidus temperatures for. the
syenites if the melting interval is known. Most syenites and nepheline
syenites have melting intervals of about 1509C (Barker; 1965; Millhollen,
1971; McDowell and Wyllie; 1971), a]though Sood and Edgar (1970) recorded
melting intervals of 450°C for some Ilimaussaq agpaitic rocks. This does
not necessarily imply a high liquidus temperature since the agpaitic rocksA

appear to have solidi of less than 650°C (Sood and Edgar, 1970; this work).

Table 31 therefore summarises the probable temperature and oxygen
fugacity limits of crystallization, for the rocks under discussion. It has
not been possible to_plaoe‘complete f02 limits on the oversaturated syenites
as f0, has not been buffered in these rocks and extrapolation from the equili--

2
bration data is impossible.

Figure 43 summarises the f02‘- T data for the alkaline rocks studied
here in comparison with similar data obtalned by other workers. The data for
the Granitberg foyaites and Pomona syenites fall well within the Timits delin-

eated by Nash et al (1969) for the trachyte-phonolite spectrum.

In general phonolites equilibrate at distinctiy lower oxygen fugacities
than acid lavas. it is a common misconception that alkaline undersaturated rocks
that contain aegirine, crystallize under high fO2 conditions. Figure 43 clearly

refutes this notion. It is also significant that equilibration data for carbon-
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Figure 43. Comparison of T - f0, equillibration data for igneous rocks.

Open circles - data for Pomona anﬁ Granitberg from Figure 41; Filled
circles - data from Figure 42. G - G - cooling curve for Granitberg
foyaites. S - S = cooling curve for the Shonkin Sag laccolith (Nash and
Wilkinson, 1970). ? - P - lower limit for phonolites (Nash et al, 1969)
HM - synthetic hematite-magnetite buffer curve (Eugster and Wones, 1962);
FMQ - synthetic quartz—fayalite—magnetite buffer curve (Wones and Gilbert,

1969). Shaded areas:

1 - ©Nevada ash flows (rhyolite) (Lipman, 1971)
"2 = New Zealand ash flows (Ewart et al, 1971)
3 - Calc alkaline rhyolites and pumices (Heming and Carmichael,

1973; Lowder, 1970)
4 - Carbonatites {(Prins, 1972).
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atites (Prins, 1972) falls within the sz

for nepheline syenites ~ rocks with which carbonatites are commonly associated.

limits, although at lower T, obtained

8.5. THE OCCURRENCE OF PEROVSKITE IN THE INNER FOYAITE

The occurrence of perovskite in the Inner Foyaite at Granitberg has

already been described (section 3.4.5.3.(c)) but is summarised below.

The Inner Foyaite is a zoned body with a foliated marginal zone, an -
'intermediate zone, and a core zone. In the marginal zone, enhedral sphene
coexists with Ti-magnetite and there is petrographic evidence for a possible
reaction relationship between the two. in the |ntermed|ate zone Ti-magnetite
occurs very rarely, and then only in the cores of some blotute and pyroxene
crystals - indicating that it crystalllzed ear]y, but was later resorped by

the liquid. The sphéne crystals are anhedral and corroded, indicating that
during the 1ater stages of crystallization they'too became anstable in the
liquid.  Small eahedral crystals of perovskite are scattered through the rock
and are enc]osed by the late= crysta11|ZIng feldspathoxd mlnerals It appears -
that as sphene was being resorped by the liquid, perovskite was precxputated as
a stable phase in its place. There is no direct evidence of a reaction relation-
ship between the two. In the core zone both sphene and an Fe-Ti oxide (except
occasional grains enclosed by other mafic mtnerals) are absent, but perovskite

is common.

It appears that in relatively mildly undersaturated liquids, with silica
activities well above those defined by the sphene-perovskite buffer (Nicholls et
al, 1971), perovskite is stabilized in the liquid at relatively low temperatures

(700o to 800°C) by increasing peralkalinity in the liquid.

The equilibrium coexistence: of perovsklte and alkali feldspar has already
been discussed (section 8. 3.), and it has been shown that the two minerals may
coexist at temperatures greater‘than ]127 C at a silica activity of log agio
-0,66, far above the inferred liquidus of a foyaite under moderately low presSsure.
Therefore, in the case of the Inner Foyaite, silica activity alone cannot explain

the presence of perovskite in the foyaite.

The reaction relationship between sphene and an Fe~Ti oxide in the peral-

kaline environment of the Inner Foyaite can be expressed by the reaction:-
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08 + 2/3H20 + 2Si0, + 0,%5 2CaTiSio0

2Fe_T|01+ + 2CaMgS:206 + 2NaZS|205 +'2/3KA1S|3 2 = 5
ulvospinel diopside glass orthoclase steam glass gas sphene
+ hNaFeSfZO6 + 2/3KM93A1S|3010(0H)z RRERE (19)
acmite phlogopite

where NaZSIZO5 is a measure of the peralkalinity in the liquid. For pure phases,

at equilibrium

[¢]
2=if§55~—
2,303RT

log fO

However, log f02 must be corrected for the reduced activities of the phases in
solid solution series in the conventional manner. In addition the activity of
silica is that of the albite-nepheline buffer forGM350 (see section 8.3.), the
activity of NaZSnZO5 (sphene
is assumed pure), and the PH 0 is assumed to be 500 bars.

2

If the reaction of sphene with the liquid, and the subsequent crystalli-

is asSumed tobe unity, as is the activity of CaTiSiO

5

zation of perovskite, can be expressed by the equation:-

A/3CaT|s|05 + 2Na251205 + 4/3KFe3A1$ﬁ3010(0H)2 + 8/35.02 + 0, h/3CaT|o3 + 4/3H20
sphene glass " annite glass gas perovskite steam
+ ANaEe§|206 + h/3KA1$1308 Ceeenas (20)
acmite orthoclase
then, at equilibrium,
c° |
log fO2 = A r 4+ correction terms = iiecceeennn (21)

2,303RT

The same activities for the various phases used in (19) were applied in the
correction terms for (21). fn addition perovskite was considered pure (unit

activity).

, Vs T for reactions (19) and (20). The

~ sphene-perovskite equilibrium curve (20) intersects the ulvospineli~sphene curve

Figure 44 is a plot of log fO
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Figure 44. Relative stabilities of Ti-magnetite, sphene, and

perovskite in undersaturated peralkaline liquids (see section 8.5. of
the text for explanation). G-G is the cooling curve of the Inner Foyaite;
h-h is the same cooling curve relative to the sphene stability field

(shaded) if the latter is constrained ‘go lie below the FMQ buffer curve.
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(19) at T= 867°C and log fO,=~11,2. Also plotted is the T = f0, range of
crystallization of GM350 derived from reactions (8), (12), and (17), which
lies somewhat below the two curves. What is important is the relative
position of the two curves, and that they intersect each other, not their
absolute position. Since there is no way in assessing the peralkalinity

of the liquid, i.e. the value of a 0.° the absolute position of the

: : Na,Si - :
curves remains uncertain. Increasing %hé activity of sodium disilicate
will shift the two curves to lower valUés of f02, but will not change their
positions relative to one another. By suitable choice of 3a Si 0 the
curves could be constrained to lie in the T - f0, region of cryst%l?ization

of GM350.

2

The area définéd bY the interséctjon of thé two cﬁrvés (shaded in
Figure 4k) is the stability field 0f.sphéné to the exclusion of both an Fe
- Ti oxide and perovskité. Théréforé; at any.témpératﬁré bélow 867°C, with
increasing oxygen'fugacity, succéssivé assémb]agés in which an Fe-Ti oxidé,
then sphene, then perovskité is thé only Ti-béaring phasé can bé crystallized.
Above 8670C perovskité + Ti-magnetité'aré stab]é at low f02, and pérovskité +

sphene at higher fOZ.

8.5.1. The crystallization of GM350

The crystallization path of GM350 in relation to the curves of reaction
(19) and (20) is indicated in Figure 44. This path intersects, at successively
lower temperatures, first the ulvospinél-sbhene reaction curve, then the perov-
skite-sphene reaction cﬁrvé, givén that by SUitabls choicé of the activity of
sodium disilicaté, the réaction curvés would 1jé below thé QFM buffer, in the ‘
cooling path of GM350. This sﬁggests that the order of crystallization in -
GM350 was early precipitation of Ti-magnetité + other phases, resorption of
magnetite and precipitation of sphené + other phases, and towards the close

QF crystallization, resorption of sphene and precipitation of perovskite.

Most likely the curves of (19) and (20) lay above the cooling path
of GM350 in f02 - T space, during the early stages of crystallization. With
increasing peralkalinity in the residual liquid, the curves moved to lower and
fower values 6f fOz, and first the sphene-ulvospinel curve,‘then the sphene-

perovskite curve is intersected by the cooling path of GM350.
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The dependence of perovskite stability on pera]ka]inify and oxygen
fugacity suggests that the lnner Foyaite intrusive body was zoned with respect
to either, or both of these conditions. There is no evidence that sphene ever
crystallized in the core zone, thus the crystallization of the liquid in this
zone could have: lain entirely in the perovskite stability field. This indicates
that either fOZ, or .peralkalinity, or both, were hfgher in the core of the intru-

sion than in the intermediate or marginal zones.

The relative stability of sphene and peroVskite in magmatic rocks has
been the target of speculation. Verhoogén'(1962) argued that perovskite is
favoured by low si]i;a a;tivity and high oxygén Fugacity. Carmichael and
Nicholls (1967) calculated oXygén fugacitiés for a variety of ignéous rocks,
and indicated that perovsklté-béaring lavas crysta]}izéd at higher f02 than
do sphene~bearing lavas. Smith (1970) found the converse, and proposed that
perovskite-béaring assemblagés équilibraté at lower fQZ
Smith (1970) also concluded that the.stabi]ity of sphene and perovskjte is not

than sphene assemblages.

only dependent on silica activity, but also on fOZ. This fact is well i]lgs-
trated by the crystallization of GM350, although this work supports the argu-
ments of Verhoogén'(1962) and Carmichaé] and Nicho]]s‘(1967), rather than those
of Smlth (1970) To the latter's conc]usnons as to the factors influencing the
re]atnve stabllttles of sphene and perovskute, can be added the importance of v

peralkalinity.

8.6. THE STABILITY OF AENIGMATITE IN PERALKALINE UNDERSATURATED ROCKS

Nicholls and Carmichael (1969) found that the stability of aenigmatite
in peralkaline acid liquids is controlled by the reaction of Fe-Ti oxides with
the peralkaline liquid. They noted that the stability of aenigmatite could

therefore be defined by the reactions:

4Fel0, +  6Na,Si 0, + 12810, + 0, ==  12NaFeSi,0 oo (22)
magnetite glass glass gas ~acmi te
for which
log f0, = ‘ZXG: 4+ 12log aPYTOXeN® _ 4qog gMAgNEtIte _ 104 a glass

—— acmite magnetite Na,Si,0_

2,303RT 2275

, : © _glass
~ 121og a

Si0, ... (23)
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at equilibrium, and

NazFeSTiSj6O20 f Na25i20S + O2 = -LlNaFeSIZO6 + FeTiO3 e (28)

aenigmatite glass gas acmi te ilmenite

for which, at equilibrium,

log fO2 ==,Zl£: + hlog ghyroxene log allmenite _ log ag'ass - log 3 eniamatite
— acmi te i Imenite Na,Si,0, I
2,303RT : ... (25)

Thé antipathetic relationship between aenigmatite and an Fe-Ti oxide
observed in the agpaitic zoné of thé 0utér Foyaité is équa]]y wé]l described
by these equations providéd allowancés aré madé for thé rédﬁcéd activity of
silica. I]menité is raré in silica undérsatﬁratéd rocks, and aénigmatité
probably arises through reaction of Ti-magnétité, rather than by reaction (24).
Nevertheless (2&) is a close approximation of the natural conditions, and its

use allows direct comparison with the data obtained by‘Nicholls and Carmichael

(1969) .

Log fOz - T curves defined by réactions (23) and (25) are plotted in
Figure 45. In the calculation of these curves, aenigmatite, ilmenite and
magnetite are assumed pure, the activity of sodium disilicate is assumed to be
unity, and the activity of silica is that defined by the nepheline-aTbitg buffer
(Nicholls et al, 1971). Two sets of curves have been plotted - one set assumes
unit activity of acmite, and the othér set assumes an activity for acmite of 0,25.
As found in the acid environmént thé cﬁrvés intérsect éach other and défine ah
area whére both aénigmatite and acmité crystallize to thé éxc]dsion of Fe-Ti
oxides {Nicholls and Carmichael, 1969). Thé absolﬁté position of the two curves
in fO2 - T spécé is not known.since théré are large érrors in the free energy

estimates of acmite, and especially aenigmatite.

Also indicated on Figure 45 is the intersection of the curves for varying
activities of sodium disilicate at the two assumed activities of acmite. . The
lower termination of the no-oxide fié]d is considered to be the stability field
of Na-amphiboles (Nicholls and Carmichaé], 1969). This also appears to be the
case for undersaturated liquids, since theré is amp]é petrographic evidence at
Granitberg that liquids which crystallized acmite and aenigmatite, eventually.

crystallized arfvedsonite and astrophyllite.
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Figure 45. No-oxide fields in T - fO, space where aenigmatite and

2
aegirine crystallize at the expense of an Fe-Ti oxide in peralkaline

undersaturated liquids. Dashed curves (22) and (24) refer to

equations in section 8.6. of the text. The heavy dashed curve is the
probable cooling curve for the agpaitic zone of the Outer Foyaite. The

two filled circles are equiyzabration data for GM147 from Figures 41 and 42.

All other features are explained in the text.



TABLE 32

UNDERSATURATED 4 OVERSATURATED
(this work) ' ' Nicholls and Carmichael (1969)
o ' ' o ' '
T°C long2 TC 1ogf02
a (acmite)*=1.0 J a (acmite)= 1.0
a (Nds)**= 1.0 685°] - 14,2 840° 11,2
a (Nds) = 0.4 650° 14,9 730° 13,3
a (Nds) = 0.2 577° 17,6 - 660° 15,3
a (acmite)= 0.5 a (acmite)=0.5
a (Nds) = 1.0 753° 13,4 1025° 9,1

f02 in bars |
* a (acmite) activity of acmite in clTnopyroxene

e s
W

a (Nds) activity of Sodium disilicate in the liquid
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The important difference between the no-oxide field in oversaturated
liquids and the field .in undersaturated liquids, is that in the latter, the
f}eld is far more restricted. This is illustrated in Table 32 where the
intersection of the two curves in terms of f02 and T are compared for various

activities of acmite and sodium disilicate.

Nicholls and Carmichael (1969) believed that the no-oxide would

initially be rather small, but would shift and grow in f0, - T space during

2
crystallization as the peralkalinity in the residual liquid (as indicated by
the activity of NaZSiZOS) increased. Thus the field would rise to meet a

liquid, cooling down a path approximately paral]eT to the synthetic oxygen
buffers. The liquid, on entering the no-oxide field, would precipitate acmite

and aegirine at the expense of any Fe-Ti oxides.

A similar situation applies to undersaturated liquids, but the indica-
tions are that the no-oxide field in this environment is restricted to rather
narrow limits in fO, = T space. This is because of the opposite effects that

2
the activity of Na,Si_ 0_ and the activity of acmite in the pyroxene, exercise

on the field. Duiing grysta]]ization, the tendency for the no-oxide field to
rise due to increase in the péralkalinity of thé mélt, is offsét by the increased
activity of acmité in the pyroxéné being précipitated, which surpresses the no-
oxide field. This may be seen in Figuré 45 whéré the intersection labelled
"0,1" (which is for éacmite = 0,25 an§ aNaZSIZO»
field defined by unit activity for both acfite gnd sodium disilicate. There-

= 0,1) lies very close to the
fore, during the whole course of crystallization the no-oxide field may only

shift by SOOC and one unit of log f02, and is as likely to decrease in size,

as it is to increase.

8.6.1. Crystallization in the agpaitic zone of the Outer Foyaite

The no-oxide fié]d as defined above, allows the petrographic features
of the agpaitic rocks in the Outer Foyaite at Granitberg to be ful]y explained

in terms of a crystallization path in f0, = T space. Since the crystallization

2
path lies below the QFM buffer curve (see section 8.4.) the position of the no-
oxide field, as indicated in Figure 45, is probably incorrect. This is not
surprising considering the assumptions made and the poor free energy data for

aenigmatite and acmite.

Initially the agpaitic liquid crystallizes Ti-magnetite; an Na-poor
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pyroxene, and possibly a little biotite, together with nepheline and orthoclase.
With increasing crystallization the peralkalinity of the liquid increases as
does the activity df.the acmite in the pyroxene. The no-oxide field shifts
into a position where it is intersected by the cooling path of the liquid, the
Ti;magnetite reacts with the liquid, and aenigmatite is precipitated together
with aegirine and the felsic minerals. Some of the magnetite is enclosed by

" the other mafic minerals and is unable to react with the liquid, and is pre-

served to the close of crystallization.

Although it is indicated in reaction (24) that aenigmatite arises by
reaction of ilmenite with the liquid, the presence of skeletal grains of mag-

netite enclosed by the aenigmatite indicates the reaction:

2Na2Fe5T|S|6O 20 + Na 2O5

aenigmatite glass - glass gas acmi te ulvospinel

+ 25!0 + 30 = 6NaFe51206.+>2Fe2TI04 ....... (26)

which is probably very similar to (24) in the complex conditions of a natural

magma.

The euhedral and abundant naturé of the aénigmatité in the agpaitic zone
indicates that the no-oxide zoné was intérséctéd éar]y in the crystallization of
these rocks. With Furthér cooling, thé cooling path rémains in thé no-oxide
field and eudialyte-eucolite crystal]izés, zirconium béing Qnable to enter an
Fe-Ti oxide. Just before final crysta]lfzation the residual liduid enters the
stability field of Na-amphibole. Héré astrophyllite and arfvedsonite crystallize,
the latter as large semi-poikilitic grains. A réaction ré]ationship be tween
aenugmatnte and astrophy]]nte is also evudent, as their respectlve formulae would
suggest. Astrophyllite can be consudered the hydrated equzva]ent of aenigmatite,

and possibly has a stability similar to rlebeecklte arfvedsonite solid solutions

in terms of temperature and oxygen fugacity.

The crystallization of arfvedsonite with a low Mg content suggests that

final crystallization took place at T =620° to 650 €, and log fO = -21 to-22
bars (Ernst, f968). This is some 150 C lower than the temperatures indicated
in section 8.4. for > 80% crystallization. If the liquidus lies in the region

900o to 9500C then the agpaitic rocks would have a crystallization interval of
over 3000C. If the results of the melting experiments of Sood and Edgar (1970)

are typical of agpaites, then such a large interval is not unexpected.
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CHAPTER 9

PETROGENISIS AND TECTONIC IMPLICATIONS

Numerous’petrogenitic schemes have been proposed to account for the
presence of peralkaline rocks in the earth's crust, and few have stood the
tests of modern petrology. Limestone assimilation (Shand, 19%% and 1930;
Daly, 1933) was considered, but not favoured by Kaiser (1926) as an explanation
for the origin of the ajkaline rocks at Granitberg. Keiser's beliefs are today
vindicated by the results of modern petrology which discounts the Daly-Shand
theory as a viable major process in aTka]ine rock genesis (see Wyllie and Wat-
kinson, 1970). The other major theories for a]kaline rock genesis are partial
melting of the lower crust with a]ka]i concentration by volatile action (Currie,
'1970 Balley, 1964 and- J970,MABasley and Schasrer, 1966) and dlfferentlatxon

from basic or u]trabaslc parental magma (Turner and Verhoogen, 1960) .

The mechanism of partial melting might be necessarily invoked to explain

volume re]ationships for some continenta] alkaline provinces, e.g. the Rift Valley

provinces and the Younger Granites of ngerxa Unless strontium isotope data is
available this process remains ]arge]y specu]atlve For the Early-Cretaceous
provinces on eather side of the South At]ant:c (Uruguay, Angola, Brazil, Damaraland,

and Luderitz - see Marsh (1973)), the nature of the volcanism and its tectonic
setting in time and space, is more consistent with derivation by differentiation

of mantle-derived basic magmas .

One reason for the proliferatlon and complexity of petrogenetic schemes,
is the attempt to exp]aln the derivation of alkali SIllcate and carbonatitic
magmas from a common parent. Thus Verwoerd (1968) favoured the derivation of
such rocks by from a basaltic parent by volatile concentration, immiscibility,
and wall-rock reaction. In the same sphere falls Ferguson and Currie's (1971)
proposal using immiscibility relationships'in lamprophyric liquids to produce
carbonatite, nepheline syenite,.and members of the melteigite-urtite series.
However, carbonatites and members of the melteigite-urtite series are not
* present in the Luderitz Province, and such schemes can be considered super-
fluous in the context of this Province. A simpler genetic scheme is there-

fore indicated.

There is abundant evidence from the continents and oceans that trachytes

and trachybasanites evolve through crystal fractionation from alkali basalt and
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basanite parental magmas . (Coombs and Wilkinson, 1969; Turner and Verhoogen,
1960; McBirney and Williams, 1969; Abbott, 1969; Ridley, 1970; Wright,
1971; Mukherjee, 1967;). In the related Damaraland Province, the Okonjeje
Complex (Simpson, 1954; H. Fesq, personal communication) is an excellent
example displaying the relationship between alkaline salic liquids and their

probable basic parent magmas.

Experimental evidence (Green, 1970; Green and Ringwood, 1967) indi-
“cates that alkali olivine basalts and olivine basanites are generated at depths
in excess of 35 km. Aithough tho]éiitic magmas may also bé genérated at simi- T
lar depths, e§£§Q§iygmandwjepg;hy periods of_erﬁption ;haracterised by tholeiites i
and their oversaturated differentiation products, suggests generation at shallower
depths. At the time of émp]acémént of the majority of comp]exés'(120 to 135 my)
the nature of the volcanism in Damaraland, Brazil, and most likely in the Luderitz
Province as well, was pho]éiitic (Siédnér and Mii]ér; 1968; Amaral ét al, 1966;
Melfi, 1967). Thus somé méchanism is nécéssary to tap alkali basalts and basa-
nites from deeper ]évels and transport thesé magmas rapidly into thé upper chst

to avoid mixing and hybridization with tholeiitic material.

The writer has récént]y summariséd agé data for compléxes in atkaline
Provinces from both sides of thé Atlantic (Marsh, ]973), and has shown that there
is excellent agreement bétwéén thé‘timé of emplacemént of many of the complexes,
and the time of Gondwana]and‘rifting and thé formation of the proto Atlantic as

determined by others (Le Pichon and Hayes, 1971; Dietz and Holden 1970).

It seems unlikely that rifting parallel to the present-day coastline
penetrated to the levels of alkali basalt derivation ( > 35 km), since there
is no evidence of alkali magmatism in a continuoﬁs or semi-continuous bélt
parallel to the coast. lnstéad,‘thé a]ka]iné complexés in the various provfnces
in Africa and South América form linéaménts, which strike at high angles to the
coastline, and the writér has recént?y suggested that their orientation and dis-
position are related to transform directions (Marsh, 1973). Transform directions
are continental extensions of tfansform fracture zones (Francheteau and Le Pichon,
1972) which are fundamental features of the oceanic crust (Wilson, 1965), and

their associated volcanism is distinctly alkaline (Gass, 1972).

It is not propbsed that the alkaline complex lineaments are the result
of fractures penetrating the entire crust. Rather, the base of the crust and
the upper mantle, Weakeneq by generation of large amounts of tholeiitic magma

was ruptured along the continuation of the transform fractures at the time of



- 164 -

-

the Africa-South America split and allowed access to the levels of alkali
TS
basa]trgeneratioqgﬂ Since pre-existing lines of weakness in the contin-

ental crust are held to be responsible for the initiation and siting of the
fracture zones (Wilson, 1965), it is not unreasonable to assume that these
weaknesseé, now reactivated, allowed rapid and easy passage of the alkali
basaltic magma into the upper crust. Thereafter, differentiation and

emplacement of the ring complexes took place from high-level magma chambers‘r/

In detail, the complexes in the lineaments fall with considerable
scatter about any extension of the transform fractures. It would be naive
not to expect this, as crustal structures will tend to modify the magma

ascent path in the upper crust.

The complexes of the Luderitz Province are too few to define any
lineament, although it has béén_shown that théy do define a transform direc=
tion (Marsh, 1973). ’Kaisér'(]926, p. 313, 316) foﬁnd that thé dominant trend
for the Luderitz Provincé dyké swarm is'060?, and théreforé parallels the trendv;

of the transform direction for this province.

For the well deve]opéd provinces in Damaraland and Brazi], the regional
basement trends lie parallel to the transform directions. However, in Uruguay,
and in the Luderitz Province, the basement trends parallel the coast and there-
fore strike at right anglé to the transform diréction for these two provinces.
This could well explain why the Damaraland and Brazil Provinces are more 'mature'
(in size and in number of comp]exes) than the Luderitz and Uruguay Provinces.

‘In Angola there is a 30o difference bétween the basement and transform direction
trends, yet the Angola Provincé comprisés over 30 alka]ine complexes.(Rodrigues,
1970). However, the compléxés shpw a considérable scatter about the transform
direction and this could bé an interférénce effect - thé transform diréction con-
trols the gross regional position of thé province, whereas the basement trends VK”E

control the local distribution of the individual complexes.

Given that the transform fractures are responsible for activating and
tapping alkali basaltic magmas below the passive edges of the continents, then
the evidence presented above suggests that the appearance of this magma and its
differentiates in the upper crust .is influenced by the regional basement struc-
tures there. Where these structurés-parallel the transform directions the mag-
mas find easy access to the upper crust, and vice-versa. This might explain why
the Damaraland lineament has no relation in Soﬁthern Brazil; the basement struc¢-

tures there parallel the coastline and thus strike at right angles to the trans-
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form direction. Similar reasoning might answer the question as to why alkaline

complex lineaments are associated with some transform fractures and not others.

The origin and evolution of the Luderitz Province and the other Early
Cretaceous Provinces in Africa and South America are therefore intimately in-
volved with the early development of the South Atlantic ocean. It is not un-
expected then that the trachyte - alkali rhyolite and the trachybasanite - phono-
lite suites of the Luderitz Province are similar in chemistry and genesis to
similar suites from pceanic environments.  This emphasises that the alkaline
magmatism in these prov}nces‘considered as a whole, is in many respects markedly

different to the Rift Valley provinces in East Africa.

The hypothesls presented here dlffers from the mantle plume theory of

Rhodes (1972), and the volcanic cycle postu]ate presented by Cox (1972) for the

Karroo magmatism of south-eastern Africa. Doubts as to the validlty of the
former have already been expressed (Marsh ]973) These doubts are somewhat
vindicated by recent questioning as to whether p]umes are fixed in the mantle c¢er LL L
(McElhinny, 1973) or whether they exist at all. o V¢~*?
v ' O e g1
. , , : @,,,w*
The Kaoko lavas in South West Africa have received only superficial ’L/"

2
attention, and it is uncertain whether a cycle as envisaged by Cox (1972) could =

be inferred for these rocks. It seems that a cycle was initiated (H. Fesq,
personal eommunication), but was subsequently disrupted by rifting and the
opening of the Atlantic. A more intensive study of all aspects of Karroo
volcanicity on the south-west coast of Africa is needed to solve the complex

development of the Luderitz and Damaraland Provinces.
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APPENDIX

WHOLE ROCK CHEMICAL ANALYSES

All analyses were conducted in the Depértment of Geochemistry by X~ray

fluorescence procedures using a PWi540 (manual) and a PW1220 (semi-automatic)

spectrometers. Na was determined on 4 grams of powder ground to -300 mesh and
pressed into briguettes. Si, Ti, Ca, K, Mg, Fe, and P were determined
on fusion discs prepared after the method of Norrish and Hutton (1969). In

addition, FeO was determined by titrimetric methods dsing the potassium dich-
romate proceduré outlinéd by Shapiro and Brannock (1956). The method was
calibrated by analyzing departménta] and intérnationa] rock. standards at fre-
quent intervals during the détermjnations. Tracé éléménts wére determinéd

on 4 gram pressed powder briquettes.

Analytical conditions for the trace and major element determinations
are set out in Table A,  Adopted values for international and departmental
rock standards used in the analyses, are set out in Téb]es B and C. Precision

data for the analytical techniques are contained in Table D.

Raw data was processed using computer programs written in the department
of Geochemistry. These programs calculate working curves from the standards,
and make the necessary corréctions for spectral line intérférence, dead time,
and matrix effects (Trace elements). For the latter, Birk's values for the

mass absorption coefficient, calculated from major element data, were used.

Some of the analyses presentéd in this thesis have tota]s that are
lower than is normally acceptable. ngeral of the samples were re-analyzed
with little or no improvement to thé results. In addition the samples were
analyzed with a large number of others, most of which gave satisfactory totals.
It therefore seems unlikely that the ‘error' is due to instrumental drift, but

the other possibilities are:

(1) the presence of non-determined elements. The major element totals do
t not include trace element abundances, which may make up 0,5% of the
total sample weight. In-addition, F andfCl were not determined and

could be present to the extent of several thousand ppm;

(2) -~ during preheating the samples were ignited at 850°C to avoid fusion

of ‘the undersaturated rocks and reaction with the silica crucible.
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Volatiles may therefore have been only partially driven off with the

resultant low LOI values, and low totals.

X-RAY DIFFRACTION PROCEDURES

X-ray diffraction scans were made with a PW1540 unit using Cu K
radiation with a nickel filter. Alkali feldspar concentrates were mixed with

KBr0, (internal standard), ground to =250 mesh and pressed into briquettes.

3

KBrO3 has three sh;rp reflections close to the relevant feldspar peaks. These
are:

(a) the 101 reflection at 20,212° which calibrates the 201 feldspar peak;
(b) . thé 202 ref]éction at 41,088° which calibratés thé 204 feldspar peak;
(q) the 122 réf]éction at 51,476° which calibrates the 060 féldspar peak.

Thrée scans (or horé) wéré made ovér éach of thé following angular dis;
tances - 19,5° to 22,5°; 40,5° to 42,5%; and 50,0° to 52,0°. Peak positions
were estimated to 0;010. Positions from répéatéd scans nevér differed by more
than : 0,02o from the avéragé, and for mos t samples this was t 0;010. Nine
scans of one sample, DM105, were made in order to estimate the précision of the

procedure. The results are set out in Table E and are considered satisfactory.

MICROBROBE ANALYTICAL PROCEDURE

Minerals were analyzéd for Si, Ti, Al, Fé, Mn, Mg, Ca, Na, K, with a
Cambridge Microscan 5 microprobé in the Départment of Géochémistry, University
of Cape Town, using a variety of natﬁra] silicate mineral standards. The raw-
data was corrected and reduced Qsing ABFAN, a computer program written by Boyd,
Finger, and Chayes (1968) (Ann. Rept.-Dir. Geophyé. Laboratory, Washington,
1967 - 1968, 210 - 215). '

Ke lines for the nine elements were measured at 15Kv with a total beam
current of 0,15 X 10-6'amps. For Si, Al, Mg, Na an RAP analyzing crystal was

used, and for Ti, Fe, Mn, Ca, and K, a Quartz crystal was used.
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Kv
mA
COUNTER
COLLIMATOR
_CRYSTAL

TUBE

Kv

mA-
COUNTER
COLL[MATOR
CRYSTAL

Table A

Analytical conditions: Major elements

Ti Ca K Si Al Mg P Na Fe Mn
Cr Au ————mo— >
50
20 —> 32 20
FLOW -
Course Fine Course Fine ————
LiF > Pet ADP  Germanium  Gypsum Lif ———>
Analytical conditions: Trace elements
Pb Th Nb zZr Y Rb S Sr Ga Ba
) > Mo Cr
50 > 80 50
20 > 30 > 25 20
Scintillation > Flow + Sc. Flow .
Fine v4
LiF (220) —————>  LiF (420) — : : > LiF(200) Lif (220)



- TABLE

Adopted values for X-ray fluorescence standards; Major elements

B

STANDARD o sio,
G-1

GSP 67,942
BR 39,434
W-1 52,693
AGV-1 f 60,162
5-1 ' 60,013
GH 76,324
USBS99

0K272

% All Fe aS:FeZO

T.|02

0,666
2,705
1,071
1,051
0,484
0,081

A]203' Fe203* MnO Mg0 Cal
15,269 4,302 0,042 0,989 2,030
10,530 13,348 0,213 13,723 14,184
14,955 11,104 0,174 6,639 10,971
17,345 6,832 0,096 1,541 5,037
9,369 8,271 0,405 k,094 10,157
12,586 : 0,054 0,654
TABLE C
Adoptéd values for X-ray flﬁoréscéhce standards: Trace elements
STANDARD  Th Pb Zr Y  sr Rb Ga
G-1 : 50 48 219 11,9 252 210 18,0
GSP 108 55 543 25,4 234 252 '
BR ” | 2140 27,6 1350 45
BCR 7 15 192 33,4 1015 47,3
KNIPPA-T 83,k 24,5 334 27,9
G-2 25 28 |
W-1 ‘ 16,0
ZnGaCu 91,8
ZnGaCuHf 96,3

6624

Nb
21,7
25,4
115

11,3

83,k

K,0

5,584

1,445

0,641

2,957
2,650
L.813

Ba

1089

158

214

Na_.0
3,321

2,150

10,730
5,290

PZOS
0,292
1,052
0,140
0,489
0,221
0,021



TABLE D

Precision data for X-ray fluorescence analysis: data for eleven individually

prepared and analyzed aliquotts of sample GM 146.

MEAN (x) STANDARD DEVIATION (s) ‘COEFFICIENT OF VARIATION (i)%

sio, 53,42 ' 0,29 0,54
Tx'o2 1,27 0,12 . . 0,97
AT,0, 18,28 0,07 0,38
Fe,0,% 6,62 0,05 0,81
MnO 0,232 0,003 | 1,293
MgO0 ' 2,24 ' 6,17 o 7,7
Ca0 | 3,03 B 0,04 | 1,26
K,0 4,88 0,03 | 0,60
Na,0 | 7,49 0,13 1,74
on5 1,01 | 0,014 | . .: 1,42
H, 0 0,08 0,02 | 24,99
Lol 0,58 0,04 | 7,47
Ba 1 1598,6 | 12,0 | - 0,75
Ga | 22,89 0,30 g 1,32
Nb 199,1 3,k | _ 1,74
Zr " . 843,6 8,9 - 1,05
v 34,2 3,10 9,1
Sr 1596,3 ) 12,2 | 0,7

Rb - 151,8 5,2 . 3,h



X=RAY DIFFRACTION PRECISION DATA

TABLE E

:.DM 105
201 060 204
21.07 41.78 50.
21.05 41.78 50
21.04 41.80 50
21.04 41.75 50
21.08 41.78 50
21.03 41.80 50
21.03 41.75 50
21.03
21.05 41.77 50
21.07 41.78 50
21.05 41.78 50

.02 .02

65

.68
.70
.69
.70
.68
.70

.69
.73

.69

.02



GRANITBERG

GMA
GMA

GMA

GMA

GMA

GMA

GMA

GMA

GMA

GM

GM

GM

GM

GM

GM

GM

GM

GM

GM

GM

GM

GM

GM

GM

GM

GM

1

2

3

6
7
8

9

77

88

128
129
130
131
136
142
146
147
160
169
171
174
175

232

339

LIST OF ANALYZED SAMPLES

Feldépathic sands tones

Metasomatized sandstones

Tinguaite dyke, E of Granitbérg
Shonkinité, NE Contact zone
PCNS, Roof_Zone

Quter Foyaite

Foyaite, Roof Zone

Inner Foyaite, W of jeep track, Roof Zone
Quter Foyaite

Outér Foyaite

PCNS, Roof Zoné

Outér Foyaité

Tinguaite dyke, SE of Gfanitberg
Pulaskite, West ridge contact zone
Quter Fovyaite

Alkali granite, West Ridge

Alkali granite, West Ridge

Nordmarkite, SW contact zone

~ Grorudite sheet, NE of Granitberg



GM 340

GM 350

POMONA

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

PM

DRACHENBERG

OM

oM

oM

oM

DM

DM

OM

DM

53
55
60
61
63
64
66
127
156
157
177

105
106
110
111
115
124
125

126

..2_

Quartz—Bostohite dyke, SE of Granitberg

Inner Foyaite, W of jeep track, Roof Zone

Nepheline syenite, W of Signa]bgrg

Quter Syénité, W of Sch]Uébérg ‘

|nnér Syénité, SE of Signalberg

Tinguaité dyké, SE of Signa]berg.

Syenité porphyry, W of Signalberg
Biotité-ri;h monzonité, S of Signalberg
Outer Ring Dyké noramarkité, S of Sch]uébérg

Hub Syenite, Signalberg

.Quartz-bostonite, W of Schlueberg

Outer Syenite, SW of Schlueberg

Quartz-feldspar porphyry, E of Schlueberg

Coarse porphyritic syenite, Black'Cap Hill
Fine porphyritic syenite, Black Cap Hill
Syénite, S of Drachénberg

Quartz-féldspar porphyry

Quartz_syenité, W of'Drachenberg‘

Quartz monzonite, SW of Black Cap Hill
Syenite, NW of Black Cap Hill

Biotite-rich syenite, W of Drachenberg
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