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Volcanoes can be beautiful, informative, and
both beneficial and dangerous. They serve as
windows through which we can dimly perceive

the interior. (Press and Seiver, 1974).



ABSTRACT

Jebel Marra is a Tertiary-Recent volcanic complex located in
the Darfur Province of Western Sudan. The complex is associated with
a negative Bouguer anomaly and domal uplift of the metamorphic base=

ment but not with rifting,

The volcanic vroducts chiefly consist of lavas from the alkali.
olivine-basalt - trachyte/phonolite series although thick sejuences of
pyroclastic rocks are also present, Field mapping and photo-inter-
pretation has enabled the suite to be divided into an 0ld Series and

a New 3eries of rocks, .

Trace element and Nd=Sr 1sotopic compositions of primitive .
basalts from Jebel Varra are sufficiently similar to alkali basalts
from ocean islands and other continental provinces to suggest that
the mantle source is chemically and isotopically similar and pfobably
b-sﬁb-lithospherié. Isotopic and trace element data for the primitive
basalté are coﬁsistent with their derivation from a mantle sourcé |
which has either been récéntly metasomafiséd'by‘a LILEAand LﬁEE |
énriched fluid or by mélting of a depleted source in whick highly
incompatible elements are fractionated from slightly less incompatible

elements,

In general, there is a good correlation between decreasing

144

143 Nd, increasing 87Sr/868r and increasing fractionation

Nd/
indices, This indicates that contamination and fractionation are
coupled (AFC), The New Series basic rocks trend towards a low

143 144

Nd/ " 'Nd ard relatively low 87Sr/865r contaminant which is char-

acteristic of lower crustal granulite facies rocks. Examination of



144

143 Nd vs.incompatible elements and 1l+3Nd/'1b'l*Ndvs 87Sr/865r

Nd/
indicates that the processes of AFC have given rise to two groups

of rocks, These two groups are the result of AFC processes in which
the ratio of the rate of assimilation to the rate of fractional °
crystallisation (r) is different., The New Series rocks and some

Old Series rocks comprise a group in which r is high. Some 0ld
Series rocks including rocks from the Pyroclastic Sequence compriée

a group in which r is low.

A granulite facies contaminant and high r value of the former
trend is compatible with contamination in the lower crust. Kinked

1h3Nd/1uhNd vs incompatible elements vlots may indicate

trends on
that a decrease in r occurred between basic and acidic rocks which
may be evidence for a change in contamination environment to the

upper crust at this stage.

Otrer factors such as a heterogeneous mantle, variable degrees
of partial melting or other contamigation mechanisms have undoubtedly
contributed to some of the variation and scatter of the elemental and
isotopic»data but their effects have been overshadowed by processes

of AFC,
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CHAPTER ONE

Introduction

1.1 Regional Setting

Jebel Marra is a continental, intra-plate volcanic complex
located in the Darfur province of western Sudan (Fig. 1.1). It
c§nsists of a Tertiary-Recent alkali-olivine basalt = trachyte/
phonolite series of rocks, including both lavas and pyroclastics.
These volcanic products have covered an area of some 13,000 sq. km,
(Francis et al., 1973) and have been erupted onto a domally uplifted

basement,

In common with many 6ther areas of Cainozoic volcanism in
Africa, the complex is situated in an inter-cratonic region (Thorpe
and Smith; 1974). This is illustrated in Fig. 1.2, taken from
Thorpe and Smith (1974), which shows tﬁé distributioﬁ of African
Cainozoic volcanic fields. The two major cratohic Cainozoic ‘
volcanic fields that are preseﬁt are themselves anomalous, . Thb‘
first is in the Igwisi Hills of Ténzania and probably represents an
extrusive kimberlite (Dawson, 1970) aﬁd may therefore have a deep
Sublithospheric origin, The others lie on the Yestern Rift in the
Congq craton which has been affected by Pan African thermal activity
(Thorpe and Smith, 197&) and may therefore have lost its cratonic
identity, The major significant difference between cratonic and
inter-cratonic regions which may help éxplain'the virtual reétrictiop

of Cainozoicv§olcénism to inter-cratonic areas is that the latter

have a relatively higher geothermal gradient.

142 Field Work and Sampling .

The field work was conducted during a 6 month field season

between Nov. 1980 and May 198&. Thé size of the area coupled with
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the inhospitable terrain restricted mapping and sampling to a
self-contained area in the south of the complex (Fig. 1.3). The
northern area is described by Coulon and Reyres (1968). The area
chosen for detailed study is however the most variable and permits
greater access to Recent lavas and pyroclastic rocks. Regrettably
however, other areas were necessarily neglected such that a
collection of a complete suite of older rocks has not been possible,
Nevertheless, inspection of the samvle/locality map (Appendix I)
reveals that the most geologically interesting area of the complex

has been well covered.

1¢3 Previous Work

Owing to the remote position of Jebel Marra very little work
on the volcanics or the basement rocks has been done. Reconnaisance
work by Lebon and Robertson (1961) and Vail (1971; 1972a; 1972b)
principally using aeriél photographs coupled with some ground
tra&erses have outlined‘the main components of the geology of the
Jebel Marra complex; for example the outline of the volcanic}complex
in Fig. 1.3 is redrawn from Vail (1972a). ‘A later expeditioﬁ by
Francis ét al, (1973) described the tectonic setting and significance
of Jebel Marra and has proVided some stimulus for this study;
Unpubiished work by K., Smith has also been useful;in this f;épect.
Until now no detailed geochemical study has been made., In conjunction
with the preéent geochemical study there is also a detailed seismic
and ‘gravity study being conducted., Results from this work will be

discussed later in this Chapter,

The main aim of this study is to present a detailed description

of the Jebel Marra volcanics ih terms of their petrography, major
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and trace element and Nd and Sr isotope geochemistry. Field inter-

pretations provide the basis for the classification of the volcanic
rocks into older series rocks, which include large pyroclastic
Sequences, and a newer series of rocks. On the basis of these sub-
divisioné the geochemistry of the suite and variations between the
series are considered in Chapters 6, 7 and 8. AAlthough the geology
of the volcanics is very important and naturally provides the means
to investigate the geochemistry it is the latter which comprises the
bulk of this study. Firstly, the major and trace element variations
are described in Chapters 6 and 7. Following this in Chapter 8
evidence obtained from Nd-Sr isotopic studies is discussed, Through=-.
out these sections compelling evidence emerges which suggests that
the large compositional and isotopic variations that are present are
primarily the result of assimilation of continental crust combined
with the effects of frac;ional crystallisation on parental alkali
basalt magmas, In Chapter 9 geochemical modelling techniques are
emplc;yed to strengthen the qualitative arguments that are made in

Chapters 6, 7 and 8.

-The Jebel Marra volcanic rocks with their wide range in

chemistry afford , an excellent opportunity to describe the effects

of crustal contamination in this intra-plate continental environment.
In studying this, it has been necessary to understand other processes,
particularly.fractional crystallisation, which have also modified the
chemistry of these rocks. The emphasis plgced on contamination and
fractional crystallisation throughout this study is additionally
Justified because the vast majority, if not all, of the samples from
elemental and isotopic considerations dembnstrably show the affegts

of these processes.,



Although crustal contamination has been recognised for some

time (e.g. Bowen, 1928), it still remains a contenous issue, There
are many suggestions from mantle nodules and basalts alike that the
sub-continental mantle is an interesting and variable area of the
Earth. If it is a goal of geochemistry to make cogent comments
about the nature of the subecontinental lithosphere and asthenophere,
then processes which modify primary magmas, principally crustal
contamination, must be well understood, Consequently, studies such
as this and from other continental terrains therefore assume ‘
coqsiderable importance. This is particularly true as it is
becéming evident tﬁat contamination may occur via a different array
of mechanisms in different circumstances, ani ray show subtly
differing effects. The two most viable contamination mechanisms,

. combined assimilation and fractional crystallisation (bePaolo, 1981)
and‘mixing with crustal partial melts (Patchétt, 1980) are diécussed

at length in Chapter 8,

1.5 Geophysical/Tectonic Setting

The association of Cainozoic volcanism, negétive Bouguer
anomalies, and domal uplift has long been recognised in Africa
(Fairhead, 1978) although its relation to fiftinglis not' unanimously
agreed upon (Le Bas, 1971, 1980). The negative Bouguer anomaly is |
thought by many (e.g. Fairhead, 1978; Fairhead et al., 1981) to be
the result of an intrusion of low density, low velocity asthenos=-
pheric material into the lithosphere, resulting in an upward
migration of the asthenosphere-lithosphere boundary. If this inter-
pretation is correct then this is likely to be in some way respoqsible

for the surface volcanism.
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Fairhead et al,, (1981) interpret the gravity data for Jebel
Marra in terms of a triple junction using the East African/Arabian
Rift system as a more evolved precedent, The WSW Ngaoundere
Lineament and the SE trending Abu Gabra rift system are considered
to represent subsiding rift arms while the third and failed arm
consists of the domally uplifted area which includes the Jebel Marra
volcanic complex (Fig. 1.4), The comparison with the East African/
Arabian Rift System is clear (Bermingham et al., 1983): the Red Sea
and Gulf of Aden arms represent the rifting arms and the Ethiopian/

Kenyan dome and their attendant volcanics represent the failed arm,

Gravity and seismic modelling (Bermingham, unpublished) has

led to the following conclusions:=

1) Gravity modelling suggests that domal uplift is associated
with a negative Bouguver anomaly approximately 70Ckm in diameter.,
A Bougeur anomaly map of the Darfur region and selected gravity

profiles taken across the area are presented in Fig. 1.5.

2) Three-dimensional gravity modelling (using the method of
Coraell and Henderson, 1968) and constraints from seismic obser=-
vations suggests that the data are consistent with the occurrence
of a low velocity, low density body within the mantle part of the
lithosphere compensating for the swell; this is interpreted to be
either:-

i) a region of partial melt

or ii) athenospheric material from the low density zone,

3) Residual gravity studies, i.e. after regional gravity has
been removed, reveal a positive aqomaly,-50-1QOkm wide, beneath
Jebel Marra interpreted to represent a basic body located at base

or mid-crustal levels,
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16  Conventions

The ferms 'basic! and tacidic' rocks are continually used in
the text. 1In the context of the volcanic rocks, basic rocks refer
to basalts, hawaiites and mugearites while acidic rocks refer to
trachytes, rhyolites and phonolites. Confusion may arise because
i& describing the geological history basalts, phonolites, ignimbrites
etc., from the Pyroclastic Senuence are considered to belong to the
0ld Series rocks whereas in many of the variation diagrams they are
treated separately., This is done to illustrate geochemical differ=-
ences and should not be taken to infer that they constitute a series
of their own, Also throughout the text reference is made to basement-
samples béing either 'upper! or 'lower crustal; in character, This
only fefers to their isotopic and elemental characteristics as all

these samples were collected from surface outcrops around Jebel Marra.



CHAPTER TWO

PRE-VOLCANIC ROCKS

2e1 Introduction

This Chapter gives a general review of the basement and
sedimentary cover which exiéts around the volcanic complex of Jebel
Marra, This is an important consideration because magmas originating
in the mantle and erupting as lavas will traverse the crust and there=
fore have the opportunity to assimilate any crustal rocks which they
pass through, The consenjuence of this may be that the chemistry of
the magma may be modified en route to the surface of the ﬁarth. To
understand some of the effects and processes of contamination it will
help to have an idea about the structure, lithoiogy and composition
of the basement, To this end, first the general geology of the base-
ment around Jebel Marra and then the geochemistry of selected crustal

Samples is described,

Rather 1little, in detail, is known about the pre-volcanic
SeOIOgj of the rocks in Darfur region of Sudan. No structural study
Oon a small scale has been attempted, Only large scale mapping from
aerial photographs has been done, by Vail (1972b) and from Landsat
imagery (1:2,000,000; Geological map of Sudan,‘198{). In Fig. 2,1
a general geology map of the area is presented which illustrates some

of the features to be discussed in the following sections,

" To the east and south, exposure of the basement is often poor
althOugh on the western flank it is extremely good. Unexposed areas
are commonly covered in sands or reworked pyroclastic material from
" Jebel Marra, The basement rock is mainly composed of granitic

gneisses which are often badly weathered, particularly the felds-

.-
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Fig. 2.1 Geological sketch map of Darfur region (after Bermingham ‘et al,, 1983).
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pathic component., They are intruded by granite and covered in part
by sediments (Vail, 1972b).

2.2 Basement Rocks

In describing the lithologies of the Darfur area, emphasis will
be placed on those rocks which outcrop near to the volcanic complex,.
The basement rocks consist of a variety of gneisses and schists
which have been intruded by granite, dykes, pegmatites and quartz
veins., On the basis of aerial photogeological interpretation and
some field traverses, the basement rocks have been subdivided into

four groups (Vail, 1972b).

2.2.,1 Granitic Gneisses

Granitic gneisses comprise the dominant member of the
basement rocks, They show mineral banding and are well
foliated, Feldspar and quartz are the characteristic minerals
‘although biotite is often present. At Gubbo, Kalokitting and

Nyertete granitic gneisses of thls type are well exposed.

2.2.2 Pelitic Schists
These can occur interbedded with the.granitic gneiéses

where quite often they will stand out as a result of differ-

ential erosion. All are mica rich but vary from those at Gubbo,

in whiéh mica is subordinate>to felsic minerals, to those at
VQZélingei. in which mica is the dominant phése with respect to

felsic minerals, 1In these micaceous récksigarnet, alkali

feldspar and kyanite can coexisf with biotite., ‘Th§‘1981
Geological map af Sudan (1:2,000,000),.based'on recent~Landsat

imagery, delineates an area of 14,000 sq., km to the south of




Zalingei which is described as "Undifferentiated Schists"

(Fig. 2.2). These are elsewhere volumetrically unimvortant.

2.2.,3 Amphibolites

These are relatively rare around Jebel Marra but they
are found interbedded amongst granitic gneisses. For example,
at Gubbo a 20m wide sheet of amphibolite is exposed. These
tend to be highly weathered and chloritized., Exposures of
amphibolite have been reported north of Jebel Marra but, in
general, are not as widespread as in other parts of basement

Sudan,

2.2, Quartzites

These are again rare in the Jebel Marra region but do,
however, form extensive ridges in the Zalingei region.. They
are described by Vail (1972b) as orthoquartzites containing
quartz and some muscovite,

S

2¢3 Granite Intrusions

There are a number of grénite intrusions close to the comvlex
of Jebel Marra (Figs. 2.2-3). The most notable of these are at
K;s, Kutumsand Nyala. There‘are also a number of smaller bbdies which
‘ aie exposed near Zalingei. They may be convenieﬁtly divided on the
basis of whether they possess a pefvasive fabrié or not., For example,
the granites of Nyala and Zalingei display a weak foliafioh, whereas
thoséhof Kas and Kutum are largely unfoliated. This observatioh méy
enable them to be distinguiéhed as late of post-orogenic respectively.

The late-orogenic granites tend to be élongate whereas the post=

orogenic ones are more commonly irregular in outline. Mineralogically




they are typically leucocratic containing quartz, feldspar and some

biotite,

2.4 Quartz Veins and Pegmatites

Quartz veins and pegmatites are widespread throughout the
basement rocks and show varied cross-cutting relationships. The
pegmatites consist primarily of quartz and feldspar and sometimes
contain white mica., Examples are found well exposed at Gubbo and

Nyertete.

245 "Dykes"

Dyke like features are found within the basement and are
readily identified from aerial vhotographs sometimes extending for
ﬁany kms, Their orientation is closely allied to the direction of
faults within the basement and many undoubtedly reﬁresent intrusion

along fault zones,

2.6 -Sedimentary Cover

The Nubian Sandstone Formatiog is a vasf succession of deposits
of Cretaceous age, which occupies mﬁch.of Egypt and extends into
large areas of N and NW Sudan. It outcrops, intact, to within 3Okm
of the complex. 1In the_Nw a supposgd outlier of the formatiqh is, in
part, overlain b& JebellMarra volcaniés. A further smaller outlier
has been mapped adjacent to Qolcanics in the extreme north éf complex.
Similar deposifs also occur near Genena which are des?ribedvas béing
of Devonian and éilurian age (Williams et al. 1980). In the N they
consist of a variety of continental clastic rocks including sandstones,

siltstones, mudstohes; and conglomerates and are generally flat lying.

2.7 Age

Very little is also known about the age of the prevolcanic rocks,

other than inArelative terms. Two K-Ar dates are available from the



area (vail and Rex, 1971). From the basement a sample of mica
schistfrom the Zalingei area gave an apparent mineral age of 6oktal
ma, This age is in general agreement with an average date gathered
from much of basement Sudan, which points to an event at around
5501100 ma. This corresponds to a Pan African orogenic event

outlined by Kennedy (1965).

A Pb/Pb age derived from galenas from veins iu the basement
near Kutum place a further constraint on the age. Coomer and Vail
(1974) obtain a Holmes Houtermans age (Russell and Fargquhar, 1960)
of 11002200 ma from two samples using parameters of Cooper et al
(1969), The data lie outside the Russell=-Stanton-Farquhar model,
This implies that the age obtained must be considered a minimum age,
Despite reservations there may be for this as an absolute age, it

does suggest that the basement rocks of Darfur are of Archae age,

The largely undeformed granite at Kas yields.a K-Ar age of
230116lma. Vail (1972b) considers the date to be anomalous presumably
_ because of the disparity between this and other basement dates. In
order to account for this he invokes argon loss through weathering or
by heatiug by overlyiué basalts, The granite.in question is actually
quite fresh in tbin section, more so in fact than the majority of
the basement rocks, and this, coupled with the overall unfoliated
nature of the intrusion may actually support a post-tectonic age., If
this is correct then a Permian.age for the éranite‘wouid not be
unreesoneble. | | |

An indication of the old ages of some of the basement samnles

14304/ ¥4

- is given in Fig. 8.7 in which some samples have very low Nd/

ratios.

"



2.8 Structure
No detailed structural investigation has been carried out on

the basement rocks of Sudan. Most of the discussion in this section
is based on photogeological interpretation coupled with some ground
traverses of Vail (1972b)., Exposure of the basement surrounding
Jebel Marra is in places extremely good which has enabled structural

trends and faults to be mapped with some confidence.,

The regional trend appears to be NNE=SSW (Fig. 2.2) although
there are departures away from this locally. For emmple, down the
east side of the complex the trend runs N-S‘from Kutum to Nyala.,

At Nyala, however, the trend swings to a NW-SE direction, The
schists south of Zalingei seem to have preserved trends from other
phases of folding and are consequently more variable. Vail (1978)
visualizes a complex tectono-thermal history involving at least:
three phases of folding.' The second, and major, phase of folding

is seen to run NE=SW which refolds folds of the first phase, Whilst
NW=SE trending folds testify to the existence of a third phase of

folding., The late-orogenic gfénites of Nyala, E1 Fasher and Zalingei,

in general, outcrop with their long axes parallel to the local grain, .

This effect could be caused by the intrusion being more easily
accommodated in a direction parallel to the grain or by the intrusion
itself, in part deforming the fabric so that it becomes parallel to

the long axis of the intrusion. A more likely alternative is that

if the granites in question are in fact late-tectonic, then any later

deformational event will deform the relatively incompetent gneisses
and schists around the relatively competent massive granite body and

-- produce the trends described above,



Fig. 2.2 Sketch map showing structural trends in basement rocks around Jebel Marra,

Redrawn from Geological Map of Sudan, 1981.



2.9 Domal Uplift

Francis et al, (1973) made the first reference to the fact
that the Darfur basement has been domally uplifted., This was
further highlighted by a Bougeur anomaiy map of Africa which drew
attention to domally uplifted areas of Ethiopia, Tibesti as well
as Jebel Marra (Fairhead, 1978). The negative Bougeur anomaly
which coincides with elevated topography at these domes is inter-
preted as domal uplift in response to crustal thinning which in turm
is a result of asthenospheric ﬁprise. The dome is roughly circular
in outline with a radius of 350 km although locally the dqme is
elongated in a NNE=SSW direction beneath the Jebel Marra volcanics

(Bermingham et ale. 1983).

2,10 Post-Orogenic Structures

The faults and dykes appear to be unaffected by any folding
and therefore may be considered as probably post-orogenic in age.
Three main directions of faults (Fig. 2.3) and dykes may be -
recognised:=

i) NE-SW3 ‘

i1) NW-SE;Yand less commonly

1i4) E-W,

The faulting may be related to domal uplift which is itself

thought to have commenced from Cretaceous times (Bermingham et al.
1983). Althoﬁgh variable, the main conjugate fault set, i) and ii),
are diéposed ét about 45 degrees to the main structural grain, No
information is available on the slip sense of the faulting which has

occurred,



Fig» 2.3 Sketch map showinglfault trends in basement rocks around Jebel Marra,



2611 Geochemistry of the Crust

It is now proposed to briefly describe the geochemical
characteristics of basement samples which were collected from
outcrops around the Jebel Marra volcanics., 1In subsecuent Chapters
it will be shown that the volcanic rocks have been variably contam=-
inated by continental crustal rocks., It is therefore necessary to
be aware of the isotopic and elemental characteristics of available
crustal samples so that their likely effects on isotope and trace
element compositions of the volcanics can be assessed if they are
considered as possible contaminants. A brief description.of the
samples and their localities is given in Table 2.1, The isotopic
and elemental compositions of the analysed crustal samples are

presented in Table 2,2

TABLE 2.1 BASEMENT SAMPLES

SAMPLE LOCALITY DESCRIPTION
- 24036 SW of Guldo Foliated granitic basement
2Lkoz7 . SW of Guldo Fine grained part of granitic
basement -
2134 Kalokitting Granitic gniess
24135 Kalokitting Biotite gneiss
24137 Kas Granite
24138 Zalingei Garnet, kyanite, K~feldspar
‘ ' : mica schist '
24139 Nyala Teucocratic gniess

In Fig. 8.7, the crustal samples are plotted in terms of
their isotop;c composition on a 6Nd &Sr diagram.: On the basis of
fhis model (DePaolo and Wasserburg, 1979) the samples ean be
divided int§ tupper crustal' and 'lerr crustal! rocks. An

explanation of the 8 notation and the model of DePaolo and

wasserburg (1979) is described more fully in Chapter 8, Having made
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this division on the basis of isotopic compositions it becomes
evident that thefe are also significant elemental differences,

This is most strikingly illustrated by the rare earth element (REE)
patterns (for explanation of REE patterns see Chapter 7). In Fig.
2.4 patterns for the 'lower crustal! samples are drawn, These have
steep light REE enriched patterns and flatter heavy REE patterns.
24135 is considered to have 'lower crustal' characteristics despite
plotting in the 'upper crustal' field in Fig,. 8.7. These contrast
markedly with the typical 'upper crustal' patterns which are mostly
flat (Fig. 2.5). Sample 24139 appears to be intermediate between
the two groups. Other trace elements also show systematié differ=-
ences between the two groups., For example, Rb and Pb are lower
whereas Sr and Ba are higher in the 'lower crustal' rocks than the
'upper crustal' rocks. The major elements also show systematic
differences for example, xao is lower whereas Ca0O and Naao are higher
in the 'lower crustal! rocks compared with the fupper crustal!
sampléé. Table 2.2 illustrates the isotopic and geochemical

1&3Nd/1h&

‘differences between the two groups. The low Nd and
relatively low 87Sr/865r and the low Rb, Pb and K20 concentrations
observed in the 'lower crustal' rocks are characteristic of granulite
facies rocks. These are features which are all reléted to the
relative loss of heat pfoducing elements associated with the form-

ation of granulite facies rocks.

2,12 Conclusions
The basement rocks in Darfur have undergone polyphase deform-
ation and metamorphism up to amphibolite grade which has imparted a

NNE=SSW regional trend, Late-orogenic and pbst-orogenic granites

have been intruded into the basement rocks. Continental clastic



deposits of Cretaceous age probably covered much of the area which

were since removed, apart from two outliers in the north, A set of
conjugate faults exist in the basement rocks and may have developed

in response to stresses created during doming,

Geochemical analysis has uncovered marked differences in
isotopic and trace element compositions within the crustal samples
which enables them to be loosely classified as having 'lower! and
tupper crustal'! characteristics. Given that assimilation of crust
has occurred in the volcanic rocks, then these marked differences
should make it possible to discern which of these chemically

different groups is responsible for the contamination.,

i



CHAPTER THREE

VOLCANICS

361 Introduction

The Jebel Marra volcanic complex is aligned in a N-S direction
and is approximately 200km in length and 80Ckm wide at its broadest
part in the south. It covers an area of about 13,000 sq., km and
the volume of material erupted before erosion is estimated to be
8,000 cubic km (Francis et al., 1973). The volcanic rocks which make
up the complex belong to the alkali olivine-basalt - trachyte/phonolite

association., They were produced in Miocene to Recent times.,

On the basis of field mapping and photo-interpretation i; has
been possible fo divide the volcanics into an 0ld Series and a New
Series. Radiometric data and independent geological evidence
(Andrews, 1931) indicate that widespread volcanism in the area began

in Miocene times at around 13-1lima ago.

The fact that most of the flows can be traced to discrete vents,
combined with the lack of dykes and faults can be used as compelling
evidence to suggest that the volcanism is of 'central type' rather

than fissure type volcanism (Francis et al., 1973).

The information contained in this Chapter is important because
it establishes a framework within which to consider the geochemical
data., In any area it is desirable to be able to felate geochemical
char;cteristics, particularly spatiai and temporal variations, to
features which emerge from the field geology. The geologiéal map

of Jebel Marra which accompanies this Chapter (Appendix L) was

constructed from mapping and photo-interpretation on 1:40,000 aerial

28



Plate 5.2 Trachyte

intrusion at Jebel Koron
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photographs; the absence of the central portion of the map is

regretted but was due to unavailability of the necessary photographs,

The rock types described in the following sections are based

on a classification which is explained in Chapter 6.

3,2 Topogravhy and Exposure

The height of the contact between the volcanics and the base-
ment has been measured at a number of sites by barometric means
(Bermingham, unpublished). The heights are variable but they show
that the contact starts at around 1200m. In Table 3.1 the contact
height has been measured at these villages which are locafed on the

geological map:=~

Gubbo 1291m
Nyertete 1214m
Guldo 1264m
Turra 1432m

Table 3.1 Showing basement/volcanic contact
heights above sea level

(Bermingham, unpublished).

The volcanic pile rises to a maximum height of 3042m, at a peak
adjacent to the caldera at Defiba. Thus a 1800m thick pile of |

volcanic material is present,

The topography of the Jebel Marra volcaﬁic complex has been
strohgly influenced by rock type, for example, poorly consolidated
pyroclastic deposits, susceptible to-erosion, have been deeply
dissected to produce-incised valleys with spectacular gorgesvand

waterfalls (Plate 3.,1). This is especialiy the case on the east and



west flanks of the central area where thick pyroclastic deposits are

exposed, Elsewhere the topography is less severe, typified by trap
features and lava fields cut by wadis, In the north the panorama
is altered by the appearance of spires and inselbergs (Plate 3.2)

of trachyte.

The exposure tends to be very good in the south becoming
moderate towards the north, with most of the best exposures being

found in wadi cuttings.

3.3 Geological History

A summary of the geological history based on K-Ar data (Table

3.2) and field interpretations is presented in Table 3,3,

3.3.1 O1d Series
3.341417 Extrusive and Intrusive Rocks

Based on photo-interpretation and K«Ar radiometric dating,
Smith (unpublished) identified that the earliest volcanic
complex was established around Jebel Donsa which cut the
earliest products at Turra. Whereupon a broad chain of vents_
emitting lavas developed and extended SE to Suni and continued

on towards Melem, Basaltig scoria from Suni, for example, gave

a XK-Ar age of 14,30 ma which is considered by Smith (unpublished)

to occur just after inception of volcanism in the area, Foll-
owing the construction of this early lava shield, subsequent
" volcanism persisted as basalt flows but these were constrained

to wadis cut in the lava pile. -

Between 12-10 ma‘there was a phase of yidespread trachytic
intrusion, Jebel Kirgo, for example, at Deribat was dated at

10.25 ma (Smith unpublished). A date of 11,6 ma was obtained -



Table 3.2 K-Ar Dates

New Series
24020 trachyte 0.06 ma

24025 trachyte 0.06 ma
Golo basalt+* 0.9 ma

2#049 basalt 1.07 ma

Suni basalt*. 1.44 ma

* data unpublished by K. Smith

. 24131

24099

2114

24015
24013

24130
2130
24090
24059
Turra
Suni

01d Series

basalt
hawaiite

phonolite
phonolite
phonolite

trackyte*
trachyte
hawaiite
trachyte
trachyte

scoria

2.78 ma
3,34 ma

2,00 ma
’4035 ma
2.50 ma (si11?)

10,25 ma
11,60 ma
11.20 ma
12,10 ma
12.81 ma
14,30 ma

o & B

x4



Table 3.3 Geological History of Volcanism

Time (ma)

4,5

10

12

at Jebel Marra

Recent pyroclastics
thin porphyritic

basic flows
caldera collapse
trachyte flows

thin vorphyritic
basalts, hawaiites
and mugearites
stemming from
cinder cones

\
J. Au phonolite
dome
Renewed Volcanism

[
Ignimbrites, clastic

tuffs ¢ Some
phonolites. Basic flows

'Upper Ignimbrites!
Ignimbrites, clastic
tuffs, some
phonolites,
"Lower Ignimbrites?

Basic flows
Some phonolites? , Intrusive

and
extensive aphyric Extrusive trachytes

flows = mainly
basalts and "///////
hawaiites ,

shield formation

INCEPTION OF WIDESPRZAD VOLCANISM?

DOMAL UPLIFT?



from the same body (at Leeds) which would indicate that there
was, at least, more than one phase of intrusion., This would
not be in contradiction with the field evidence as other
trachyte intrusions in Jebel Marra display cross-cutting

relationships,

Jebel Barra at Golo is a composite volcano which has
alternating trachyte and basalt lavas. The rocks here tend
to be weathered., However, an age was determined on a rel=-
atively fresh trachyte gave ages of 12.00 and 12,10 ma, A
trachyte lava collected east of Turra has been dated at 12.81
ma (Smith, unpublished). Thus the age data so far suggests
that the extrusive and intrusive trachytes are penecontemp-
oraneous, dJebels Nima, Foga and Burie east of Dire and Jebel
Ko (Plate 3.3) south of Turra occur as horizontal sill like
trachyte masses about 50m in thickness which are present at
- roughly the same altitude., They are similar in petrography
being microphyric with phenocrysts of alkali feldspar, The
similarity may not be coincidental and they may well represent

a major phase of trachyte intrusion,

3e34142 Pyroclastic Sequence

The end of the Old Series of'volcanismgis marked by a
period of intense pyroclastic activity producing approximately
1km of iargely pyroclastic material and asspciated volcanics
- (Plate 3.4), Two main phases éf pyroclastic activity are
responsible. The first phase produced a succession of pyro-

clastices (Fige 3.1) which extends from the Jebel Donsa area

south and SE towards Gubbo. The regional dip of these deposits
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Plate 3.5

Plate 3.4

Trachyte intrusion at Jebel Ko.

-Section of Pyroclastic Sequence near Suni
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Fig. 3.1 Sections through Pyroclastic Sequence
at Gur Lumbung and Suni. Numbers to
the right of rock types are sample

numbers.,
24013, 24015 and 24114 are also
glven. 24013 would appear to be
intrusive.

indicated by dashed lines.

K=-Ar dates for samples

Marker horizons are

Gur Lumbung
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is also in this general direction. Barometric determinations
of heights (Bermingham, unpublished) indicate that in the Gur
Lumbung section the pyroclastics reach a thickness of about
LOOm, In the Gur Lumbung section (Fig. 3.1) the succession
contains localised phonolites and thin basalts. This may
suggest that the restricted distribution of these phonolites
may be explicable in terms of a nearby centre, A maar like
structure occurs just north of Gur Lumbung and may be a
possible focus of activity but appears to be associated with
more recent basaltic scoria volcanism, The dip and trend of
the pyroclastics point to a centre in the north, émith (unpub-
lished) tentatively suggests a caldera like structure near
Jebel Donsa, This comprises a 2km wide circular depression
which is bounded to the north by trachyte intrusives and to

the south by pyroclastics. There is a recent basaltic flow
which stemmed from a cinder cone in the centre of the depression
" but this is unrelated temporally to the pyroclastics. This
depression would pose a more likely candidate for a centre on
both geographical as well as geomorphologicél grounds, If this
is the case then the absence of phonolites in the Suni section

implies that the Gur Lumbung phonolites although contemporaneous

with the pyroclastics, in which they are inferbedded, are indeed -

from a different local centre,

Following this early pyroclastic phase the locus of
volcanism shifted (Smith, unpublished) southward to an area
near Jebel Korongtong. This is based on the fact that the

deposits are at their thickest here., The pyroclastic’ deposits,

which are about 700m thick west of Suni, overlie the earlier
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deposits with a shallow unconformity. These pyroclastic
deposits dip E and NE and are largely restricted to central
areas to the west of Suni. Plate 3.5 is taken from 1km south
of Jebel Korongtong and may show one of the possible vents to
these ignimbrites. The ignimbrites towards Uwo Fugo show a
noticeably higher degree of welding than their Gur Lumbung
counterparts which may also be indicative of a promixal source.
However in this context, none of the lag breccias associated
with near to source ignimbrite eruptions are observed (Druitt

and Sparks, 1982).

In order to obtain anvidea of the age and range of the
Pyroclastic Sequence some selective age determinations were
conducted on the interbedded phonolites. The results are
presented in Table 3,2, It is apparent from Table 3.2 and
Fige. 3.1 that the phonolite 24013 is intrusive. In fact it

bears a close chemical resemblence to 24002 ;hich occurs as o.

phonolite flow close to Gur Lumbung and may well be related,

The soil horizons discussed later in Section 3,4.2 are
relevant in that they may point to breaks in activity hitherto
only surmised from the angular unconformity observed between
the main pyroclastié episédes. Also noted in the section are
the occurrence of basic rocks which with 24099 and 24131 dated
at 3.&3 and 2,78 ma respectively indicates that basic volcanism

is contemporaneous with the acidic pyroclastic activity.

After the pyroclastic adtivity there was a period of
volcanic quiescence, During this time deep dissection of the

erosively susceptible tuffs occurred, producing deep valleys

ple]



Plate 3.5 Two ignimbrites south from Jebel Korongtong.

Plate 3»6 Cinder cones near Torra Tonga
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and gorges. Reworked material forms poorly consolidated
deposits west of Nyertete and south of Kalokitting much of
which will have been the products.of such erosion. Where more
resistant layers occur, such as welded ignimbrites, plateaux

have been left,

New Series Rocks

Following the volcanic hiatus activity was renewed giving rise

to the New Series rocks. The form of the renewed volcanism was

mainly basic flows which can usually be traced to individual vents

mostly in the form of cinder or scoria cones (Plate 3,6).

Clearly, the movement of these lava flows would have been

considerably influenced by the drainage pattern developed during the

erosive phase. For instance, a cinder cone at Uwo Fugo near the top

of the pyroclastic pile produced an extensive basalt flow which

extends down about 600m before spreading out onto the 'old' lava

shield plains east of Suni. The basic flows tend to be relatively

narrow and are roughly disposed radially to the comvlex, There is a

concentration of flows in the central and SW areas although examvles

are widespread over the area except for in the NW, Well over fifty

cinder cones and vents have been identified from aerial photographs

throughout the area which again underlines the widespread nature of

the volcanism. The very existence of these unresistant cinder cones

in itself points to eruptions in relatively recent times. For

example, at Jebel Kertum there is preserved a tuff cone, which is

very similar to very recent documented occurrences in Iceland (Leys,

1982), It is composed largely of unconsolidated scoria and ash.



Plate 3*7 Aerial view of Deriba

Plate 3.8 Trachyte dome at Tereng

caldera.

Al
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Some of the lavas of this series have been dated by K-Ar
methods, A basalt lava NW of Suni is dated at 1,44 ma (Smith,

unpublished) while another lava at Golo has an age of 0.9 ma (Table 3.2).

The volcanism later changed to a more acidic type as is illus-
trated by the caldera at Deriba and the trachyte volcanoes east of
Nyertete., The caldera at Deriba represents the most spectacular
feature on Jebel Marra (Plate 3.7). The caldera is Skm in diameter
with its walls rising unevenly between 300 and 800m above the floor
at 1200m above sea level., The collapse of the caldera is undoubtedly
responsible for much of the surrounding pyroclastics which extend
south and west for several km, They are principally air fall
deposits and recent erosion has created a 'badland' topography.
Ignimbrites are less common than in the earlier pyroclastics but are
reported near the caldera wall (ﬁilliams et al,, 1980), The floor
of the caldera is occupied by two lakes (Fig. 3.2). The larger lake
is saline and shallow, the smaller lake is less saline deep and
circular in shape. The latter is set in an explosion crater in which

at least five nested cones have been recognised (Williams et al., 1980).

Eruptions from the caldera ére thought to be of a Plinian nature
(Francis et al., 1973) and consist of airfall pumice deposits which
contain accretionary lapilli,i. Such deposits have been reported .
(Francis et al., 1973) 20m'in thickness, Skm away. Proximally the pumice"
d;;$éitsconfain clasts as well as feldspar phyric glass., On the floor
of the caldera and in some of the nearby fall deposits there are some
cobbles and boulders of gneiss and granite, which may, as Francis et
al., (1973) suggest, mean that the basement is not too far below.,

The floor of the caldera is covered in Pieistocene and Recent alluvium

as well as lacustrine deposits (Williams et al., 1980).



1 TRACHYTE—CALDERA WALLS nrcnr, STEEP CLIFFS

W |  PUMICEOUS ASH— === EXPLOSION CRATER SUMMIT
1 ASH WITH FRAGMENTS
Of TRACHYTE AND BASEMENT .. — RIDGES
v/ OUTER RIM OF CRATER
//al\  EXPLOSION CRATER PRODUCTS—
WITH TRACHYTE AND BASEMENT I~/10 INNER RIM OF CRATER
CLASTS
LACUSTRINE
HOT SPRINGS Ahammerton
LAKES a Shallow saline [e] FUMAROLE 1968
b Deep

GEOLOGY OF DERIBA CALDERA

Fig. 3.2 Geology of Deriba caldera (redrawn from

Williams et al., 1980).



A K-Ar date from a plug like feature on the north side of the
caldera wall gave an age of 0.06 ma., A piece of carbonised wood
recovered from the tuffs outside the caldera gave a radiocarbon age
of 3520 yrs B.P, (Francis et al., 1973) and may represent the last
phases of volcanism in the caldera associated with the inner cone,
This would also place some of the caldera volecanism in historic

times (Francis et al., 1973).

To the west of Deriba, trachytic volcanism is also evident,
Short, but thick trachyte flows can be seen on aerial photographs
of Jebels Gaur, Daldu, Fada and Gulbu, Lithologically and spatially,
they appear to be related to the Deriba volcanics and probably tempor-
ally as well, A date from Jebel Daldu gave an age of 0.06 ma. The
volcano at Jebel Fada has suffered more erosion than Jebel Daldu and

may, therefore, be older in age.

No dates are available for the trachyte domes, such as at
Tereng (Plate 3.8) or Jebel Toba, but the phonolite dome at Jebel
Au has been dated at 2,35 ma and in fact may be more closely related
to similar rocks from the Pyroclastic Séquence than to the New Series

rocks,

3.4 Lithologies
3.4,1 01d Series Extrusives and Intrusiyes

" The 0l1d Series rocks, which comprise most of the area of the
complex, are in general poorly exposed and variably weathered. The
erupted products belong to the alkali olivine-basalt = trachyte series.
Some phonoiites are also present. intermediate rocks occur in the

form of hawaiites and mugearites,
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The basalts tend to be black in colour and either aphyric
or microphyric. Phenocrysts of olivine, clinopyroxxne and plagio=-
clase can be identified in hand specimen, In outcrop they are often
exposed as rubbly lava fields covered in detritus, wind blown material
or soil. They are sometimes veined with calcite and are well jointed.
Some of the jointing is clearly related to cooling such as at
Nyertete where the basalts display beautiful columnar joints. Although
the map reveals an extensive area of 01ld Series rocks, the presence

of good fresh exposure is unfortunately rare,

To the north of the map, in particular, the basic lava shield
has been punctured by trachytic intrusions (Plates 3.,2=3). Their
positions in the pile, coupled with their cross-cutting relation=-
ships with other trachytes, as well as their outcrop patterns, which
often are in the form of dykes, ring dykes or sills, are suggestive
of high level intrusion. The most extensive exposure of trachyte is
north of the pyroclastic complex where there is a 6km ridge of
trachyte which passes through Jebel Tila in a N-S direction. Some
of the trachytes, curiously, occur as hexagonal 'ring dykes' such as
at the nested intrusions south of Jebel Burei, The intrusions of
Jebels'! Nima, Foga and Burie east of Dire and Jebel Ko (Plate 3.3)
south of Turra occur as horizontal trachyte masseé about 3Cm in
thickness outcropping at roughly the same altitude. They are, also,
all microphyric containing phenocrysts of alkafl, feldspar. Trachytes
plugs and spines also appear partly covered by later pyroclastic rocks
and New Series rocks. Some of the trachytes are extrusive such as at
Jebel Barra and also east of Turra.. In some isolated outcrops, how=
ever, where contaét and chilling relations are absent and wéathering
and erosion have been active it ié difficult to distinguish between

intrusi#é and extrusive trachyte,
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3.4,2 Pyroclastics

The pyroclastic deposits represent a thick succession of rocks
in the central and southern part of the area and were prodﬁced at
the end of the 0ld Series period of volcanism., They comprise a
1000m section of welded and unwelded ignimbrite deposits and clastic
pumice tuffs., Locally they are interbedded with feldspar phyric
phonolites and thin basic flows. Two sequences have been recognised
(Smith unpublished) which dip at shallow angles but show a slight

angular uhconformity with respect to each other,

The lower ignimbrite sequence (Fig. 3.1) at Gur Lumbung
reveals that the sequence is composed of thick clastic pumice
deposits interbedded with ignimbrites and phonolites. The clastic
pumice tuffs are white deposits containing unwelded pumice fragments
and clasts of various lithologies. These clasts are mainly of
trachyte, phondlite, glass or sometimes of basement rock. Although
var;able. the clasts tend only to be a few cm in size. In this
section there are two ignimbrites which are characterised by having
a rubbly base, which grade into more massive ignimbrite, which in
turn.Agrade into bands containing glass. The glassy bands typically
contain phehoérysts.ofufeldspar. These grade into maésive iggimbrite
béfore again developing a.rubbly top. vThe massiv; ignimbrife |
contains pumice fragments which are usually flattened énd streaked
oﬁt but some femain unflattened., Small clasts of trachyte are often
present. Commonly, the ignimbrite displays crude columnar jointing.
The two ignimbrites in this section both have distinctive colours

which made them particularly useful as marker horizons (Fig. 3.1).
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Within the sequence there are several phonolites which are

feldspar phyric and extremely fresh, Some of the lavas (24015 and
24006) are underlain by a thin red crumbly deposit which is probably
a soil formation, Thin weathered aphyric basalt flows are also

present within the section,

In the Suni section (Fig. 3.1) the distinctive ignimbrites of
the Gur Lumbung section are picked up again at the same relative
positions, The upper ignimbrite section is seen here although its
precise contact with the lower deposits is obscure. The upper
pyroclastics are largely restricted to central areas., ' The 300m
thick section of upper ignimbrite also contain similar clastic pumice
tuffs, but differ from the lower series in that the ignimbrites show
a higher degree of welding and are less structured than the less
welded equivalents, notwithstanding the similarity in the rubbly base,
Another important difference is that there are fewer phonolites than

in the lower section.

3.443 New Series
The alkall olivine=basalt = trachyte suite of the 0l1d Series
is again repeated in the New Series rocks, although there are more

examples of hawaiites and mugearites and much fgwer phonolites,

.‘Cinder‘cones, flows, pyroclastics and ven;s are éresent through=-
outvthe area although they are more common in southérn, south-western
and central areas. In contrast to the basic flows of the 0ld Series
the New Series lavas are usually more porphyritic. The most
prinitive lavas, for exémple, poséess phenocrysts of dlivine, while
slightly more evolved lavas typically contain clinopyroxene as well.

Hawaiites and mugearites, however, contain plagioclase and clino-




pyroxeres and less olivine. Basic lavas, such as at Suni, are
occasionally very porphyritic and can also contain large megacrysts
of intergrown clinopyroxene and feldspar. A feature of the New
Series basic lavas is that they are extremely fresh and only rarely

vesiculated.

The caldera wall at Deriba is composed of trachyte. The
trachyte is porphyritic, containing large phenocrysts of alkali
feldspar, In fresh samples the groundmass is lilac in colour
becoming yellow to orange with increasing degrees of weathering. The
feldspars are commonly coloured yellow although they are still
apparently fresh, Ignimbrites are reported in the vicinity of the
caldera wall (Williams et al., 1980) but are overshadowed by the
volume of airfall pyroclastics. Pumiceous tuffs occur extensively
around the caldera, some of which contain accretionary lapilli.

The téachytes to tre west of the caldera are .in general lithologically
;imilar to those at Derita except at Jebel Fada where the trachytes
are only microphyric with respect to feldspar. The trachytes which
form the domes also tend to he microphyric as indeed is the phonolite

dome at Jebel Au,

‘2.5 Conclusions

The geology of the Jebel Marra volcanic complex may be conven--
iently divided into 0Old Series and New Series rocks. The end of the
0ld Seriés culminated with a period of inten§e pyroclastic activity.
Prior to New Series volcanism there is a period of quiescence in which

extensive erosion occurred,

In conclusion, it is worth noting the striking array of cinder

cones and volcanic vents which trend in a NW-SE direcfion and include
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Jebels Kertum, Kirsin Tonga and Jebel Kuro and which are cross-cut

by a NE=SW trending volcanic line which include the cones at Queer,
the caldera east of Jebel Umar, through Kertum and the Deriba caldera.
Such a surface expression of volcanism cannot be coincidental and

must relate to major structures in the crust,




CHAPTER FOUR

PETROGRAPHY

4,1 Introduction

In this Chapter the petrography of the Jebel Marra suite will
be briefly described and illustrated with photomicrographs. Petro=
graphic differences between the Old and New Series will be highlighted
where it is appropriate, It is intended to document those features
of the petrography which can be drawn upon in later geochemical .
Chapters., Details of individualbspecimens.are presented in tabulated

form in Appendix H,.

L,2 Petrography
Petrographical descriptions will be given under tock type

headings. Classifications of the rock types are given in Chapter 6.

4,2,1 Basalts

The New Series primitive basalts characteristically contain
about 10% microphenocrysts which are dominantly olivine, Sometimes
the olivines are slightly corroded or rounded and occasionally they
vossess orange alteration rinds. Clinopyroxene phenocrysts do.ocgur
but plagioclase is rare. The groundmass tends to be dominated by
clinopyroxene, plagioclase and opagques although olivine is always
present., The groundmass is usually microlitic and sometimes inter-

stitial glass is present., Plate 4,1 shows a typical primitive basalt.,

Although there is no sharp boundary, less primitive basalts
tend to contain proportionally less phenocrysts of olivine and more
phenocrysts of plagioclase and particularly clinopyroxené (Plate 4.2).
The phenocryst content and grain aize is vériable. The groﬁndmass

~grain size is also variabié from microlitic to coarse grained,
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Plate 4% Primitive basalt (24088). Note presence of idiomorphic
olivine phenocrysts, zoned clinopyroxene bottom right.
Crossed nicols, X 40.

Plate 42 Basalt (24001). Idiomorphic olivine phenocrysts.
Plagioclase phenocryst top left. Crossed nicols, X40.



Usually, more evolved basalts tend to be more porphyritic as opposed

to the more microphyric primitive basalts,

The 0ld Series basalts show many of the features of the New
Series basalts and are similarly variable in mineralogy, mineral
proportion and grain size, In general, they are more aphyric with
smaller phenocrysts contained in a finer groundmass. The groundmass
often shows preferential alignment of plagioclase laths, Plagioclase
and olivine in particular, appear to have been affected to a greater

extent by alteration (Plate 4.3).

4,2,2 Hawaiites

The hawaiites are much more variable in mineral morphology
and mineral proportion ranging from about 30% phyric to 5% micro=
phyric. Plagioclase becomes more important modally but clinopyroxene
and olivine are still important phenocryst phases, In some hawaiites
plagioclase phenocrysts dominate over clinopyroxene phenocrysts,
‘whilst in others clinopyroxene is more abundant. Some of the pheno-
crysts especially plagioclase, are rounded and partly resorbed,
Plagioclase crystals sometimés have digested cores. Zoning in plagio-
clase and clinopyroxene is commonly observed., The groundmass tends
to be dominated by plagioclase and opaques and_preferred orientations
of plagioclase laths are common (Plate 4,4), Groundmass clinopyroxene

and elivine tend to be less abundant.

It is difficult to contrast hawaiites of the 0ld Series with
the New Series because the latter are so variable, However, in
general; Old Series hawaiites are less porphyritic and often have a

finer groundmass.,
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Plate 4*3 OId. Series basalt (24029). Note rinds to olivine
microphenocrysts, also feldspathic matrix shows
preferential alignment of laths. Crossed nicols,

Plate 4*4 Hawaiite (24118). Phenocrysts: plagioclase left,
zoned clinopyroxene right and olivine in centre.
Crossed nicols, X40.
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4,2,3 Mugearites

Mugearites are typically about 20% phyric although again they
vary in phenocryst content and grain size (Plate 4,5). The pheno-
cryst mineralogy is dominated by plagioclase which can be up to 1cm
in length. Phenocrysts of clinopyroxene and less commonly olivine
occur, but these are usually smaller than the plagioclase grains,
Microphenocrysts of magnetite can occur and small prismatic crystals

of apatite are also readily identifiable.

The mugearite members of the 0ld Series are, in many respects,
similar to New Series mugéarites but additionally contain micro-
phenocrysté of pale green clinopyroxene rather than light brown
clinopyroxene., The groundmass is fine grained and is dominated by
plagioclase and opaqués: clinopyroxene and olivine are less common,
One sample (24061) contains numerous crystals of iron oxide rimmed
kaersutite. These appear to represent the disaggregated remains of

a kaersutite-plagioclase nodule,

L,2.,4 Megacrysts

Throughout all of the above rock groups large xenocrysts (Plate
4,6=7) of clinopyroxene, olivine and plagioclase are sometimeé seen,
They are chacteristically larger than phenocrySt phases, often highly
resorbed and digested and often carry inclusions of other minerals,

They also sometimes show strain features such as shadowy extinction

and fractures.

4,2,5 Trachytes
i) New Series caldera trachyfes
These occur in and around the Deriba caldera. Théy are typically

highly porphyritic with potassium feldspar comprisirg 95% of the



Plate 4.5 Ungearite (24104J. Note zoned clinopyror.ene on left ,
plagioclase on right and olivine phenocryst in centre.
Crossed nicols, X40.

Plate 4.6 Partly resorbed olivine megacryst in basalt (24045j.
Crossed nicols, X40.
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Plate 4.7 Ppartly digested plagioclase megaeryst in basalt (24014).
Crossed nicols, X10.

Plate 4.8 Caldera trachyte (24016). Note twinned anorthoclase
set in typical “"trachyte® groundmass.

Crossed nicols, X40.
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phenocrysts., The phenocrysts tend to be very fresh and only occas-
ionally show resorption features., Also they commonly contain a few
pale green‘microphenocrysts of light green clinopyroxene., The
groundmass is composed predominantly of coarse grained feldspar
displaying good 'trachytic' texture (Plate 4,8), Opaques are also.

important in the groundmass.,

ii) New Series mafic bearing trachytes

These trachytes (Plate 4.9) typically contain plagioclase,
potassium feldspar, clinopyroxene and olivine as phenocrysts. Some=-
times the plagioclase phenocrysts are rimmed by potassium feldspar,
Most often the mafic minerals are heavily resorbed and altered and
perhaps 'xenocryst! would be a more appropriate term than 'phenocryst!,
In more altered samples pseudomorphs after clinopyroxene and olivine
can be recognised, The groundmass is principally composed of feldspar
but does not possess the ‘trachytic’ texture noted in the caldera

trachytes,

i1ii) 01d Series trachytes
These bear a close resemblence to the caldera trachytes. They
are typically porphyritic containing predominantly potassium feldspar
phenocrysts. Again the groundmass feldspars display a 'trachytic!
texture. Opaques and aenigmatite are also present in some samples,
In general, they contain less clinopyroxene crystals and sometimés
contain a deep green mineral in the groundmass which is prob-bly an

alkali amphibole,

4,2,6 Phonolites
1) 01d Series phonolites
The phonolites (Plate 4,10) of the Pyroclastic Sequence contain

extremely fresh phenocrysts of potassium feldspar which may comprise
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Plate 4.9 Mafic bearing trachyte (24031). Note altered olivine,
bottom right, and presence of plagioclase xenocryst
rimmed with anorthoclase. Crossed nicols, X40.

Plate 4,10 Phonolite (24H 4). ITote twinned salite microphenocryst
above three anorthoclase phenocrysts. Crossed nicols,
X40.
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up to 20% of the rock. These are often resorbed sometimes to a high
degree, Pale green, often zoned, 1light green clinopyroxene micro=-
phenocrysts are present as well as microphenocrysts of biotite and
opaques, Feldspar laths usually exhibit a ‘trachytic’ texture. The
groundmass is fine grained containing feldspar and alkali amphiboie.
but very few opaque minerals are present. The most evolved phonolite
(Plate 4,11) contains microphenocrysts of nepheline surrounded by a

late stage development of aenigmatite,

Older, 0ld Series phonolites, not belonging to the Pyroclastic
Sequence, are similar but tend to have a more altered groundmass

than the above phonolites,

ii) New Series phonolite

The one example of a phonolite in the New Series shows more
signs of alteration than the above phonolites, particularly in the
groundmass, Phenocrysts of potassium feldspar are predominant with
some opaque microphenocrysts. Pseudomorphs probably after biotite
are also present, The feldspar dominated groundmass displays a

'trachytic 'texture, -

4,2.7 Ignimbrites

Sections of these vary according to where in the unit it_had
been collected from, Typically, the glassier portions contain fiamme,
fléttened and unflattened pumice fragments, crystals of potassium
feldspar, light green clinopyroxene, biotite and Opaqﬁés as well as
containing xenoliths which are mainly either of trachyte or phonolite.

Eutaxitic texture (Plate 4.,12) is typically very well displayed,



Plaxe 4.H Nepheline phonolite (24015). Note aenigmatite
sheaths growing around nepheline microphenocrysts.

Plane polarised light, X40.

Plate 4.12 Eutaxitic texture in ignimhrite ~24012).
X100

Crossed nicois,

60
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L,3 Conclusions
Despite the great diversity in petrography of the Jetel Marra

volcanics, there are systematic changes in mineralogy and mineral
proportions which can be correlated with rock compositions. For
example, from basalts to mugearites there is a general decrease in
olivine phenocryst content, an increase in plagioclase phenocryst
content and an increase in clinopyroxene phenocrysts from primitive
basalts to rocks of approximately hawaiite composition which is
followed by a decrease to mugearitic rocks., This is schematically
illustrated in Fig., 4.1 where the approximate modal % of pheno=-
crysts is plotted againét rock composition, Asundances of o}ivines,
'clinopyroxene and plagioclase in the groﬁndmass, to some extent, mirror
these trends., Opaque minerals comprise the remainder of the ground-
" mass minerals, Only rarely is it possible to discern the order of |

crystallisation from textural evidence,

The mafic bearing trachytes contain partly resorbed mafic
minerals, The 6ccurrence of olivine, clinopyroxene and particularly
plggioclasé rimmed by potassium feldspar'in these trachytes could be
interpreted as evidence for mixing of é basic magma with a more acidic
maéma. Thé otﬁer trachytes arebgenerally dominated by potassium
feldspar both as phenocrysts aﬁa in the groundmass and also commonly
exhibit a‘tféchytic'texture whiéh is not;present in the mafic bearing
trachytes, The differences between-these two groups of trachytes will
be considered further id later Chapfers. Pﬁonolites'differ from
trachytes in containing less oﬁaqués and also by having more micro-

phenocrysts of biotite and more rarely nepheline.
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Petrographic differences between Old and New Series rocks are
mainly reflected in a tendency for the former to be less porphyritic

and also to be slightly more altered.
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CHAPTER FIVE

MINERAL CHEMISTRY

5.1 Introduction

Analyses of the phenocryst phases throughout the suite have
been primarily obtained for use in modelling calculations (Chapter 9).
As a result the data set is not sufficiently complete to allow
detailed study of the possible differences in Old and New Series
mineral chemistry. Nevertheless, it is possible to present an
overall view of the mineral chemistry of the major phases and the
changes in mineral composition that occur as whole rock composition
changes. The mineral analyses were performed on aaelectron microprobe
using an E.D.S. system: the analyses and method of analysis are

documented in Appendix B.

5.2 Olivine

Olivine is present in all the rock types apart from phonolites,
although it is uncommon in trachytes. It is most abundant in primitive
basalts. The mineral occurs as euhedral phenocrysts, partly resorbed
phenocrysts, anhedral groundmass crystals or as megacrysts. The
phenocrysts are invariably zoned towards more fayalitic compositions
at the rim. The overall compositional range is from Fo86 to Fo37 in
basalts to trachytes respectively. MnO shows a good negative correl-
ation with Fo content (Fig. 5.1). Some of the more fayalitic pheno-

crysts, particularly in the trachytes, are unusually rich in MnO

(up to 3.5 wt#).

5.3 Clinopyroxene
Clinopyroxene is present in all the rock types and is also

present in the glassy parts of ignimbrites. |In acidic rocks the clino-



MNnO (vt

30 40 50 60

Fo (mo 1%)

TITLE s Fig s 5 1 MnO vs Fo mol%

CORE = red
RIM = green
GMASS = b lue

70 80

in olivine

90



Fig. 5.2 Core and rim analyses of clinopyroxenes plotted on wollastonite-enstatite~ferrosilite
triangle. (Classification after Poldervaartand Hess, 1951).
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pyroxene differs from the light brown clinopyroxenes in basic rocks

by being pale green in colour. This colour change reflects a gradual

compositional change from Mg rich salite to more Fe and Na rich salite,

As with the olivines, they occur as euhedral or resorbed phenocrysts,
groundmass crystals or as megacrysts. Sometimes excellent hoﬁrglass
zoning may be observed although ordinary zoning is more common. From
the core to the rim the clinopyroxenes tend to become less Mg rich
and more Ca and Fe rich. The range in composition of clinopyroxenes

in basalts to clinopyroxenes in phonolites is from En45Fe07Wol8 to
En31Fe2lWols, The pyroxenes mainly plot in the salite field (Fig.VS.Z)
although some additionally plot in the diopside field while the mega-
crysts tend to plot in the augite field (Smith, pers., comm,). In Fig.
5e¢3+:a good correlation between clinopyroxene composition, expressed

as Mg number, and A120 can be seen,

3

5.4 Plagioclase '

Plagioclase is present as a phenocryst phase in basic)rocks
primarily in hawaiites and mugearites., It is also present as a
groundmass mineral which becomes increasingiy more abundant in rocks
of mugearitic coméoéition. In the mafic bearing trachytes, sodic |
piagioclase is sometimes present often rimmed by anorthoclase, The
phenocrysts in the basic rocks commonly show signs of resorption and
' may also have corroded cores. The phenocrysts are usually normally
zoned although reverse and oscillatory zoning is also present. ‘The
range in plagioclase composition is from An72 to An29 (Fig. S.4)
which corresponds to compositions in basalts and mugearites respect-
A-ively. The gradual cha&ge in composition ié illustrated in Fig. 5.5
by K,O vs An mol%, Megacrysts of plagioclase dccur in the basie

2
rocks and are typified by showing extreme degrees of resorption. -
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Fige. 54 Core and rim analyses of feldspars plotted on orthoclase~albite~anorthite triangle.

(Classifica.tion after Deer et al,, 1966).
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Unpublished work by Smith (pers. comm.) on megacrysts of
olivine, clinopyroxene and plagioclase in the Jebel Marra basic
lavas has identified compositional differences between these and
the corresponding phenocryst phases., Megacryst olivines and clinoe
pyroxenes tend to be more Mg rich than the phenocrysts and aiso do
not show a correlation between mineral chemistry and whole rock
composition. Megacryst plagioclase tends to have a restricted
composition near An50 whereas phenocryst plagioclase shows much

greater range in composition.

5.5 Potassium Feldspar

Anorthoclase first appears in the groundmass of evolved
mugearites (c¢f 24019), In trachytes and phonolites it comprises
the bulk of the rock as it is the predominant phenocryst and ground=-
mass mineral., In phonolites, anorthoclase phenocrysts tend to be
more rounded than phenocrysts in trachytes. The range in compo-
sition is from Ab19 to AbL2 (Fig; S.4t) although more commonly treir
composition is around Ab35. Some of the high 'K phenocrysts are

strictly sanidinitic in composition.

5.6 Opaque Minerals

Titanomagnetite is overwhelminély the most abundant oxide
phase in the lavas and is present in all rocks although it is
_ conspicuously less abundant in phonolites. It mostly o;curs just
as a groundmass phase but in some mugearites and trachytes it is
present as microphenocrysts as well, Fig. 5.6 shows that, in

general, TiO, and Ulv content decrease as the rocks become more

evolved.
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5.7 Accessory Phases

Kaersutite occasionally occurs as an accessory mineral mainly
in mugearites but in specimen 24061 numerous kaersutite crystals
rimmed with iron oxide are present, These are zoned with increasing

Fe/Mg ratio towards the rim,

Small prismatic grains of apatite are most common in mugearites
but are also present in some of the more basic rocks, Aﬁatite has

not been identified in acidic rocks, -

Biotite occurs as microphenocrysts in trachytes and phonolites
where they are sometimes zoned, In more altered samples, biotite

is partly replaced by opaque minerals.

In some under-saturated trachytes and phonolites, nepheline

and aenigmatite have been identified and analysed.

Although in general the rocks are extremely fresh, some rocks
are partly altered to secondary minerals; these secondary minerals
include serpentine, iddingsite, calcite, and various clay minerals,

Zeolites occasionally occupy vesicles.

5.8 Nodules

In some of the basicvlavas, nodules were found, These are
predominantly mono-mineralic olivine nodules which are commonly
 altered, In addition to these there are some clinopyroxene-plagioclase
nodules. Although evidence for their origin is sparse, they most

likely represent cumulate nodules accidentally incorporated into the -

rising magma.

5.9 Conclusions
The volcanic rocks of the Jebel Marra show a wide range in

mineral chemistry of the major phases., The most important conclusion
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from the mineral analyses is the progressive change in composition
which, by and large, correlates with changes in whole rock chemistry.
This is best illustrated by feldspar and olivine which show a
particularly wide range in composition: clinopyroxene shows a more
restricted variation., Megacrysts of olivine, clinopyroxeneiand
plagioclase also show a restricted range in chemistry which do not
appear to be related to the composition of the whole rock. (Smith,

per. comm,).



CHAPTER SIX

MAJOR ELEVMENTS

6.1 Introduction

This Chapter documents the variations in major elemenﬁ chemistry
throughout the Jebel Marra volcanic suite and explores the temporal
variations in the 0Old and New Series rocks. Nearly 100 whole rocks
have been analysed by X.R.F. methods (see Appendix C). Si, Ti, Al,
Fe, Mn, Mg, Ca, Na, K and P were measured routinely on all of the"
samples. The results are presented in Appendix C. Major elements
are usefully examined because, in principie, they bear a simple
relationship to differentiation processes, such as fractional crystal-
isation, partial melting and crustal assimilation, Interpretations
made on the basié of major elements provide a starting point from

which the isotopic and trace element data can be interpreted,

6,2 Classification

Most classification schemes for igneous rocks are based on the

major element compositions of the rocks {Le Maitre, 1976).,

The volcanic.rocks of Jebel Marra form a virtual continuum-in
composition.Abroken by a 'silica gap' (see next section). A simple
approach to classification has beenlused which incorporates the total
alkalis (NaZO + KZO) vs silica diagram. (box et al., (1979), Fig.6.1),
This diagram is useful also in the context of magma series., Albasaltic
parental liquid, which is slightly éver;éaturated, could give rise to
a trachytic residue at which stagé fractionation of anorthoclase
would'decrease the alkali content and give‘rise to rhyolites, An

under-saturated basaltic pérent, however, could be expected to yield

15
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a trachyfic residue which with continued fractionation could yield
phonolitic liquids, This dichotomous behaviour is thought to be

due to the presence of a thermal divide (at least at 1-atmosphere
and in anhydrous conditions), which separates over-saturated and
under-saturated liquids on the diagram (see Cox et al., 1979, Fig. 9.6
p237; Upton, 1974)., 1In the Jebel Marra suite, phonolitic and
trachytic-rhyolitic rocks could be interpreted to be derived from
basaltic parents whose compositions span the divide. This divide
can break down, however, if the conditions of 1-atmosphere and
dryness are not met or, alternatively, if the under-saturated liquid
is contaminated with SiO2 rich crust, If.crustal assipilation is
responsible for a shift from under-saturated to ovér-saturated rocks
then this can be theoretically identified from isotopic evidence

(Chapter 8).

Fig. 6.1 shows that the rocks belong to the alkali basalt =
hawaiite - mugearite - trachyte\- rhyolite/phonolite series. Rocks
which strictly plot in the basanite and tephrite fields are instead
described as either Sasalts, hawaiites or mugearites, depending on
which field thgy‘approach most closely. The higher degree Qf under-
saturation of these rocks is regarded as natural scatter (see section
703.2) about the main treﬁd. Thislseems justified, as ?here are few

~petrographic, or any other geochemical reasons to warrant further

subdivision.

6,3. 'Silica Gap!

One of the major features of Fig. 6.1 is the apparentvbimodality
of the data. This is a feature recurrent in most of the variation

plots. It is not possiblé to account fo; the 'silica gap' (approx-



imately 52=55 wt% SiOé), which coincides with rocks of benmoreite
composition, by sampling bias because, in the same field, special
emphasis was placed on collecting basic and intermediate rocks, in
preference to the more easily obtained acidic rocks. It is therefore

considered a real phenomenon.

6.4 Overall Variations

Before describing detailed variations, it is thought worth-
while to examine the variations of the major eleménts vs SiO2
individually (Figs. 6.2a-i), in order to develop a general under-
standing of their behaviour. The symbolism used is also explained
in Fig, 6.2a. Throughout the following discussion, reference will
be made to rocks being more 'differentiated! or 'evolved' than others,
because of having, for example, higher SiO2 and lower MgO. It is

proposed later that the main cause of the differentiation is

fractional crystallisation.

SiO2
Silica shows a large range from just over 40% to 70% from
basalts to rhyoiites. Silica increases with differentiation through-

out the series, except in the phonolites, where the increase in SiO2

is retsarded and then later reversed in the more evolved members,

Ti0,

The range in TiO, is considerably smaller (0-4%) than for SiOa.
The larger analytical error associated with TiO2 is over a much
smaller range, which means that the relative error, and hence the
scatter, is much greéter. It is suggested that the coherence with
.other elements is poor for this reason. However, it does decrease,

in general, from bésalts. through hawaiites and mugearites to

trachytes and phonolites,
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EXPLANATION OF SYMBOLS USED

Red Symbols New Series Rocks
Green Symbols Pyroclastic Sequence Rocks
Blue Symbols Old Series Rocks'

+ BASALT

0 HAWAIITE

0 MUGEARITE

A TRACHYTE

x PHONOLITE

+ IGNIMBRITE

TRACHYTE SUB-DIVISION

A caldera trachyte

New Series .
-~
- A mafic bearing trachyte

A ‘contaminated’trachyte —

Old Series ,
A ‘uncontaminated trachyte
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A120
Alumina rises from a vélue of about 13% in basalts to a

maximum near 20% at mugearitic compositions, before generally

falling to around 14% in the more evolved trachytes and phonolites,

FeZOBT

Conventionally, the X,R.F, analysis assumes Fe resides entirely
in the 3+ oxidation state and so Fe203T is used to indicate total Fe,
FeZOBT decreases steadily from 13% in basalts, to almost 0% in

trachytes.

MnO

Manganese shows a very restricted range, but nevertheless
displays a coherent variation., It suffers less harkedly from
analytical error_thén Ti0,e MnO is fairly uniform at roughly 0.2%
in basalts, hawaiites and mugearites, but concentrations in the

phonolites begin at about 0.3% and decrease to 0,05% in the trachytes,

¥g0

The range in MgO is from 13% to about O%. It decreases from
the most primitive basalts through to hawaiites, before decreasing
less sharply through mugearites, Acidic rocks show gniformly low

concentration of MgO.

Ca0

Ca0 decreases uniformly from basalts to mugearites, ‘The trend
through .phonolites, trachytes and rhyolites decreases less steeply,

The overall range is from 12% to about 0%,

89



Na20

Na20 shows a general increase from basalts (3%) through to

phonolites (9%). However, the trachytes and rhyolites depart from
the phonolites by showing either only a slight increase, or a

decrease in Nazo.

K20

K5

less divergence between phonolites and trachytes and rhyolites,

O behaves in a similar way to Naao, except that there is

" The variation is from about 1% in basalts to nearly 6% in the most

evolved trachytes,

P205

pao5 increases from 0.,5% in basalts to over 1.2% in mugearites

before dropping to much lower amounts, 0.3% in acidic rocks.,

6.5;1 General Considerations

i) A 'silica gap' is obvious in all diagrams. .

ii) Variation diagrams involving basalts, hawaiiteé and mugearites
generally display coherent patterns in all diagrams,

iii)' Variation diagrams involving phonolites and trachytes are
coherent in all diagrams vs SiO2 except for Naao where the two groups

diverge.

iv) A1203 and P205 show trends which are first enriched towards
mugearite and then become depleted towards rocks of acidic composition,

v)  There is generally more variation amongst the rocks of acidic

composition.
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6.5 Temporal Variations

It 1s convenient for discussion purposes to divide the suite
into basic rocks (basalts, hawaiites and mugearites) and acidie
rocks (trachytes, rhyolites and phonolites). The ignimbrites of
the Pyroclastic Sequence are phonolitic in composition. This division
of basic and acidic rocks will recur throughout the text. In order
to magnify the possible differences which exist, the data will be

discussed in two parts.

6.5.1 Basic rocks

In Figs. 6.3a=d some of the major elements 1n the basic rocks
are plotted against MgO, which is used in the seﬁse of a different-
iation index., There are good positive correlations of MgO against
F°203T andeaO (Fig. 6.3a), while good negative correlations exist
with Nay0, K,0 (Fig. 6.3b) and SiO,. MnO behaves relatively uniformly.
Tioa in gengral decreases with MgO but, owing to its large analytical
error, the correlation is poor. The trends observed in A1203 vs MgO

(Fig. 6.3c) and P205 vs MgO (Fige. 6.3d) are discussed below.

Several points emerge from studying the above diagrams. The
range in wt¥ oxide for New Series rocks, in general, encompasses
and extends the range in wt% q#ide in Old Series rocks. The data
for the New Series tends fo show a greater coherency than does these
for the 01d Series rocks. There appears to be no striking differ-
ences between 0ld and New Series rocks, although in detail the 014
Series rocks for a given silica concentration, on average contain
less MgOQ. There.is also a tendency for members of the 0ld Series
_ to be slightly more under-saturated (Fig. 6.1), Finally, in the
diagram of A1203 and Pao5 vs MgO (Figs. 6.3c-d), as well as in A1203

and P20s vs 510, (Figs. 6.2b and 1), it can be seen that the two



CaQ (Wt

12
11

10

F-—1_ i

2 3 4 5 6 7 3 9 10 1 12 13

MgO WD)

TITLE s pig s 6. 3a-d Selected Majors vs Mgo

NEW SERIES ROCKS = red
PYROCLASTIC SEQUENCE ROCKS = green
OLD SERIES ROCKS = blue



(wt

K20

Y em— RS E——— T— . s W}
A
Si~*
A A
A
D °Q
O
o [Oog
o
°© DO*0
+ ° t
+ A + ++
--------- —1 | | i [ 1 .
0O 1 2 3 4 5 6 7 8 9 10 11 12 13
MgO WD
TITLE : Fig : 6. 3a-d Selected dajors vs dgo
NEW SERIES ROCKS = red
PYROCLASTIC SEQUENCE ROCKS = green
OLD SERIES ROCKS = blue

93



A1203 @t

20 i

19

17 . 0 Oqg +

A A
16 ;AX
£ X

14 e

12 e e |

—fy
o +8"

TITLE : Fig s 6.33-d Selected dajors vs NgO

NEW SERIES ROCKS
PYROCLASTIC SEQUENCE ROCKS
OLD SERIES ROCKS

red
green
blue



wexd

P205

1.3
1.2

1.0

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

o 1 2 3 4 5 6 7 8 9 10 11 12 13

MgO Wt2)

TITLE s Fig s 6. 3a-d Selected Majors vs MgO

NEW SERIES ROCKS = red
PYROCLASTIC SEQUENCE ROCKS = green
OLD SERIES ROCKS blue



most evolved mugearites (24026 and 24019) of the New Series show a

decrease in A1203 and Pao5 relative to the trend established in the

more primitive basic rocks.

6.5.2 Acidic rocks
Although the temporal differences amongst the basic rocks could
be considered slight, such differences that exist may have given

rise, with continued differentiation, to the much greater differences

in major elements that occur in the acidic rocks. This is illustrated

in Figs. 6.2a-i, where the major elements are plotted against Si0,.

Silica is considered preferable to MgO as an index of differentiation,

as the latter is considered less suitable in acidic rocks where the
concentrations are less than 1% and thus have an inherently larger
relative error, Silica, on the other hand is protected from this

problem through its large range and high concentration,

Again some impértant points emerge., Firstly, in mostlof the.
diagrams; 01d and New Series rocks ére relatively distinct; Furfher-
more, phénolites particularly from the Pyroclaétic”SeQuence are also
generally distinct from other Old Series rocks. 1In the Old Series
rocks, not necessarily rocks frém the Pyroclastic Sequence, there
are reasonable correlations of CaO, K20, Na20, and F6203T vs 5102.
Alkalis and Tioa, on the other hand, appear to show two trends and
thus possibly two evolution paths. Phonolites from the Pyroclastic
Sequence show a good trend to under-saturation (cf alkalis vs 8102;
Fig, 6.1)s In other plots, despife good correlations, the order of
rocks is sometimés altered, The New Series rocks show very coherent
patterns in all diagrams except those in&olving A1203 and M0, In
diagrams of CaO, TiOZ, FeZOBT’ Naao and xao vs silica two séparape,

and sometimes opposing, paths of evolution are present, 1In all the

- e . - .« FE T Y . I P . TP S

i
i
;
1
2
i
§
i
!




Both the 0ld Series and the New Series acidic rocks are
divisible into groups on the basis of their trace element and
isotopic characteristics, The division in the 0l1d Series is based
largely on the extent to which they have been contaminated by base-
ment rocks. While this effect is perceptible in the major elements,
such that the same groups can be recognised, it is felt inapprop=-
riate to make the distinctions at this stage., This is primarily
because the fine structure of the groups is much more apparent when

the trace element data can also be examined.

6.6 Interpretation

Having presentedvthe major element data in the previous
sections, it is now proposed to go some way towards explaining it.
A significant observation to be made from the data is that bqth
series constitute a coharant suite of rocks, broken by a 'silica
gap'. These coherent trends are indicative of the rocks being
cogeneric, such that the trachytes and phonolites have evolved by

some differentiation process from a primitive magma or magmas.

Two differentiation processes, fractional crystallisation and
variable degrees of partial melting were advocated by Bowen (1928),
which, in principle, can produce coherent chemical variation diagrams,
Variable degrees of partial melting could account for the major
element data of the basic rocks, but it is extremely unlikeiy, under
any circumstance,.that trachytes or phonolites could be produced
directly by such a mechanism, Ii mould also be difficult to explain
the behaviour of alumina and péos, without invoking contrived
. éonditions. Moreover, trace element and isotppic data will be
presented that would_make variaﬁle partial melting untenabla as an

imporfant process in the variation of basic, as well as thre acidic,
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rocks of each series. It is recognised that differences observed
between more basic members of the Old and New Series may be the
result of variable partial melting and may also contribute to some
of the major element scatter, Clearly, evidence from other sources

is required to demonstrate this.

If variable degrees of partial melting is rejected as a major
within - series differentiation process, this then leaves fractional

crystallisation as a major process to be considered,

vBefore discussing which phases may have fractionated, it is
important to bear in mind the petrographic evidence (Fig. 4.1).
This provides important constraining information on which phases are
present as phenocrysfs in a given roék type, and in what modal pfop-
ortions they occur and are therefore available for fractionafion. In
Chapter 4, it was discussed that in primitive basalts, olivine is the
... .- dominant phénocryst phase, Its modél proportion decreases ftom\
basaltic rocks to acidic rocks, where it rérely occurs.A ?henbcrysts
of élinopyroxeﬁe are relatively uﬁcommoﬁ in}primitiée bésalté, but
they become incfeasingly - .dominant in basalts and pafticularl&

hawaiites, before decreasing in modal proportion in more evolved

rocxs, Plagioclase phendcrysts aré rare in basalts but become modally
important in hawaiites.and muéearités. In general, plagioclase is

ﬁot present in acidic rocks, Phenocrysts of anofthoclaée are oniy.
found in acidic rocks where they are modally preéominant. Op&ques -

are present.throughout the suite and apafite is preseﬂt in small modal

proportions, primarily in mugearitic rocks.

In Figs. 6.2a, c, e and f, for TiO,, F6203T. MgO, and CaO vs

Si0_, it is seen that these oxides all decrease from primitive basalts.
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Their depletion is consistent with the fractionation of olivine,
clinopyroxene bt magnetite, The fractionation of magnetite is more
difficult to establish, however, from major elements alone. The
petrographic observations suggest that olivine is more likely to
have fractionated first and is later joined by clinopyroxene., In
Figs, 6.,2a, a fractionation vector corresponding to the removal of

the above assemblage is schematically drawn,

. In Figs..6.2b and 1, both alumina and P’205 increase to rocks
of mugearitic composition and then fall in concentration towards
trachytic rocks. Such a feature is consistent with the fractionation
of plagioclase and apatite, both of which reach a peak in modal
proﬁortions in hawaiitic and mugearitic rocks. The fiactionation
vector in these diagrams shows the expected effect of siénifiéant
amounts of plagioclase and aﬁatite'fractionation occurring at the
mugearitic stage, In‘fact somé of the evolved mugeérités, e.g. 24019
and 24026, begin to show depletions in alumina and P205, and may
indicate the stage at which this process began to operate. For all
other oxide plots, these two mugearites continge the enrichment or
depletion established in the basic rocks, and so these departures are
unlikely to be anomalous, Identifying the cusp of such a trend
enables the magma compositioné.at which plagioclase and apatite begin
to fractionate in significant proportions to be pinpointed. Further
trace element evidence will be used to support this contention
(Chapter 7). Interestingly, it may not be coincidental that thg
onset of significant plagioclase and apatite fractionation also
?ffectively marks the beginning of the silica gap. In this connection
Sparks (198}){ stated'that significant plagioclase fractionation leads

to a decrease in density. The absence of benmoreite rocks could be
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explained by this effect if the higher density of these liquids
inhibited their eruption. Continued plagioclase fractionation could
lower the density of more evolved magmas and perhaps facilitate
their eruption. Other factors less tangible than this, such as the
position of the magma in the crust and therefore the density contrast
between magma and wall-rock and the viscocity of the magma may have
also contributed to this effect. Among acidic rocks, the fraction=
ation of anorthoclase could explain the trends that are observed,
particularly illustrated by K,0 vs 510, (cf Fig. 6.2h). Na,0, K;0
and SiO2 all increase in concentration in early stages of fraction-
ation and are consistent with the fractionation of olivine, clino-
pyroxene and plagioclase, The retardation, and in some cases the
decrease, of these oxides is similarly consistent with the fraction-
ation of anorthoclase at late stages of differentiation. A schematic

line representing anorthoclase fractionation is shown on Fig. 6.2h,

6.7 Conclusions

On the basis of major element variations, the Jebel Marra
volcanics can be classified as belonging to the alkali basalt =-
trachyte/phonolite suite. In acidic rocks, differences between the
0l1d and New Series are recognised. Among basic rocks differences
are much less apparent, In both series, a 'silica gap' corresponding
to rocks of benmoreite composition is present., It would seem
improbable that the variations in major elements could be solely
explained by variable degree; of partial melting. waever, some of
the scatter observed in the variation diagram is likely to be the
:result of variable degrees of partial melting and slight variations

in the composition of the mantle source. However, most of. the

variations in major elements can be explained by fractional crystal-.-
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lisation, The data are consistent with the fractionation of olivine
and clinopyroxene in basic rocks, the fractionation of plagioclase
and apatite from mugearites to trachytes and the fractionation of
anorthoclase in acidic}rocks. At this stage. it is difficult to make
valued statements on the extent to which other processes, such as
crustal assimilation, or variable degrees of partial melting have
occurred. Answers to questions such as these are more tractable

using trace element and isotopic evidence.




CHAPTER SEVEN

TRACE ELEMENTS

7¢1 Introduction

The aims of this Chapter are first to document the variations
in trace elements which occur throughout the Jebel Marra suite, and
to relate these to the magmatic processes which may have opefated

such as fractional crystéllisation and crustal assimilation.

An important advantage of traqe elements over major elements,
from a point of view of understanding the processes of magma
generation is that their range invariably shows a manifold increase
in concentration from basic to more evolved rocks. Related to this,
is the amount with which different mingrals incorpqrate é trace |
element, which often varies by orders of magnitude. It isvprimarily
these differences which enable trace eiements to be ﬁsed as such

powerful tools in petrogenetic modelling.

7.2 Definitions

7¢2¢1 Trace Element

- An element can be considered to be a trace element if it
approximates to the relationship of Henry's Law (for a more detailed
discussion see Powell, 1978, pp.46=53), In general, this will apply

to concentrations which are approximately less than 1% by weight

(Cox et. al., 1979)0

7.,2.,2 Distribution Coefficient (K4)
The following expression is used:-
"Concentration in mineral

kKd = Eqno 7.1
Concentration in liquid
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Where the Kd for a given element is a constant, known as the
distribution or partition coefficient for a crystal in equilibrium

with its host 1liquid.

7243 Bulk Distribution Coefficient (D)

It is often necessary to consider the distribution of an element
over more than one phase, and this is described by the bulk distrib-

ution coefficient, D,

“E: % 1 Eqne 7.2

where w; represents the weight proportion of the phases in the

given assemblage.

7.2.4 Classification
Using Kd's it is convenient to divide trace elements into
those which are compatible, where D> 1, and those which are incom=

patible, where D1 (and usually &1). .

Note that the behaviour of an element can change dramatically
during fractionation. For example, in some volcanic suites (including
Jebel Marra) Sr is incompatible amongst basic rocks until plagioclase

begins to fractionate in significant proportions (about 50%) so as to

then fender it compatible,

A group of trace elements are additionaliy classified as iarge
ion lithophile elements (LILE): these include K, Sr, Rb, Ba, Th and
light rare earth elements (LRRE's). They may be thought of as those
elements which Qre incompatible with regard to 'common mantle'
minerals i;e. olivine, pyroxenes, spinei and garnet, However, for
simplicity the‘rare earth elements (REE's) will be fegardéd'as a group
on their own. A further useful subdivision can be made for those

incompatible elements which have a high field strength (Pearce and



Norry, 1979), a property which has the effect of making them immobile
in most weathering processes. These include Zry Y, Ti and Nb, Unless

specified, 'compatible' elements may be assumed to refer to the

elements S¢, Cr, Co, Ni, Cu and Zn,

7¢3 Overall Variations

7¢3¢1 Introduction

Trace element abundances were measured in parts per million
(by‘weight) by X.R.F, techniques for 99 rocks for all the elements
mentioned abové, as well as for lLa, Ce and Nd., (see Appendix C),
In addition, REE's were measured by stable-isotope dilution (ID)

techniques (Thirlwall, 1982; Appendix E) on selected rocks.

In Chapter 6 it was considered that much of the major element
data is consistent with fractional crystallisation. Thé variation
of the compatible elements can te used as further evidence against
variable degrees of partial melting being an importaﬁt affect. Given
~ that melting occurs in the mantle in which olivine is a residual |
phase, then elements compatible in oiivine, such as.Ni and Co, will
be buffered and should remain reasonably constant in rocks which are
primitive., It is observed however, that Ni and Co are Soth depleted
in more evolved rocks which is consistent with a regime of fractional
crystallisation of an aséemblage iniwhich olivine is involved,

although it is emphasised that variable degrees of partial melting

will have some influence on.the variations in composition of parental ~

magmas,

7.3.2 Scatter _
' Inspection of variation diagrams in Chapters 6 and in this

Chapter reveal that, although biaxial plots commonly show coherent
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trends, they also exhibit a significant degree of scatter. It is
unlikely that any suite of rocks will have been melted from a
perfectly homogenous source and fractionated to produce lavas whose
measured compositions precisely conform to a single line on a
variation diagram., In reality a suite of rocks is more likely to
result from fractionation of several primary magmas which may have
been derived from a homogenous or heterogeneous source, possibly by
variable degrees of partial melting., Even the fractionation of the
primary magmas may also proceed in differing ways, depending on
composition, depth and temperature of the magma for different magma

batches. These and other possible factors contributing to the scatter

will be discussed separately.

Analytical Error - Some of the observed scatter is inevifably due to
analytical error. Regarding the data analysed by the Leeds X.R.F,
spectrometer, Downes (1983) considers the relative errors in major
elements to be less than 1%, whereas trace elements for the most part

are thought to be in the order of 5% relative error (A. Grey, pers.

comm,, also see Table C2).

Partial Melting - Assuming that the Jebel Marra suite of rocks is
derived by differentiation frém a number of primary magmas, then they
are unlikely to be the résult of exactly the same amount of partial
melting. The effect of variable degrees of paftial melting may be
evident in diagrams where elements are plotted against isotopic
ratios (Figs. 8.9a=-b) for primitive basalts. In this instance,
assuming a homoéenous source, variable degrees of melting will give
rise to differing elemental concentrations, prior to fractionation, 5

but relatively constant isotopic ratios. Once such differences are

"2 S S gy e,
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established they will largely be maintained by fractionation
processes, This may have some relevance to the existence of under-
saturated and over-saturated rocks discussed in Section 6.2,
Homogeneity of Source - This is discussed in Section 8.2 which

»
considers isotopic evidence for primitive basalts and concludes that

isotopic composition of Nd and Sr. ¢ -in the source region

appears to be relatively homogenous.,

Differentiation Processes - A major influence on the chemistry of

the rocks is fractional crystallisation. Scatter may well result
from different magma batches evolving slightly differently by
fractional crystallisation or by involvement of other differentiation

processes (see Section 9.2).

Contamination -« Cox and Clifford (1982) have demonstrated that second
order processes such as contamination, because they operate less
precisely, will contribute, in general, to poor inter-element

correlaticns - or more scatter (see Section 7.6).

Accumulation of Crystals - Inspection of Table H1 reveals that the

majority of the Jebel Marra volcanics are porphyritic and in some

cases they are highly so. Downes (1983) pointed out that the ubiquity

of porphyritic lavas in suites, such as frqm Jebel Marra, cannot be
satisfactorily explained by accumulation of phenocrysts, for if this
were the case then there should be an approximately equal number of
aphyric lavas present. However, because fractional crystallisation
appears to be an integral vart of the evolution of these lavas then .
the relative loss or gain of crystals is inevitable and will result

in increased scatter on variation diagrams. For example, diagrams
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in Chapters6 and 7 involving Al,0;, Ca0 and Sr, in which plagioclase
bearing samples plot on the high side of the observed geochemical

trends could be explained by the accumulation of some plagioclase.

Owing to the behavioural similarities of many of the trace

elements it is convenient to deal with them in groups.

7+.3.3 'Incompatible' Elements
The elements la, Nd, Nb, Pb, Zr, Th, Ga, Ce, Rb and Y show

remarkably similar patterns when plotted against 8102 (Figs. 7.1a=3),

SiO2 is used as an index of fractionation as it proves a more

Hustrative.
In these diagrams the trace elements increase with different=-

than MgO when the variations across the whole suite are

viewed,

iation from basalts through mugearites to trachytes and to more

evolved rocks.

7.3.4 'Compatible' Elements

Because of the marked depletions of these elements they are

more profitably viewed plotted against MgO, for basic rocks only,

Cr and Ni show very marked depletions from the most primitive basalts

" to rocks of about 4% MgO where they contain negligible amounts of

these elements (Figse. 7.2a=b)s At about 6% MgO there may be evidence

for an upward inflexion in the trend which is more clearly seen in

Fig. 2a, Sc and Co also show similar patterns to each other vs MgO

(Figs. 2¢c=d). With these elemenfs the depletion is less marked and

also worth noting is the downward inflexion in the trend which occurs

at arodnd.9% Mg0O.
nd when plotted against MgO (Fig. 2e). Zn, plotted against

Cu, on the other hand, shows an approximately

linear tre

sj,o2 (Fig. 2f), behaves more variably. Its concentration appears to
decrease from basalts to primitive mugearites prior to generally

increasing through trachytes and on to more evolved rocks,
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7+3.5 'Incompatible/Compatible! Elements

Both Sr and Ba change from being incompatible to becoming
compatible as fractionation proceeds (Figs. 7.3a-b). Firstly,
they show an increase in concentration from basalts to mugearites,
More evolved mugearites show a depletion in Sr but not Ba, Secondly,
in evolving to acidic rocks the concentration of Sr is dramatically

reduced, This is also in part the case for Ba although some rocks

are in fact enriched (See Section 7.4 for discussion on temporal

variations).

The cusp in trends involving alumina (Section 6.6) is also

apparent in plots involving Sr. Specimens 24019, 24026, 24061
and 24118 all appear to havelost Sr relative to other incompatible

elements which can be attributed to the onset of significant plagioclase

fractionation in evolved mugearites.

7¢3.6 Interpretation
The equation for Rayleigh fractionatiqn is given in Chapter 9.

Essentially, the concentration of an element in a magma will increase,
with fractionation, if D is <1 and will increase more rapidly as D

tends to zero. Conversely, compatible elements with a D %1 will

become depleted in the magma, with fractionation; the greater the D

value the greater the degree of depletion expected (see Cox et al,,

1979, Fig. 14.1)e In order to’interpret-the data it becomes necessary

to understand how trace elements behave with fractional crystalliSation

(or indeed partial melting).  Models which are applicable are derived
in Wood and Fraser (1976, Chapter 6). In general these models tend to
reflect end-member situations which nevertheless probably serve as

good approximations to most , <= natural systems,
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In Figs. 7.1a=j, the trace elements Nb, Pb, etc., are all
progressively enriched in the more evolved rocks and can be inter-
preted in terms of Rayleigh fractional crystallisation. It may be
assumed that the D's for these elements are (1. 1In Figs. 7.2a-e
the depletions observed are consistent with D's 1., Moreover, it

can be expected that DNi > DSc) DZn,

In the basic rocks the major element data are consistent with
the fractionation of olivine and clinopyroxene., It is also more
likely that olivine was the first phase to fractiénate from thg most
primitive basalts. If indeed this were the case, then a knowledge
of Kd's coupled with examination of appropriate variation diagrams
could be used to support such a scheme., Figs. 7.2¢c-d indicate
possible inflexions in the curves at about 9% MgO which could be
interpreted as the entry of clinopyroxene. More compelling evidence

for this is provided by Figs. 7.4ka-d.

0l Cpx Mt
Se 0.15 3 1
Ni 12 2 5
Cr 1 10 10
Co 3 1.3 5.8-17
Cu 0.,47=2,7 1.5=2.b4 ?

‘Table 7,1 Distribution Coefficients for
transition elements. Data from
Sun and Fanson (1979).. Irving
(1978), and Cox et al., (1979)

Table 7;1 is a compilation of distribution coefficients of
transition élements (Sun and Hansoﬁ, 1979), Irving, 1978 and Cox
et al,, 1979). If olivine fractionated first and was then joined
by clinopyroxene, from Table 7.1,one would expect curved trends

(strictly dog-leg trends) for plots of Cr, Sc, Co and Cu vs Ni
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(Figse 7.4 a=d)., This seems to be the case for Sc, Co and Cu but

not for Cr vs Ni which has an effectively linear trend, This
apparent contradiction may be reconciled if one accepts that a
certain amount of magnetite accompanied the olivine fractionation
until it was joined by clinopyroxene. The effect could be to make
DCr/DNi equivalent in both situations, The amount of magnetite
removed need only be small in view of the large KCr involved. 1In
further support of this Fig. 7.4tb shows that Sc vs Ni has the

greater curvatufe than either Figs. 7.4c or d. This is in accordance
with the Kd's for S¢ and Ni in clinooyroxene and olivine respectively,
having a greater difference than either KCu or KCo in clinopyroxene
does with KNi in olivine, It will therefore show the largest
inflexion at the onset of significant clinopyroxene fractionation.
Taking this logic further, in the absence of any data, one would also
predict from Figs. 7.4b-d that the KCu in magnetite lies somewhere

between that for Co and Cr.

It is also suggested (Chapter 6) that plagioclase becomes a
major fractionating phase in evolved mugearitic rocks to trachytes,
Sr is compatible in plagioclase and the marked depletion that is
observed in the trachytic rocks is consistent with this contentibn.
Also the presence of the possible inflexion noted in Figs. 7.2a=b
occurfing at low MgO could reflect a change towards a fractionating
assemblage dominated by plagioclase. Similarly, anorthoclase
fractionation is suggested in the acidic rocks. Ba is compatible
in potassium feldspar and depletions in Ba in some of the trachytes

would concur with a scheme of anorthoclase fractionation.



7.4 Temporal Variations

The temporal variations of the 0ld and New Series will be

discussed under basic and acidic rock headings.

7.4.1 Basic Rocks

In Figs. 7.7a=3) there is no major difference between the two
Series., The New Series rocks, as with the major element data,
encompass the variations of the Old Series in which they show a
reasonable coherence, Subtle differences may be perceptible in
plots such as Ca0 vs Nb (Fig. 7.5) in wnich the 0ld Series data

generally show higher CaO concentrations.

7.4.2 Acidic Rocks
It is immediately evident from Figs. 7.1a-j, La, Nd, Nb, Pb,
Zr, Thy Ga, Ce, Rb and Y vs 8102. that much greater variation is

present amongst the acidic rocks.

These differences are most apparent in a plot of Nb vs SiO2
(Fig. 7.11) although any plot of incompatitle element vs SiO2 shows
the same relations. In this diagram, coupled with information from
isotopic evidence, it is possible to divide the 0Old Series rocks
into a 'largely uncontaminated! group and a *contaminated' group.
The phonolites and the silica poor trachytes of the 0ld Series
belohg to the 'largely uncontaminated' group. The silica rich
trachytes and rhyolites of the Old Series cogprise some of the
tcontaminated! group, The New Series trachytes also belong to the
‘contaminated! group but can be further subdivided into the caldera

trachytes and the mafic bearing trachytes. The caldera trachytes

occur in and around Deriba and are petrographically and geochemically

distinct (Chapters 4 and 6) from the mafic bearing trachytes, which

PR
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commonly contain clinopyroxene, olivine and plagioclase sometimes
rimmed with anorthoclase., The geochemical difference is illusttated
in Figs, 7.6a~b., The mafic bearing trachytes trend to rocks rich

in Ba, Sr and CaO (in fact they are also relatively richer in TiO.,,
Mg0, PZOS and FQZOBT) while the caldera trachytes are poor in these
components. Any explanation which can account for these features
must also explain the highly contaminated nature of some of these

by = 0.5121), One

rocks, e.g. 24087 (87Sr/868r = 0,7059; 143Nd/
possibility is that mixing of a basic magma with an acidic magma has
occurred. While this could account for the elemental and petrographic
features noted above it would not satisfactorily explain the isotopic
evidence. For this reason, mixing of a crustal melt, probably
granulitic, with a basic magma is preferred. Bulk assimilation of

R crust by a basic magma is considered unlikely in view of the extent

of contamination particularly indicated by the highly unradiogenic

143 144Nd ratio in 24087, Trace element concentrations support

Nd/
the notion that 24016 and 24113 are the mqst primitive members of the
two trachyte sub-groups. The above groups which have been identified
on the basis of trace elements and isotopic gvidence are also apparent,

albeit with a greater degree of overlap, in the major elements. Whole

rock ignimbrites from the Pyroclastic Sequence are much more variable

- in compositione.

Other trace element = trdce element plots reveal information
of considerab;e significance, To illustrate some of tﬁe differences
Fig. 7.7 shows a plot of Rb vs Nb, Two distinct trehds are present
in the acidic rocks., The first_trend. comprising the main body of
the data, reveals that the increase in Rb relative to Nb is retarded,

This trend is comprised of 0l1d Series rocks including phonolites from
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the Pyroclastic Sequence, This retardation is almost certainly dpe
to the fractionation of a phase in which Rb is more compatible,
Biotite may be rejected on the basis of its raritf in these rocks
and therefore anorthoclase, which is abundant in the trachytes, and
has been suggesfed as a probable fractionating phase previously, is
a more plausible candidate., The second trend does not show the above
effect and only contains the mafic bearing New Series trachytes and
some 0ld Series acidic rocks. Plotted in Fig. 7.8 is Zr vs Nb, ~
Amongst the acidic rocks two trends are appareﬁt; one with a higher
Zr/Nb ratio which corresponds to the 'contaminated! group of rocks
and one with a lower 2Zr/Nb ratﬂ:which corresponds with the 'largely
uncontaminated! group. But as the model requires isotope evidence
to substantiate the argument, explanations for these effects will

be also left until Section 8.4,

7.5 Rare Earth Element's (REE's)

REE's (La, Ce, Nd, Sm, Eu, Gd, Dy, Er and Yb) have been
measured on selected samples by stable-isotope dilution (ID) techniques
developed by Thirlwall (1981, Appendix E)s There are a number of
advantages in measuring the abundances of fhese elements and by the
ID metﬁod. Firstly, the REE's are geochemically very similar, but
vary systematically as the ionic radius decreases from la to Lu for
3+ ions in octahedral co-ordination (this being a function of
incféasing atpmic number), fhé REE's are characteristically trivalent
in most.geo}ogical s;tuations, except for Ce and Eu which under
ceftain circumstances have different oxidatioﬁ states and consequently

behave anomalously. A further advantage of these elements is that

they are relatively immobile under most weathering processes; a

s e
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property which is exploited in some Nd isotopic studies, Finaily,
measurement by the ID method is an extremely precise and accurate
analytical technique and its detection limits are well below the ppm
level, As a consequence of this, the Kd's of most igneous minerals
are relatively well known. The accuracy obtained is particularly
important if the Sm/Nd ratio is required for Sm-Nd geochronological
studies, where reproducibility better than 0.2% is desirable

(Thirlwall, 1982),

In order to offset the Oddo-Farkins effect, REE concentrations
are conventionally presented normalised to chondrite, or where it is
instructive normalised to primitive basalt., These are plotted on a
logarithmic scale against the REE's in order of atomic number, 1In
this thesis chondritic normalising values are taken from Nakamura

(1974) and are given in Table E2.

7¢5+1 General Features

All the RER patéerns for the Jebel Marra volcanics are LREE
enriched., The extent of this may be'appreciated from the parameter
‘La/!b(N), which is a measure of the slope of the REE pattern. These
are tabulated for all patterns in Table E1. A second general feature
is thét all the basic rocks have a positive Eu anomaly and all the

acidic rocks have a negative Eu anomaly,

7.5.2 New Series Variations

New Series patterns amongst the basic rocks are almost parallel
to one anotﬁer (e.ge Fige 7¢9)e A further striking feature, present
in all the basic rock patterns. is the positive Eu anomaly. It is

often convenient to parameterize the extent of the Eu anomaly by the .
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value Eu/Ey*e This is derived from the interpolation of Sm to Gd
and then expressed as a ratio relative to the anomaly, such that
positive anomalies are 1, and negative anomalies are (1, Eu/Eu*
values are also presented in Table E1 which are obtained from the
following expression:-
~-0.5
Eu Eu (Sm x Gd)

= x qulo 701‘1’
Eu* 0.077 (0,203 x 0,276) :

There are several ways in which positive Eu anomalies can
result. One possibility is that the parental magma from which the
fractionates were derived, accumulated plagioclase., This may be
invoked because plagioclase preferentially incorporates Eu (strictly
Eu2+) relative to the otker REE's, particularly under low an condit-
ions. In the Jebel Marra basic lavas, the accumulation of plagioclase
is not supported by petrographic evidence, because in the most
primitive basalts plagioclase is an extremely rare phenocryst rhase.

A more appealing alternative, is one proposed by Leeman (1976) whereby
Eu.a+ is believed to be excluded from residual clinopyroxene in the

mantle but is taken up in the partial melt and is thus responsible

for the small positive Eu anomalies observed in some basaltic suites,

That a positive, and not a negative, Eu anomaly exists further
attests to the belief fhat plagioclase was not significantly fracte- !
jonated in the basic rocks, Assuming that oxygen fugacity is not

pverly high. -

A feature of fhe transition from basalts to mugearites in New ?
Series rocks is the increasing extent to which the patterns are down-
wardly bowed. A measure of this effect is given by the parameter
cd/Gdwi~ - : | E
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Gd Gd (Ce x Tv) .
x

Eqno 705

Gd*  0.276  (0.865 x 0.22)

This is effectively an interpolation between Ce and Yb with
which the actual Gd content is compared. The values for this are
also tabulated in Table E1. It is evident that the extent of bowing
systematically increases from basalts to mugearites, as revealed by
smaller Gd/Gd* values, In order to explain the.bowing by fra;tion-
ation, a phase is required with a humped Kd-REE pattern corresponding .
to the middle REE's. Of the major fractionating phases, only clino~
pyroxene has a humped Kd-REE pattern which could conceivably produce
the increased bowing in the basic rocks. Alternatively, fractione
ation of a minor phase e.g. apatite, amphibole or Sphene which also
have humped Kd-REE pattern and high Kd's could, with even very small
amounts of fractionation, give rise to the observed degree of bowing,
A different explanation could be that the magma is being contaminated
by a crust with a different REE pattern sﬁch that modifications of
the contaminated magma's REE pattern will fesult. In this way.the
increased bowiné of the REE patterns couid, in principle, occur,

These possibilities will be explored further in Chapter 9.

There is a distinct change in the shape of basic rock patterns
to acidic rock patterns (e.g. Figs. 7.9-10). The shape of the
patterns for trachytes are géntly curved with steep LREE limbs and
less steep HREE (heavy rare earth giement) limbs which differ from
basic REE vatterns, Moreovér, in the‘stage from the evolved
mugearites to trachytes there is a relative loss in REE's, except in
la and Ce, and particularly in the elements Nd, Sm, and Gd. The

large nega;ive anomaly in BEu can be explained by plagioclase fract-
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ionation. The depletions in middle REE's would be difficult to

explain by possible dilution effects by contamination. 1In this

instance, it is much more likely to be the result of fractionation,

It is clear from the patterns of plagioclase and clinopyroxene

(Fige 943: olivine and magnetite have much less REE's) that removal

of a olivine~clinopyroxene-plagioclase-magnetite assemblage could

only account for the Eu anomaly. In order to explain the deficit

in REE's in 24016 by fractionation, a phase with much higher REE
abundances and ideally with a humped Kd-REE pattern is required,
Possibilities could again include sphene, amphibole or apatite, and
their = REE patterns are also plotted in Fig, 9.%. Sphene has not
been found in any of the specimens and little justification can there=-
fore be found for invoking its removal. Amphibole is present as a
minor phase in some mugearites and fractionation could account for

the loss of middle REE, However, the weight proportion required to
be removed would be of the order of 20% which is in discord with
petrographic observations. A more promising alternative is apatite
which is present in mugearitic rocks. Moreover, this would be in
concordance with the drop in P205 from evolved mugearites to primitive

trachytes, This possibility will again be investigated in Chapter 9,

Plotted in‘Fig. 7.10 are two.traéhyteé from the series 2Lk016-17,
The most obvious difference between fhese (and all other acid rocks)
and the basic rock REE‘pattérns is the appearance of a marked negative
Eu anomaly. .This has undoubtedly‘been caus;d by stfong plagioclase
fractionation which is in égreement with the conclusion arrived at
froﬁ'the depletion.in Sr observed over‘the same comvositional int?fval.
Among the New Series trachytes‘ahozo is a more evolved and has a

pattern parallel to that of 2&016,vexcept that it has a larger Eu
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negative anomaly. If the two are linked by the same, or a similar,

1liquid line of descent then the increased negative Eu anomaly can

be accounted for by the fractionation of anorthoclase in which Eu
has a XKd just greater than 1, This again would tie up with evidence
for Ba which is depleted in most of the acidic rocks and strongly
suggests fractionation of a potassium feldspar. Also because of

the low Kd's for REE's, other than for Eu, fractionation of anortho-
clase will generate evolved liquids with REE pafterns which are’
essentially parallel to the parent., This effect will be modelled

in Chapter 9. 24081 and 24087 (Fig. 7.11) are essentially parallel

to 24016 although they have smaller negative Eu anomalies,

7.5.3 01d Series Variations
The 014 Series basic rocks are similar in pattern to the New
Series equivalents, They have comparable abundances, positive Eu

anomalies and similar slopes (see Table E1).

The change in shape of the REE patterns from basic to acidic
rocks occurs in the Old Series rocks. By analogy with New Series
rocks it is considered that this is also the result of apatite
‘fractionation. The Old Series trachytes, as previously outlined,
can be divided into those which are ‘'largely uncontaminated! and those
which are fcontaminated! to a varying extent., The former includes
the 'silica poor! trachytes, the phonolites from the Pyroclastic
Sequence and the 0ld Series phonolites, Fig. 7.12 depicts REE
patterns representative of each group. The latter include the 'silica
rich' trachytes and rhyolites., If the contaminant has a REE pattern
which is significantly different from those of the magmas it enters
then, all other things being equal, it could reveal itself through

systematié'differences between the REE patterns of 'uncontaminated®

R S = Ry
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and ‘'contaminated! lavas, In Table 7.2 various parameters and

values are given which impart information on the form of the REE
pattern and its history. Ce concentration provides an indication

of how evolved the rock is, while the 1l‘gNd/wl"Nd value indicates to
what extent it has been contaminated (for the moment a homogenous
source close to 0,5129 will be assumed for the lavas), The slope

of the REE patterns (la/Yb(N)) is variable and appears to be largely
independent of the amount of fractionation and éontamination that

has occurred. The negative Eu anomaly is, in general, larger in

more evolved rocks though shows little correlation with contamination,
The increase in the anomaly is probably a consequence of continued
anorthoclase fractionation, A more discerning parameter is Gd/Gd*,
which is a measure of the 'bowedness! of a REE pattern and is given
by equation 7.5. It is clear from Table 7.2 that the 'largely
uncontaminated' patterns show the greatest amount of bowing while

the contaminated patterns are less bowed., If it is accepted, among
Tcontaminated!' and *uncontaminated' rocks, that the fractionating
phases are removed in similar proportions, the shape of the curve is
not significantly altered by fractionation and they were derived from
comparable parents then the difference between them could be ascribed
to thé addition of crust. These three assumptions sdem reasonable

as the probable major fractionating phase in both groups is anortho-
clase to which only Eu of the REE's is compatible and that otherwise
the two groups afe geochemically similar except in SiO; content., It
is therefore difficult to envisage how they might have-had a substant-
ially different history., If this is correct then differences in

bowing may be a function of contamination,.

In the Old Series the groups as divided in Table 7.2 can mostly
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| Ce La/Toy  Ce/Ybryy  EwEur  Gd/Gd M354/10q

'JTARGELY UNCONTAMINATED®

24002 PHONOLITE 172 13,08 8.98 0.8311 0.4569 0.512802
24015 PHONOLITE 287 - 8.08 0.3529 - 0.512632
24114 PHONOLITE 181 11.55 - - 0.4450 0.512852
24097 PHONOLITE 189 11.15 7.87 0.4419 0,4909 0.512754
24124 PHONOLITE 146 16.23 8.26 0.5237 0.4723 0.512612
2Losh TRACHYTE 193 22.21 14,6 0.4437 0.4159 0.512778
'‘CONTAMINATED! |

24030  TRACHYTE 269  18.52 8.26 J3hh6 6590 0.512433
24075  TRACHYTE 128 17.66 12.69 5109  .5815 0.512405
24130  TRACHYTE 156 16,31 10.59 4507 LLLog 0.512601

’i‘able 7.2 - Geochemical characteristics of 0ld Series trachytes
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Fig. T.13 REE pattern for 24030. Anomalies observed in IREE's
may be due to the fractionation of minor phases.
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be related by fractional crystallisation of an assemblage dominated
by anorthoclase. Their patterns in the groups are ostensibly
parallel to one another although deviations which occur may be
related to other processes such as crustal contamination or fract-
ionation of minor phases, The effect of the latter process is amply
illustrated in specimens 240320 (Fig. 7.13) and 240L6. Both these
samples are highly fractionated as can be seen from their high Zr,
Rb, REE etc., abundances., However, both Ce and Th, usually good
indices of fractionation are lower thanrrocks of comparable elemental
concentrations. The REZ pattern for 24030 is kinked at Ce;if the
k.R.F. data for Ce is reliable then this effect is even more marked
in 24046, Such an effect could be caused by the fractionation of an
accessory phase such as allanite in which Ce can be a stochiometric

constituent and in which T’ho2 commonly comprises between 0,35 and

2,23 wt¥ of the mineral (Deer et. al., 1966).

7.6 Discussion and Conclusions

The trace element behaviour is consistent with the scheme of
fractionation suggested from’thé ma jor elemenf variations in Chapter
6., For example, the depletion in the compatible elements (Ni, Cr, Sc,
Sry Co and Cu) support the fractionation of olivine, clinopyroxene
and magnetite in basic rocks. The depletions in Sr and Ba support,
respectively, the fractionation of nlagioclase and anorthoclase,
However, while much of the variation is consistent with fractional
crystallisation there are two important features that suggest it did
not operaté in isolation, Firstl&, the degree of sgatter is greater -
than might be expected from a suite which has orincipally been
produced by fractional crystallisation, For example, major and trace

element data from East Iceland (Wood, 1978) describe extremely
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coherent trends which have been interpreted to be the result, almost
wholly, of fractional crystallisation. On the other hand, Cox aﬁd
Clifford (1982) present data from Mahabaleshwar where the scatter of
many of the trends, illustrated by lower correlation coefficients, is
greater than for the East Iceland suite. The greater scatter is
interpreted as being partly the result of a second order process
(crustal contamination) operating upon the first order process of
fractional crystallisation (for other contributénts to scatter see
Section 7.3.). This would be an attractive way to explain some of
the relatively high scatter of the Jebel Marra data, Secondly, close
examination of variation diagrams involving elements with D«1,
particularly for the basic rocks, reveals that, in many instances,
the extrapolation of the trend does not pass through the origin.

Such a relation is not compatible with the operation of fractional
crystallisation in isolation, In a theoretical discussion Powell

(in press), in its appropriate geological context, interpreted such
a feature in Ferms of combined assimilation and fractional crystalle
{sation. Again this could te an attractive e*planation for the Jebel

Marra trace element dsta,

The close paralhﬂjsﬁ of the REE patterns for basic and acidic
volcanics indicates that fractional crystallisation has played an
important role in the petrogenesis of these rocks. The depletiond
Eu from mugearites to trachjtes supports the scheme of plagioclase
fractionation. The continued increase in the negative Eu anomaly in
acidic rocks supports a scheme of anorthoclase fractionation at this
stage., The relative 'loss' of middle REE's from mugearites to |
trachytes is compatible with the fractionation of apatite, Differ-

ences between REE patterns of 'uncontaminated' and 'contaminated!
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acidic rocks may be explained by assimilation of crust.

A general conclusion from this Chapter is that fractional
crystallisation has clearly played an important role in the
variation of the trace elements. Discrepancies which exist from a
straight forward fractional crystallisation model are most easily
accounted for by crustal contamination. Isotopic evidence in the
next Chapter will be drawn upon to evaluate the extent of its

involvement.,
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CHAPTER EIGHT

ISOTOPIC EVIDENCE

8.1 Introduction

A fundamental feature of radiogenic isotopes, as used in petro-
genesis, is that they are invariably unaffected by fractionation
processes. Consequently, comments regarding the character of mantle
sources, for example, can be made with greater éertainty as the-
effects of fractional crystallisation or different degrees of partial
melting of a homogeneous mantle can be disregarded. At one time, it
was suggested (Sigvaldson et al., 1974; Flower et- al., 1975) that
isotopic disequilibrium in the mantle could result such that
different 87Sr/865r ratios, for example, in melts could be achieved
by variable amounts of partial melting if a Rb rich phase such as
phlogopite is present. It is now generally agreed following diffusion
studies by Hofmann and Bart (1978) and discussions by O'YNions and
Pankhurst (1976) that this effect is unlikely., Variations in radio-
genic isotope ratios can resﬁlt if the source region is isotopicaﬂﬂ
heterogeneous or the magmas themselves are variably mixed with
material of a different isotopic signature (e.g. continental crust),
Nd aﬁd Sr isotopic studies are particularly useful in evaluating the
extent to which processes such as crustal co;tamination have occurred,
or the effects mantle heterogeneity have had. In order to assess
this, Nd and Sr isotopic compositions were analysed on selected
samples from the whole suite. These are presented in Appendix D,
along with the methods of analysis. Where necessary, 875:/865r data
have been age corrected for decay of Rb. vThe results of this are
presented in Appen@}x G. Age corrections to 1MN d/1uuud are

insignificant,
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An aim of this Chapter is to demonstrate that the hajority of
the isotopic variations observed in the Jebel Marra volcanic suite
are the result of crustal contamination rather than mantle hetero-
geneity, Data are presented that suggest that combined assimilation
and fractional crystallisation (AFC; DePaolo, 1981) as opposed to
other contamination processes, e.g. simple mixing, is largely
responsible for both the isotopic and elemental variations. Inter-
pretations of Nd-Sr isotope plots endeavours to place some constraints

on the character of the contaminant(s) involved.

Before the variations in Nd and Sr isotopes are studied
closely, it is necessary to have a clear idea as to how they may have
arisen, Both partial melting of a heterogeneous mantle and crustal
contamination can produce major variations in Nd and Sr isotopes. It
is their relative roles in petrogenesis which have been the subject
of much discussion in recent years (Hawkesworth and Norry, 1983:

Hawkesworth and Vollmer, 1979; Norry et al., 1980; ThHirlwall, 1982).

3.2 Mantle Heterogeneity

The Earth's mantle, as sampled in oceanic volcanoes and at
mid-ocean ridges, is demonstrably heterogeneous in Nd-Sr and other
radiogenic isotopes, as is clear from the comvilation of data made
by Whife and Hofmann (1982), O'Nions et al.,'(197§).and Zindler et
al., (1982). Most oceanic Qamples show é good negatife correlation
between Nd and Sr isotopes; which describe a field known as the
|mantle.array', although, recently, oceanic examples have begn found

which have broadened this array e.g. Samoa and St Helena (white and

Hofmann, 1982). On the continents too, where the effects of crustal

contamination are negligible, or can be seen through, good cases have
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been made for mantle heterogeniety, (Cox, 1983; Hawkesworth and
Vollmer, 1979) which with analyses from mantle nodules (e.g. Wass

and Rogers, 19803 Menzies and Murthy, 19803 Menzies, 1983; Erlank

et al., 1982) have considerably extended the range for mantle samples
(Figs. 8.1a-b), The mantle array can therefore be used as a guide-
lire against which the effects of crustal contamination can be
assessed, However, it is more dangerous to use the reverse logic

to say that because a sample falls within the mantle array, it is

uncontaminated,

1h3Nd/1huNd vs 87Sr/868r plot for the Jebel VMarra

Fig. 8.2 is a
volcanics. Most of the data, other than for the primitive basalts,
lie outside and to the left of the mantle array. Notwithstanding
previous comments, this is the first clue that mantle heterogeneity
may not te a major influence on the observed isotopic variations.
More convincing than this is the fact that the more evolved the rock
is, generally the more radiogenic in 87Sr/Bssr and less radiogenic
in ™na/""Nd 1t is (see Figs. 8.3 and 8.6). This feature is
difficult to reconcile with effects through mantle heterogeneity, as
this would also require the isotopic variations in the mantle ts be
correlated with the extent of partial melting. If different degrees
of partial melting, as a process, can be deemgd unimportant in the
light of isotopic evidence, then the corollary of this is that most
of the elemental variations observed within each Series are likely
to te the reéult of fractional crystallisation and crustal contamine-
ation rather than through differeﬁt degrees of partial melting..
While discussing this it is appropriate to apply the arguments
employed by Thirlwall and Jones (1983), They concluded tﬁat because

the mantle can only produce melts in equilibrium with Fo88-90,
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(using logic from Roeder and Emslie, 1970) which corresponds to

high MgO basalts then relatively low MgO rocks, in this contexf
hawaiites and mugearites, are unlikely to te the result of direct
mantle melting. In which case they are more likely to be the result
of fractionation in or near the crust. Furthermore, the range in
1L“BNd/‘mbNd from basalts to mugearites alone is considerable, and
would demand a highly variable mantle beneath Jebel Marra., In
conclusion, mantle heterogeneity as a major cguse of variations seems

unlikely for the Jebel Marra volcanics, although it may be responsible

for relatively small variations among the primitive basalts,

In Figs. 8.3 and 8.6 it is seen that isotopic composition
correlates very well with indices of fractionation. This important
feature of the data is not likely to be a result of mantle hetero=
geneity. Thé cause of this effect is much more likely to be linked
with the effects of crustal contamination, It is these variations
which will be discussed in detail and interpreted primarily in terms

of various crustal contamination mechanisms,

8.3 Variations
8.3.1 "na/""a vs 875r/BOsr

In discussions in Chapters 6 and 7, the data, on the basis of
isotopic evidence, were divided into fields described as 'largely

uncontaminated' and 'contaminated', This assertion is partly based

143 . 4k 87s 6

on Fig. 8.2 which plots “Nd/ ' 'Nd vs r/ "Sr in which the two

groups of data are separate, The 'largely uncontaminated' group
comprise Old Series acidic rocks and they are described as such

144

because of their high 1b3Nd/ Nd, compared with the 'contaminated!

acidic rocks. This division is indicated in Fig. 8.2 and is clearest




amongst evolved rocks; in the basaltic rocks the division is less
discernible. Despite some uncertainty with age corrections, the
87Sr/868r values are, in some cases, high., High 87Sr/868r values
in the acidic rocks could result even through small amounts of
crustal contamination because these liquids have characteristically
high Nd concentrations and low Sr concentrations, The absence of
basic rocks along this trend does not contradipt a scheme of small
amounts of contamination, because high Sr basic rocks would be
resistant to such an effect. The increasing magmatic Nd and
decreasing Sr resulting from fractionation means that Nd becomes
less susceptible and Sr becomes more susceptible to the effects of
contamination. This concurs with the conclusion arrived at for an
. analogous study in Kenya on the Emuruangogolak phonolites by Norry
et al., (1980). An alternative hypothesis to this is that these
samples were affected by hydrothermal fluids., Such a fluid, because
of the relatively low solubility of Nd, would have a high Sz/Nd
ratio which would tend to shift the isotopic composition of altered
lavas in a direction to the right of, and sub-parallel to, the
87Sr/865r axis, The freshness of the phonolites, in particulaf.
would argue against such a process having occurred, however, The
daté for the 'contaminated' rocks, which include all New Series rocks
and some Old Series rocks, are consistent with assipilation of crust
with relatively low 87Sr/86Sr and low 1“3Nd/1hhﬂd. In this trend,
the data are much more coherent and there is a general progression

along it from basalts to more evolved rocks,

8.3.2 87Sr/863r vs Major and Trace Elements

In Figs, 8.3§-c, 8781'/8681' is plotted against 5102,

The feature prominent in all the diagrams is a general concomitant

Zr and Nb.
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increase in 87Sr/868r, with increasing Sio2 and incompatible trace
elements. With MgO and compatible trace elements (e.g. Sc) vs
87Sr/868r (Figs. 8.ka<b), there is a concomitant increase in 87Sr/
868r with decreases in compatible trace elements and MgO. In Fig,.
8.5, 87Sr/86Sr is plotted against Sr. 1In this diagram, 87Sr/868r

increases as Sr increases, until rocks of roughly mugearitic comp-
osition, whereupon Sr decreéses, as Sr is removed in plagioclase,

while the 87Sr/865r continues to increase. An ;nalogous situation
exists for 87Sr/863r vs Ba, which is affected in the same way, but

is the result of anorthoclase fractionation.

143Nd/14hNd vs Trace Elements

143

8343

Nd/1uhNd vs incompatible elements

In Figs. 8.6a-g plots of
(Y, 2r, Nb, Th, Rb, La and Ce) show some different features to
87Sr/86Sr vs incompatible element plots. In all these plots the sém-
ﬁles are separated into the two groups previously describe§; namely,
a 'largely uncontaminated' and a 'contaminated! grouv. Secondly,
tha tasic rocks of the 'contaminated! series show relatively small

143 1uuNd

increases in incompatible elements and large decreases in Nd/

compared with acidic rocks. The fields for 'contaminated' and
'uncontaminated! are indicated in Fig. 8.6a. The 'uncontaminated!
group largely parallel variations in acidic rocks of the 'contamin-

143 - 144

ated! series but have a higher Nda/ " 'Nd éomposition.

8.4 Crustal Contamination

Before discussing the details of the contamination mechanisms
it will be useful to collate the information availﬁble on the possible

magmatic and crustal end-members,
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8.4.1 End-Members

In order to discuss the isotopic data in terms of mixing trends
it is important to have a good idea of the isotopic and elemental
compositions of the end-members, In practice, rather more is usually
known about the end-member corresponding to the primary magma,
However, as in this study, for this to be meaningful it is necessary
to demonstrate that the effects of mantle heterogeneity are minimal

(see Section 8.2).

In Fig. 8.2 the most primitive basalts are those with the

"3/ 44 and lowest 8751‘/8651‘ and are also the most

highest Nd/
primitive elementally (i.e. high MgO, Cr, Ni etc.,). They have
probably been contaminated to some extenf but the basic nature of
these samples suggest that this is to a negligible degree and they
can therefore be regarded as representative of the primary magma and
indeed their source mantle. The elemental concentrations of Nd and
Sr are also known from X.R.F. analyses; These abundances aré more
likely to differ from those of the primary magma (i.e., magmas in
equilibrium with its source mantle) as, according to O'Hara (1968),
veryvfew primary lavas will ever surface without losing at least 10%
olivine en route. For this reason it is considered safer to use the
i&otopic and elemental compositions of primitive basalts as one end-
member rather thén that of a primary magmakwhose‘cdmposition can only
be surmised,  waever, an impoftant éoiﬁt raised by exémination of
spidergrams for primitive basalts (see Chapter 9) is that their
patterns are very similar to other continental basalts and ocean

island basalts which are considered to be largely uncontaminated e.ge.

Kenya, Cameroons and Azores (Norry and Fitton, 1983).



Table 8.1 End-Member Characteristics

8750/B65r ™iha/™a  sr na

PRIMITIVE BASALT (A)
New Series  0,7035 0.5129 650 26
0ld Series 0.7034 0.5129 650 26
CRUSTAL ROCKS (B)
24037 L 0.708633 0.511368 678 34
24135 L 0.730630 0.,510747 339 30
24137 L 0709032 0.511270 82 30
24139 0 - 0.727068 0.512052 224 21
24036 U 0.764478 0.511398 69 18
2h3h y 0.752392 0.511647 102 5
2k138 v 0.855156 0.511628 55 35

L = samples with 'lower crustal! characteristics

U = samples with fupper crustal' characteristics

K = sr/Nd (A) + Sr/Nd (B)

R= 1/

Sr/Nd

25
25

19.9
11.3
26.7
10.7

3.8
20,4

1.6

K

1.26
2.17
0.94
2,33
6.57
1.23
15.6

0.80
0,46
1,07
0.43
0.15
0.81
0,06

6Li



Choice of suitable crustal end-members is considerably

more problematical., In a qualitative sense its character can be
sinferfed - by extrapolation of isotopic trends such as in Fig. 8.2,

13y4,"*"q and relatively unradiogenic

From this a crust with low
87Sr/86Sr might be expected to account for the main trend. Further=
more, the main body of data are roughly described by a straight line
which from Eqn. 9.4 would suggest that the Sr/Nd ratio in the
primitive magma and in the contaminant were rouéhly equal, Altern-
atively, the problem can be approached iteratively by using analyses
of crustal samples collected from the basement, as in this study, or
from crustal xenoliths (e.g. Hawkesworth et al,, 1982; McCulloch

et al., 1980)., In Table 8.1 the isotopic and elemental compositions
of Jebel Marra basement samples are given. The primitive basalt end=-
member chafacteristics for each Series are deduced using several
primitive basalts, It should be noted that the end-member charactere
istics of the 0l1d Series are slightly different to the NeQ Series
primitive basalts in that they appear to have slightly lower 87Sr/ |
86

Sr ratios.
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The crustal samples may be divided into ‘lower crustal' and
‘upper crustal' samples on the basis of Fig. 8.7 which is explained

below,.

The isotopic data strongly suggests that the majority of fhe
variations in isotopic composition are the result of varying amounts
of crustal contamination, It is also appropriate to discuss the
points raised in Section 6.2 concerning the effects of crustal_cont-
amination on the extent of over-saturation. Amongst the acidic rocks
it is very noticeable that undere-saturated rocks (e.g. phonolites)
are the least contaminated, Over-saturated rocks (e.g. trachytes),
as discussed, are divided into 'contaminated! and ‘'largely uncontam=-
inated!' groups. The existence of over-saturated rocks and under-
saturated rocks indicates that the primary magmas straddled the
compositiéns in basaltic rock5‘A3h5ch»Q; to the thermal divide (see
Section 6.2) which subsequent differentiation has emphasised, Fowever,
the bias towards the contaminated rocks beiﬁg over-saturated suggests
that in all probability some of these evolved from under-saturated
parents and were able to transgress the thermal divide by addition
of SiO2 rich crust, The 'largely uncontaminated' trachytes probably
evolved from over-saturated parents as they contain little crustal
input. A similar conclusion was reached for the ocﬁanic/continental

acidic rocks from the Cameroon Line (Norry and Fitton, 1983).

Before interpreting the data further, it is necessary to be
aware of the different ways in which crust can be assimilated. This
is important as the style of contamination may not only affect isotopic
ratios, but may also affect major and trace elements. The mechanisms

of crustal contamination can be divided into four categories:e-



Fig. 8.7
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Basement samples from around Jebel Marra plotted on
a 6Nd vs 6Sr (measured today) diagram after the
chemically stratified crustal model of DePaolo and
Wasserburg (1979)., The displacement with age
assuming a constant Sm/Nd is indicated by dashed
lines. An estimate of the age of the basement
samples can be obtained by reference to these
lines, The actua& 'model age' depends on the
Sm/Nd and 143Nd/1 byd ratio of the sample (See
DePaolo and Wasserburg 1979). Upper crustal
rocks with high Rb/Sr lie to the right of the
queried line, The line separating 'lower crust!
from 'upper crust' compositions is schematically
drawn., Samples 24036 and 24138 lie well to the
right of the diagram = their co-ordinates are
given in brackets. For reference the Nd-Sr
isotopic data for the volcanics are also given,
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a) simple mixing

b) combined assimilation and fractional
crystallisation (AFC)

c) selective contamination, and

d) mixing with partial melts from the

crust.

8.4,2 Simple Mixing (Bulk Assimilation) _
Isotopic variations in 87Sr/86Sr and 1I‘GNd/‘]MNd caused by
simple mixing of crust depend on the isotopic composition and the
elemental concentration of Sr and Nd in the end-members and the
weight proportion of crust assimilated. The equation for simple
mixing curves is given in Chapter 9., A feature of the curves is that
they all trend towards, and eventually connect with, the end-member
contaminant, The isotopic data are presented in Fig. 8.7 on a GNd;GSr
diagram after DePaolo and VWasserburg (1979) (explanation of the 8 -
notation is given in Chapter 9). In the crustal evolution model of

143 1l+l+Nd

DePaolo and Wasserburg (1979), illustrated in Fig. 8.7, Nd/

is dependent largely on age such that the older the crustal rock is,

11}3 1M+Nd is. 87Sr/865r' however, is dependent on

the lower the Nd/
the Rb/Sr which, unlike Sm/Nd, tends to vary significantly between
'lower crustal' rocks, where it is typically lower, and ‘'upper
crustal'! rocks where it is typically highef. Iow Rb/Sr ratios, with
time, will generate relati;ely low 87Sr/865r ratioss This permits.
an arbitrary diagonal line to be drawn, dividing the diagram into
fupper' and 'lower crustal' rocks, Granulite facies rocks are often

regarded as being a major component of the lower crust and are

characterised as having relatively low concentrations of incompatible

184

elements, particularly Th, K and Rb, It is seen that samples 2&037, -



185

24137 and 24135 plot in the area of the diagram where lower crgstal

rocks would be expected to plot. 24135 is considered to show 'lower
crustal' features despite its position on Fig. 8.7. Crustal samples
24036, 24134, 24138 and 24139 have Nd-Sr isotopvic characteristics of
the upper crust. Furthermore, the diagram can be used to generalise

1&3Nd/1thd

about the age of the 'lower crustal' rocks which, from its
must be relatively old, Model ages taken from the diagram are of the

order of 2,5=3,5 G.yrs,.

8.443 Qualitative Assessment of Simple Mixing

The main body of data in Fig., 8.7 is consistent with simple
mixing, in varying proportions, with typical 'lower crustal' rocks.
This is indicated by the strong trend towards a contaminant of low
87Sr/86Sr and low 1h3Nd/14hNd which is characterised by lower crustal
granulite facies rocks, Similarly, some of the data, which trends
to the right of the main data array, is consistent with contamination
by typical 'upper crustal! rocks, The simple mixing model can be
evaluated further by considering major and trace element data as
well, Simple mixing on elemental plots produces straight lines
joining the two end-members. To illustrate this, elemental concen-
trations of 'upper! and 'lower crustal' rocks are used as end-members
in Figs, 8.8a-b, Therefore while simple mixing by 'lower crustal!
rocks could conceivably account for trends of elements whose concen=
tratidn.in'the crust is siﬁilar to the concentrations in acidic rocks,
such as 8102, Naao, Ba, Th, Pb, MgO, Fe203T etc., it could not account
for elements which are markedly different in the crust and the acidic
rocks, such as Nb, Y, CaO etc, This is illustrated in Figs., 8.8a-b
which shows diagrams of Nb and Y vs Sio2 in which crustal samples are

plotted along with the mixing lines to the primitive magma. The

large difference between the mixing linésand the data array is
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SIMPLE MIXING CURVES

CRUSTAL SAMPLES
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SIMPLE MIXING CURVES
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evident., The group of rocks previously described as 'largely
uncontaminated' in Fig. 8.2, which deviate from the main trend,

are consistent with contamination by 'upper crustal! rocks by

simple mixing, However, here again, although the isotopic data can

be satisfied by simole mixing it is unlikely that the major and trace
element data can be, This reasoning is based on the actual contamine
ant having a simila: elemental character to available crustal samples
used here. Despite this uncertainty, because much of the elemental
variation is explicable by fractional crystallisation and because
simple mixing could not explain trends wﬁich are substantially curved,
for example plots involving Sr, AIéOB, P205 etc., simple mixing in
isolation seems largely untenable, However, its use is still pertinent
for modelling of Nd-Sr isotope relationships particularly among the

basic rocks (see Chapter 9).

8. 4.t Combined Assimilation and Fractionation (AFC)

Bowen (1928) and more recently Taylor (1980), James (1981)
and DePaclo (1981) have pointed out that, in many instances, the
processes of assimilation and fractional crystallisation are coupled,
This is because the latent heat of assimilation is provided by the
heat of crystallisation and therefore the one is a consequence of the

other, -

The effect of fractionation enriching Sr and Nd in more

1l*sl*ki/‘”“"r‘kitismto;m

evolved liQuidé and therefore making 87Sr/868r and
ratips moré resistant to subseqﬁent contamination is well known (e.g.
Norry et al., 1980), A quantitative approach to AFC has been addressed
by Dépaéio (1981) and has hiéhlighted its importance, primﬁrilj

because departures from simple mixing trends often result. In some
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cases, this is