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The Comores Islands and Tertiary volcanic province of Northern

Madagascar form a sub-linear trend of alkalic shield volcanoes

across the northern Mozambique Channel. Potassium-argon dating of

shield building lavas confirms an eastward increase in age of vol-

canism along the chain, consistent with a hotspot origin for the

lineament. The rate of migration of the Somali Plate over the man-

tle source is approximately 5 mm/yr.

This new geochronology for the Comores Island chain is used to

model the absolute motiOn of the Somali Plate for the last 10 mil-

lion years. A systematic departure of the Somali Plate absolute

motion from the African Plate absolute motion during this period

represents a component of relative motion across the East African

Rift at the rate of .33O°/m.y., about an Euler pole located at 63.6°

5, 2.3°E. The geometry of older portions of the Comores and Reunion

trends indicates that there was no significant relative motion

between the African and Somali Plates prior to about 10 m.y. ago.

This Somali-African movement is added to the best known marine mag-

netic data from the Indian Ocean to tie the evolution of that basin
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into the .abaolute reference frame. Sequential reconstructions from

200-0 m.y. are presented.

Modeiliig the earlier tectonic evolution of the Somali Plate is

complicated by the enigmatic migration of Madagascar with respect to

Africa and the uncertain nature of the transitional crust underlying

the Mozaxnbique Channel, which may have been created by the motion of

Madagascar. The Comores Islands and northern Madagascar volcanic

suites provide information about the geochemical nature of this

portion of crust, through which they have erupted. Petrologic exami-

nation of the Coinores lavas addresses the role of volatiles and

pressure in the control of mineral phases governing the generation

and evolution of these alkaline magmas. The coordinated use of

strontium and oxygen isotopes indicates that the undersaturated

alkaline rocks of Madagascar result from the contamination of a

depleted sub-continental 11thosphere with radiogeflic continental

crust, including Jurassic geosynclinal sediments having high

B7Sr/B6Sr and high cS'80 values. The Comores lavas show no evidence

of contamination by this crustal component. Instead the Comores

lavas trend toward a high °'Sr/86Sr and low 5&80 component charac-

teristic of an primitive mantle source.
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AGE PROGRESSIVE VOLCANISM IN THE COMORES ARCHIPELAGO

AND NORTHERN MADAGASCAR

CHAPTER 1

INTRODUCTION

PLATE TECTONICS IN THE INDIAN OCEAN

Beyond the immediately apparent connection between sea floor

spreading and the redistribution of continental masses through time,

there are many changes to the physical world that can be better

understood within a firm framework of plate tectonic processes.

Development of a massive mountain range, such as the Himalaya,

resulted from India's collision with the Eurasian continent on its

northward flight from Gondwanaland. Besides the structural interest

in the growth of such mountains, their clear impact on the climatic

patterns in the Indian Ocean and surrounding regions concerns

atmospheric and earth scientists alike. The redistribution of land

masses relative to high-evaporation zones in the tropics led to the

development of the monsoon system that dominates the climate of

Eurasia and the Indian Ocean region (Whitmarsh, 1977). Similarly,

the redistribution of land masses and the growth of bathymetric

features, such as spreading ridges and aseismic ridges, are

correlated with the onset of major circulation patterns. For

example, the Antarctic Circuinpolar Current, the primary feature of

southern ocean circulation today, began in Miocene time when the

opening of the Drake Passage permitted uninterupted flow around

Antarctica (Barker and Burrell, 1977). The opening of the Amirante

Passage in the western Indian Ocean provided a path for the Deep
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Western Boundary Current, important to the circulation of the entire

Indian Ocean (Johnson et al., 1982). Such structural control of

bottom water circulation thus influences the distribution of

nutrients in the world oceans and resulting distribution of biogenic

masses. General patterns of sedimentation, both from changing

biogenic component and terrigenous input, may then be understood in

the context of time dependent distribution of continental masses.

Thus, accurate knowledge of plate reconstructions,. with attention to

the details of the nature and time of origin of aseismic ridges, is

important to the biologist, the sedimentologist, the physical and

chemical oceanographer, the paleontologist, and to the continental

and marine geologist.

The connection between plate motions and biogeography has

long been recognized. Analogous to Darwin's classical Galapagos

fauna, the flora and fauna of Madagascar are unique, owing to the

long isolation of this microcontirient (Collinvaux, 19711). The

physical barriers to the radiation of species are created and

destroyed by the processes that move the plates at the surface of

the earth.

Within the Indian Ocean and bordering regions (Fig. 1.1)

there is ample opportunity to study every aspect of plate tectonics

and its effect on the natural world. From the incipient continental

rift in East Africa, through the embryonic oceans basins of the Red

Sea and Gulf of Aden, to the broad bifurcating Indian Ridge System,

a multitude of boundaries produce new crust, move the plates,

perhaps ultimately to be consumed by subduction in the Java trench.

Convergent zones exist in every stage of development in the Indian
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Figure 1.1 Physiographic map of the Indian Ocean Bathymetric

contours are 1000, 3000 and 10OO m (after Schlich, 1975 and

Udintsev, 1975).



Ocean, from the apparently aborted incipient arc of the Amirante

Bank, to the above mentioned Java trench, to the Himalaya, which

marks the complex boundary of colliding continents. Deformation

within the Indian Plate, signalled by high heat flow and seismicity

(Geller et al., 1983) and by strong regional gravity anomalies to

the southeast of India (Kahle et al., 1981), may be the harbinger of

a newly developing convergent margin. The phenomenon of hotspot

volcanism is also abundantly represented in this ocean basin. There

is a greater density of aseismic ridges in the Indian Ocean than in

any other basin in the world.

Interpretation of many of the important changes in oceanic

circulation patterns, biogeographic trends dependent on land

connections, or changes in sedimentation in passive margin

environments of great interest to the oil industry, for example,

hinge on the accurate modelling of rif ted margins and young ocean

basins. It is precisely this rifting stage of the "Wilson cycle"

that most taxes the applicability of the assumption of plate

rigidity which is the cornerstone of the plate tectonic paradigm.

The assumption of rigidity enables us to extrapolate relative

rotation parameters derived from fracture zone and marine magnetic

anomaly data back to the continental margins of concern in our

reconstructions. However, many uncertainties exist, of which the

most fundamental is this: the assumption of rigid plate boundaries,

which is successful when modelling motions across divergent

boundaries of the thin oceanic crust, has been often brought to

question where complex intracontinental boundaries are concerned

(Minster and Jordan, 1978; Weissel et al., 1977). In addition, it



5

is not a simple task to define the transition from continental to

oceanic lithosphere. As discussed by LePichon et al.(1973), the

transition may be more or less abrupt upon rifting, though

introduction of basaltic magmas over a broad zone of dikes and the

possibility of "hot creep" at depth may smear the geophysical

signals (seismic, gravity and magnetic) used to define the

transition. Rifting causes thinning of the continental lithosphere

by both mechanical and thermal means. Normal faulting in an

extensional environment causes mechanical attenuation of the crust

(Morton and Black, 1976), which is at the same time experiencing

thermal attenuation as the high thermal gradient caused by a thermal

anomaly in the mantle coaxes the asthenosphere boundary upward at

the expense of the lithosphere (Meng and Morgan, 1982). The

transition may also be mechanically obscurred because the earliest

oceanic crust formed adjacent to the cold continental lithosphere is

likely to be thicker than normal oceanic crust (Roots et al., 1979).

The equilibrium state of typical, thin oceanic lithosphere may only

be established and !O m.y. after the original rifting episode (Roots

et al., 1979), which is approximately the time required to establish

crust with typically oceanic chemical composition (Bryan et al.,

1977). Thus, when a section of lithosphere is termed transitional,

as are most passive continental shelf-slope regions and the whole of

the Mozambique Channel, the transition may be a chemical one, or a

physical and mechanical one. How do we determine the location of

the boundaries that we seek to match in our pre-drift

reconstructions of the continents. Is it possible that the

transition zone contains continental material, as has often been



proposed for the Mozambique Channel, f or which we must leave room in

our reconstructions. An extensive discourse on the structure of

passive margins is beyond the scope of this study and may be found

elsewhere (LePichon and Sibuet, 1981; Roots et al., 1979).

Limitations of Relative Motion Modelling

However, we may seize an opportunity to explore certain

aspects of plate reconstruction using the avenue provided by the

aseismic linear volcanism of the Comores Archipelago and northern

Madagascar. There is particular benefit in determining the absolute

motion of a plate in regions and circumstances where the relative

motions are obscure, as in intracontinental boundaries (e.g. East

African Rift), or where potential boundaries are hidden from

observation (e.g. by glacial ice in Antarctica).

Until recently much of the early history of the Indian Ocean

was unknown because Mesozoic magnetic anomalies had not been

identified. With M-series anomalies documented in the Mozambique

and Somali basins (Simpson et al., 1979; Rabinowitz et al., 1983),

and off western Australia (Johnson et al., 1980), there is better

understanding of the earliest rifting of Gondwanaland for the period

covering the sequence from anomaly M25 (160 m.y.) to MO (118

m.y.)(using the time scale of Cox, 1982). However, the long period

of stable magnetic field, from 115 m.y. to 83 m.y. (anomaly 314),

known as the Cretaceous Normal or Cretaceous Quiet Zone, presents a

serious limitation to the usefulness of relative motion models.

During this period major reorientations in spreading directions

occurred in the Indian Ocean (Norton and Sciater, 1979), but were
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not recorded because no magnetic reversals occurred. It is possible

that the absolute reference frame may eventually provide a way to

more accurately describe motions during this period.

It is difficult to model relative motions in regions of'

convergence, such as the Indo-Eurasian collision zone, the Java

Trench, the Amirante Arc, and possibly the deformational zone lying

between the Chagos-Laccadive and Nirietyeast Ridges. It is not known

how much deformation is associated with the last two features, but

it is possible that a better understanding of the absolute reference

frame in the Indian Ocean may yield that information. However, it

must also be recognized that the existence of regions of intraplate

deformation, as described for the region southeast of India, may

make it impossible to discriminate between deviations from predicted

absolute motions that are due to small amounts of inter-hotspot

migration, and those due to the deformation within a plate.

Paleoposition of Madagascar

One of the most persistent uncertainties in reconstructions

of Gondwanaland and in modelling the plate tectonic evolution of the

western Indian Ocean is the enigmatic position of Madagascar with

respect to Africa through time. Three mutually exclusive hypotheses

have been advanced regarding the paleoposition of Madagascar:

1) Madagascar occupied a northerly position adjacent to

Kenya (Smith and Hallam, 1970), from which it migrated southward

during the Cretaceous (Embleton and McElhinny, 1975), with some

motion possibly continuing up to the present (Heirtzler and

Burroughs, 1971);



2) Madagascar occupied a southerly position adjacent to

Mozambique (Flores, 1970), migrating to its present position during

the Cretaceous (Barron et al., 1978), or continuing through the

Tertiary (Green, 1972); or

3) Madagascar has always been relatively stationary with

respect to Africa (Dixey, 1960; Flower and Strong, 1969; Darracott,

19714).

Barron et al. (1978) have included a good review of the

controversy in their discussion of the reconstruction of the

southern continents.

The nature of the crust that underlies the Mozambique

Channel between Madagascar and East Africa is central to the problem

of Madagascarts paleoposition. The first and second hypotheses

require that the crust be oceanic, at least in part; the third

implies that the Channel is a purely geosynclinal feature underlain

by continental crust. The lithosphere underlying the Mozambique

Channel is usually described as transitional or anomalous

lithosphere which is neither typically oceanic nor typically

continental (Flower and Strong, 1969; Darracotte, 19714). The

results of several geophysical studies suggest that the crust under

the channel may be different from the oceanic crust which lies

outside the channel boundaries, at 12°S and 214°S. Gravity studies

of this shoal between Madagascar and Africa indicate that the crust

is isostatically compensated at a depth of 2 to 3 km, in contrast to

the 5 to 6 km depth of normal ocean floor (Taiwan!, 1962). The

magnetic signal changes abruptly at the boundaries, being higher in

frequency and lower in amplitude than in the neighboring oceanic



regions (Lort et al., 1979). Seismic reflection studies encountered

at least 5 km of sediment, whereas typical abyssal oceanic crust has

less than 4 km of sediment. The basement reflector was identified

as weathered basalt or sedimentary rock of at least Jurassic age

(Lort et al., 1979). Correlating the reflector with Karroo Series

sedimentary facies, which occur as westward-dipping strata in

western Madagascar, Lort et al. (1979) concluded that the

crystalline basement which underlies them in Madagascar must

underlie them in the Mozambique Channel as well. However, equally

compatible with the seismic data is the possibility that the

reflector is weathered basalt of Jurassic age, or, if it is

sedimentary rock, that it overlies oceanic basalt. The very thick

sediments observed might explain the anomalous gravity and magnetic

data, as well as anomalously low heat flow measured in the Channel.

The proposition that Madagascar once occupied a more

northerly location adjacent to Kenya was originally based on the

comparative geology of Madagascar and East Africa (duToit, 1937;

Smith and Hallain, 1970). Paleomagnetic data from Madagascar have

been cited in support of a northerly paleoposition (Embleton and

McElhinny, 1975). However, Barron et al. (1978) contended that the

paleomagnetic evidence is not unequivocal. Heirtzler and Burroughs

(1971) interpreted the mildly seismic Davie Ridge as a strike-slip

fault along which Madagascar is presently moving southward at a rate

of 2.9 cm/yr. This rate was derived by assuming that the southward

migration began no earlier than 42 to 65 m.y. B.P. This assumption

has been proven untenable by the results of DSDP drilling in the

Somali Basin where pelagic sedimentary sequences continuing back 90
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m.y. were encountered. The conclusion drawn was that Madagascar

could not have occupied a position in the Somali Basin adjacent to

Kenya (Schlich et al., 19714), although the evidence does not

preclude such a situation prior to 90 rn.y. B.P More recently, the

discovery of M-series magnetic anomalies in the western Somali Basin

has lent concrete support to the northern paleoposition hypothesis

(Rabinowitz et aL, 1983).

The southern derivation of Madagascar was originally

suggested on the basis of the fit of the coastlines of Madagascar

and Mozambique (Wegerier, 1929) , and supported by the comparative

geology of deep bore-holes (Flores, 1970) and the orientation of

major faults and metamorphic trends on respective continental

margins (Burke and Whitman, 1973). Barron et al. (1978) favored

such a paleoposition for Madagascar because it resulted in a looser

fit of Antarctica onto Africa and South America arid eliminated the

overlap of the Western Antarctic Peninsula and the Falkiand

Plateau.

The third alternative is that Madagascar has remained in its

present position relative to Africa. Dixey (1960) proposed that the

Mozambique Channel is a purely geosynclinal feature, resulting from

the subsidence of the crust under the weight of great thicknesses of

sediments, the existence of which is confirmed by seismic reflection

studies discussed above. The conclusion that the Mozambique Channel

was formed by subsidence and thinning of the continental lithosphere

between Madagascar and Africa was apparently supported by the

discovery of sandstone and quartzite inclusions in lavas from the

Comores Islands (Flower and Strong, 1969), including an inclusion of
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arkosic sandstone 250 m in diameter which was found in northern

Anjouari (Esson et al., 1970). Wright and MeCurry (1970) point out,

however, that the sandstone inclusions are not unequivocal evidence

that the crust underlying the Mozambique Channel is non-oceanic, as

stated by Flower and Strong. They prove only that the Comores lavas

were erupted through sediment or sedimentary rock, with no real

implication f or the presence or absence of oceanic basalt.

The earliest speculation of continental crust underlying the

Channel was made by Lacroix (191 6), who reported clasts of

metamorphic and igneous rocks included in tuff cones on Anjouan and

Mayotte. He described orthogneiss inclusions from tuff s near

Mutsarnudu, Anjouan, similar to those commonly found in Madagascar.

He also reported amphibole granite, quartz monsonite, anorthosite,

olivine gabbro and serpentinized peridotite nodules in the same

area. On the islet of Pamanzi off the east coast of Mayotte, he

reported quartz monzonite inclusions in tuffs near Dzaoudzi. From

these he inferred that the islands were underlain by crystalline

basement comparable to if not contiguous with, Madagascar. De Saint

Ours (1960) was not able to find on Anjouan rocks analogous to those

described by Lacroix, but found gabbroic and syeriitic xenoliths

which are the intrusive equivalents of the alkalic volcanic rocks

found on the island (Ludden, 1977). During the field portion of

this study xenoliths of the type reported by Lacroix could not be

found at Mayotte. Samples of two exotic blocks (MA-2, MA-3) taken

from the east rim of Dziani Dzaha tuff cone on Pamanzi are alkali

olivine basalts containg titanaugite and olivine phenocrysts in a

basaltic matrix of plagioclase, titanaugite and opaque minerals; a
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third block (MA-11) is composed of kaersutitic mugearite-benmoreite.

All have compositions equivalent to the alkali divine basalt

sequence found on the main island of Mayotte.

Other xenoliths in Comores lavas include a broad suite of

igneous origin: syenites and gabbros, mentioned above; dunites and

wehrlites, which are cumulates related to the fractionation of the

basaltic magmas in subcrustal magma chambers; and lherzolites,

interpreted as mantle material which is residual after the

extraction of basaltic melt from spinel or garnet peridotite

(Ludden, 1977).

Although the discovery of magnetic anomalies in the Somali

Basin confirms the validity of the northern paleoposition of

Madagascar, it does not eliminate all uncertainties of the nature of

transitional crust formed during rifting events, nor the possibility

that the xenoliths that continue to be reported in the literature

may be evidence that remnants of continental lithosphere have been

mired in the process. The possible presence of such remnants would

need to be taken into account in any reconstructions of the fit of

Madagascar to Africa (Montaggione and Nougier, 1981), as they would

require a looser fit of the continents. One should note, however,

that deformation during rifting almost certainly occurs, so that

some overlap of present continental margins is acceptible, and in

fact, inevitable, in plate tectonic reconstructions (Vink, 1982).

If indeed the Comores magmas have encountered continental

crust during their ascent they may be expected to show signs of

contamination or assimilation of Precambrian granitic and gneissic

material characteristic of the continental basement of Madagascar.



13

In northern Madagascar, along the volcanic extension of the Comores

trend, alkalic volcanism has clearly been erupted through an old

continental platform. This volcanic province provides the

opportunity to observe the geochemical effects of continental

basement on young alkali basalts and their differentiates.

Comparison with the geochemical composition of the Comores lavas

will allow characterization linear volcanism in a transitional

tectonic environment.

OBJECTIVES

The specific objectives of this study are, first of all, to

establish a reliable chronology for the Comores and northern

Madagascar to test the hotspot model for this lineament. The new

chronology will be used to model the absolute motion of the Somali

plate and, by addition to African absolute motions, determine the

timing and extent of separation across the East African Rift. This

problem will be addressed in Chapter 2.

Secondly, if the temporal relationship between the Comores

and Madagascar volcanic provinces is compatible with a hotspot

origin, the petrology and geochemistry of these suites will be

examined to determine if they are genetically related (Chapter 3)

Particularly useful in this regard are the systematics of strontium

and oxygen isotopes. The combined use of these isotopic tracers

allow characterization of the mantle source from which the magmas

issue. These lavas can then be viewed in the context of the

numerous models f or intraplate volcanism. These isotopes are also
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sensitive indicators of crustal contamination and can therefore be

used to test the chemical character of the crust underlying the

Mozambique Channel. This will afford the opportunity to observe the

effects of eruption of mantle-derived magmas through changing

lithosphere in a transitional environment. These problems will be

addressed in Chapter $.

Finally, the new chronology presented in Chapter 2 will be

used to tie the Indian Ocean relative motions into the hotspot

reference frame in Chapter 5, which will be a brief description of

the evolution of the Indian Ocean and its prominent aseismic ridges.

Chapter 6 will highlight the major conclusions of this

investigation.
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CHAPTER 2

GEOLOGY and GEOCHRONOLOGY

IMPLICATIONS FOR SOMALI PLATE TECTONICS

INTRODUCT ION

Intraplate volcanic linearnents, or hotspot tracks, provide a

valuable frame of reference for plate tectonic modeling. If

sub-lithospheric magma sources (hotspots) remain stationary in the

mantle over geologically significant lengths of time, then these

lineaments track the rate and direction of lithospheric plate motion

with respect to the mantle. This motion has been designated

"absolute" motion to distinguish it from plate-plate relative

motions (Minster and Jordan, 1978). The azimuth and age

distribution of volcanism along chains of islands and seamounts

emanating from these sub-lithospheric melting anomalies directly

determines past plate positions.

In order to use hotspots to model absolute plate motions, it

is necessary to demonstrate that hotspots remain fixed with respect

to one another. This depends on accurate knowledge of the geometry

and chronology of worldwide sets of oceanic island chains and

aseismic ridges. Estimates of inter-hotspot motion have varied from

15 mm/yr to negligible motion, depending on the geographical

location examined and the period of time considered (Minster and

Jordan, 1978; Burke et al., 1973; Molnar and Atwater, 1973; Molnar

and Francheteau, 1975). With improvements in knowledge of the

history of relative motions between plates and increased radiometric

age determinations from critical volcanic lineaments, recent studies
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of the hotspot framework find less than 5 mm/yr of inter-hotspot

motion over the past 100 m.y. (Morgan, 1981; Duncan, 1981). Since

this is an order of magnitude less than lithospheric plate

velocities, hotspots can be a useful reference frame.

The volcanic lineaments seen in the western Indian Ocean,

however, have not yet been reconciled with the global pattern of

hotspot tracks. Specifically, the trends of volcanoes trailing from

hotspots near Grande Comore and Reunion (Fig.2.1) diverge

significantly from those expected from examination of African plate

motion with respect to hotspots in the Atlantic (Duncan, 1981).

Relative motion between the Somali plate, which overlies the western

Indian Ocean hotspots, and the African plate could account for the

differences.

K-Ar age determinations from the four volcanic islands in

the Comores Archipelago and from late Tertiary central volcanoes in

northern Madagascar are presented here to show that volcanism along

this lineament is age progressive and can be attributed to hotspot

activity during the past 10 m.y. Earlier difficulties in explaining

these trends as hotspot features may disappear when plate separation

across the East African Rift is taken into account. We propose that

the earliest manifestation of the Grande Comore hotspot is to be

found on the Seychelles Plateau, and that hotspot activity records

the entire Tertiary history of the western Indian Ocean.
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Figure 2.1 The Comores and Reunion hotspot tracks. The Comores

Islands are the youngest expression of hotspot activity that may

earlier have produced volcanism in northern Madagascar, the Farquhar

and Amirante Islands (now coral atolls), and Tertiary basalt and

syenite outcrops in the Seychelles Islands. This volcanic lineament

is subparallel to the ReunionMauritius-Mascarene Plateau trend.

Seamount volcanism to the west of Reunion may mark the present

hotspot position. Bathymetry is indicated in 1000 and 3000 meter

contours (Udintsev, 1975).
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LINEAR VOLCANISM FROM THE COMORES ISLANDS

TO NORTHERN MADAGASCAR

The Comores Archipelago consists of four principal volcanic

islands which lie across the northern entrance of the Mozambique

Channel. The islands form a roughly linear chain 250 km in length,

trending ESE from 11°3OS, 1133O'E to 13°S, 5°15'E (Fig.2.1).

Extending from the eastern end of the Comores chain is a rather

striking curvilinear trend of volcanic islands and atolls which

intersects the northern tip of Madagascar, where it continues in

numerous alkaline volcanic and subvolcanic bodies (Lacroix, 1923).

To the north, atolls built on volcanic foundations (Wiseman, 1936)

seem to extend this geometrically continuous trend. The lineament

possibly terminates at the Seychelles Plateau, where Tertiary dikes

pierce the granitic Precambrian continental remnant at Mahe, Praslin

and Silhouette Island (Baker and Miller, 1963).

The Comores Islands exhibit the classical geomorphological

progression of oceanic island chains first described by Darwin

(18)42): from the still active volcanism at Grande Cornore on the

western end of the line, through the more mature, dissected cones of

Moheli and Anjouan, to the highly eroded island of Mayotte (De Saint

Ours, 1960). This age progression has been supported in a general

way by a small number of K-Ar dates f or Grande Comore (0.01 ± 0.01

m.y.), Anjouan (1.52 ± 0.10 m.yj, and Mayotte (3.65 ± 0.10 rn.y.)

(Hajash and Armstrong, 1972).

The distinct sublinear geometry of the Comores trend, and

the eastward increase in age suggested to Morgan (1972) that the
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chain represents a hotspot trace produced as the Somali plate, on

which it rides, moved over a mantle magma source. This is

corroborated by the geochemical and petrologic characteristics of

the Comores lavas (Strong, 1972a, 1972b; Flower, 1973; Esson et al.,

1970; Nougier et al., 1979) which are similar the the alkali olivine

basalts and associated lavas of other proposed hotspot traces. The

Comores lavas are primarily silica undersaturated alkali olivirie

basalts and their derivatives, rich in the incompatible elements.

To the east, the alkaline rocks in northern Madagascar have

petrologic affinities to the Comores lavas (Lacroix, 1916), and

exhibit a greater range in composition. The chemistry and petrology

of the Comores and Madagascar volcanic rocks will be discussed in

Chapters 3 and I.

Upton (1980) has suggested an alternative to the hotspot

model for the Comores Archipelago, proposing that it represents a

very slowly spreading ridge. He cites as an analogue the tholeiite

and alkali olivine basalt islands at the southern end of the Red

Sea. Several lines of evidence oppose this concept. First, the

Comores volcanism is not accompanied by any significant zone of

seismicity or young magnetic anomalies, and thus is not likely to

represent a divergent plate boundary. Second, the rocks exposed in

the Comores Islands are entirely alkaline rather than the tholeiites

typical of spreading centers. Third, one would expect to see

simultaneous volcanism along a spreading axis rather than a regular

age progression of the magnitude seen in the Comores. Speculation

of an age progression within the Red Sea islands was based on the

relative sizes of the volcanoes, the larger ones in the south being
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considered the oldest and the smaller ones in the north the

youngest. No radiometric age data substantiate this inference and

Gass et al.(1973) state that all the islands appear to be equally

young. Such a relationship between size and age is not evident in

most prominent island chains for which radiometric age data are

available.

Another possible origin for the Comores Islands is by

volcanic activity along a "leaky" transform fault, although we know

of no other such fault producing oceanic islands. In fact, known

transform faults in the vicinity, such as the reactivated Davie

Fracture Zone (Scrutton, 1978, and Fig. 2.6), are oblique to the

Comores trend. Again, a plate boundary is not indicated

seismically.

GENERAL GEOLOGY

The earliest geological and petrological studies of the

Comores Islands were reported in a series of papers by Lacroix

(1916, 1923) who noted their alkaline character and their petrologic

similarity to the alkaline massifs in northern Madagascar.

Additional analyses of the alkaline suite of northern Madagascar

were provided by Besairie (1965, 1960). Although de Saint Ours

(1960) outlined the general stratigraphic relationships of the

Comores Islands, his interest was in the geomorphology rather than

petrology of the erupted lavas. The first systematic studies of

petrologic aspects of Grande Comore, t4oheli, and Anjouan were made

by Strong (1971, 1972) and Flower (1972, 1973). A reconnaissance

$tudy by Nougier et al. (1979) described the evolution of Mayotte
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and distribution of rock types there, but provided no additional

chemical analyses.

Grande Comore

At the western extent of the Comores Archipelago is Grande

Comore, the largest and youngest of these islands (Fig. 2.2).

Grande Comore consists of two coalescing volcanic shields, Massif de

La Grille in the north and Karthala in the south. The island has an

elongate form with the longest aspect (65 km) stretching

north-south, and a maximum width of 30 km across the Karthala

shield, which achieves an elevation of 2361 meters.

The geomorphologic youth of Grande Comore is evident in the

simple convex constructional slopes of the shields. Erosion has

been minimal so that neither soil horizons nor surface water

drainage systems have developed. Both of these factors have long

been a problem for the inhabitants of Grande Comore. Numerous

historic flows have occurred on both La Grille, which has been

silent for the last century, and }(arthala, which last issued lava

from its southwestern flank for five days in April of 1977. This

recent eruption sent a plume of black steam and ash 1000 meters into

the air, which was followed by a 200 m lava fountain and a

fissure-erupted lava flow which eventually destroyed 300 dwellings

in the villages of Singani and Hetsa (Krafft, 1982) on its path to

the sea.

Strong (1972) emphasized the differences between the two

volcanic centers of La Grille and Karthala, both in form and

chemical composition. La Grille has been constructed of basanitic
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Figure 2.2 Sample location maps: Comores Islands arid northern

Madagascar volcanic rocks. Dated samples are labelled as in Table

2.1. Simplified stratigraphy is shown for A. Grande Comore (de Saint

Ours, 1960), B. Moheli (Strong, 1972), C. Anjouan (Flower, 1973),

and D. Mayotte (de Saint Ours, 1960; Nougier et al., 1979).
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lavas which are strongly nepheline normative (average 11.5% Ne) and

contain numerous ultramafic inclusions, sandstone and coral clasts.

Very rapid rise of these lavas would account for the small degree

of low pressure fractionation, in which olivine is the only

controlling phase, and would have caused entrainment of the

ultramafic inclusions. Owing probably to fairly high temperatures

at eruption, these lavas form a very gently sloping shield (7_100

slopes), with no sign of a central caldera. More than one Fundred

pyroclastic cones punctuate fissures which fan out northwest to

northeast from the geometric center of the shield.

Karthala, on the other hand, has been built of alkali

basalts (average 3.7% Ne) that rose more gradually than the La

Grille lavas, inferred from the lack of inclusions and the greater

degree of fractionation attained by these lavas (Strong, 1972).

Cooler temperatures of eruption and, hence, more viscous lavas are

inferred from the steeper slopes of Karthala, which average 18°.

Karthala is a mature central volcano with large nested summit

caldera. Numerous radial fissures have given rise to flank

eruptions of lava and pyroclastic material.

There is a prominent wave-cut bench at 25 m elevation around

the island, which Esson et al. (1970) attribute to erosion during a

former period of high sea level. This feature is, however, not

apparent on the other three islands.

M oh eli

Moheli lies I0 kin south-southeast of Grande Cornore. It is

the smallest of the islands, measuring 30 km by 20 km, elongated in
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a northwest orientation. The maximum elevation of 790 m is achieved

in the rugged western region of the island, which contrasts with the

relatively low-lying eastern plateau (Esson et al., 1970).

Because the original shield structure has been obscured by

vigorous erosion which has cut deep valleys in the slopes and

embayments of the coastline, it seems likely that the subaerial

exposure of Moheli represents only a portion of the originally large

central shield volcano (Strong, 1972b). This rugged, heavily

forested island is entirely surrounded by fringing reefs, clear

evidence that Moheli is morphologically more mature than Grande

Cornore (de Saint Ours, 1960). Following an interval of extensive

erosion of the shield, lava flows filled deep river valleys. Along

with the shield lavas, these flows belong to a stage of development

which Strong termed Older Phase. Renewed erosion led to removal of

much of the subaerial shield lavas leaving the resistant valley-fill

flows as a series of radial spurs which today form the small islets

of f the southern coast of Moheli. A post-erosional Intermediate

Phase of volcanic activity covered virtually all of the remaining

shield in western Moheli, concentrating lavas along fissures

trending N66°W. Very fresh lavas on the north and west coasts,

along with numerous pyroclastic cones, constitute the Younger Phase

of activity on Moheli (Strong, 1972b).

Strong defined two separate lines of petrologic variation.

One is a high-pressure trend from alkali basalt through basanite to

melanephelinite, probably formed by decreasing degrees of partial

melting of upper mantle material. Superimposed on this original

variability are low pressure trends controlled by the fractionation
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of olivine and augite, joined in the late stages by feldspar

fractionation. Basanite trends toward nepheline hawaiite and

nepheline trachyte, whereas the melanephelinite series progresses

through nepheliriite and trachyte to phoriolite. The intrusive

equivalents of most of these volcanic rocks are exposed at various

sites where erosion has cut deeply into the flanks of the volcano.

Anjouan

Anjouan, 50 km ENE of Moheli, is a rugged, mountainous

island with a deeply embayed coastline and nearly triangular form.

At the center of the triangle is the peak of N'Tingui (1595 m) which

represents the dissected remains of the original shield (Esson et

al., 1970). Flower (1972) speculated that the actual volcanic

center may have been located over the present location of the Cirque

de Bambao, the large amphitheater eroded into the northern edge of

the island. However, the island's three peninsulas, created by

fissure eruptions, form lines which converge away from the Cirque de

Bambao, which would be unlikely if the Cirque were once the focus of

volcanic activity. It is possible that the orientation of these

peninsulas is controlled by regional fractures trending N60°W and

N8°W (Esson et al.,1970). Fringing reefs encircle Anjouan, and

barrier reefs are beginning to form around the western promontory of

Sima peninsula.

During the shield building phase at Anjouan transitional

basalts ranging from slightly hypersthene normative to slightly

nepheline normative were erupted in great volumes. Following a

period of severe erosion a phase of fissure eruptions gave rise to
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alkali olivine basalts, basanites and hawaiites. Flower (1973)

attributes these trends to decreasing degrees of partial melting at

increasingly greater depths as Anjouan moved off the melting

anomaly. The late rejuvenescent phase of volcanism produced a range

of lavas from basanites and mugearites through nepheline benmorites

to peralkaline phonolites. These compositions resulted from extreme

fractionation of olivine and augite, primarily, joined by feldspar,

apatite, Fe-Ti oxides and amphibole in the late stages.

Abundant inclusions have been recovered from lavas of

Anjouan, including ultramafic nodules which Ludden (1977) has

interpreted as cumulate phases resulting from high pressure

fractionation. In addition, inclusions of sandstone and lithic

fragments occur in lavas of Anjouan, as they do in Grande Comore. A

spectacular slab of arkosic sandstone, measuring 250 square meters,

outcrops in northern Anjouari (Esson et al., 1970). The significance

of these inclusions is discussed in Chapter 1.

May ot te

On the eastern end of the Comores chain lies Mayotte, the

most mature of the islands. Extensive erosion has led to relatively

subdued topography, a highly irregular coastline and pervasive

lateritization of the soil. Three prominent features provide the

limited relief of the island: M'Sapere, a volcanic center in the

northeast which is built of basanitic lavas and tuffs; the Benara

ridge in the center (maximum elevation 660 m); and Chongui in the

south, a steep spire from which five ridges fan out like spokes to

the south. Associated with each of these topographic features are
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limited exposures of white phonolitic lavas, which stand out in

sharp contrast to the deep red soil of Mayotte. One such deposit

near the precipitous Chongui is called Talamalande, or, literally,

Food of the Gods, so named because of the native custom of

presenting some of this white earth during "spirit possessions" so

that the visiting gods won't go hungry during their stay.

Grande Terre, as the main island of Mayotte is known to its

inhabitants, is surrounded by "the finest barrier reef in all of the

Indian Ocean" (Gujicher, 1965). Sitting astride this reef are

several small islets. The largest is Pamanzi, on the northeast

border. The discovery of radial river valleys etched in the floor

of Mayotte Lagoon to the west provided evidence that the western

portion of the island has subsided relative to sea level (Guilcher,

1965). In fact, continued subsidence along the lagoon coastline has

led to progressive inundation of coastal villages, which were in the

process of being relocated at the time the field work was being

conducted for this study (J. Breslar, pers. comm.). Upton (1980)

refers to the inundated lagoon as an indication of a relative rise

of sea-level. Taken in context with the wave cut bench at Grande

Comore, which Upton relates to a drop in sea level, it is clear that

these vertical adjustments are indeed relative: Grande Comore must

be rising as it moves onto the crest of the swell produced by the

melting anomaly, and Mayotte is subsiding as it moves away from the

hotspot. The western portion of the island may also have adjusted

vertically by faulting across linearnents trending N11°W (Nougier et

al., 1979), inferred from submarine topography and reef margins

(Esson et al., 1970). The only fault which has been located by
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and has a scarp which faces the main island (Guilcher, 1965). This

suggests that the formation of the western lagoon, at least, has

been enhanced by faulting.

Nougier et al. (1979) believe that the primitive volcanic

shield of Mayotte covered four to five times its present subaerial

extent. On the basis of converging lines of fissures and ancient

radial valleys, and by projecting the 0 slopes of presumed shield

lavas, those authors conclude that the geometric center of the

original Mayotte shield was located at 145°E, 12°48'3O''S, which is

10 km west of the present coastline, astride the barrier reef. If

this point were the geometric center, it is implied that the

subaerial portion of the shield once extended some 30 km west of the

present location of the reef. However, the bathymetry falls off to

depths greater than 2000m within 15 km of the reef. Thus, although

the bathymetry of this volcanic edifice suggest a somewhat larger

original shield than is exposed today, it is clear that the

foundation for an island of the size proposed by Nougier et al. does

not exist.

Nougier et al. (1979) describe four distinct phases of

volcanism in the eruptive history of Mayotte. The original shield

building phase is represented today by limited exposures of alkali

olivine basalt flows and dike swarms outcropping in the northwestern

part of the island. Radical denudation of the shield was followed

by an outpouring of derivative lavas during the post-erosional

phase. Volcanism in the norh was dominated by the massif of

M'Sapere. In other regions fissure eruptions issued lavas which
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filled existing river valleys. As erosion continued to strip the

shield, these flows were left as the resistant ridges of Benara and

Chongul mentioned above. A late rejuvenescent stage produced small

volumes of very viscous benmoreitic and phonolitic lavas. Several

thousand years ago a final spurt of explosive volcanic activity

produced tuff cones and maars in northeastern Mayotte (Nougier et

al., 1979). Cross bedded tuff deposits signal the presence of base

surge deposits in this region as well. This last phase of volcanism

culminated in the eruption of basaltic flows and hyaloclastites

which built the islet of Pamanzi astride the barrier reef.

Northern Madagascar

The Tertiary alkaline massifs of northern Madagascar

intruded or were erupted through westward dipping marine sedimentary

rocks of Triassic to Cretaceous age. At the northern tip of the

island Tertiary sedimentary rocks are also exposed. The sedimentary

strata overlie Precambrian crystalline basement which ranges from

the 2ii b.y. old Graphite System to 550 m.y. old granites,

charnokites and migmatites (Besairie, 1960).

The expression of volcanism in northern Madagascar is more

complex than in the Comores in that it covers a broader area,

continued for a longer period of time and has a wider range of

chemical and petrologic characteristics.

Nosy Kornba is a small island, 4 by 5 km, a few kilometers

offshore of the peninsula of Ampasindava. The igneous rocks are

exposed in the center of the island and are composed of older

amphibole gabbros and younger nepheline syenites and small volumes
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of phonolite. These predominantly intrusive rocks invaded Triassic

schists and Eocene calcarenites and sandstones which are exposed

around the margin of the island. At the boundaries between the

igneous and sedimentary rocks moderate contact metamorphism has

produced hybrid transitional rocks, described by Besairie (1960).

Immediately to the north is Nosy Be, an island of irregular

outline measuring 17 by 23 km. The oldest igneous rocks on Nosy Be

are granites and quartz syenites exposed in outlying regions, and

their extrusive equivalent, rhyolite, which makes up the islet of

Sakatia off the northwest shore. Younger basalts and basanites

constitute the bulk of the igneous bodies exposed on Nosy Be. Two

phases of basaltic volcanism have been distinguished: a quiet phase

of Hawaiian type eruptions followed by explosive Strombolian

eruptions which produced a multitude of cinder cones and crater

lakes. The igneous rocks invaded sedimentary strata very similar to

those described for Nosy Komba. In addition, recent sand dune

formation on the western side of the island has modified its

morphology.

Nosy Mitsou is a v-shaped island which lies 1W km northeast

of Nosy Be. It is roughly 12 km along its longest side. The

volcanism here has been described as transitional between that of

Nosy Be and the massifs of Montangne d'Ambre onshore to the

northeast (Besairie, 1965). The oldest igneous rocks exposed are

quartz syenites, followed stratigraphically by phonolites, basalts,

basanitoides and tuff S. The most recent rocks are trachytes which

form the tips of the v. There are no outcrops of sedimentary rocks

on Nosy Mitsou. However, it can be inferred that the igneous
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sequence here was erupted through fossiliferous Eocene sediments,

clasts of which are found as inclusions in the tuffs.

Onshore is Montagne d'Ambre, comprising an alkaline massif

80 km in diameter. Resting directly on Jurassic to Cretaceous

marine sedimentary rocks (sandstone, limestone and calcarenite) are

basanitoides followed by rhyolites, trachytes and ignimbrites.

Limited exposures of phonolite dot the northern border of the

massif. The sequence is topped by young basalt flows. This massif

is thought to represent the most completely preserved record of the

igneous activity in northern Madagascar.

The northern tip of Madagascar is Diego Suarez, a peninsula

about the size of Nosy be. Tuffs, deposited in a marine environment

rest on calcareous sedimentary rocks of lower Eocene to Miocene age

and are intercalated with the latter. Numerous dikes of basaltic

and basanjtjc composition cut across this province.

SAMPLE COLLECTION AND COVERAGE

During a 3 week sampling session in the Comores attention

was focussed on Mayotte, the oldest and least studied of the Comores

Islands. The collection includes lavas from each of the three

principal phases of volcanism. Since the age of initial volcanism

at each island is of primary concern in this part of the study, care

was taken to collect fresh, datable samples of the shield-building

lavas, of which few remnants have survived deep erosion and

lateritization. The stratigraphically oldest lavas were exposed at

the northwest corner of this island.
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Collections were also made of lavas from each of three

younger islands, although the coverage of the major phases of

volcanism is not as complete as f or Mayotte. Additional samples

from these islands have been donated by Dr. B.G.J. Upton (Grant

Institute of Geology, University of Edinburgh), and Dr. A. Hajash

(Dept. of Geology, Texas A and M University). Samples from northern

Madagascar were made available by Dr. J-P. Lorreau (Laboratoire de

Geologie du Museum National D'Hjstiore Naturelle, Paris, France)

from the early Lacroix collections (see Lacroix, 1923, 1916). These

include extrusive rocks from three islands immediately off the

western coast, Nosy Mitsou, Nosy Komba, and Nosy Be, and from two

sites on the mainland, Massif D'Ambre and Diego Suarez, at the

extreme northrn tip of Madagascar. Figure 2 shows sample locations

and general stratigraphy.

GEOCHRONOLOGY

Twenty-four whole rock samples were selected from thin

section examination f or conventional K-Ar age determinations. Most

of the samples are holocrystalline, although small amounts of glass

are found in a few. The samples appear fresh in thin section, being

visibly free of alteration products in phenocrysts and groundmass.

One exception, sample MA-82, bears alteration products along cracks.

Each sample was crushed, washed in distilled water, and sieved to

10-30 mesh particle size. This fraction was split into two aliquots

for potassium and argon analyses. Potassium concentrations were

determined in duplicate by atomic absorption spectrophotometry.
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Argon isotopic compositions were determined using either a

high-resolution Reynolds-type or AEI Ms-los mass spectrometer, each

equipped with an 38Ar spike pipette system.

Table 2.1 presents 2-7 K-Ar age determinations f or samples

from the Comores-northern Madagascar volcanic lineament. The age

data for shield-building lavas in each of the Comores Islands are

listed first, followed by later stages. In the case of Madagascar

where there is no simple relationship between lava types and age the

oldest samples are listed first.

Grande Comore

The essentially zero age (0.01 ± 0.01 m.y.) previously

reported for Grande Comore (Hajash and Armstrong, 1972) is

consistent with currently active volcanism there, at Karthala

Volcano (Strong, 1972a). Sample 35 G, which represents one of the

oldest flows exposed on Grande Comore (de Saint Ours, 1960; Lacroix,

1916) yields an age of 0.13 ± 0.02 m.y., indicating that volcanism

at this island began recently.

M oh eli

Duplicate analyses of sample RH-32, from the northwest

corner of Moheli, yield an average age of 2.75 ± 0.08 m.y., which is

the oldest age obtained for this island. Two samples from the

eastern coast, RH-21 and RR-22, yield an average age of 1.71 ± 0.26

m.y., succeeding the older activity by about one million years.

Sample RH-)42 from the central part of the island is dated at 1.l ±

0.08 m.y., and could have been produced by the same eruptive phase.

The youngest activity is represented by samples RH-33 and RH-36,
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Table 2.1 K-Ar age data for Comores Islands and northern Madagascar volcanic rocks*

Sample Phase of K Rad. +OAr Rad. OAr

Number Volcanism (%) (x l0 cc/z) (%) Age ± lo

Comores:
Grande Comore 35G flow shield building 1.400 0.071 5 0.13 ± 0.02

Moheli P.11-32 flow shield building 0.450 0.470 40 2.69 ± 0.20
0.490 49 2.80 ± 0.06

RH-21 flow Older 0.510 0.303 13 1.53 ± 0.12
RH-22 flow 1.440 1.060 44 1.89 ± 0.02

RN-42 boulder intermediate 1.030 0.457 45 1.14 ± 0.08

RH-33 flow younger 1.252 0.318 14 0.65 ± 0.03
0.370 13 0.76 ± 0.21

P.11-36 flow 0.589 0.142 15 0.62 ± 0.02

Anjouan AN-il boulder post erosional? 0.760 0.348 39 1.18 ± 0.03

Mayotte MA-29 flow shield building 0.845 1.737 30 5.28 ± 0.26
MA-30 flow 0.904 1.852 42 5.26 ± 0.09

MA-25 boulder post erosional 4.401 5.569 48 3.25 ± 0.13
MA-37 boulder 1.227 1.103 25 2.31 ± 0.20
MA-68 boulder 4.438 5.645 75 3.27 ± 0.07
MA-73 flow 3.048 3.847 22 3.24 0.33
MA-81 boulder 2.224 3.248 62 3.75 z 0.12
MA-82 flow 5.049 6.704 22 3.41 0.32

MA-38 flow rejuvenescent 1.423 0.827 28 1.49 ± 0.10
MA-59 flow 3.864 2.391 36 1.59 ± 0.08

Madgascar:
Nosy Be 0168 flow 1.433 4.083 47 7.32 ± 0.26

Nosy Mitsou 27G flow 0.969 3.765 65 997 ± 0.14
137 flow 3.915 7.098 53 4.66 ± 0.12

Nosy Komba 1121 flow 4.936 19,516 2S 10.15 ± 0.73

Diego Suarez 151 flow 4.852 17.741 21 9.38 ± 0.45

17.209 20 9.10 ± 0.57

Massif d'Pimbre 060 flow 1.626 0.527 28 0.83 ± 0.02

Constants used: A = 5.81 x 10-11 yrL A8 = 4.962 x i0' yr; L40K/K = 1.167 x l0
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from the north and northwestern coasts. They give an average age of

0.67 ± 0.08 m.y.

These data show that neither of the stratigraphic

subdivisions proposed by previous workers (de Saint Ours, 1960;

Strong, 1972b) is quite adequate to describe the evolution of

Moheli. Whereas de Saint Ours divided the island into an older

western region and a younger eastern region, Strong believed that

the geomorphology of Mohelj indicated the opposite succession, that

is, with Older Phase lavas exposed on the eastern end, Intermediate

and Younger Phase lavas restricted to the western end of the island

(Fig. 2.2). The data presented here generally support Strong's

interpretation that the morphologically distinct Younger Phase lavas

are largely restricted to the western portion of Moheli. However,

remnants of an early shield-building phase at 2.7 m.y. underlie the

Younger Phase lavas in western Moheli, and predate the Older and

Intermediate Phase lavas cropping out in the east.

Anj ouan

The 1.52 ± 0.10 m.y. age assigned to Anjouan by Hajash and

Armstrong (1972) and our age of 1.18 ± 0.03 m.y. must be considered

minimum age estimates for that island. The first sample occurs in

the fissure erupted lavas of the Sima Peninsula on the northwest

corner of the island (1-lajash and Armstrong. 1972; Flower, 1973), and

the second is a stream cobble of unknown stratigraphic position. By

analogy with Mayotte (below), where the fissure erupted lavas

postdate the shield-building stage by approximately 2 m.y., the

initial volcanism on Anjouan could have occurred as early as 3.5

m.y. ago. However, we do not have datable samples of
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shield-building lavas to test this speculation, and must conclude

only that the age of earliest volcanism on Anjouan exceeds 1.5 m.y.

Mayo t te

The three distinct stages of volcanism recognized on Mayotte

are represented in Table 2.1. Samples MA-29 and MA-30 yield an

average age of 5.27 ± 0.01 m.y. which estimates the age of initial

volcanism at Mayotte. A cluster of ages about 3.21 m.y. dates the

post-erosional fissure erupted phase. The rejuvenescerit phase

occurred at about 1.514 m.y., followed by the recent terminal episode

of tuft cone construction. The two lavas representing the

rejuvenescent phase are quite different in nature. MA-59 is a

highly evolved K-benmoreiite characteristic of the late stage lavas

which occur in various locations about the island. MA-38 is a much

more primitive looking alkali olivine basalt, which may have been

generated by activity related to the subsidence of the western half

of the island.

Madagascar

Although the alkaline magmatic activity in northern

Madagascar covers a fairly broad geographical area, we consider this

suite of samples as a single volcanic province. The lavas now

exposed may have once been part of a larger single complex, much of

which has since been stripped away by erosion (Besairie, 1965). This

activity commenced at least 10 m.y. ago, as defined by the cluster

of ages obtained for lavas from Nosy Komba, Nosy Mitsou and Diego

Suarez. The samples from Diego Suarez and Nosy Komba are highly

evolved phonolites which are stratigraphically younger than

underlying basaltic lavas and associated nepheline syenite plutonic



38

rocks exposed at Nosy Komba, f or which no samples were available to

us. Hence, we consider 10 m.y. to be a minimum age estimate for the

onset of basaltic volcanism in northern Madagascar. The younger

activity at Nosy Be and Massif d'Ambre indicates that magmatism in

northern Madagascar has continued f or about 9 m.y. Basanite clasts

included in the basalts at Massif d'Ambre have been tentatively

correlated with the early lavas at Nosy Mitsou (Besairie, 1965).

Among the various northern Madagascar sites there is no

simple relationship between location, lava type, and age, as is

observed in the Comores. For instance, primitive lavas of Massif

d'Ambre postdate the very differentiated phonolitic lavas of Nosy

Komba. The complex pattern of eruption and reactivation observed

here is characteristic of intraplate volcanism in continental

regions. Where volcanic chains can be traced onto continental

lithosphere, the geometry of eruption becomes diffuse, there is a

wider range of magma compositions, and the duration of volcanism is

distinctly longer than at central volcanoes in the ocean basins.

This is the case in the White Mountain intrusives in New Hampshire

(Foland and Faul, 1977), which may be associated with the New

England Seamounts (Vogt and Tucholke, 1978), the Niger granite ring

complexes associated with Ascension Island (Bowden et al., 1976),

and the alkaline intrusives and kimberlites in Cape Province, South

Africa, which has previously been related to Bouvet-Meteor hotspot

(Duncan et al., 1978). Thicker continental lithosphere with its

older, more complex structure and fabric, apparently diffuses the

magmatic signal of a hotspot compared to the high fidelity recording

left on oceanic lithosphere.
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Age vs. Distance

When the age of initial volcanism is plotted against the

distance from active volcanism at Grande Comore, the nearly linear

pattern which emerges determines the rate of migration of volcanism

within the Comores Islands to northern Madagascar lineament (Fig.

2.3). In the hotspot interpretation this is the velocity of the

Somali plate over a stationary mantle magma source. In Figure 2.3

the apparent rate of volcano migration is 50 mmlyr. We note that

the rate need not be perfectly linear, but that this is the simplest

model consistent with our age data.

The migration rate is extrapolated through the Farquhar and

Amirante Islands to the Seychelles Plateau to demonstrate that the

Tertiary magmatic activity there may also have been generated by the

hotspot now at Grande Comore, assuming that the rate of migration of

volcanism has been roughly constant, although the direction of

absolute motion changed around 10 m.y. ago. The few rather

scattered and imprecise age determinations on samples from basaltic

activity at the Seychelles were obtained from an olivine dolerite

dike on Praslin Island (52 ± 10 m.y., i48 ± 9 m.y.) and altered

pyroxene phenocrysts from a syenite dike on Silhouette Island (314 ±

7, 62 ± 12, 43 ± 8 m.y.) (Baker and Miller, 1963). Further

speculation concerning the temporal continuity of the early portion

of this volcanic lineament from northern Madagascar to the

Seychelles awaits improved geochronology for the Seychelles sites,

and perhaps f or dredged volcanic material from the flanks of the

Farquhar and Amirante atolls. We conclude that with respect to
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Figure 2.3 Age vs. distance from the active hotspot. (A) Distance

from present hotspot activity at Grande Comore, measured along the

trend of the Comores Islands to Seychelles Islands lineament, is

plotted against ages of initial volcanism at several localities

(Table 2.1, and Baker and Miller, 1963; Ha,jash and Armstrong, 1972).

The solid circles represent best age estimates of initial volcanism,

whereas the open circles represent minimum ages of volcanism at each

site. A rate of migration of volcanism of 50 mm/yr best fits the new

K-Ar ages for shield-building lavas at Grande Comore and Mayotte and

the minimum age of volcanism in northern Madagascar. Igneous

activity in the Seychelles at about 40 m.y. B.P. is consistent with

this trend. Generalized topography from Udintsev, 1975. (B)

Reported radiometric ages along the Reunion hotspot trend

(McDougall, 1971b; McDougall and Chamalaun, 1969) yield a rate of

migration of volcanism of ! mm/yr. An early Oligocene age for DSDP

site 238 on the southern end of the Chagos-Laccadive Ridge (Fisher,

et al., 19714) provides a minimum age for the Nazarene Bank region of

the Mascarene Plateau, which was sundered from the Chagos-Laccadive

Ridge by spreading across the Central Indian Ridge between 32 and 39

m.y. ago.
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geometry and general age progression the Comores-northern

Madagascar-Seychelles trend is consistent with a hotspot origin.

Duration of Volcanism

The volcanic evolution of Mayotte spanned 5 m.y. That

Mayotte continued to be active after the initiation of volcanism at

Anjouan and Moheli has led some authors to question the validity of

the hotspot model for the Comores lirieament (Nougier et al., 1979;

Upton, 1980). In fact, all that is required by the hotspot model is

that the age of initial volcanism be progressive along the island

chain. The cessation of shield building volcanic activity at a

given island occurs when the supply of magma is cut off from the

mantle source. A small volume of late stage lavas may erupt

sometime later, following crystal fractionation in shallow magma

chambers, until liquid in those chambers is depleted. The

continuity of magma supply must be related to the velocity of the

lithospheric plate over the mantle source and to the size of the

melting anomaly.

Figure 2.14 demonstrates an empirical relationship between

the duration of volcanism at individual islands and absolute plate

velocity. In constructing this diagram we have used all data

available f or oceanic hotspot traces from five major plates

(Pacific, South American, African, Somali, and Antarctic). We

restricted our attention to intraplate hotspots only since hotspots

on plate boundaries do not penetrate existing lithosphere. The

duration of volcanism is calculated from the range of radiometric

ages reported for complete lava sequences from oceanic islands. The
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Figure 2.14 Duration of volcanism vs. absolute plate velocity.

Duration of volcanism at oceanic islands is proportional to the

inverse of plate velocity over mantle hotspots, which determines how

long magmas are available for eruption. The dashed curve fits the

maxjmu observed eruptive histories. Other data fall below this line

due to incomplete sampling or unfinished volcanism. Plate

velocities from Duncan, 1981. Reported geochronologies from

McDougall, 1971b; McDougall and Chamalaun, 1969; Fisher, et al.,

1974; Watkins, et al., 19714; Lameyre, et al., 1976; Baker, 1973;

McDougall and Schminke, 1977; Dunlop and Fitton, 1979; Jackson, et

al., 1972; Grainlich, et al., 1971; Dalrymple, et al., 1975; Duncan

and McDougall, 197k; Duncan and McDougall, 1976.
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plate velocities are measured from the hotspot reference frame

(Duncan, 1981).

We note from Figure 2iL that the maximum observed duration

of volcanism at oceanic islands is negatively correlated with plate

velocity. That is, very slowly moving plates such as Antarctica and

Africa allow hotspots to supply magmas to oceanic islands f or 20

m.y. or more (e.g., Kerguelen and Nightingale). Conversely,

short-lived eruptive histories characterize islands on fast moving

plates such as the Pacific.

The data appear to reflect an inverse relationship between

plate velocity and the duration of volcanism at oceanic islands.

One curve expressing this correlation fits many of the points in

Figure 2.4. Other data fall below this line, probably due to

incomplete sampling of the entire volcanic sequence at those

islands, or to the fact that volcanism has not completed its course

(e.g.., Reunion).

When compared with other hotspot-generated oceanic islands,

the 5 m.y. duration of volcanism at Mayotte is not unusually long,

but is commensurate with the intermediate absolute velocity of the

Somali Plate over the hotspot now under Grande Comore. Alternative

models f or intraplate volcanic traces now appear less attractive

because they do not predict a eorrelation between plate velocity and

volcano evolution. Leaky transform faults, f or example, would tap

the asthenosphere uniformly on all plates, regardless of plate

velocity. The difficulty in accepting a hotspot origin for islands

with extended periods of volcanism stems from the fact that the

prototype hotspots are on the Pacific plate (e.g., Hawaii, Tahiti)
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where volcanism lasts only one or two million years at each volcano.

It seems now that oceanic islands on the Pacific plate present one

extreme of a spectrum of eruptive histories related to hotspot

vol cani sm.

ABSOLUTE MOTION MODELING

Because at least two hotspot traces are needed to determine

an absolute pole of rotation for the Somali plate, existing data

from the age-progressive Reunion-Mascarene Plateau lineaxnent is used

in conjunction with the Comores data for those calcuations. The

former trend includes Reunion, formed 2 m.y. ago (McDougall, 1971),

Mauritius, formed 7.8 m.y. ago (McDougall and Chamalaun, 1969), the

Mascarene Plateau and the Chagos-Laccadive Ridge, which has been

split off from the Mascarene Plateau by spreading across the Central

Indian Ridge (Figs. 2.1 and 2.5). Age control on the older portion

of this feature is provided by a 32 m.y. minimum basement age at

DSDP site 238 on the southern end of the Chagos-Laccadive Ridge

(Fisher et al., 197L) and a 65-70 m.y. age for the Deccan Traps in

India, at the northern extent of the lineament. (Weilman and

McElhinny, 1970; Kaneoka, 1980).

The portion of the Reunion trend used for the calculation of

the 0-10 m.y. Somali plate pole of rotation includes Mauritius,

Reunion and an unnamed seamount which lies 170 km west of Reunion,

which we suggest marks the current locatation of hotspot activity.

Since this seamount is not nearly as evolved as Grand Comore (the

zero-age location of the hotspot responsible for the Comores line),



the equivalent zero-age location for the Reunion trend lies between

Reunion and the nearby seamount. Its position is calculated from

the intersection of the distance abcissa with the mm/yr line

which passes through the Reunion and Mauritius data (Fig. 2.3).

Using the geometry and geochronologic control provided by

the Comores and Reunion trends, a pole of rotation derived I or the

Somali plate is located a 77°S 50°E. For the period 1-10 m.y. the

rate of rotation about this pole is O.1497°/m.y. Earlier estimates

of Somali plate absolute motion (Minster and Jordan, 1978; Chase,

1978) have been derived from multi-plate inversion of spreading

rates and directions, which are often poorly known for Indian Ocean

spreading ridges and result in some contradictory relative motions

(e.g. compression across the East African Rift calculated by Minster

and Jordan, 1978). Such absolute motion calculations are not well

constrained but more accurate knowledge of Indian Ocean spreading

ridge histories will improve the multi-plate solutions.

Neogene Tectonics of the Somali Plate

As noted by previous workers (Morgan, 1981
; Duncan, 1981),

the azimuths of the Comores-northern Madagascar and

Reunjon-Maurjtjus volcanic chains do not match the geometry

predicted from fitting other contemporary hotspot traces on the

African plate. Instead, both trends extend east-west rather than

northeast-southwest I or the period 0-10 m.y.B.P. (Fig. 2.5). This

discrepancy is significant and demands that either these two

hotspots are moving relative to other hotspots beneath Africa, or
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Figure 2.5 Hotspot paths predicted by African absolute motions.

Solid lines connected by circles of 20 m.y. increments sho

predicted hotspot paths, which are systematically offset from the

observed paths for the Comores (A) and Reunion (B) hotspots,

outlined by the 2000 m bathymetric contour. The difference between

predicted and observed paths can be used to determine Somali-African

relative motion between 0-10 m.y. B.P. For the period 10-60 m.y. the

predicted paths parallel the observed paths, indicating no

significant relative motion prior to about 10 m.y. ago. The

reported ages for the Comores trend are from this paper and Baker

and Miller, 1963; for the Reunion trend, from McDougall, 19?lb;

McDougall and Charnalaun, 1969; Fisher, et al., 197k; Weilmari and

McElhinny, 1970; Kaneoka, 1980.
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there is some relative lithospheric motion between west Africa and

the western Indian Ocean Basin. Because the Comores and Reunion

trends are systematically offset from the predicted paths, it is not

likely that random motion between these and other African hotspots

has taken place. Also, volcanic and seismic activity along the East

African Rift has long been proposed to define part of a plate

boundary between the African and Somali plates (Chase, 1978; Baker

et al., 1972; Mohr, 1970; McKenzie et al., 1970), so the second

alternative is the favored explanation.

Given that hotspots form a fixed frame of reference, the

possibility now exists of estimating the initiation, magnitude and

direction of relative motion between the African and Somali plates

by subtraction of Somali absolute motion from African absolute

motion, each determined from the volcanic lineaments on the

respective plates. This opportunity is attractive because previous

attempts to model the relative motion between the two plates have

yielded widely variable results. This is due to the diffuse and

complex nature of deformation across the East African Rift, and to

the consequent lack of sufficient relative motion data with which to

constrain the Euler pole.

Based on the apparent termination of surface expression of

the rift at about 20°S latitude, Baker et al. (1972) placed the pole

of rotation at 28°S, 37°E, noting that this solution implied

non-rigid deformation to the south. McKenzie et al. (1970) proposed

a pole of rotation for the Somali plate at 8.5°S, 31°E, based on a

triple junction soluton using relative motion data from the Red Sea
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and the Gulf of Aden. This pole would indicate primarily transform

motion for the East African Rift south of the equator.

Using improved azimuth data from reevaluated transform

faults in the Red Sea and the Gulf of Aden, Chase (1978) derived a

triple junction solution which placed the pole of rotation at ul.1°S

11414.6°W. This suggests that some form of rifting should occur

farther to the south than is geologically evident. The nature of

this section of the plate boundary remains largely unknown. The

rate of extension along the Rift predicted by Chase's model is 6 ± 14

mm/yr at 5°N, which is greater than that derived from available

geological evidence, 0.14 to 1 mm/yr (Mohr, 1970). Chase's model is,

however, more in keeping with the geophysical evidence than is the

10 mm/yr compression predicted by Minster & Jordan (1978) who

concluded that intracontinental boundaries may not be reconciled

with rigid plate kinematics.

Estimates of the total amount of crustal separation along

the East African Rift also vary widely, from 30 to 65 km of

extension in Ethiopia and 10 to 30 km in Kenya (Mohr, 1970; McKenzie

et al., 1970). It is possible that voluminous young volcanic rocks

flooding the rift floor may obscure the amount of separation to some

degree (Mohr, 1970), and that the total amount of relative motion

across this complex intracontinental boundary cannot be reliably

estimated by apparent crustal separation.

From our estimate of Somali plate absolute motion and many

published estimates of African plate absolute motion (Minster &

Jordan, 1978; Morgan 1981 ; Duncan, 1981 ; Chase,1978) we calculate

Somali-African plate absolute motion for the period 0-10 m.y. B.P.
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(Table 2.2). In spite of the variability in reported African

absolute motion, the calculated Somali-African relative motion poles

are all closely grouped in the extreme south Atlantic (Fig. 2.6),

consisitent with roughly east-west extension across the East African

Rift. Using one estimate of African absolute motion (Duncan, 1981),

the pole for Somali-African separation is located at 63.6°S, 2.3°E.

The 0.33°/m.y. angular velocity about this pole translates to a

linear velocity of 32 mm/yr at 5°N. The implied 320 km of total

separation across the East African Rift at this latitude during the

past 10 m.y. is many times greater than has been estimated from

geological considerations. This discrepancy may result, in part,

from underestimating the African absolute velocity and/or

overestimating the Somali absolute velocity (our northern Madagascar

ages are minimum estimates). Increasing African absolute velocity

or decreasing Somali absolute velocity forces the Somali-African

relative motion pole to lie to the northwest of our calculated pole.

This change would predict a component of transform motion along the

East African Rift, which would decrease the component of crustal

separation. It is possible, too, that the East African Rift may be

too complex to be modeled by what we understand as simple rigid

plate tectonic theory, and that separation is taking place over

broad horizontal and vertical dimensions. This is corroborated by

the diffuse zone of seismicity, associated with the East African

Rift (Fairhead & Reeves, 1977), as indicated in Figure 2.6.

The hotspot paths predicted by the African absolute motion

(Duncan, 1981) for the period 10-60 m.y. (Fig. 2.5) parallel the

northern Madagascar-Seychelles and Mascarene Plateau lineaments.



Table 2.2 Absolute and relative motions for the Somali plate, western Indian Ocean

Plate Absolute Rotation (0-10 m.y.) Reference
Lat.° Long.° *
(N,-S) (+E,-W) °/m.y.

Somali -77.0 +50.0 -0.497 Emerick and Duncan, 1982

African 1. +61.0 -45.0 0.22 Duncan, 1981

2. +18.8 -21.8 0.14 Minster and Jordan,1978

3. +65.0 -30.0 0.15 Morgan, 1981

4. +31.8 -61.3 0.20 Chase, 1978

Relative Rotation: SM-AF
(0-10 m.y.)

Lat.° Long.° *

(-N,-S) (+E,-W) °/m.y.

-63.6 + 2.3 -0.33

-66.2 + 9.3 -0.48

-69.1 +18.8 -0.37

-67.2 -24.0 -0.41

*The angular velocity is positive when the rotation is clockwise, viewed from the earth's center.

()1
NJ
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Figure 2.6 Absolute and relative poles of rotation of the Somali

African plate pair. The absolute rotation pole for the Somali plate

(indicated by star), located at 77°S, 50°E, is determined from the

azimuths and rates of migration of volcanism along the Comores and

Reunion hotspot trends. Comparison of Somali absolute motion with

four estimates of African absolute motion (Minster and Jordan, 1978;

Morgan, 1981 ; Duncan, 1981 ; Chase, 1978) for the period 0-10 m.y.

B.P. yields a cluster of possible poles of rotation for Somali-

African relative motion (indicated by open circles and numbered as

in Table 2.2). A broad zone of deformation associated with the East

African Rift is marked by Tertiary to Recent volcanism (heavy shad-

ing) and .seismicity (light shading) (Fairhead and Reeves, 1977).

Four recognized fracture zones (heavy dashed lines) in the western

Indian Ocean (Bunce and Molnar, 1977) are shown to be oblique to the

Comores trend. These are thought to have been formed during

Madagascar-Africa separation but present seismicity (Scrutton, 1978)

indicates reactivation.
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When the calculated Somali-African separation during 0-10 m.y. is

added, the older portions of the predicted and observed hotspot

tracks coincide geometrically. This indicates that no significant

relative motion between the Somali and African plates occurred prior

to about 10 m.y. ago.
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Chapter 3

GEOCHEMISTRY AND PETROLOGY

INTRODUCTION

In contrast to mid ocean ridge basalts (MORB), which are

remarkably uniform geochemically, the basalts produced at oceanic

islands (013) show a broad range of major and trace element and

isotopic compositions. The island basalts are richer in the

incompatible elements, such as K, Rb, Sr, U, Pb, Ti, P, Ba, Zr, Hf

and the light rare earth elements (LREE), which are preferentially

concentrated in the liquid phase during magmatic processes (Green

and Ringwood, 1967; Gast, 1968). With the notable exceptions of

Hawaii, Iceland, the Galapagos, and Samoa, where the bulk of the

volcanic structures are made up of tboleiitic lavas, the subaerial

portions of most oceanic islands are composed of primarily alkaline

lavas. The alkaline rocks are distinguished from tholeiitic or

subalkaline rocks by consistently higher concentrations of total

alkalis (Na2 + K20) for a given silica content (Macdonald and

Katsura, 196; Irvine and Baragar, 1971). To some extent, the major

and trace element variability of alkali basalts may be due to small

degrees of partial melting, in the range of 3 to 12%, of a mantle

peridotite which would produce a tholeiitic magma upon greater (25

30%) partial melting (Green, 1970; Green and Ringwood, 1967). To

overcome the constraints posed by thermal barriers operating at low

pressures at which tholeiites are generated, it has also been

necessary to consider that the alkali basalts are generated at
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greater depths (Yoder and Tilley, 1962). There is increasing

evidence that volatiles play an important role in the generation of

alkali basalt magmas (Sorensen,19714), although it is uncertain

whether these volatiles come from a primitive mantle reservoir or

from the recycled crust of subducted lithospheric slabs (Basaltic

Volcanism Project, 1981).

Apart from the practical difficulty of mobilizing and

extracting very small partial melts from the mantle matrix, numerous

other objections to derivation of both MORBs and oceanic island

basalts from a single peridotite source have been based on evidence

from rare earth element and isotopic studies. Although the greater

abundance of rare earth elements in island basalts, compared to

MORBs, may be explained by smaller degrees of partial melting and

pressure effects, significant differences in the REE patterns

suggest that they must be derived from two fundamentally distinct

sources (Schilling,1973). The depressed LREE patterns of MORB

suggest that they are derived from a source depleted in the

incompatible elements, whereas oceanic island basalts are relatively

enriched in LREE, when normalized to the chondritic model of mantle

composition (Schilling, 1971). Whether the alkali basalts of

oceanic islands represent magmas from "enriched" mantle or

"undepleted primordial" mantle is the center of the controversy

which has led to dozens of models for the generation of hotspots and

their relation to the chemical evolution of the mantle (e.g.Brooks

et al., 1976; Sun and Hanson, 1975; Davies, 1981
; Anderson, 1982;

Zindler et al., 1982; Kurz et al., 1982).
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Oceanic island basalts are further distinguished from MORBs

isotopically. They generally have more radiogenic initial strontium

and lead, and less radiogenic neodymium and helium compositions.

Strontium, lead and neodymium isotopes are not known to be

fractionated by magmatic processes. Therefore the variability of

87Sr/86Sr, '3Nd/Nd, and 207Pb/206Pb in the oceanic basalts must

result from chemical heterogenieties in the mantle. Studies of the

isotopic systematics of oceanic volcanic rocks have sought to

constrain the nature, extent, timing and origin of events which

caused mantle heterogenieties. These models will be discussed in

detail in Chapter .

Since alkaline rocks are characterized by high

concentrations of alkali elements, and not by any degree of silica

saturation, per se, there are two associations which are defined as

alkaline: the Kennedy trend of undersaturated nepheline-normative

magmas which evolve to progressively greater undersaturation; and

the Coombs trend of saturated hypersthene-normative magmas which

evolve to saturated and oversaturated quartz-normative compositions

(Miyashiro, 1978). These two trends are separated by a thermal

divide which coincides roughly with the olivine-diopsideplagioclase

plane of the basalt tetrahedron (Yoder and Tilley, 1957). The

former association is commonly generated by off-ridge (intraplate)

hotspots, the latter by on-ridge hotspots. A third type of

association described as a straddle sequence contains rocks of both
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undersaturated and oversaturated compositions (Miyashiro, 1978).

Although some islands (e.g. Reunion) have basalts which may be

considered transitional between the two trends, straddle-type

associations are rare in oceanic islands. Kerguelen is the only

well developed oceanic island straddle sequence, containing highly

evolved rocks of both associations (see Dosso and Murthy, 19714).

Most straddle series occur in a continental setting, either in

continental volcanic arcs (e.g. Oki Dogo, Japan; Miyashiro, 1978) or

in stable continental regions (e.g., Gardar Province, southwest

Greenland; Upton, 19714).

This chapter will address the geochemical composition and

petrology of rocks from the Comores Islands and their counterpart

alkaline massifs in northern Madagascar, thereby establishing their

similarity to other hotspot-generated islands.

PETROLOGY

Forty samples from the Comores and Madagascar have been

analyzed f or major element concentrations by atomic absorption

spectrophotometry; thirty six of these were analyzed f or strontium

and rubidium concentrations by X-ray fluorescence. The locations of

the samples are given by Figure 3.1 and Appendix 1. The chemical

data are summarized in Table 3.1. The techniques employed are

discussed in Appendix 2. Normative compositions were calculated

using standard CIPW norm procedures (see, for example, Cox, Bell and

Pankhurst, 1979), assuming that the Fe203 content is 10 % of the

total iron (FeO*).
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TABLE 3.1: Major oxide concentrations in weight percent and CIPW norms

MADAGASCAR:

E51 27G E37 1 68 2A El 21 60

Si02 514714 1124.22 57.29 143.09 112.90 58.63 245.814

Tb2 0.30 2.31 0.30 2.142 2.247 0.36 2.16
A1203 20.61 13.914 20.52 114.53 114.47 20.18 16.00
FeO* 14.10 12.1424 14.53 11.25 10.95 5.01 13.05
MnO 0.12 0.21 0.16 0.21 0.21 0.11 0.21
NIgO 0.11 8.66 0.31 9.147 10.814 0.314 7.51
CaO 1.245 11.20 1.85 11.140 12.50 1.140 8.98
14520 8.86 2.824 9.00 3.1414 4.74 8.31 11.23

K2 5.141 1.19 14.71 1.59 0.99 5.87 1.96
P2o5 0.02 0.62 0.07 0.72 0.70 0.08 0.67

TOTAL 95.72 97.63 98.724 98.12 100.47 100.29 100.61

Or 33.140 7.20 28.19 9.57 314.59 11.51
Ab 29.76 11.33 37.63 2.711 --- 311.81 12.18
An 0.51 22.30 1.71 19.88 111.140 0.143 18.77
Ne 26.31 7.20 21.39 124.58 21.611 19.12 12.67
Lc --- --- --- --- 11.57
Di 6.08 211.97 6.25 26.814 311.36 5.25 17.248

Hy--- ---

01 2.60 18.98 3.314 18.114 16.99 24.13 19.67
Mt 0.69 2.05 0.711 1.85 1.76 0.81 2.09
Il 0.60 14.449 0.58 11.68 11.67 0.68 4.08
Ap 0.05 1.148 0.16 1.70 1.62 0.19 1.55

Mg No. 5.10 58.26 12.07 62.79 66.50 11.98 53.57

GRANDE COMORE:
GC-1 GC-2 GC-3 GC-5 RN-i RH-9 35G

Si02 117.245 117.145 117.145 247.82 148.311 143.32 247.83

Ti02 2.61 1.55 2.71 2.68 2.58 2.145 2.91
A1203 15.140 10.17 15.89 15.116 15.07 13.22 15.20
FeO* 12.143 11.06 12.51 12.211 12.014 12.19 12.56
MnO 0.19 0.18 0.19 0.19 0.19 0.20 0.19
MgO 6.93 111.147 6.04 6.74 6.95 12.147 5.79
CaO 10.97 12.26 10.90 10.911 10.93 11.61 11.65
Na2O 3.25 1.76 3.141 3.35 3.16 3.77 3.51
K2 1.39 0.65 1.148 1.38 1.35 0.62 1.39

0.116 0.224 0.119 0.117 0.111 0.511 0.117

H2O --- --- --- ---

TOTAL 101.08 99.79 101.07 101.27 101.02 100.39 101.50

Or 8.13 3.85 8.65 8.05 7.90 3.65 8.09
Ab 17.31 13.68 17.65 18.145 20.19 3.27 17.03

An 23.08 17.97 23.243 22.78 22.72 17.25 21.29
Ne 5.36 0.67 5.91 5.17 3.240 15.2424 6.62

La--- --- ---

Di 22.92 33.36 22.29 22.91 23.31 29.614 27.014
Hy--- --- --- ---

01 15.27 25.17 13.86 111.59 124.77 22.90 11.140
Mt 1.98 1.79 2.00 1.95 1.92 1.96 1.99
Ii 24.90 2.95 5.09 5.03 11.85 14.63 5.1424

Ap 1.06 0.56 1.13 1.08 0.914 1.25 1.08

Mg No. 52.78 72.140 149.19 52.147 53.65 67.22 148.03

Mg No. - Mg x 100/(Mg + Fe+2)
FeO* total Fe as FeO
Fe2O3 0.10 FeO* for norm calculations
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TABLE 3.1 (cont.) Major oxide concentrations in weight percent and CIPW norms

MAYOTTE:

MA-22 MA-29 MA-30 MA-55 MJL59 MA-60

3102 141.17 146.89 1;5Q7 110.67 55.16 1414.10

Ti02 3.10 2.18 2.25 3.19 1.16 3.28
A1203 11.55 12.85 12.58 16.36 20.75 12.31
FeO* 13.143 12.30 12.21 11.76 5.06 12.79
MnO 0.21 0.20 0.20 0.23 0.17 0.18
14g0 10.69 10.20 10.147 5.33 0.914 10.12
CaO 12.82 10.58 11.30 11.58 3.65 11.149

Na20 2.88 2.83 2.70 14.148 6.32 3.33
K20 0.57 1.10 1.05 1.61 14.51 0.63
P205 0.91 0.143 0.1414 1.08 0.26 0.55
H20 --- 3.30
TOTAL 97.33 99.56 99.27 99.59 97.98 98.78

Or 3.146 6.53 6.25 9.88 27.20 3.77
Ab 2.87 17.19 10.614 0.78 36.96 11.56
An 17.37 19.19 19.214 20.53 15.214 16.99
Ne 12.01 3.71 6.70 20.90 9.514 9.19

Lc--- ---
Di 314.12 25.03 28.014 26.36 1.30 30.18
Hy
01 19.73 21.28 21.65 10.68 6.05 18.63
Mt 2.22 1.99 2.15 1.97 0.83 2.09
Ii 6.05 14.16 11.30 6.29 2.25 6.31
Ap 2.17 1.00 1.03 2.61 0.62 1.29

Mg No. 61 .118 62.1414 61. 38 147. 61 27.114 61 .314

MAYOTTE:
MA-67 MA-73 MA-81 NiL-ill MA-5 i-66

S1O2 147.80 1414.66 142.79 514.00 59.50 147.30
T102 2.71 1.20 2.03 1.59 0.60 3.81
A1203 114.68 18.93 17.22 18.00 20.20 114.00
FeO* 12.36 6.81 9.81 6.97 3.714 11.08
MnO 0.17 0.26 0.214 --
MgO 7.11 2.36 14.140 2.80 0.60 7.30
CaO 8.714 6.35 10.36 5.114 1.97 9.01
Na20 3.148 8145 6.91 5.50 6.50 14.10
K20 2.02 3.80 2.77 3.38 14.93 1.88
P205 0.78 0.1414 0.72 --
H20 --- 5.10 2.96 --

TOTAL 99.85 98.146 99.71 97.38 98.014 97.148

Or 11.95 214.08 1.314
Ab 22.35 0.87
An 18.50 2.68 8.01
Ne 3.87 141.06 32.56
Lc --- --- 12.114
Di 16.35 23.514 33.25
My

01 18.03 3.06 5.37
Mt 2.00 1.18 1.63
Il 5.15 2.1414 3.96
Ap 1.82 1.10 1.72

Mg No. 53.56 141.00 147.35

Mg No. = Mg x 100/(Mg + Fe+2)
FeO* = total Fe as FeO
Fe203 0.10 FeO* for norm calculations
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TABLE 3.1 (cant.) : Major oxide concentrationsin weight percent and CIPW norms

MOHELI:

RH-13 BN-114 RH-16 RH-19 RH-21 RH-22

Si02 142.26 110.214 148.110 140.92 113.39 1414.11

T102 2.72 3.28 2.67 2.75 2.31 3.00

A1203 13.33 11.85 114.39 11.112 12.03 1Ll.13
FeO* 13.142 12.51 13.29 13.35 11.85 13.214
MnO 0.21 0.22 0.19 0.25 0.21 0.20
MgO 9.11 11.21 7.86 11.247 11.143 9.114
CaO 9.75 11.83 9.142 12.32 11.98 11.03
Na2O 3.37 3.148 3.36 14.143 2.68 3.19
K2o 0.86 1.27 1.146 1.67 0.60 1.1414

P2O5 0.78 0.81 0.57 0.98 0.87 0.59-- --
TOTAL 95.81 96.70 101.61 99.56 97.35 100.07

Or 5.30 --- 8.119 3.614 8.50

Ab 13.214 22.78 10.12 7.31

An 19.52 13.141 19.55 6.50 19.514 19.97

Ne 8.95 16.50 2.81 20.79 7.13 10.65

La --- 6.09 -- 7.92
Di 21 .014 33.68 18.76 30.05 28.96 25.26
My --
01 22.141 19.85 19.20 214.86 22.06 19.11
Mt 2.26 2.09 2.11 2.20 1.96 2.13
Ii 5.39 6.1414 14.99 5.35 14.51 5.69
Ap 1.89 1.95 1.30 2.33 2.08 1.37

Mg No. 57.65 614.214 511.25 63.27 65.92 58.06

MOHELI:
RH-29 EN-31 EH-32 RH-36 RH-142

Si02 140.50 39.21 1414.66 142.214 146.52
Ti02 3.29 2.69 2.82 2.30 2.514
Al2Q3 15.140 11.07 12.91 13.66 13.59
FeO* 15.214 114.142 13.57 12.52 11.98
MnO 0.23 0.22 0.20 0.22 0.19
MgO 5.30 11.11 11.11 9.92 8.93
CaO 9.95 114.00 11.141 12.23 6.90
Na20 5.1111 3.50 2.70 3.31 3.30
K2o 1.142 1.147 0.514 0.75 1.30
Po5
Ho

1.16
---

1.16 0.60 0.69 0.141

TOTAL 97.93 98.85 100.52 97.814 95.66

Or 8.57 --- 3.17 14.53 8.03
Ab 3.01 -- 12.79 3.145 29.19
An 13.69 10.65 21.140 20.614 19.26
Ne 23.82 16.83 5.38 13.614
La --- 7.114
DI 214.31 211.87 25.27 30.02 11.22
My --- - 0.56
01 114.96 29.89 23.09 19.56 23.68
Mt 2.51 2.1111 2.18 2.06 2.02
I]. 6.38 5.36 5.33 11.146 5.014
Ap 2.75 2.83 1.39 1.614 1.00

Mg No. 141.08 60.70 62.111 61.37 59.91

Mg No. Mg x 100/(Mg + Fe2)
FeO* = total Fe as FeO
Fe2O3 0.10 FeO* for norm calculations
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Petrologic Classification

Comparison of inter-island petrologic variability is

somewhat encumbered by the different classifications used by various

investigators who have previously studied the Comores and Madagascar

volcanic rocks. Although the International Union of Geological

Sciences (IUGS) recommendations state that modal mineralogy is the

preferable criterion for rock classification (Streckheisen, 1976),

it is impractical f or fine grained volcanic rocks f or which the

modal composition of groundmass mineralogy may be very difficult to

ascertain. Instead, classifications based on calculated normative

compositions are widely used in conjunction with the Differentiation

Index (Thornton and Tuttle, 1960) to specify rock associations (see

Flower, 1973). However, normative nepheline and hyperstene

calculations are sensitive to the assumed oxidation state of iron

and to secondary alteration, creating a practical limitation to this

system (Miyashiro, 1978). In classifiying samples from Moheli,

Strong (1972) defined petrologic trends based on their positions on

the alkali vs. silica diagram. This approach to classificaton

provides a simple alternative to distinguishing trends by arbitrary

subdivisions according to normative nepheline content, and is

similar to the classification scheme of Cox, Bell and Pankhurst

(1979) used here (Fig.3.2).

The alkaline nature of this association is readily verified

by the variation of total alkalis as a function of silica

concentration (Fig. 3.3). The broad scatter of data on this Harker
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Figure 3.2 Classification of alkaline rocks by the variation of

alkalis vs. silica. An empirical classification scheme presented by

Cox, Bell and Pankhurst (1979) is used in this study. Heavy line

distinguishes between the alkaline rocks, above, and the

sub-alkaline rocks, below (Irvine and Baragar, 1971).
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diagram suggests that more than one trend of differentiation was

followed to produce the chemical variations observed. The scatter

is also partially due to grouping together all of the islands and

Madagascar sites studied, and to consideration of porphyritic as

well as aphanitic rocks.

Although chemical data are presented for each of the Comores

islands, except Anjouan, this discussion of chemical and petrologic

trends will focus on Nayotte, f or which a virtually complete range

of compositions is represented. Detailed discussions of the

petrology of Grande Comore, Moheli, Anjouan and the northern

Madagascar suite have been undertaken elsewhere (Strong, 1972a,b;

Flower, 1973; Besairie, 1965).

The lavas analyzed from Mayotte define two distinct trends,

which may be recognized from the plot of alkalis versus silica (Fig.

3.3). The first trend shows a sharp increase of total alkalis, from

about 14.5% to 13% over the range of silica compositions from 39% to

148%. This highly undersaturated sequence, termed the nephelinite

series, is confined to lavas from the fissure erupted Benara and

Chongui ridges in the southern part of the island. The second trend

describes a shallower slope on Fig. 3.3, and represents a less

undersaturated sequence from alkali olivine basalt and basanite to

benmoreites and phonolites. Flower (1973) and Strong (1972b)

distinguished two separate trends within the alkali olivine basalts

and basanites for Anjouan and Moheli, but there is insufficient

evidence in the chemical data presented here to make such a

distinction for the lavas of Mayotte. Stratigraphic distinctions

may be made, however. The alkali olivine basalts are part of the



original volcanic shield. The basanite-benmoreite trend represents

lavas associated with the M'Sapere volcanic center in northeastern

Mayotte.

Mineralogy

Alkali Olivine Basalt/Basanite Series:

1. Alkali olivine basalt: The phenocryst assemblage of olivine and

augite is set in a groundmass of olivine and titaniferous augite,

plagioclase and Fe-Ti oxides. The olivines are commonly replaced,

at least in part, by reddish-brown iddingsite, and commonly show

signs of resorption. The augites are zoned, with clear augite cores

and pinkish-tan titaniferous rims. Many show oscillatory zoning and

the more titaniferous phenocrysts occasionally have hourglass

structure. In some samples greenish cores, described by Flower

(1973) for lavas from Anjouan, as anomalous diopsidic pyroxene are

mantled by pink titanaugite. A few samples bear accessory

phlogopite in the groundmass. Phenocryst rich lavas of this

composition are common: if augite is the dominant phenocryst phase

the rock is an ankaramite; if olivine dominates it is an olivine

basalt.

2. Basanite: Although it is difficult to distinguish basanite from

alkali olivine basalt petrographically, the former are characterized

by their higher content of total alkalis. Their more undersaturated

nature is evident in their higher normative nepheline (greater than

5%). Modal groundmass nepheline occurs in some. If the normative



nepheline is above 5% but nepheline does not appear as a modal phase

the rock is termed a basanitoide.

3. Hawalite: Plagioclase is a dominant groundmass phase. Olivine

and augite remain important as phenocrysts but are less abundant as

groundmass phases than in alkali basalts. The appearance of hydrous

phases characterize the hawailtes; phiogopite appears as a rare

accessory goundmass constituent and kaersutite occurs as reaction

rims on olivine or as rare phenocrysts. Olivines are strongly

iddingsitized in many cases.

. Mugearite: These are transitional between hawaiites and

benmoreites, and are distinguished from the former by abundant

euhedral phenocrysts of kaersutite with opaque rims, and by the lack

of olivine. Many phenoerysts of titaniferous augite are zoned, with

rims of aegerine-augite. Rare phenocrysts of anorthoclase and

microphenocrysts of Fe-Ti oxides also occur. The groundmass of

plagioclase, alkali feldspar, nepheline, titanaugite, Fe-Ti oxides

and apatite has a vaguely trachytic texture in some samples.

5. Benmoreite: The phenocryst assemblage is dominated by

plagioclase and kaersutite, with subordinate augite or titanaugite,

sanidine and Fe-Ti oxides. The groundmass is typically very felsic,

with plagioclase, sanidine, nepheline and anorthoclase present in

varying amounts, kaersutite, Fe-Ti oxides, minor augite or

aegerine-augite, and abundant apatite. Some also contain rare

accessory phlogopite in the matrix. The brown kaersutites are



commonly replaced partly or entirely by finely divided opaques. The

clinopyroxenes vary from titaniferous augites in most cases to rare

aegerine-augite. Trachytic texture of the groundmass is usual.

6. Phonolite: Phonolite is characterized by its green color due to

the occurrence of aegrine in the groundinass, along with sanidine,

euhedral nepheline, nosean or leucite, apatite and glass. Iron

oxides are absent. Pyroxenes are less prominent in the modes than

in benmoreites. The phenocryst assemblage is dominated by sanidine

and nepheline and, in some cases, rare resorbed amphibole.

Nephelinite Series:

1 . Nephelinite: Distinguished from basanites by their higher total

alkali content and by very high normative nepheline (greater than

17%), these rocks have abundant nepheline in the groundifiass and

occasional phenocryst grains. Pyroxenes zoned from diopside to

titanaugite occur as phenocrysts and in the groundxnass. Fe-Ti

oxides also occur as phenocrysts. In addition to nepheline and

titanaugite, the groundmass contains sanidine, Fe-Ti oxides, with

minor plagioclase and accessory apatite and phlogopite. Rocks of

this composition which contain modal olivine are termed olivine

nephel mi tes.

2. Phonolitic nephelinite: Phenocrysts and groundmass contain

nepheline, sanidine (or anorthoclase), zoned augite to

aegerine-augite and Fe-Ti oxides. Oscillatory zoning and hourglass

structures occur in the augite series. Abundant apatite is
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characteristic of these rocks; accessory phiogopite occurs in the

matrix. Olivine and plagioclase are absent.

3. Nephelinitic phonolite: This is distinguished from the previous

by the presence of aegerine as the mafic phase, which is subordinate

to the sanidine, anorthoclase and nepheline. Fe-Ti oxides occur as

rare phenocrysts but are almost absent in the groundmass. Apatites

are less common than in the phonolitic nephelinite. Phlogopite

occurs as a rare accessory mineral. Minor primary calcite occurs as

lamellar intergrowths with alkali feldspar.

The modal mineralogy of the two petrologic trends is

distinct, in particular with respect to the mafic phases which

control crystal fractionation. The nephelinite phenocryst

assemblages are dominated by olivine and augite which gives way to

aegerine augite and finally to aegerine in the most evolved rocks.

The basanite series, on the other hand, is dominated by olivine and

augite which gives way to augite and kaersutite and finally to

kaersutite with very minor aegerine. Both series have mica in the

groundmass. In the nephelinites of the Benara line, phiogopite

occurs in minor amounts (1-2%) in all samples; many, though not all,

of the samples of the Chongui line have rare phlogopite.In the

basanite series phlogopite occurs as extremely rare grains in the

mafic members of the sequence, whereas biotite appears as equally

rare grains in the benmoreites.
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In relating the modal mineralogy to Figure 3.3, it is clear

that the differences between the two chemical trends relates to the

precipitating mineral assemblages. Specifically, the removal of

undersaturated kaersutite from the basanite sequence effectively

fractionates the alkalis and pushes the trend toward greater silica

enrichment. The presence of amphiboles is evidence of hydrous

conditions in the magma reservoir which may have been responsible

f or the more explosive volcanism at the M'Sapere center. M'Sapere

at times produced highly explosive pyroclastic eruptions with high

gas content, as demonstrated by the large base-surge deposits on the

northern side of the volcanic ediface. The last stage of volcanism

on Mayotte produced very explosive eruptions and the formation of

maars and tuff cones in the northeastern corner of the island. This

explosive mode may also be related to the hydrous conditions

discussed here, although maars are generally considered to be formed

by downward propagating shock waves generated by eruption through

water-laden sediments (Williams and McBirney, 1979), so that the

water involved in this case may be introduced into the system during

eruption and not related to the hydrous conditions in the magma

chamber responsible I or the formation of the amphiboles.

In the nephelinite trend removal of oversaturated pyroxenes

decreases the silica activity of the melt and is responsible for

maintaining the highly undersatur'ated character of this trend. The

presence of phlogopite as a minor phase is also evidence of hydrous

conditions in the melt, and in fact volatiles are considered to be

of great importance to the generation of nephelinitic melts (Bailey,

19714). The absence of amphibole in this trend may be due to
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fractionation at depths beyond the stability field of amphibole, or

to differences in the composition of the volatiles.

The variation of potassium with respect to sodium (Fig. 3i1)

demonstrates that most .of the Mayotte samples analyzed fall within

the "normal" range for 50db series alkaline rocks, that is with

K2O/Na2O less than about .5 in maf ic compositions (Irvine and

Baragar, 1971). Normal fractionation involving clinopyroxene

removal will increase this ratio, so that it reaches approximately

0.7 in phonolitie lavas of the sodic series (Cox, Bell and

Pankhurst,1979). The four most evolved samples from the basanite

trend fall slightly above this range, and so are designated

K-hawaiite and K-benmoreite.

CHEMICAL VARIATIONS

The Major Elements

The variations of the major elements in lavas from the

Comores-northern Madagascar province are shown as a function of

decreasing MgO in figures 3.5, 3.6 and 3.7. It should be noted that

only extrusive rocks have been analyzed, and, with regard to the

suite from Madagascar, only those belonging to the nepheline

normative limb of the the straddle sequence are considered. This

should facilitate comparison with the undersaturated Comores trends.

MgO decreases considerably throughout the early petrologic sequence

because of its sensitivity to the removal of early crystallizing

oli.vine and pyroxene. The variations of the major elements are
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Figure 3.1 1(o Na20: Mayotte. This relationship demonstrates

that lavas from Mayotte have normal to trarisitional-potassic

compositions. U = nephelinite and 0 = alkali basalt/basanite.
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Figure 3.5 Oxides vs. MgO: Comores and Madagascar. The decline of

MgO in a fractionating magma series is accompanied by an increase of

Si02, A1203, NazO, and K20, and a decrease of CaO, Ti02, FeO, and
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similar f or all of the Comores and Madagascar series studied,

indicating roughly equivalent petrogenetic patterns. The scatter in

the data, however, indicates that some variation in the source

region, or differing degrees of partial melt, may be necessary to

explain the variable composition of undifferentiated melts, upon

which is superimposed the chemical trends caused by fractional

crystallization. This is born out in the discussion of the

lithophile elements, below. Considering porphyritic as well as

aphyric rocks contributes to the scatter in the data.

For the entire data set (Fig. 3.5), the control of olivine

and clinopyroxene cofractionation is evident in the continuous rise

Of A1203, the gradual but steady decrease in CaO, and the gradual

rise in Si02 in the high MgO compositions. The decline of CaO

argues against any significant removal of olivine alone during the

differentiating sequence. There is not much change in Na20, K20,

Ti02 or FeO* (total iron expressed as FeO) until MgO declines to 5

or 6%. At this point a sharp break in slope of these data reflects

the removal of additional phases. The sharp decrease in FeO* and

Ti02 is consistent with the removal of iron-titanium oxides of the

titanomagnetite series. Iron oxides appear in the groundinass in

virtually all of the rocks analyzed, but appear as phenocrysts only

in the more differentiated lavas with MgO less than 6%. The scatter

of the P2O5 data makes individual trends difficult to distinguish,

but the sharp decline of phosphate in low MgO melts suggests apatite

crystallization. Apatite is an important normative and modal phase

of these late stage lavas. The conjugate decline of CaO in samples

with MgO less than 5% relates to apatite and, perhaps, plagioclase



segregation. Plagioclase begins to crystallize fairly early in the

sequence but is retained in the melt until late stages of magmatic

evolution, as noted by Flower (1973b) on the basis of trace element

trends. This is also evident in the continuous rise of A1203, and

in the pattern of Sr concentration which will be discussed later.

These phases are joined by amphibole, potassium feldspar and

feldspathiods which dominate the phenocryst assemblages of the

highly evolved phonolitic lavas. The continued, rapid rise of K20

and Na20 in the late stage melts, however, implies that these are

not important cumulus phases.

Considering the data f or Mayotte alone (Fig. 3.6), it is

possible to distinguish the nephelinite trend from the

basanite/alkali basalt trend. The former has lower silica, and

higher Na2 and CaO, which is typical of nephelinitic series

(Bailey, 197)4). The Ti02 and P205 concentrations in high magnesium

samples are higher in this series, but decline to levels comparable

to the basanite series. The influence of amphibole fractionation in

the basanite series is most noticeable in the suppression of sodium

and calcium and the early decline of titanium.

Because the samples I have analysed from Madagascar

represent extremes of the fractionation trend from alkali basalt and

basanite to phonolite, I have plotted published data (Besairie,

1965) for samples from Nosy Komba to illustrate the continuity of

the trends through the intermediate compositions (Fig. 3.7).

Although difficulties may arise due to systematic analytical errors

when using data from different sources, as is evident in the scatter

of data for Al203, comparison with the data for the Comores lavas
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indicates that similar fractionation trends control their chemistry.

The samples analyzed from Madagascar most closely resemble the

basanite series of Mayotte. The normative nepheline content of

mafic lavas is somewhat higher than the basanite series, but it is

not as extreme as the nephelinite sequence. Furthermore the

alkaline suite from Madagascar is characterized by the ubiquitous

presence of barkevikite (Besairie, 1960), a lower titanium

equivalent of kaersutite. The phonolites at the low magnesium end

of the trend are more extremely evolved than any of the Comores

samples presented here, but a few phonolites from Moheli and Anjouan

(Strong, 1972b; Flower, 1973) approach them in composition.

Green et al. (19714) suggested that rocks with Mg.-number (Mg

x 100/Mg + Fe2) in range of 63 to 73 have undergone little if any

differentiation and therefore may be considered primary

mantle-derived melts. As magma differentiation proceeds the

Mg-number falls in response to olivine and pyroxene removal and

subsequent iron enrichment in the remaining magma. This progressive

evolution of magmas may be demonstrated as a function of time f or

Mayotte samples for which both absolute age and Mg-number are

available (Fig. 3.8 A). There is a nearly perfect correlation, the

oldest being the most primary and the youngest the most evolved.

Thus, even though the chemical data imply that at least two separate

paths of fractionation produced the Mayotte lavas, in general the

progression from primary to derivative melts reaching the surface is

consistent over time.

In Madagascar the relationship is much more complex. Figure

3.8 B shows that the most evolved magmas in the undersaturated limb
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Figure 3.8 Eruptive age vs. Mg-number for Mayotte and Madagascar.

The Mg-number increases linearly for lavas from Mayotte (A),

indicating a progressive evolution of the magmas with time. The

samples from Madagascar (B) do not show such a simple relationship.
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of the Straddle sequence were among the first to reach the

surface.

The differentiation trend from alkali basalt to phonolite may

be shown in two ternary diagrams: the AFM diagram, relating total

alkalis to MgO and FeO* (Fig. 3.9) and a plot of Na2O-caO-K20 (Fig.

3.10). For comparison with other oceanic island trends, the inset

in Figure 3.9 shows generalized AFM trends for islands in the

Indian, Atlantic and Pacific Oceans (see Borley, 197k, and

references therein). Also f or reference in Fig. 3.9 the rather

limited field of variation of mid-ocean ridge basalts and those

recovered from fracture zones are indicated by the shaded regions.

The broad range of differentiation achieved in the Comores and

Madagascar is characteristic of intraplate volcanism (Hekinian and

Thompson, 1976).

Although there is some overlap in the data from the

different ocean basins, Pacific Ocean islands typically show greater

iron enrichments and less extensive fractionation than islands of

the Indian Ocean. Atlantic Ocean islands on the average show less

iron enrichment and greater degrees of crystal fractionation than

elsewhere. The average values of the Atlantic trends are influenced

by the inclusion of very extreme alkaline trends from Trindade,

Ferdinando de Noronha, and Tristan da Cunha (Borley, 19714). The AFM

trend of the Comores and Madagascar magmas closely follows the

average Indian Ocean trend.

The nepheline normative character of the Comores lavas is

demonstrated by the Ne-Di-Ol-Hy quaternary diagram (Fig. 3.11). The

shaded areas are the fields of lava composition from Anjouan



84

FeO

1(20 Na20 MgO

r.o

K20+ Na20 MgO K20+Na20

Figure 3.9 AFM diagrams: Comores and northern Madagascar. B.

Mayotte only; C. Madagascar only (symbols as in Fig. 3.6 and 3.7).

Inset shows average AFM variations for volcanic rocks from the three

major ocean basins, where a = Pacific, b = Indian, c Atlantic

(alkali basalt associations), and d = Atlantic (nephelinite

associations) (Borley, 19711, and references therein). FZ = fracture

zone material; MORB = field of mid ocean ridge basalts (Hekinian and

Thompson, 1970)
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87

(Flower, 1973). Anjouan is the only one of the Comores islands to

have erupted hypersthene normative lavas. However, lavas erupted

later on this island were nepheline normative.

The Lithophile Elements

Elements that are incompatible with the structure of mafic

mantle minerals are enriched in alkaline rocks. In these

associations they are concentrated in, and compatible with, the low

temperature phases of crystal fractionation series. For example,

potassium is included in alkali feldspar and mica, rubidium is

included in mica, strontium in plagioclase, phosphorus in apatite,

titanium in titanaugite, titanium-rich kaersutitic amphibole, and

iron-titanium oxides. Because these elements concentrate in the

crust it is appropriate to refer to them as the lithophile

elements.

The variation of rubidium and strontium (Table 3.2) with

decreasing magnesium f or the Comores and northern Madagascar are

given in Figure 3.12. In the Comores lavas rubidium rises steadily

from less than 10 to greater than 170 ppm. The nephelinite series

of Mayotte shows the most rapid increase in rubidium, as in

strontium. The scatter in the strontium data makes generalizations

difficult, although the strontium contents appear to rise gently

through the sequence.

In general, the rubidium and strontium concentrations are

higher in the mafic samples from Madagascar than in the Comores

rocks. Rubidium shows a profound increase in the evolved phonolitic



TABLE 3.2: Rb-Sr concentrations: Comores arid Madagascar

Sample Sr(ppm) Rb(ppm)

C 0 MO R ES

Mayotte: MA-22 910. 19.5
MA-29 1480. 27.9
MA-30 1I401. 66.6
MA-55 1300. 66.6
MA-59 1231. 8)4.9

MA-60 752. 28.8
MA-67 889. 117.7

MA-73 11492. 16)4.8

MA-81 1193. 111.5

Moheli: RH-13 808. 32.2
RH-14 778. 214.6

1*1-16 637. 35.8
FIH-19 1061. 36.7
RH-21 919. 19.2
1*1-22 701. 140.9

1*1-29 1217. 77.9
RH-31 136)4. 514.2

1*1-32 668. 8.7
1*1-36 748. 18.6
RH-)42 592. 37.5

Grand Comore: CC-i 566. 36.7
GC-2 315. 15.8
GC-3 603. 36.7
GC-5 561. 314.14

1*1-18 1497. 32.2
1*1-9 623. 8.5
35G 581. 30.8

MADAGASCAR
Diego Suarez: E51 112. 282.

Nosy Mitsou: 27G 720. 90.6

Nosy Be: 168 928. 121.3

Nosy Komba: E121 46. 187.9

Mt. d'Ambre: 60 779. 55.3
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lavas. Strontium shows a concomitant decrease in these lavas, most

certainly in response to removal of plagioclase late in the

evolutionary process. This effect is not seen in the data presented

here for the Comores lavas, but was noticed by Flower (1973b) in the

most evolved rocks of Anjouan.

The establishment of a linear relationship between pairs of

incompatible elements is a necessary and sufficient condition for

definition of trends related by fractional crystallization (Treuil &

Joron, 19714). Theoretically this is true f or a pair including one

strongly incompatible element (with bulk distribution coefficient,

D, less than 0.02) and one weakly incompatible element (D=0.02-O.2).

Rubidium and potassium qualify as just such a pair as long as mica

is less than 1% of the modal assemblage, and alkali feldspar and

feldspathoid are not segregated from the magma until late stages of

the sequence. Figure 3.13 A demonstrates that the two trends

previously defined for the Mayotte suite may be distinguished on the

basis of their trace element compositions. The nephelinite suite is

higher in rubidium than the basanite suite. One sample (MA-30)

appears to fall off these trends; from this plot it is unclear how

this sample relates to the rest. Figure 3.13 B relates Rb/K to Rb

concentrations. For ideally incompatible elements, samples related

by different degrees of partial melting fall on a straight line at a

high angle to the ordinate. Trends related by fractional

crystallization, which does not effectively fractionate truly

incompatible elements, should lie on roughly horizontal lines

emerging to the right of the partial melting line. In this diagram

(Fig. 3.13 B) the two Mayotte trends are clearly defined. The Rb/K
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ratio of the nephelinite trend is distinctly higher than the

basanite/alkalj basalt trend, consonant with derivation of the

nephelinite melts by smaller degrees of partial melting. Flower

(1973b) noticed a similar relationship in Anjouan lavas, in that the

Rb/K ratio was proportional to the degree of silica saturation of

the mafic lavas: the slightly hypersthene normative basalts have

the lowest Rb/K values, which increased in the alkali basalts and

basanites (Fig. 3.114 A). There are no nephelinitic lavas on

Anjouan, but those for Mayotte have higher ratios than any lavas

from Anjouan.

The basanite/alkali. basalt trend from Mayotte defines a

linear trend which is not perfectly horizontal. This non-ideal

behavior is probably due to the segregation of kaersutite.

Amphiboles are the most likely candidates for fractionating Rb and K

during crystallization. Generally one would expect Rb/K to rise due

to amphibole fractionation. However, distribution coefficients are

not available for kaersutites from intermediate to felsic

undersaturated magmas, nor is it known how the composition of

volatiles affects distribution coefficients at high pressure.

Nevertheless, the presence of the amphibole phase in the basanite

trend is the most conspicuous difference between that series and the

nephelinite trend. Segregation of small amounts of mica, which

occurs as rare grains In the groundmass, might account f or a slight

decrease in Rb/K ratios, although one would expect the same effect

in the nephelinitic magrnas where phiogopite is a groundiflass phase.

In any case, the deviation from the ideal horizontal trend is small
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association, - alkali basalt association, S hypersthene

normative rooks.



and the good linear fit of the data is regarded as evidence that

these rocks are related by fractional crystallization.

Three of the alkali olivine basalts can be distinguished

from the main trends and appear to describe a line relating

increasing Rb/K to decreasing degrees of partial melting. However,

there are not enough data here to rule out the possibility that

these samples fall on a mixing curve instead. Nevertheless,

variable partial melting provides a simple and satisfying

explanation.

The basanite trends defined by this and previous studies

from Moheli and Anjouan (Strong, 1972b; Flower, 1973b) show the more

predictable rise in Rb/K ratios through the differentiation sequence

(Fig. 3.1.4 A, B). One should note the extremely high Rb/K ratios

of the mafic basanites from Moheli (Strong, 19'12b). This is due to

a potassium deficiency rather than an excess of Rb, and thus is

unlikely to be due to very small degrees of partial melting.

Indeed, an extremely small degree of melting would be required to

produce Rb/K ratios in the range see in Moheli basanites (up to

205), and magmas so produced would not likely have basanitic

compositions. Strong speculated that the potassium deficiency might

be due to amphibole fractionation, although no amphiboles appear in

rocks from this anomalous trend. Modal amphibole is present in the

sequence from basanite through trachyte to phonolite, which

describes a much shallower linear slope on Figure 3.11! 13. It does

not seem likely, then, that amphibole fractionation has produced the

anomalously high Rb/K ratios in the primary basanites.
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Figure 3.15 A and B present K and Rb/K versus Rb for the

Madagascar suite. For this group as a whole there is no coherent

pattern of covariation of these elements.

Comparing the rubidium and potassium concentrations of lavas

from the Comores Islands to those of other oceanic islands,

caic-alkaline volcanic arcs, and mid ocean ridges (Fig. 3.16) it is

apparent that the enrichment in these lithophile elements is within

the range of hotspot-produced islands, arid contrasts markedly with

lavas from other tectonic environments.

In Figure 3.17, Ti02 versus P205 is plotted for the Comores

and Madagascar lavas. For reference, lines A and B represent

Ti02/p205 values close to upper mantle composition and the ratio f or

chondrite X1O, respectively (Cornen, 1982). Numerous data for mid

ocean ridge basalts cluster about the upper mantle line, with Mid

Indian Ocean Ridge basalts falling closest to the origin. Average

values for maf ic lava from Indian Ocean aseismic ridges and oceanic

islands (Subbarao et al., 1977) fall just to the right of this line,

on the edge of the broad suite C or of Comores and Madagascar

samples. The two fractional crustallization trends from Mayotte

form linear trends of decreasing P2O5 and TIOZ. The riephelinites

have distinctly higher P2o5 values than the basanite/alkali basalt

field. The alkali olivine basalts show considerable scatter, which

is to be expected if they are due to variable degrees of partial

melting. During early fractionation T102 and P205, which are

strongly excluded from olivine, both rise. Ti02 stabilizes when

titanaugite comes on the liguidus. P205 continues to increase until

apatite precipitation begins. At about the same point iron-titanium
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oxides become a phenocryst phase so that Ti02 and P205 both decline.

In the extreme cases of fractionation in Madagascar the phonolites

have been depleted of P25 and Tj02 and coincidentally straddle the

line representing the upper mantle, which has been stripped of these

incompatible elements by previous melting events.

DISCUSSION

The path taken by a differentiating magma depends on the

composition of the initial melt, and in particular its silica

activity and the composition of the precipitating and fractionating

mineral assemblage. These aspects are controlled by the

eutectic-like behavior of basalt phase relationships, and thus

depend primarily on the temperature and depth of melting

(Ioder,1976). Whereas magmas which are saturated with respect to

silica may be produced by large degrees of partial melting at

shallow depth, highly undersaturated magmas are believed to be

produced by small degrees of partial melting at greater depth

(Green,1971). Based on study of REE patterns of basanites, alkali

olivine basalts and ultrainafic inclusions from the Comores, Ludden

(1977) concluded that these lavas were produced by 5-7% partial

melting of a garnet peridotite at pressures greater than 20-25 kb.

The nephelinites of Mayotte would be produced by less than 5%

partial melting at depths greater than 25 kb. This conclusion

ignores the importance of volatiles in the generation of these

magmas, which will be discusssed below.
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The presence of kaersutite in the alkali basalt/basanite

trend of M'Sapere, Mayotte indicates that these magmas evolved

within the stability field of this amphibole, that is between 12 and

21 kb (115-70 km) at temperatures extending almost to 1200°C (Merrill

and Wyllie, 1975). Crystallization of kaersutite on or near the

liquidus, as demonstrated by the presence of amphibole megacrysts,

indicates that the magmas contain 2-3% water at depth (Merrill and

Wyllie, 1975). The presence of opaque reaction rims on most of the

kaersutites indicate that the magma began to equilibrate at

pressures less than 12 kb, perhaps in a sub-volcanic magma chamber.

In the nephelinite series the presence of phlogopite as a

minor phase and the absence of amphibole in this trend may be due to

fractionation at depths beyond the stability field of amphibole yet

within the field of phlogopite, which is stable to 30 kb (95 km)

under conditions of typical oceanic geothermal gradients (Yoder and

Kushiro, 1969; Bailey, 1982). More extensive stability fields for

amphibole and phiogopite are possible under conditions of

continental geothermal gradients (to 30 kb and 50 kb, respectively;

Bailey, 1982). Although it is generally considered that the role of

amphibole in basaltic fractionation is restricted to a limited depth

range within the lower crust and upper mantle (Cox, Bell &

Pankhurst, 1979), the guesswork involved in estimating the value of

partial pressure of water with respect to the partial pressure of

total volatiles makes hydrous minerals unreliable geobarometers

(Carmichael, Turner & Verhoogen, 19714). Volatile compositions are

exceedingly difficult to measure and, in any case, probably changed

dramatically as the magmas rose to the surface, as the system must
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be considered open with respect to volatiles (Sorensen, 1974;

Bailey, 19714). In fact, changes in the composition of the volatile

phases present may obviate the depth restrictions of these

undersaturated melts. Because of the growing body of evidence that

volatiles are very important in the generation of alkaline magmas in

general (Basaltic Volcanism Project, 1981), and of nephelinites in

particular (Bailey, 19714), it is appropriate to consider the effect

of volatiles on basaltic melts.

The type and amount of volatiles present exert an influence

on the type of melts produced in the mantle because they stabilize

hydrous and carbonaceous phases. Whereas the presence of water

tends to push the melt compositions toward silica saturation, carbon

dioxide will deflect the invariant point toward more undersaturated

compositions (Eggler, 1974). This effect could mean that local

heterogeneities in volatile composition could result in the

generation of an entire range of primary melt compositions at a

given depth. Carbon dioxide is the most likely candidate for the

petrogenic control of nephelinitic series (Bailey, 1974). The

presence of carbon dioxide in the nephelinite series magmas is

heralded by the formation of primary calcite in the late stage

magmas, and the association of carbonatites in extremely

fractionated series, particularly in continental regions. Carbon

dioxide increases the stability field of phiogopite (Yoder, 1970),

which may form at the expense of kaersutite. Under normal geologic

conditions, high-potassium amphiboles are metastable relative to a

mica-pyroxene pair of comparable composition (Thompson, 1981). Even

the precipitation of the same phases, namely olivine and augite, in
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the presence of volatiles of variable composition, will result in

widely variable fractionation trends (Yoder, 1976).

The depth constraints discussed above do remain somewhat

attractive, however, considering that nephelinites occur only in

regions with rather thick lithosphere, compared with the sites of

slightly undersaturated or oversaturated alkaline associations.

Nephelinites occur only in oceanic islands built on thick, older

oceanic crust, as in the examples of Trinidade, Fernando de Noronha,

Canary Islands, Tahiti, Hawaii, and the Comores. Nephelinites also

occur in continental regions. Along the East African Rift, the

character of magmas changes with thickness of the lithosphere, from

oversaturated magrnas in the Afar region where the lithosphere has

been severely attenuated and thinned, southward to undersaturated

and extremely undersaturated nephelinitic and carbonatitic magmas

where the lithosphere is thicker. However, the thickness of the

lithosphere may have more influence on ambient volatile content than

on the depth of segregation of a mantle magma. Old, thick

lithosphere may act as an insulator, both to evolving heat produced

by a hotspot (Anderson, 1982a,b) and to rising volatiles (Bailey,

197)4).

Straddle Sequence of Madagascar

In the Tertiary alkaline province of northern Madagascar,

two distinct series occur: the undersaturated series from alkali

basalts and basanites to phonolites, and the saturated series which

includes highly evolved quartz syenites and rhyolites. At first
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sight this association appears to be of the type Miyashiro described

as a straddle A sequence (Miyashiro,1978). In his model, a melt

which compositionally straddles the ol-di-pi plane of silica

saturation is generated at depth where this plane is not a thermal

divide. After it rises to shallower depths where this thermal

divide is effective, the nepheline normative portion evolves toward

greater undersaturation and the hypersthene bearing portion evolves

toward oversaturated quartz normative compositions. An excellent

example of this pattern can be seen in the Gardar province in

southwest Greenland (Upton, 19714), in which precipitation of the

same phases (olivine-pyroxene-feldspar) acting on undersaturated and

saturated melts produce extreme cornposition5 in the undersaturated.

and oversaturated fields, respectively. In Madagascar, however,

there are very few basic magmas and virtually no intermediate magmas

with silica saturated compositions. The highly evolved syenites and

rhyolites in the saturated sequence are stratigraphically the oldest

in this petrographic province. Either the parental basalts didn't

reach the surface because of the density filter effect and the fact

that early melts may have frozen out on the walls of conduits during

their rise, or the volcanic structures which emanated from these

subvolcanic magma chambers were eroded away, or the oversaturated

sequence was derived from the same source as the undersaturated

sequence in one of the scenarios outlined above, or perhaps anatexis

of the continental lithosphere is responsible for the oversaturated

portion of the alkaline province.

Under hydrous conditions the segregation of amphibole can

drive an undersaturated magma across the thermal divide into silica
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saturated compositions (Cox, Bell & Pankhurst, 1981). The

ubiquitous occurrence of barkevikite in the Ampasindava suite of

Madagascar is characteristic of the alkaline petrologic province,

suggesting that this extreme mode of fractionation may have been

operating.

Yoder (1971) and Kushiro (1972) proposed that melting of a

hydrous mantle could yield very saturated magmas, which would appear

to be quite differentiated1 until the water in the source is

consumed, in which case there would be a jump to production of

relatively anhydrous basic melts which could be undersaturated.

There are a number of other volcanic provinces in which

rejuvenation led to the production of relatively less evolved

magmas. In three cases shield building volcanism produced alkali

basalts and their derivatives, which were followed by late

rejuvenescent lavas of tholeiitic character. Among these are

Lazarote, Canary Islands, Jan Mayen, and Mull, Scotland (Carmichael,

Turner & Verhoogen, 19714). This trend is contrary to the classic

example seen in Hawaii in which tholeiites are followed by alkali

basalt and associated lavas. There are some similarities in plate

tectonic setting between Mull, Lazaróte, and northern Madagascar.

In each case the volcanic rocks represent the continental extension

of hotspot traces (although Lazarote is an island it lies on the

continental shelf). It may be that in some complex way passage

through continental lithosphere alters the expected path of

differentiation of alkali basalts to more silica undersaturated

derivatives. In Madagascar we see differentiation of the type

Miyashiro calls straddle-A: that is, trends from compositions very
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near the Ne/Hy normative boundary fractionating to produce both

silica saturated and undersaturated magmas. The other cases

mentioned (Mull, Lazarote, Jan Mayen) may be instances of

Miyashiro's straddle-B trend in this case alkali basalts with minor

to moderate normative riepheline give rise to quartz normative

differentiates across the low pressure thermal divide. In such

regions some mechanism must operate which eliminates the thermal

maximum on the liquidus curve.
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CHAPTER

ISOTOPE GEOCHEMISTRY

INTRODUCTION

The isotopic signature of hotspot volcanism in the ocean

basins has been extensively studied with respect to strontium,

neodymium, lead, oxygen and rare gas systematics (see, for example,

Zindler et al., 1982; White and Hofmann, 1982; Hart and Hogan, 1978;

1(yser et al., 1981). However, there have been few comparative

studies of hotspots in transitional environments, following the

volcanic traces from oceanic to continental lithosphere (see Mahoney

et al., 1982, 1983). In these cases, the problems of identifying

heterogeneities in the mantle source regions are compounded by the

overprinting of isotopic variability introduced by crustal

contamination.

The Comores-Madagascar volcanic lineament provides the

opportunity to examine volcanism produced by a thermal anomaly as

it was first overridden by the continental lithosphere of Madagascar

and then by the transitional or oceanic lithosphere of the

Mozambique Channel. It is necessary to consider first the possible

mantle sources in the context of models of hotspot volcanism, and

then to carefully monitor the isotopic variations for evidence of

crustal contamination. Strontium and oxygen isotopes have been used

for this purpose.
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REVIEW OF MANTLE HETEROGENEITIES

Pioneering studies of strontium and lead isotopes in

oceanic rocks revealed that the composition of ocean island basalts

(OIB) varies considerably between islands (Gast et al., 19614;

Tatsumoto, 1966; Oversby and Gast, 1970), and that 013's are more

radiogenic than mid-ocean ridge basalts (MORB's) (Hart, 1971). When

plotted on Pb or Sr isochron diagrams these data define

pseudoisochrons which yield an age of about 2.0 b.y. (Gast et al.,

1963; Tatsumoto, 1966; Sun and Hanson, 1975; Brooks et al., 1976).

This has been interpreted as the length of time the heterogeneities

have existed in the mantle. There has been much debate about the

nature, scale and cause of these heterogeneities.

Disequilibrium melting of a mantle source containing such

phases as phlogopite and hornblende was proposed as a mechanism for

deriving enriched OIB magmas with enriched isotopic character from

the same source as MORB (Harris et al., 1972; O'Nions and Pankhurst,

1973). However, this would require that the mantle source maintained

isotopic disequilibrium on an intergrain scale over periods of 2

b.y., which is unlikely (Hofmann and Hart, 1975). Furthermore, if

disequilibrium melting controlled isotopic variability, one would

expect to see a correlation between isotopic composition and degree

of partial melting. This is not observed in Hawaii, f or example,

where tholeiites, alkali basalts and nephelinities have about the

same 875r/865r ratios (Sun and Hanson, 1975).

Alternatively, the isotopic variability of oceanic rocks

may be due to large-scale heterogeneities in the mantle. Early
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models envisioned a simple two-component mantle: a depleted upper

mantle reservoir from which MORBs are derived, which had been

previously stripped of its lithophile (LIL) elements during melting

events which accompanied crust formation and thus had low Rb/Sr and

Sr isotopic ratios; and an undepleted, primordial lower mantle

reservoir which is the source of OIBs (Brooks et al., 1976; Allegre

et al., 1981). The undepleted mantle was thought to have been

isolated from the depleted mantle f or 1-3 b.y., based on the

agreement between Sr and Pb mantle isochrons and, relative to the

chondrite-normaljzed model of earth's composition, must not have

been stripped of its crust-forming LIL elements.

The advent of neodymium isotopic studies confirmed the

variability of oceanic rocks. A strong negative correlation between

'3Nd/'Nd and 87Sr/86Sr, called the mantle array, reinforced the

two-component mantle model. In a reservoir which has been depleted

of Nd, a strongly lithophile element, the decay of 3Sm to '3Nd

leads to high '3Nd/1Nd ratios. MORBs have high '3Nd/'"Nd and

low 87Sr/86Sr ratios (.5130-.5132; .7022-.7028, respectively),

whereas OIBs cover a broad range of values to low 3Nd/lLNd and

high 87Sr/86Sr ratios (.5130-.5122; .7030-.7060). This strong

correlation provides a means of estimating the bulk earth isotopic

values of Nd and Sr, that is, the value obtained in a closed system,

relative to the chondrite model. Previously it had not been

possible to determine the bulk earth value of 87Sr/86Sr because Rb

and Sr were strongly fractionated during condensation of the earth,

due to rubidium's volatile nature. However, neodymium and samarium

were not fracionated during accretion. Therefore the value of
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'3Nd/'Nd calculated from a chondrite-normalized composition

assuming a closed system f or 14.5 b.y. (.51262) was taken as the bulk

earth value. The point at which the bulk earth Nd isotopic ratio

intersected the mantle array was taken as the bulk earth Sr isotopic

composition. Estimates ranged from .70140 to .70147 for the 87Sr/86Sr

value of the primordial mantle (Wasserberg and DePaolo, 1979) . Most

QIBs fell on the mantle array wih higher 13Nd/l&+Nd and lower

87Sr/86Sr ratios. Thus, although most OIBs have enriched LIL

compositions, they have time-integrated depletions of Nd and Sr

isotopic values. This suggests that either (1) OIB represent

mixtures of undepleted mantle material and depleted material from

the MORE source, or (2) the sources for OIBs have been enriched

fairly recently in the earth's history. The occurrence of some OIBs

(e.g., Kerguelen; Dosso and Murthy, 1980) and kimberlites (Menzies

and Murthy, 1980) which have time-integrated enrichments in

'3Nd/1Nd and °7Sr/86Sr values indicates that a simple

two-component model is inadequate to explain all the data along the

mantle array. At least three components must be considered: a

depleted reservoir, an undepleted reservoir, and an enriched

reservoir (Anderson, 1982; White and Hofmann, 1982). Variations in

helium isotopes (Kurz et al., 1982) have been marshalled as evidence

of a three-component mantle as well.

Two mechanisms for creating an enriched reservoir have been

invoked in recent years. The first is by accumulation of subducted

oceanic crust, which has been enriched by magmatic processes, by

alteration in contact with seawater, and by addition of sediments

derived from the continents. This has been invoked to explain
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recently discovered deviations from the mantle array toward higher

87Sr/86Sr values in islands such as the Azores (Hawksworth et al.,

1979), the Society Islands, and Samoa (White and Hofmann, 1982).

This explanation might also account for the high 1B0 lavas of the

Societies and Samoa (Kyser et al., 1982). However, many OIBs have

3He/e ratios too high to be derived from weathered oceanic

lithosphere which had been exposed to unradiogenic atmospheric

helium (Hart and Hogan, 1978).

The second alternative is enrichment via mantle

metasomatism which may be a precursor to intraplate alkaline

volcanism in both oceanic and continental regions (Richardson et

al., 1982; Menzies and Murthy, 1980; Bailey, 1982; Stosch et al.,

1980). This mechanism involves changes in the composition of a

system through the agency of circulating volatiles derived either

from rising deep mantle plumes (Bailey, 1982) or from dehydration

and decarbonation of reinjected crustal material (Anderson, 1982).

This concept draws Support from petrologic evidence that volatiles

are of fundamental Importance in the generation of alkali basalts

(Bailey, 1974; Basaltic Volcanism Project, 1981). Ultramafic nodules

which are brought to the surface in fast-rising alkali basalts and

kimberlites are often markedly strained and corroded, showing the

influence of metasomatism (Menzies and Murthy, 1980).

A model proposed by Anderson (1982, 19814) incorporates

elements of both mechanisms. However, the subducted lithosphere is

not viewed as the source of DIEs (as in White and Hofmann's

scenario) but as the source of MORB. The subducted lithosphere,

converted to eclogite by phase changes in the mantle, settles at the
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670 km discontinuity. Dehydration depletes the eclogite layer and

enriches the mantle above it, which is then the source of 013. This

results in the inverted rheology (enriched source above and depleted

source below) common to nearly all mantle metasomatism models.

Anderson further speculates that hotspot thermal anomalies are

generated in the mantle beneath continents, which acts as an

effective insulator against the escape of heat and volatiles. Uplift

creates highs in the geold and rifting ensues. As the continents

drift away, the exposed anomalies are expressed as oceanic island

chains and aseismic ridges. With the insulator removed, the thermal

anomaly begins to wane. This implies that (1) both the distribution

of hotspots and geoid highs reflect the positions of former

supercontinenta]. masses, and that (2) periods of no drift/buildup of

thermal anomalies/extensive continental volcanism alternate with

periods of rapid drift when the thermal anomalies dissipate. The

problem with this is that hotspots such as Hawaii do not seem to be

waning, and there are, if anything, more hotspots now than there

were in the Jurassic/Cretaceous. This latter point may be in error,

in that it may simply be harder to recognize older hotspots.

However, it is difficult to account f or the recent startup of many

of the French Polynesian hotspots (f or example, Duncan and

McDougall, 1976).

Another difficulty with this model is that 100% melting of

a subducted lithospheric slab turned eclogite would be required to

get the appropriate chemical composition for MORB (Yoder, 1976).

Furthermore, it is difficult to explain the tightly clustered,

limited range of chemical composition in MORBs if they have risen
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through the enriched reservoir of 013 source mantle. If the

metasomatizing events are precursors to alkaline volcanism and, in

fact, initiate melting (Menzies and Murthy, 1980) it is difficult to

explain isotopic differences which require on the order of 2 b.y. to

develop. One possibility is that evolution of the mantle by

metasomatism may have occurred in many stages (Stosch et al., 1980)

and ancient enriched reservoirs embedded at the base of the

lithosphere may be reactivated at a much later date to yield

kimberlites, alkali basalts and carbonatites (Bailey, 1982). This

could explain the longevity of intraplate volcanism in continental

regions, but it does not explain the focussed occurrence of hotspot

volcanism, its age-progressive nature, nor the fixity of the hotspot

reference frame which is independent of relative plate motions f or

period on the order of 100 m.y. (Duncan, 1981).

Although the proponents of these two disparate enrichment

mechanisms promote their models as the single cause of intraplate

volcanism, Anderson's approach demonstrates that they may not be

mutually exclusive. And although mantle metasomatism on a worldwide

scale may be difficult to reconcile with other aspects of hotspot

data, the petrologic evidence for the role of volatiles in at least

a local capacity is compelling.

Further evidence for a three-component mantle system came

from the work of Zindler et al. (1982). It was noted that contrary

to the good correlation between the Nd and Sr isotopic values of

oceanic islands, Pb isotopes did not show a good correlation with

either Nd or Sr isotopes. A plot of Nd-Pb-Sr isotopic systems in

three-dimensional space yielded a fairly coherent planar array
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nearly orthogonal to the Nd-Sr axes. Thus, when looking at the

Nd-Sr variation diagrams one is viewing the "mantle plane" end-on so

that the data describe a line; when considering Pb-Sr or Pb-Nd

variations, one is looking at the plane broadside so that the data

fan out in a two dimensional array. From the coherence of the data

to a plane, Zindler et al. (1982) concluded that three components

were necessary to explain the variations. They further concluded

that these components need not represent actual, segregated

reservoirs, and denied the need for a vertically stratified mantle.

Mixing of moderate-scale heterogeneities interspersed in a slowly

convecting mantle could account for the variations (Davies, 1981).

Mixing of various mantle components could produce a planar

distribution of compositions only if the mixing processes do not

significantly fractionate parent/daughter isotopic pairs.

In this regard large-scale mantle metasomatism is ruled out

for most oceanic basalt data. Any magmas influenced by local

metasomatism would be expected to fall off the mantle plane. In

fact, average data from the Walvis Ridge, with isotopic compositions

attributed to metasomatism (Richardson et al., 1982), do fall below

the mantle plane. In addition, any magma contaminated by crustal

material, as in an island arc or in intracontinental volcanism, is

expected to lie off the plane. Zindler et al. (1982) consider that

subducted lithosphere could be one component in the mantle as long

as the mixing occurred in the source. However, data from the Society

Islands, Samoa and Sao Miguel, proposed to have been generated by

mixing of reinjected sediments in the source region (White and

Hofmann, 1982; Hawksworth et al., 1979) fall significantly above the
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mantle plane. Using the equation by which Zindler et al. define the

mantle plane, the data from Samoa, the Societies and Sao Miguel

deviate from the plane by two orders of magnitude more than the data

examined by Zindler et al.

The oxygen isotopic composition of igneous rocks varies

according to their composition and plate tectonic environment. MORBs

typically have 18Q values near 5.7 per mil, whereas tholeiites

produced at hotspots have somewhat lower values (5.t per mu) and

alkali basalts and nephelinites have greater average values (6.2 and

> 6.3 per mil, respectively; Kyser et al., 1981). The '80-enriched

alkali basalts may have been generated from a mantle source which

had been enriched in 1SQ by alteration or had undergone previous

melting events, which increased the 'O in the source. Subducted

lithosphere would satisfy both of these conditions. In addition,

island basalts which have high original 'O also tend to have high

87Sr/86Sr values (Kyser et al., 1981). This agrees with the

hypothesis discussed above, that the source of these OIBs has been

enriched some time prior to the generation of the magma under study.

This scenario might equally well be satisfied by a metasomatized

mantle reservoir (Kyser, pers. comm.).

In contrast to the high t5180 basalts, some hotspot magmas,

kimberlites and eclogite nodules have low 'O values, in the range

of 14_5 per mu. This implies that some portions of the mantle may

still have primordial values of ó'80 (Kyser et al., 1981). Three

distinct reservoirs have been outlined by Kyser: 1) MORB source with

c5180 slightly less than 5 per mu and 87Sr/86Sr values of

.7025.7028; 2) an enriched reservoir with high ó'80 and 87Sr/86Sr;



and 3) a primordial source with low 518Q (about

87Sr/86Sr close to bulk earth. The variability of

fresh volcanic rocks is then seen as a mixture of

sources.

The isotopic composition of the Comores 1

investigated within the framework of these models

the other hotspots of the Indian Ocean.

CRUSTAL INTERACTION
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per mu) and

oxygen isotopes in

these three

avas will be

and compared to

Whereas some magmas inherit elevated 5'O and 87Sr/86Sr

ratios from their mantle source, some may acquire such

characteristics by interaction with crustal material during ascent.

Correlated increases in initial 87Sr/86Sr and 18O values

reported in suites of volcanic rocks have usually been attributed to

contamination of mantle-derived magmas by crustal materials with

high initial 87Sr/86Sr and high 518Q, either by bulk assimilation or

by isotopic exchange (Taylor, 1981). A strong correlation of this

sort was found in the Rocamonfina alkaline group in Italy, where

bulk assimilation of upper crustal materials was considered the most

probable cause of the enrichment of heavy isotopes in this

high-potassium suite (Taylor et al., 1979). In different tectonic

environments, such as the Andean calc-alkaline suites related to

subduction along the Peru-Chile trench (James, 1982) and in the

subduction zone of the Banda Arc (Margaritz et al., 1978),

correlated 87Sr/Sr and 18 values were considered more probably

the result of mixing within the source region. In these cases the
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mixing was between normal upper mantle source material and a source

reservoir consisting of subducted crustal material.

It has been recognized that the coordinated use of strontium

and oxygen isotopes could help identify not only the sources of

magmas, but also any interaction of those magrnas with crustal

material encountered during their ascent. The rationale behind this

technique is that 87Sr and '0 are enriched by two entirely

different mechanisms. Strong Rb enrichments, and thus increases in

87Sr/86Sr ratios, are the result of high temperature processes, such

as melting events which concentrate rubidium preferentially to

strontium in the melt, followed by sufficient time to allow

radioactive decay of 87Rb to 875r. Because the isotopes of

strontium are not believed to be fractionated by differentiation of

magmas, except to the extent that Rb/Sr is fractionated, the

87Sr/865r ratio reflects the time-integrated history of the Rb/Sr

composition of the source(s).

18Q, on the other hand, is most strongly enriched by low

temperature processes, such as weathering, low temperature

hydrothermal alteration, and diagenesis (Taylor, 1980). The t5180

value of igneous rocks is dependent upon several factors. The 'O

value of most mantle-derived magmas is about 5 to 6 per mil (Taylor,

1968). The temperature of melting and the degree of fractionation

may lead to small increases in tS0 through a differentiation

sequence, usually not exceeding 1-2 per mu enrichment for extreme

fractionation (see Matsuhisa, 1978; Kyser et al., 1981). Retrograde

equilibrium, interactionwith aqueous fluids during hydrothermal

alteration and weathering can alter the oxygen isotopic signature of
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a magma (Faure, 1976). Careful sample selection and testing

equilibria of minerals separated from the samples can be used to

detect the influence of these factors. Finally, assimilation of

material with different isotopic composition may cause (5180

enrichments (Taylor, 1980).

The main enriched reservoirs f or 87Sr are ancient

continental crust and sediments derived from that crust. The main

enriched reservoirs for 180 are limestones, marls, and arenaceous

sediments containing clays formed by weathering of ancient crustal

materials. Therefore, a correlated increase in 87Sr/86Sr and (5180

values in a mantle-derived magma series is most likely the result of

interaction with old crustal material that has been exposed to low

temperature alteration (Taylor, 1980).

Taylor (1980) and James (1981) presented reviews of the

theoretical considerations of the effects of contamination on the

systematics of strontium and oxygen isotopes. Those authors pointed

out that there are actually two types of processes to be considered,

one occurring in the mantle source region, the other in the crust.

In general we may consider the following mixing phenomena: mixing

of magmas from two distinct reservoirs within the source region;

bulk assimilation of crustal material by an ascending magma; simple

isotopic exchange between mantle-derived magmas and cruztal country

rocks.

Mixing within the source region may be considered a

two-component system (James, 1981). The isotopic composition of the

resulting magmas will exhibit the simple hyperbolic mixing curves

long thought to be indicative of any mixing process.
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Crustal contamination is not so simple. When magma intrudes

relatively cold crustal material, the latent heat of melting needed

to melt the country rock must come from the latent heat of

crystallization of minerals precipitating within the magma. Such a

situation must be- considered a three-component system involving the

crustal contaminant, the magma and the cumulate phase or phases

(Taylor, 1980). The consequence of this thermal balance is, first

of all, that assimilation will speed differentiation of the magma

body, which may also increase the proportion of differentiated

magmas reaching the surface. In fact, if the country rock is very

much cooler than the rising magma, it may prevent the magma from

reaching the surface by causing it to freeze at depth. This will

depend on how much of the magma must crystallize to provide the

latent heat to melt the crustal rocks. Also, density differences

between the melt and wall rocks will determine how fast and how high

the melts rise and, thus, the time available for contamination.

James (1981) points out that although both mantle processes

and crustal processes may produce correlated increases in 87Sr/86Sr

and c5180, the shape of the curves on a plot of those variables will

be very different, and in fact diagnostic. Mixing of heterogeneous

source materials (e.g., in a subduction zone, melts from the

recently subducted slab and volatile-stimulated mantle melts in the

asthenospheric wedge above the slab) will result in simple

hyperbolic mixing curves which will be convex down. Mixing or

contamination with crustal material during ascent will generally not

be a simple hyperbolic curve except in cases where fractionation of

strontium between the melt and its cumulate phases is insignificant.
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These latter mixing curves in general will be convex up and will

deviate further from simple hyperbolic curves as the temperature of

the intruded crust decreases. That is, f or lower crust (high

temperature) assimilation the curves are nearly hyperbolic because

the proportion of cumulates to assimilated crustal material is low.

In the upper crust where more cumulates must freeze out of the melt

in order to provide sufficient heat to melt the colder country rock

the curves deviate substantially from the simple hyperbolic mixing

curves. In general, these curves terminate at lower 87Sr/86Sr and

18O values.

The models outlined by Taylor (1980) and James (1981) are

based on the following assumptions I or three-component crustal

contamination systems:

1) crystallization of a cumulate phase provides the heat

necessary to melt and assimilate crustal rock;

2) ideal Rayleigh crystallization occurs , i.e., the

precipitates are immediately removed from the magma;

3) the crystal cumulate has the same ' eQ as the magma and

all three components have the same oxygen concentration;

14) the partition coefficient of strontium between the

cumulates and melt is greater than 1.

The third and fourth assumptions are satisfied if

plagioclase is the cumulate phase. DePaolo (1981) provides a more

detailed analysis which will accornodate fractionation with a whole

range of cumulate phases.

Perfect Rayleigh fractionation is difficult to obtain in

basaltic magmas if plagioclase is the controlling phenocryst phase,
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because its density is close to or lower than the melt. If the

phenocrysts are not separated from the melt, the problem is reduced

to a two-component mixing process (James. 1981).

If olivine and clinopyroxene are controlling fractionation,

they are more likely to separate from the melt. However, the

partition coefficients of strontium for these two minerals are less

than 1, and this will cause an increase in the strontium

concentration in later stages, rather than the decrease modelled by

Taylor and James. This increase is evident in the early stages of

Comores and Madagascar differentiation series; in Madagascar the

late stages see a sharp decline in strontium which signals feldspar

segregation and removal.

ISOTOPIC COMPOSITION OF THE COMORES

AND MADAGASCAR VOLCANIC ROCKS

The results of strontium and oxygen isotope analyses of 27

samples from the Comores Islands and 7 samples from Madagascar are

summarized in Table 4.1 and Figure 4.1.The trends in isotopic

compositions are quite distinct; the Madagascar suite shows a

pronounced increase in initial 87Sr/86Sr at modest 6180 values,

whereas the Comores samples show a small range of strontium

compositions but a large increase of 6180. First the oxygen

isotopes will be discussed, then the strontium and finally the

combined variations will be considered to distinguish the causes of

these variations.
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TASLE 14.1: Oxygen and strontium isotopic composition, Coinores and Madagascar

Sample 8Q Rb/Sr 87Sr/8Sr 2a 8?Rb/sSr (BlSr/B6Sr)i
X iO

COMORES:
Mayotte: MA-22 6.68 0.021 0.703222 22 0.06073 0.703222

MA-29 6.111 0.058 O.7'03318 06 0.16774 0.703305
MA-30 6.63 0.O47 0.703291 20 0.13593 0.703281
MA-55 9.57 0.051 0.703276 12 0.1147149 0.703276
MA-59 7.611 0.069 0.703279 20 0.19955 0.7032714

MA-60 -- 0.038 0.703251 06 0.10990 0.703251
MA-67 5.95 0.054 0.703239 72 0.15617 0.703239
MA-73 10.57 0.110 0.7031101 17 0.31813 0.703386
MA-81 8.66 0.093 0.703360 06 0.26896 0.703345

Mohelj: RH-13 8.12 0.0110 0.703303 00 0.11568 0.703303
RH-ill 7.72 0.032 0.7031119 59 0.09255 0.7031119
RH-16 5.27 0.056 0.7032116 09 0.16196 0.7032116
RH-19 6.22 0.035 0.703185 12 0.10122 0.703185
RH-21 7.71 0.021 0.703309 13 0.06073 0.703308
RH-22 5.71 0.058 0.70311113 06 0.167711 0.7031138
RH-29 7.97 0.0611 0.703395 78 0.18509 0.703395
RH-3i 7.112 0.0110 0.703308 00 0.11568 0.703308
RH-32 6.112 0.013 0.703291 00 0.03760 0.703290
RH-36 5.17 0.025 0.703282 36 0.07230 0.703281
RH-142 5.85 0.063 0.703310 00 0.18220 0.703307

Grand Comore: GC-1 5.34 0.065 0.703255 28 0.18978 0.703255
GC-2 5.08 0.050 0.703861 143 0.1141161 0.703861
GC-5 5.32 0.061 0.703972 53 0.17642 0.703972
RH-lB 5.06 0.065 0.703294 36 0.18798 0.7032911
RH-9 5.08 0.014 0.703941 514 0.04049 0.7039141
35 0 5.25 0.053 0.703873 80 0.15329 0.703873

MADAGASCAR:
Diego Suarez: 31 8.47 2.519 0.70l888 06 7.286214 0.703908

Nosy Mitsou: 27 G 6.67 0.126 0.703345 16 0.36440 0.703292
Z37 6.50 0.332 0.7034114 35 0.96018 0.703349

Nosy Be: 168 7.145 0.131 0.703247 11 0.37886 0.703207
2A 6.96 0.015 0.703248 21 0.04338 0.703248

Nosy Kamba: Z121 7.33 4.062 0.707032 09 11.75186 0.705300

Mt d'Ambre: 60 6.144 0.071 0.703051 67 0.20533 0.703049
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Figure 14.1 6180 vs. 87Sr/86Sr for Comores arid Madagascar lavas.

U Mayotte alkali basalt series; II = Mayotte nephelinite series;

= Moheli; L= Grande Comore; = Madagascar.
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Oxygen Isotopes

Oxygen isotope compositions are expressed in the

conventional per mil notation relative to the SMOW standard (Clayton

and Craig, 1962):

= [(18O/16O)sample -1

1

x 10 (°/)

[(180/160)standard
j

Details of the analytical procedures are given in Appendix 2.

There is a wide range in (5180 values in the Comores rocks,

from 5 to 10.5 per mil. The young samples from Grande Comore have

the lowest and most coherent values, in the range of 5-6 per mu

Moheli has more variable (5180 composition, from 5.2 to 8.1 per mu

Mayotte has a pronounced enrichment in 180 in its samples, with a

range of compositions is 5.0 to 10.6 per mu . The Madagascar suite

covers a more moderate range, from 6.1 to 8.5 per mil

Testing (5'O Equilibrium

Three samples from Mayotte, MA-55, MA-73 and MA-81, are

anomalously enriched in 18 and create a spike in the (5180 values in

Fig. 'Li. All of these samples belong to the nephelinite series.

The high (5180 of MA-55 is expected, in that this sample shows

evidence of slight groundmass alteration to clays, which have very

high (5180. However, samples MA-fl and MA-81 appear fresh in thin

section. To test whether the 1BQ enrichments are due to secondary

alteration or have some genetic significance, the 6180 of alkali

feldspars and pyroxenes from these rocks were determined and are

reported in Table Lt.2. The value of 6180 of alkali feldspar from

Madagascar sample E121 is also reported.
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TABLE 14.2: 518O (°/) of mineral separates and whole rock samples

Feldspar Pyroxene 'Whole Rock

MA-73 5.7 5.9 10.6

MA-81 6.4 5.0 8.6

E121 7.9 -- 7.3
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In unaltered samples, the equilibrium value of 180 of

I eldspars is close to, or slightly greater than, the ratio of the

melt itself (Taylor, 1968). The discrepancy between the high 518O

values (whole-rock) of MA-73 and MA-81 and those of the feldspar

phenocrysts indicates that the system has been disturbed; the

increase may be due to hydration of glass in the groundmass which

preferentially concentrates 'o during low temperature interaction

with meteoric water (Taylor, 1968), but may otherwise show no

evidence of alteration (Muelenbachs, 1976).

Because phenocrysts are much less likely than groundinass to

undergo isotopic exchange with water, the alkali feldspars may be

used to estimate the original 6180 of the rock. MA-73 and MA-81

feldspars fall within the range of 5.5 to 6.5 per mil which is

coincident with the lower range of samples from Moheli.

If the 6180 of the phenocrysts have not been changed much

estimates of temperatures of equilibrium between feldspars and

pyroxenes may be inferred. MA-81 would yield an equilibrium

temperature of 8300 ± 60°C, using the fractionation factors of

Bottinga and Javoy (1975). The phenocrysts of MA-73, on the other

hand, could only have been in equilibrium at temperatures greater

than 1300° ± 100°C, at which point feldspars and pyroxenes have the

same 6180, according to the oxygen isotope geothermorneters of Kyser

et al. (1981b). This would require that the highly evolved

phonolitic nephelinite rose directly from a source at 70 to 100 km

depth (Green, 1970) which seems unlikely. Experimental evidence

that plagioclase enters the liquidus of alkaline melts at about 925°

C, and alkali feldspars at somewhat lower temperatures (Cox, Bell
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and Pankhurst, 1979) indicates that a sample with a composition like

MA-73, which consists of predominantly felsic minerals (nepheline

and sanidine) would not have equilibrated at 1300°C. This implies

that disequilibrium between phenocryst phases as well as between

phenocryst and melt reflects post-crystallization alteration. Since

it is not knownif the feldspar lost 18Q or the pyroxene gained it,

the estimate of the original d180 of the melt from that of the

feldspar (5.7 per mu) must be taken as a very rough estimate.

The feldspar in sample E121 appears to be in approximate

equilibrium with its whole rock ratio, so that the 18Q value of 7.3

per mil may be considered the original value of the rock.

Strontium Isotopes

Initial strontium isotopic compositions were calculated

using K-Ar age determinations (Chapter 2), and approximate

stratigraphic equivalence for undated samples. Details of the

analytical procedures are given in Appendix 2. Figures 4.1 and I.2

summarize the data for the Comores and Madagascar suites.

Comores

The Comores rocks are slightly enriched in 87Sr/86Sr

relative to MORB. The values of Mayotte and Moheli are quite

constant at .7032 to .70314. The spike seen in 6180 values is not

accompanied by enrichments in 87Sr. The young lavas of Grande Comore

show the greatest variation of the Comores Islands, that is, with

values ranging from .7031 to .70140. Thus the samples with the lowest

6180 values are also the most radiogenic with respect to strontium.
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Figure 4.2 'Sr/"Sr vs. Rb/Sr: Coniores and Madagascar. The

variability of '7Sr/'Sr with Rb/Sr for the Comores and northern

Madagascar volcanic rocks (symbols as in Fig. I.1). Inset:.

Madagascar. The inset figure demonstrates an increase of 67Sr/6Sr

with increasing Rb/Sr, due to combined assimilation and fractional

crystallization. The main figure (which excludes the three

contaminated phonolites f or Madagascar) shows that, for uncon-

taminated lavas, the average value of 'Sr/"Sr increases, toward the

western (younger) islands.
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The Sr isotopic ratios contrast with those of basalts from the

Carlsberg Ridge which have typical MORB values of .7028-.7029.

Mid-Indian Ocean Ridge (MIOR) basalts have °1Sr/°6Sr ratios up to

..7O3L (Hedge et al., 1973), which may be due to interaction with the

Reunion hotspot Frey et al., 1980).

Figure 4.2 presents the variation of 87Sr/86Sr as a function

of Rb/Sr. Disregarding, for the moment, the three high 87Sr/86Sr

phonolites from Madagascar (discussed below), the initial 87Sr/86Sr

values of each of the suites of rocks describe distinct populations

with the average values rising in the younger islands. The suite of

samples from Mayotte fall on a nearly linear trend with a shallow

positive slope. The equidimensional field of data from Moheli

overlaps the Mayotte data but has higher average 87Sr/86Sr values at

low Rb/Sr values.

The samples from Grande Comore are distinct in that all but

two have significantly higher 87Sr/86Sr ratios with low Rb/Sr. These

data form an unusual negative correlation seen in only a few other

island suites, Canary Island, Jan Mayen and Cape Verde Islands,

where assimilation of reef carbonate material with very low Rb/Sr

ratios is the suspected cause (Brooks et al., 1976). In fact, a

modern coral clast was recovered from a cinder cone on the northern

margin of Grande Comore, providing evidence that young reef material

had been entrained during explosive volcanic eruptions. However,

the very low 6180 values of all the Grande Comore samples (5-6 per

mil) argue against any significant interaction with carbonate

material, which would have a 6180 value near 30 per mil.
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The significance of the progressive increase in 87Sr/86Sr

ratios in the younger islands will be discussed later in conjunction

with further isotopic data.

Madagascar

A broader range of 87Sr/86Sr values is seen in the

Madagascar suite (Fig. 14.1 and 14.2). The values for the maf Ic to

intermediate rocks (.7030-.7033), bracket the Comores values. The

three phonolites analyzed have 87Sr/86Sr values from .7034 to .7053,

and are shown below to have been enriched by contamination of mantle

derived lavas with crustal material. Excluding these three samples

the lavas of Madagascar have a lower average 87Sr/86Sr value than

the Comores lavas for a given Rb/Sr value (Fig. 14.2).

Modelling Crustal Contamination

The increase in 87Sr/86Sr in the Madagascar suite is

accompanied by an increase in 'o values, from 6.15 to 8.145 per mu

(Fig. 14.1), and a sublinear increase in Rb/Sr (Fig. 14.2). These

relationships, though not a monotonic increase, are most likely the

result of contamination of magmas by the continental crust through

which they erupted. This is corroborated by the good hyperbolic

relationship between 87Sr/86Sr and Sr and the straight line fit

between 87Sr/86Sr and 1/Sr (FIg. 14.3 A, B). However, there is only

a moderate correlation between rubidium and strontium (Fig. 14.3 0),

which indicates that the system does not represent a simple

two-component mixture (Brooks et al., 1976). The increase in

potassium (Fig. 14.3 C) and the decline of strontium with increasing

87Sr/86Sr indicate that crystallization and removal of feldspar adds

a third component to the mixing relationship, as described by Taylor
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Figure )43 Variation of 87Sr/86Sr f or northern Madagascar lavas.

The hyperbolic decrease of 87Sr/86Sr with rising Sr (A) and linear

correlation with 1/Sr (B) are indicative of mixing chemistry. The

scatter about the Rb/Sr correlation CD) line indicates that it is

not simple two-component mixing, perhaps involving heterogeneities

in the source or the contaminant. The correlated non-linear increase

of 87Sr/86Sr and K20 (C) indicates that fractional crystallization

accompanies the assimilation process.
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(1980), James (1981) and DePaolo (1981). The concave-down geometry

of the mixing curve in the plot of 5180 vs. 81Sr/86Sr identifies the

phenomenon as upper-crustal contamination in which the amount of

material assimilated is small compared to the amount of cumulate

material precipitated. The mixing chemistry for radiogenic isotopes

in a combined assimilation-fractional crystallization system is

described by the following equation:
C -C°
m m -

= 1 (Co/C)F Z
C -C°
a m

where c, Cm° and Ca are the isotopic ratio (87Sr/86Sr) in the magma

represented by the rock sample, the original magma, and the

contaminant, respectively; Cm and Cm° are the element (Sr)

concentrations in the rock and the original magma; F is the fraction

of melt remaining; and Z = (r+D-1)/(r-1), where r is the rate of

assimilation (mass assimilated/mass crystallized), and D is the

distribution coefficient between solid and liquid phases (DePaolo,

1981).

For upper crustal contamination where the rate of

assimilation (r) is low, the change in element concentrations in the

magma will be dominated by the fractional crystallization. Only in

the case where the distribution coefficient is equal to one will the

mixing line extrapolate to the contaminating end member. This

situation is demonstrated in Figure !L!. If the distribution

coefficient is greater than one the shape of the curve will mimic a

simple mixing curve but will not extrapolate to the coordinates of

the contaminant.
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Figure 41 87Sr/Sr shifts in a magma affected by assimilation and

fractional crystallization. Mixing curves (solid lines) are plotted

for contamination of magma (M) with crustal material (A), where the

value of r (rate of assimilation mass assimilated/mass

crystallized) is 0.2. Only in the case of simple mixing where there

is no fractionation of Sr (D-1) does the mixing line extrapolate to

the contaminating endinember. The dashed line connects points of

data from northern Madagascar. The configuration of this line

indicates that either the value of the distribution coefficient, 0,

is greater than 2, or the value of r is less than 0.1. Modelling of

the contamination process finds that 10% contamination (r-0.1) by a

material with the compositon of A is consistent with the data

presented here. See text.
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The lavas in northern Madagascar have erupted through cold

(non-orogenic) crust so that we can assume that the amount of

country rock assimilated is considerably less than the amount of

cumulates precipitated to provide the necessary heat to induce

melting. We adopt a value of r less than or equal to 0.2 for the

ratio of mass assimilated to mass crystallized. The crust

encountered by the Madagascar lavas includes Jurassic and Cretaceous

schists, calcarerijtes, limestones and arkosic sandstones derived

from the Precambrian shield areas of Madagascar. At depth lies

Precambrian crystalline basement. The 87Sr/86Sr value of such

granitic basement (and of sediments derived from it) is assumed to

be near .70O (Sr = 140 ppm), the value of a granite from the

Seychelles (unpublished data), which, because of the juxtaposition

of the Seychelles and Madagascar in pre-drift reconstructions, we

take to be representative of the basement present in Madagascar.

Limestones of Jurassic age have 87Sr/86Sr values in the vicinity of

.7080 (Sr = 400 ppm)(Faure, 1976). If a mixture of 50% of each

represents the calcarenites prevalent in this region, the

contaminating end member may have an average composition close to

87Sr/96Sr = .720, Sr = 200-250 ppm. This end member is plotted in

Figure 14.14. Also plotted is the compositon of sample 60, the least

contaminated of the Madagascar lavas (87Sr/86Sr = .7030; Sr = 800

ppm). The value of D changes through the fractionating series

controlled in early stages by olivine CD = .001-.01), and

clinopyroxene (D = .5), later by hornblende (D = .02) and

plagioclase (D = 2), and in the final stages by alkali feldspar CD =

3.8) and feldspathoid. The dotted line in Figure 1414 represents this
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shift in D values through the fractionation sequence. An average

value of D equal to 2 is used here. The configuration of the data

from Madagascar suggests that the value of r is close to 0.1. This

would correspond to 10% assimilation of the hypothetical calcarenite

if crystallizaton has reached at least 90% (a reasonable assumption

for a phonolite). If the contaminant is primarily granite (.74O0),

much less material is required to achieve the increase in 87Sr/86Sr.

If pure limestone (.7080) is the contaminant, considerably greater

assimilation is required.

Oxygen isotope data should help constrain the contaminating

end member. The equation governing the mixing chemistry of oxygen

isotopes must take into account their fractionation during magmatic

processes. Thus:

óm° 6m° AIr) (1 - FZ)

where Z = r/(r-1), 6m, m° and óa are the 6180 values of the magma,

the. original melt and the contaminant, r and F are as defined above

and A is the fractionation factor (6 - 6 ).crystals melt

Considering that the feldspar in sample 121 has .6 per mu

enrichment over the whole rock value, the A value for the whole rock

is taken to be .5 per mu. Ten percent assimilation would require

the contaminant to have a 6180 value between 15 and 20 per mil,

which is consistent with calcarenites and other geosynclinal

sediments containing carbonate (Taylor, 1980). For a contaminant

with 6180 in the range for granutic batholiths (from less than 5 to

12 per mu), 20 to 50% assimilation would be required. This clearly

is too great to be consistent with the strontium data which required

less than 10% assimilation of pure granitic material. For pure
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limestone with 6'0 of 28-30 per mu, less than 24% assimilation is

allowable. Again, this is not compatible with the strontium data

which requires more than 10% and possibly as much as 20%

assimilation. Therefore, approximately 10% assimilation of a

calcarenite or mixture of granite and limestone is compatible with

the observed data.

87Sr/66Sr vs. Eruptive Age

When the values of initial 87Sr/86Sr are plotted against

decreasing eruptive age (Fig. 24.5), the contrast between the Comores

and Madagascar suites is readily apparent. The early erupted

phonolites in Madagascar have the highest 87Sr/86Sr values, and the

latest eruptives, represented by the basalts of Mt. d'Ambre, are

relatively primary with low 87SrI86Sr. This indicates that the

process of burning through the continental lithosphere led to

eruption of differentiated, contaminated lavas early in the

evolution of the province and permitted less evolved lavas to erupt

only after some time, when conduits were established. These lavas

have 87SrI86Sr ratios of .7030, that is, lower than that seen in any

of the Comores samples. The mantle source of' the least contaminated

magma from Madagascar is slightly depleted, relative to the Comores

lavas, and may represent a mixture of material from the Comores

hotspot and the depleted subeontinental lithosphere. Mahoney et al.

(1981, 1982) arrived at a similar conclusion for the Deccan and

Rajrnahal Traps of India; those authors determined that although the

heat needed to generate these flood basalts may have been provided

by the Reunion and Kerguelen hotspots, the actual material source

was depleted suboontinental mantle. A more exhaustive study of the
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Figure 145 87Sr/86Sr vs. eruptive age. 81Sr/86Sr decreases with

decreasing eruptive age in the Madagascar suite but increases with

age in the Cornores Islands (symbols as in Fig. .1).
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strontium isotopic composition of Madagascar in conjunction with

other isotopic systems (perhaps neodymium) will be necessary to

characterize the mantle component in this complex volcanic suite.

The Comores suite, taken as a whole, increases in radiogenic

strontium through time (Fig. 11.5). This trend reflects greater

contribution of primordial or enriched mantle and diminishing

contribution from a MORB-type depleted reservoir. Support for this

conclusion comes from Kyser's (1982) model (Fig. 11.6) which

demonstrates that the Grande Comore samples trend toward the low

6'O, high 87Sr/865r reservoir designated as primordial mantle. In

this figure the high 18Q values from Mayotte that were determined

to be due to alteration have been omitted. The Madagascar suite

covers a large span from a MORS-type source to an enriched

composition due to the effects of assimilation of crustal material

upon ascent. The isotopic character of Madagascar, however, mimics

that of suites which inherited their high 87Sr/86Sr, high 18O

values from an enriched source such as subducted oceanic crust

(White and Hofmann, 1982).

Figure 14.7, which presents 87Sr/86Sr value for seven oceanic

hotspots and their continental extensions, demonstrates that the

isotopic response to contamination in continental regions is

extremely variable.

As a comparison to intraplate volcanism elsewhere in the

Indian Ocean, figure 11.8 (from White and Hofmann, 1981, and

unpublished data) presents neodymium isotopic variations against

initial 87Sr/865r. The Comores data fall below the mantle array.

The only other oceanic intraplate volcanics known to fall below the
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Figure 14.6 ó'80 vs. 87Sr/86Sr signature of oceanic volcanism and

mantle reservoirs. Comparison of 6180 vs. 87Sr/86Sr variation of

Comores and Madagascar lavas with other intraplate volcanic rocks

and mid-ocean ridge basalts. The character of three source

reservoirs is inferred: 1 = MORB source, 2 = primitive deep mantle

source, 3 = enriched source characteristic of subducted lithosphere

or previously melted and metasomatized material (Kyser, 1980).
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mantle array are from St. Helena. Because involvement of crustal

material causes deflections above the mantle array, this data

reinforces the conclusion reached from the ó'80 vs. 87SrI86Sr

variation, that the Comores lavas have not interacted with a crustal

reservoir, nor have they been produced by melting of subducted

lithosphere.

The Comores lavas have very radiogenic lead compositions

(206Pb/20Pb = 19.1-20.14; White, unpublished data). In this respect,

the Comores again resemble St. Helena.

CONCLUSIONS

The isotopic data from the alkaline suite of northern

Madagascar are consistent with 10% contamination of mantle-derived

melts by sedimentary crustal material. The Comores lavas, on the

other hand, do not show evidence of crustal contamination. The

increasing values of 87Sr/86Sr and decreasing S'O from Mayotte to

Grande Comore indicate that the magmas reaching the surface contain

a large proportion of a component identified as primordial. There is

no evidence whatever that the crust beneath the Mozambique Channel

is anomalous in its isotopic composition, and it may be considered

typical oceanic crust.
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CHAPTER 5

EVOLUTION OF THE INDIAN OCEAN

ABSOLUTE AND RELATIVE REFERENCE FRAMES

The new absolute motion data presented in Chapter 2 for the

Somali plate will be added to existing relative and absolute motion

data to describe the evolution of the Indian Ocean within the

hotspot absolute motion framework. To do this, absolute motion

parameters for the African plate based on information from the

Walvis Ridge are used as a starting point, following Duncan (1981).

To African motions are added the relative motions of the

surrounding plates. This ties the relative motions into the absolute

framework. The rotation parameters used in this study are summarized

in Table 5.1. The relative motion data are based on those due to

Norton and Sclater (1979), whose reconstruction of the southern

continents is now widely accepted. Adjustments to their model have

been made where newer or more exact information is available. In

particular, the discovery of M-series magnetic anomalies in the

Somali Basin (Rabinowitz et al., 1983; Masson et al., 1982) and

Mozambique Basin (Simpson et al.,1979) have made an important

contribution to the plate rotation model. Madagascar has always

been the keystone in the reconstructions of the plates involved in

the evolution of the Indian Ocean. With the positive magnetic

anomaly identification and the isotopic evidence that the Mozambique

Channel is definitely not continental (Chapter Li), lingering
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TABLE 5.1: Rotation parameters including SM-AF rotation

Plates M.Y. Latitude Longitude alpha' Reference

(N,-s) (E,-W) ( )

AF 21 0 51.00 -145.0 -'4.6 Duncan, 1981

AF 36 0 42.00 -45.0 -9.5

AF 55 0 140.00 -40.0 -12.8

AF 69 0 35.00 -Z40.0 -18.5

AF 80 0 31.00 -149.0 -26.0

AF 100 0 25.00 -141.0 -31.0

AF 112 0 27.00 315.9 -32.0 Morgan, 1981

AF 120 0 25.9 -'42.5 -33.0

AF 1 149 0 20.6 -'19.8 -31 .6

RA AF 10 0 314.9 19.2 -3.7 Chase, 1978

RA AF 20 0 311.9 19.2 -514 Girdler & Styles, 19711
(total alpha)

SM AF 10 0 -63.6 2.3 3.3 Emeriok & Duncan, 1982

MD SM 122 0 0.0 0.0 0.0 Scrutton etal, 1981
(pole) **

MD SM 156 0 -7.0 109.0 -114.0 Rabinowitz , 1963

(timing)

MD SM 160 0 1.9 105.6 -16.9 Bunce & Molnar, 1977

IN MD 140 0 13.3 511.1 -20.8 Norton & Sciater, 1979

IN MD 50 0 12.9 145.3 -30.1

IN MD 63 0 18.8 26.2 -38.14

IN MD 90 0 18.7 25.8 -59.0

IN MD 160 90 0.0 0.0 0.0

TA IN 140 0 11.1 3'4.6 22.0

TA IN 50 0 11.9 30.8 30.9

TA IN 63 0 17.11 10.9 '12.8

TA IN 83 0 114.1 9.7 66.2

TA IN 122 0 1.2 12.6 87.1

TA IN 160 0 1.0 7.7 88.9

0Z TA 140 0 11.1 314.6 -22.0 Norton & Solater, 1979
(pole)

OZ TA 53 0 11.5 32.8 -26.1 Cande & Mutter, 1982
(timing)

OZ TA 83 0 11.9 30.8 -30.9

SA AF L40 0 59.0 -35,0 114.9 Norton & Sciater, 1979

SA AF 83 0 63.0 -36.0 33.8

SA AF 122 0 52.6 -311.6 52.4

SA AF 135 0 115.5 -32.2 57.5

SA AF 200 135 0.0 0.0 0.0

* The angle of rotation is positive when the rotation is clockwise, viewed from the

earth's center. The rotations represent motions from present back to reconstruction time.

** All references relate the motion of MD to AF, but since we define the SM plate and its

motion from 0-10 my, we relate MD to the reconstructed position of SM.

AF-Africa; MD..Madagascar; Sm-Somali; IN-India; RA-Arabia; TA-Antarctica;

OZ-Australia; SA-South America.
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uncertainties about the permissible tightness of fit of Madagascar

to Africa may now be dispelled.

This chapter is intended to be brief and descriptive.

Rigorous discussion of the magnetic anomaly and fracture zone

information (Fig. 5.1) used to define the relative motions between

plates can be found elsewhere (Norton and Sclater, 1979; Rabinowitz,

1983; Bergh, 1971, 1976, 1977; Cande and Mutter, 1982). Throughout

this discussion, the magnetic time scale used will be that of Cox

(1982).

Because this model predicts the positions of hotspots

through time, predicted paths will be compared to the topographic

expression of intraplate volcanism. In this regard it is

appropriate to review the character of aseismic ridges in the Indian

Ocean.

ASEISMIC RIDGES

The major aseismic ridges are the Ninetyeast and Chagos-

Laccadive Ridges, the Mascarene Plateau, Seychelles Bank, the

Madagascar and Mozambique Ridges, the Broken Ridge, and the Agulhas

Crozet, Kerguelen and Naturaliste Plateaus (see Fig. 1.1). The

Comores Archipelago and alkalic volcanic province of northern

Madagascar form an aseismic lineament in the western Indian Ocean

which is less prominent. Nevertheless this island chain provides

valuable information about the tectonic history of the western

Indian Ocean, which is the focus of this study. The nature of

volcanism there may best be appreciated in the context of the nature
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Figure 5.1 The distribution of magnetic anomalies in the Indian

Ocean. Magnetic anomalies and fracture zone data are used to

determine the relative motions between plate pairs. The data are

from Schlich, 19714; Masson et al., 1982; Rabinowitz et al., 1983;

Norton and Sciater, 1979; Cande and Mutter, 1982; Bergh, 1977;

Simpson et al., 1979.
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of aseisrnic ridges in the Indian Ocean and the tectonic evolution of

this ocean as a whole.

Early speculations that the aseismic ridges were

"microcontinents", that is, splinters of continental crust isolated

during the fracturing of Gondwanaland (Heezen and Tharp, 1965;

Laughton et al., 1970), have proven untenable f or all except the

Seychelles Bank (Schlich, 1975). There the continental nature of the

crust is verified by the outcropping of Precambrian granites (Baker

and Miller, 1963), and by continental structure inferred from

seismic refraction studies (Matthews and Davies, 1966). The Agulhas

Platform may also have a remnant of continental crust beneath it,

although seismic data support the existence of thickened oceanic

crust in this region (Tucholke et aL, 1981; Scrutton, 1973).

However, in light of more recent geophysical surveys and the results

of studies of 12 DSDP sites located on aseismic ridges in the Indian

Ocean (Legs 22-26), there is no conclusive evidence f or continental

crust underlying the remainder of these features (Schlich, 1975).

The physical form of aseismic ridges and island chains is

profoundly affected by proximity to spreading ridges. On-ridge

hotspots tend to form fairly broad, continuous aseismic ridges which

contrasts with the discrete volcanic cones rising from the abyssal

plain that chararacterize island chains formed by off-ridge

hotspots. The greater size and more continuous nature of aseismic

ridges is probably due to 1) entrainment of asthenospheric rnagmas

where the enhanced thermal gradient caused by the hotspot meets the

existing zone of partial melting below a spreading ridge, 2) surface

eruption of voluminous lavas which do not have to work through old,
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thick oceanic lithosphere, and 3) physically continuous eruption in

a zone where lithospheric thickness is effectively zero, resulting

in volcano spacing that is effectively zero. The fact that the

aseismic ridges form at sea level, some 2500 to 3000 m above normal

ocean floor and remain topographic highs indicates that they are

formed by excess volcanism in a region of enhanced magma generation.

Furthermore, when an aseismic ridge is formed at a ri-dge

that jumps or migrates in an attempt to stay on top of the hotspot,

the subsidence history of the aseismic is effectively complicated by

repetitions of subsidence-uplift-subsidence sequences.

The Comores hotspot is the only hotspot track in the Indian

Ocean that has not been on or near a spreading ridge for most of its

history. Although the spreading ridges are now migrating away from

the Reunion and Kerguelen hotspots, proximity to the spreading

ridges throughout most of their history has affected the form of the

Chagos-Laccadive and Ninetyeast Ridges which emanate from these two

hots pots

The most completely documented aseismic ridge in the Indian

Ocean is the Ninetyeast Ridge, a striking linear feature which runs

N-S approximately following the 90°E meridian. It is a nearly

continuous ridge extending from about 31 o to 9°N where it is buried

by the thick sediments of the Ganges Cone in the Bay of Bengal. On

the northern projection of the lineaznent lie the Rajmahal Traps in

northeast India, which mark the earliest volcanic activity

associated with this trend (Duncan, 1981; Mahoney et al., 1983).

The Ninetyeast Ridge has been variously attributed to persistent

volcanism along a transform fault which once may have separated the
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Indian and Australian plates (Sciater and Fisher, 19714) , to uplift

resulting from the convergence of plates (LePichon and Heirtzler,

1968), and to volcanism produced as the Indian Ocean moved northward

over a mantle hotspot (Morgan, 1972; Duncan, 1978; Detrick et al.,

1 977).

Information garnered from five DSDP sites (Legs 22 and 26)

along the Ninetyeast Ridge provides convincing support for the

hotspot hypothesis. The progresson from shallow to deep marine

facies in the sedimentary record at the sites indicates that the

feature was formed as a ridge of islands and seamounts at sea level,

at or near a spreading ridge, and subsequently subsided as the

Indian plate migrated northward away from the Southeast Indian Ridge

(Detrick et al., 1977). The basalts from the ridge are progressively

older in a northward direction (Luyeridyk and Rennick, 1977; Duncan,

1978), and exhibit major and trace element chemistry characteristic

of hotspot-generated basalts (Frey and Sung, 19714; Frey et al.,

1977). A complex model for the generation of the Ninetyeast Ridge

by two separate hotspots was proposed by Luyendyk and Rennick

(1977). Duncan (1978) demonstrated that the Ridge could be modelled

more simply by volcanism due to a single hotspot now at Heard

Island. The hotspot produced the continuous chain from 105 m.y. at

the Rajmahal Traps (McDougall and McElhinny, 1977).

The Chagos-Laccadive Ridge, which runs nearly parallel to

the Ninetyeast Ridge, is a volcanic lineament of oceanic origin

that has had a history very similar to the latter feature. Although

less information is available regarding the age of the basement,

limited age control is provided by the 65-70 m.y. old Deccan Traps
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(Wellman and McElhinny, 1970; Kaneoka, 1980) at the northern extent

of the lineament, and Late Paleocene (55-60 m.y.) biostratigraphic

ages of basal sediments at DSDP site 219. The early Oligocene age of

DSDP site 238, which lies immediately south of the terminus of the

ridge provides a minimum age f or the southern part of the lineament.

This 30-36 m.y. age constrains the time when the Chagos-Laccadive

Ridge was sundered from its southern extension, the Mascarene

Plateau, by spreading across the Central Indian Ridge (McKenzie and

Sclater, 1971). When spreading across the Central Indian Ridge

between 0 and 36 rn.y. was "removed", the Nazareth Bank region of

the Mascarene Plateau fit tightly onto the southern end of the Chagos-

Laccadive Ridge. McKenzie and Sciater (1971) interpreted the feature

as a once-continuous lineament split apart by the spreading ridge.

By analogy to the Ninetyeast Ridge, however, an equally probable

hypothesis would suggest that the Central Indian Ridge jumped north

of the active hotspot at about 314-36 m.y. B.P., as had been the case

with the Ninetyeast Ridge, causing the rather abrupt termination of

the lineament on the Indian Plate at that time. The hotspot

subsequently may have produced the Mascarene Plateau-Mauritius-

-Reunion trend as the Central Indian Ridge continued to migrate

northward. The timing of these proposed ridge jumps at 36 m.y.

coincides with major reorientation of spreading directions in the

Indian Ocean, as ascertained from magnetic anomaly patterns.

Little is known in detail about the Mascarene Plateau, except

that seismic refraction data suggest that its north-south trending

portion south of Saya de Maiha Bank is a volcanic ridge of oceanic

origin (Shor and Pollard, 1963; Fisher et al., 1967). The east-west
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trending portion north of Saya de Malha may be a continental

fragment associated with the Seychelles Plateau discussed earlier

(Fisher et al., 1967). It is not known precisely how much of this

feature is actually underlain by continental material. Basalt was

not penetrated at DSDP site 237, just east of the Seychelles, but

basaltic ash in the lower sedimments suggests that basaltic

volcanism in the region was active in the early Paleocene (60-65

m.y. B.P.) (Vallier and Kidd, 1977). Associated shallow water

sediments and basaltic ash at this site indicate that the feature

was near sea level in the Paleocene and has since subsided (Sclater

et al., 1977). Mauritius and Reunion, at the southern end of the

Mascarene Plateau, were formed recently at 8 and 2 rn.y. respectively

and remain emergent owing to their youth. This lineament was

discussed in Chapter 2, where its geometric form and age

relationships were compared with the trend formed by the Comores

hots pot.

The Mozambique and Madagascar Ridges are broad north-south

trending shoals flanking the Mozambique Basin in the southwest

Indian Ocean. Their proximity to continental Africa and Madagascar,

respectively, led to the interpretation of these features as

subsided continental slivers (Laughton et al., 1970). Other

investigators have proposed oceanic origins f or the features, formed

by volcanism along a spreading ridge (Green, 1972), strike-slip

fault (I-ieirtzler and Burroughs, 1971), or over a hotspot (Duncan,

1981; Goslin and Patriat, 19811). With the specific objective of

determining the origin of these aseismic features, two Deep Sea

Drilling Project sites, 2116 and 2149, were located on the ridges.
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The basement basalts encountered at site 2!!9 on the

Mozambique Ridge are highly vesicular tholeiites, similar in major

element chemistry to normal mid-ocean ridge basalts (Erland and

Reid, 19711). They were erupted subaerially or in shallow water at a

spreading center (Valuer and Kidd, 1977) in the early Cretaceous.

The volcanic activity is believed to be associated with the original

breakup of Gondwanaland, so that its tentative Neocomian age

(115-135 m.y. B.P.; Luyendyk, 197!!) provides an important constraint

on the minimum age of rifting in this area (Vallier and Kidd, 1977).

The shallowness of this ridge is not consistent with normal

generation of sea floor at a spreading ridge, as it does not comply

with the well established age vs. depth relationship required by the

thermal contraction of sea floor basalts !). Thus interaction with

a hotspot contributing to the volcanic excess is necessary to

explain this ridge (Detrick et al., 1977; Goslin and Patriat, 198!!).

The subsidence history of this ridge is not as well known as f or

other aseismic ridges owing to two large unconformities in the

sediment column. However the available sedimentary record indicates

that the ridge subsided within a restricted marginal basin soon

after its formation, and was subsequently uplifted twice during the

Cretaceous (Detrick et al., 1977; Valuer and Kidd, 1977). The

Mozambique Ridge at site 2149 has been volcanically inactive since

the early Cretaceous (Vallier, 1974). The sparse data for this

ridge leave its origin relatively obscure.

Acoustic basement was not penetrated at site 2146 on the

Madagascar Ridge, making direct determination of it composition

impossible. However, studies of the bathymetry, seismic reflection
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and refraction data and magnetic profiles over the ridge support an

oceanic origin for this feature (Goslin and Patriat., 198k). The

subsidence history is typical of aseismic ridges, indicating a

shallow water environment in the early Eocene, and subsidence to a

mid- to deep water environment by mid-Miocene (Sclater et al.,

1977). Since the recovered sediments at site 246 extend back only to

the Eocene, it is not known if it reflects a simple subsidence

history, such as that of the Ninetyeast and Chagos-Laccadive Ridges,

or the latest episode of a more complex history of uplift and

subsidence as was found on the nearby Mozambique Ridge.

The Broken Ridge is a topographic platform trending

eastward from the southern end of the Ninetyeast Ridge at about 30

S. Although acoustic basement was not reached, the sediments at the

base of the drill hole at site 255 provide an upper Cretaceous

(Santonian; 76-82 m.y.) age for the site. A complex history

indicates subsidence and renewed uplift in the Paleocene,. followed

by subsidence from late Eocene (38 m.y.) to present. The rate of

subsidence in this last episode follows the normal depth vs. age

relationship described by Detrick et al. (1977). The uplifts may

have been related to interaction between the already-formed aseismic

ridge and the spreading ridge in the southeastern Indian Ocean, as

it shifted position. The 38 m.y approximation of the time of onset

of subsidence coincides roughly with the time the spreading ridge

shifted to the south, allowing normal subsidence to occur in this

area.

An equally complex history of subsidence-uplift-subsidence

is reflected in the sedimentary record at site 26's on the
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Natural iste Plateau. west of the Australian margin near 35°S.

Formed in the upper Cretaceous (76-82 m.y.), the ridge experienced

significant basaltic volcanism during the early and middle Miocene.

Vallier and Kidd (1977) associated this activity with the opening of

the southeastern Indian Ocean between Australia and Antarctica and

renewed uplift of the plateau.

Less is known about the origin and history of the Crozet

and Kerguelen Plateaus, in the southern Indian Ocean, because they

were not drilled during the Deep Sea Drilling Project. However,

recent studies of early Oligocerie igneous rocks at Kerguelen

(Watkins et al., 197!I; Lameyre et al., 1976) indicate that this

massive plateau was formed by a series of overlapping volcanoes

between 36 m.y. ago and present. As discussed above in connection

with the Ninetyeast Ridge, it is likely that the formation of this

feature began when the reorientation of spreading directions in the

Indian Ocean isolated the volcanic source (hotspot) under the slowly

moving Antarctic plate. The duration of volcanism observed there,

which allowed the construction of such a massive plateau, will be

discussed again briefly in Chapter 2.

RECONSTRUCTIONS

Using the plate rotation parameters given in Table 5.1, a

sequence of reconstructions is presented in Figures 5.2 through

5.10. These maps chronicle the evolution of the Indian Ocean from

200 m.y to the present.
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200 m.y.

The sea found its way into the narrow corridor between

Madagascar and Africa many times before continental rifting began.

Minor marine incursions dating back to late Permian are recorded in

the sedimentary record of East Africa and western Madagascar. The

marine incursion associated with the beginning of rifting left

evidence in a southward transgressive sequence of early to late

Jurassic age (Forster, 1975). The earliest manifestation of

magmatism that led to the rifting in Gondwanaland is seen in the

Karroo volcanism in southeastern Africa (Fig. 5.2), which began

about 200 m.y. B.P. (Forster,1975).

It is evident that this reconstruction includes an

unacceptible overlap of the western Antarctic Peninsula and the

Falkland Plateau. This is a problem common to all reconstructions

which feature a tight fit of Antarctica onto Africa and South

America. There is some evidence from the geology of Antarctica and

from previous absolute motion models (Duncan, 1981) that western and

eastern Antarctica are separate crustal blocks (Daiziel and Elliot,

1983). If so, the western peninsula may have moved into its present

position after Antarctica split from South America. Although it has

been suggested that the Antarctic Peninsula originally was located

along the Pacific margin of South America, there is not yet enough

conclusive evidence to solve the problem (Daiziel and Elliot, 1983).

200-160 m.y.

By mid-Jurassic time at least, true oceanic spreading had

been established along an axis which now defines the east coast of
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Figure 5.2 200 m.y. reconstruction of Gondwanaland.
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Africa (Fig. 5.3A). The oldest magnetic anomalies yet identified in

this region are M25 (160 m.y.; Rabinowitz, 1983). The volcanism and

uplift that preceded the actual sundering of east and west

Gondwanaland continued for approximately 40 m.y. before the

individuation of axial ridges in the Somali and Mozambique Basins.

This is analogous to the development of the Red Sea-Gulf of Aden

system in which early volcanic activity preceded rifting by 110 m.y.

(Baker et al., 1972)

160-1 30 m.y.

The early separation of Madagascar from Africa is not

documented. When Madagascar is rotated back to M25 position there

remains a fairly wide gap between Madagascar and Africa (Figure

5.3A), which is consistent with the evidence for marine

sedimentation in western Madagascar during the Jurassic. However,

controversy still clouds the initial paleoposition of Madagascar.

Scrutton et al. (1981) cite the possibility of a 1400 km wide

continental shelf as evidence that this loose fit is appropriate and

probably represents the original orientation of Madagascar with

respect to Africa. The permissible rotation of Madagascar back to

Africa would in this case be small (10°). The intervening crust,

which includes that below the Comores, was presumed to be

continental. The isotopic evidence presented in Chapter 14 removes

this restriction. Others, however, arbitrarily close the seaway to

achieve a tight pre-drift Jurassic fit (Bunce and Molnar, 1977;

Norton and Sclater, 1979). A tighter fit of Madagascar to Africa

improves the fit of India to Antarctica. Also the existence of
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Figure 5.3 160-130 m.y.: migration of Madagascar away from Africa



158a

M25 - 160 m.y. I M20 - 151 my.
:

..r ../ p.-

A B

M13 - 140 m.y. ./' M10 - 132 m.y.
:

p-
I- i

/
I

I .

..

.. I.....F_
f. I

..

-r

I

:
I II-

ri r J
,-,

I;I; r

F 1
-.

\'I

c./5Figure 5.3 :.:.



159

major Karroo faults in Madagascar, and a parallel zone of faults of

unknown age bordering the southwestern tip of Madagascar (Beck and

Lehner, 197L) are in an appropriate orientation to provide suitable

fracture zones f or movement of Madagascar away from coastal Africa,

about a pole that is poorly defined. The very early rotation of

Madagascar about this pole may have been diffusely signalled by a

broad zone of volcanism and this may account for the lack of

magnetic anomalies older than M25. Rabinowitz (1983) believes the

lack of anomalies on conjugate margins of Madagascar and Somalia

represents the Jurassic Quiet Zone (JQZ) rather than the edge of the

pre-drift continental configuration. If so, the anomalies between

M25 and M29, the first reversals to occur after the JQZ, remain to

be identif led. The magnetic data presented by Rabinowitz et al.

(1983) are used in this study. Figure 5.3 B-D follows the migration

of Madagascar away from Africa between 160 and 130 m.y. ago.

The Madagascar-Indian pair moved away from Africa at a

half-rate of 18 mm/yr. By about 130 my. ago Madagascar had reached

its present position relative to Africa, and spreading stopped.

Rifting began in the Mozambique Basin no later than 155 m.y. B.P.

(anomaly M22; Masson et al., 1982; Parson et al., 1981), beginning

the southward migration of Antarctica away from Africa and

Madagascar.

130-1 00 m.y.

Spreading between India and Australia had begun by 130 m.y

(M8; Johnson et al., 1980) as can be seen in Fig. 5.4. This model
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Figure 5.4 100 m.y. reconstruction of the southern continents.
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predicts a small amount of transform motion between Madagascar and

India, perhaps beginning at about this time. This type of motion is

consistent with the rectilinear form of the east coast of Madagascar

and the west coast of India. The very narrow shelf (less than 50 km

wide) and abrupt shelf-slope break (Katz and Preinoli, 1979) suggest

fault-control (Beck and Lehner, 19714). Fisher et al. (1968) noticed

the colinearity of the eastern edge of Madagascar and the western

edge of the continental Seychelles Plateau and speculated that

left-lateral transform motion had separated the two masses. However,

thesereconstructions show that the transform motion that occurred

between Madagascar and India occurred along a fault which would have

run east of the continental Seychelles Plateau and would today lie

somewhere in the saddle between the Seychelles Plateau and the

oceanic Saya de Mahla Bank. This fault has since been offset by

spreading between India and Madagascar.

Unfortunately, the early spreading between Madagascar and

India is not well documented because it commenced during the

Cretaceous Quiet Zone (CQZ). It is likely that the major

reorientation of magnetic anomalies between India and Antarctica

coincides with the reorientation of spreading which actually

separated India from Madagascar. This occurred sometime during the

CQZ, as the earliest recognized anomaly of the new orientation is

anomaly 314. By extrapolation into the CQZ, Johnson et al. (1982)

determined the reorientation took place about 90 rn.y. B.P. (92-93

m.y. on Cox' timescale). Since anomaly 314 (80 m.y.) abuts

Madagascar, it is not likely that the motion began too much

earlier.
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The Rajmahal Traps in India are the earliest manifestation

of the Kerguelen hotspot, forming at about 100 m.y. B.P.

100-80 m.y.

At 80 m.y. (anomaly 314), spreading between Australia and

Antarctica originated (Fig. 5.5). The reorientation of magnetic

anomalies in the Wharton Basin and the early spreading between

Madagascar and the India-Seychelles pair can be seen in the 80 m.y.

frame. Oceanic tholeiites were being produced between Madagascar and

the Seychelles Plateau, shown by the 82 ± 16 m.y. age of basalts

dredged from the flank of the Amirante Trough (Fisher et al., 1968)

to the south of the Seychelles.

In this model the Bouvet hotspot lies atop to Agulhas

Platform at about 80 m.y. Part of this topographic high is composed

of a continental sliver; the remainder consists of thickened oceanic

crust which has been interpreted at a previous ridge-ridge-ridge

triple junction which separated the African, Antarctic, and South

American plates (Allen and Tucholke, 1981; Tucholke et al., 1981).

Bouvet still occupies a position astride a triple junction at the

present time. We interpret the anomalous topography as due to

excess volcanism generated at the Bouvet hotspot.

80-60 m.y.

The Amirante Trough cuts across the fabric of the basaltic

basement and so postdates the formation of the seafloor by an

unknown amount (Roberts et al., 1982). Gravity studies show that

this part of the crust is not isostatically compensated and shows
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Figure 5.5 80 m.y. reconstruction of the southern continents.
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evidence of partial subduction (Miles, 1982). There is a deep

sediment fill in the trough, deformed in its lower part (Roberts et

al., 1981), which may also be indicative of some convergence. The

Amirante Trough is not now seismically active, however, so it is not

currently a subduction zone (Johnson et al., 1982). Furthermore,

calcalkaline volcanism did not develop, so it is unlikely that

subduction occurred for very long. Thus, the Amirante Trough

appears to be an incipient subduction zone or lithospheric "rumple",

most likely developed during a major reorientation. The

reorientation which led to the rifting of Madagascar and India (90

m.y.) is too old, since it predates the age of the seafloor the

trough cuts across. The next possibility is that it formed as a

result of the ridge jump north of the Seychelles and the cessation

of spreading between Madagascar and the Seychelles. The youngest

anomaly to the south of the Seychelles and the oldest to the north

is 28 (62 m.y.). If momentarily two spreading ridges were

simultaneously active, it could have caused buckling of the seafloor

and some minor foreshortening in this region.

From the reconstruction in Figure 5.6 we see that the ridge

jump occurred between 65 and 70 m.y. ago, at about the same time the

Reunion hotspot was causing the eruption of the voluminous Deccan

Traps. The Comores hotspot was situated on the boundary between the

Seychelles Plateau and the Indian plate at that time. The ridge

jumped north in response to thermal disturbances caused by the

hotspots near the edge of the continent. Others have proposed that

ridge jumps tend to keep ridges on top of hotspots. Vink et al.

(19814) demonstrated that such ridge jumps onto continental margins
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cause the sundering of small continental fragments, such as Baja and

Rockall Bank, which are anologous to the Seychelles Plateau. The

AguJ.has Platform discussed above may be another example of this

phenomenon.

During the period between 80 and 60 m.y., the Indian plate

migrated rapidly northward (170 mm/yr), stitching out the linear

age-progressive Ninetyeast Ridge (Duncan, 1978).

60-140 m.y.

Hotspot activity continued to form the Ninetyeast and

Chagos-Laccadive Ridges and may be evident in the

Seychelles-Farquhar portion of the Comores hotspot trace.

(Fig. 5.7) (Sciater and Heirtzler, 1977). Between thelast frame and

this one, India collided with Eurasia, causing the first major

uplift of the Himalayas (Xu and Scharer, 1982). The northward

movement of India slowed considerably. Spreading between India and

Australia ceased by 50 m.y. ago, and the motion was taken up by

increased spreading between Australia and Antarctica (Norton and

Sciater, 1979).

At about 55 m.y. ago, alkaline volcanism of the Ethiopian

Plateau (Barberi et al., 1970) was the harbinger of rifting between

the Arabian plate and Africa.

At the end of the period represented by this frame, a major

reorientation of spreading directions took place, resulting in ridge

jumps.
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Figure 5.7 140 m.y. reconstruction of the southern continents.
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40-20 m.y.

At about 36-39 m.y.ago , the southeast Indian Ridge jumped

the Kerguelen hotspot, stranding it under the slowly moving

Antarctic plate (Duncan, 1978). The abrupt termination of the

Ninetyeast Ridge is a result of this shift (Fig. 5.8).

Shortly before (or perhaps contemporaneously) the

Chagos-Laccadive-Mascarene Plateau was split by a jump in the

Central Indian Ridge (Norton and Sclater, 1979), leaving the Reunion

hotspot under the African plate.

Closure or the Tethys in the early Miocene led to the uplift

of the Oman Mountains (Whitmarsh, 1977). DSDP results suggest that

20 rn.y. is also the time of opening of the Gulf of Aden (Whitmarsh,

1977); initiation of rifting in the Afar region took place at about

20 m.y. ago also, but the formation of true oceanic crust at

discrete ridges in the Afar did not begin until 1.3 m.y ago (Barberi

et al., 1970). So the transition between initial magmatic activity

and the formation of a stable oceanic ridge system at this triple

junction took nearly 55 m.y.

20-10 m.y.

The Comores hotspot traced a path across the Farquhar and

Providence Islands and at 10 m.y. intersected the northern tip of

Madagascar causing volcanism there (Fig. 5.9). At about this time

the East African Rift system began to develop. This is the most

recent episode of rifting to affect the Gondwana contintents.

A second major uplift of the Himalayas occurred about 13

m.y. ago. (Whitmarsh, 1977).
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Figure 5.8 20 m.y. reconstruction of the southern continents.
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Figure 5.9 10 m.y. reconstruction of the southern continents.
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Present

The present configuration of the Indian Ocean shows that the

goodness of fit of the predicted hotspot tracks for the rotation

parameters presented here to the observed configuration of aseismic

ridges is improved for the Comores and Reunion tracks, including the

Chagos-Laccadive to Deccan Trap portion of the latter. The predicted

trace of the Bouvet hotspot coincides precisely with the topographic

shoal capped by the irregular Agulbas Platform. The fit for the

Ninetyeast Ridge is slightly less precise, being offset to the east.

The predicted trace of the Prince Edward hotspot, which was believed

to be related to the Madagascar Plateau and the Cretaceous basalts

along eastern Madagascar (Duncan, 1981), deviates markedly from that

path. Further modelling will be necessary to determine if the

relative motion used f or Africa and Madagascar is appropriate, and

if it is, to better constrain the African and Somali plate absolute

motions on which this model is based. Further geochronologic work,

on the Madagascar suite in particular, would be necessary to improve

the Somali absolute motion.
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Figure 5.10 Predicted hotspot tracks and the present-day

distribution of aseisrnic ridges in the Indian and South Atlantic

Oceans.
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CHAPTER 6

SUMMARY

The geochemistry and age-progressive nature of the

volcanism in the Comores Islands and northern Madagascar are

consistent with a hotspot origin for this trend. The rocks are

derived from alkaline magmas that achieve highly undersaturated

nephelinitic compositions at Mayotte. A second less undersaturated

alkali basalt asspciation also exists at Mayotte. Fractionation of

the former group is controlled by titanaugite and olivine; the

latter by augite and olivine, replaced by kaersutite in later

stages. It is concluded that variation in volatile composition

could account for the differences.

The Comores have strong enrichments in incompatible elements

compared to MORB, but have time-integrated depletions in radiogenic

strontium. They are considered to be a mixture of primitive mantle,

with moderately high 87Sr/86Sr ratios, low ó'o, and moderate

'3Nd/''Nd, and a depleted MORB-type reservoir. The fact that the

518Q values of the Comores lavas are so low, and their Nd/Sr

isotopic compositions fall below the mantle array (and the mantle

plane), indicates that these lavas have not incorporated any crustal

material, neither by assimilation during ascent nor by melting of

reinjected sediments in the mantle source. That the source could be

primitive undepleted mantle is supported by the trend of Comores

compositions toward kimberlites on both Sr-O and Sr-Nd variation

diagrams.
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The maf Ic lavas of Madagascasr are similar to those of the

Comores, but appear to have somewhat greater time-integrated

depletions of 87Sr. That is, f or a given Rb/Sr ratio the mafia to

intermediate Madagascar rocks have consistently lower 87Sr/86Sr

ratios than the Comores rocks. In fact, a general increase in

87Sr/865r can be seen following this trend to the west. The more

evolved lavas from the Madagascar collection trend toward higher

strontium isotopic values and moderately high S'80. This

relationship is interpretted as the result of contamination by

continental crustal material. Assimilation of about 10% of

calcarenites, or a mixture of weathered granite and limestone, with

87Sr/86Sr=.7200 and S'80=1520 per mil is compatible with the data

presented here.

In Madagascar, the earliest undersaturated magmas to reach

the surface were the contaminated phonolitic melts. The most recent

activity there has issued basaltic lavas which appear to be

uncontaminated mantle derived magmas. This inverted order of

appearance of magmas is a consequence of the process by which

hotspots burn through continental lithosphere, causing stoping and

assimilation in the early stages. Once a conduit is established

basic, uncontaminated lavas are able to reach the surface.

As mentioned above, the isotopic composition of the Comores

lavas shows no involvement with continental crust nor continentally

derived sediments. One can conclude with certainty that the crust

through which the Comores erupted is not continental in nature.

This should remove the constraints on plate reconstructions in this

region which have, until now, placed some reservations on the fit of
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Madagascar back to Africa because of the persistent view that the

crust between the two was partially continental.

The new geochronology f or the Comores-Madagascar trend was

used to calculate the absolute motion of the Somali plate and hence

the relative motion of the Somali plate away from Africa (SM-AF)

This model predicts that this motion began not much earlier than 10

my. ago. This motion has been added to the relative motions

pertinent to the evolution of the Indian Ocean and surrounding

regions, and sequential reconstructions of that ocean basin have

been produced. Tjils ties the Indian Ocean into the absolute

reference frame. When this SM-AF motion is taken into account the

hotspot paths predicted by the absolute motion model provide an

improved fit for the Cornores and Reunion trends; the Bouvet hotspot

is related to the thickened oceanic crust of the Agulhas Platform.

The fit of the Ninetyeast Ridge is less good.

A relationship is seen between the duration of volcanism at

a hotspot and the velocity of the lithospheric plate moving over it.

This relationship shows that. extended periods of volcanism at

islands such as Kerguelen result from the slow movement of the plate

over the thermal anomaly, providing continued access to melts. Such

a relationship between plate velocity and duration of volcanism is

inconsistent with any model of that explains hotspot volcanism by

melting of a sublithospheric reservoir. This places limits on

models which require an enriched sublithospheric reservoir of

worldwide scale, such as the mantle metasomatism model of Anderson

(1981).

With regard to geochronology and geochemistry, then, the
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Comores data are most consistent with the conventional plume model

for intraplate volcanism.
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APPENDIX 1

SAMPLE LOCATIONS AND PETROGRAPHIC DESCRIPTIONS

Grande Comore

CC-i: Flow; Itsandra beach; 1O°O'S 143°15.5'E

Alkali olivine basalt: Vesicular, porphyritic lava with

subhedral to anhedral phenocrysts, 5% olivine, 2% augite, and 1%

plagioclase (An6O). The plagioclase phenocrysts are partially

resorbed, with wayy extinction. Medium to very fine grained

groundmass of olivine, augite, plagioclase, and Fe-Ti oxides.

GC-2: Block included in tuff cone; N-Gouni; 11°1411'S 43°13.5'E

Ankaramite: Porphyritic rock rich in large subhedral

phenocrysts, 30% augite and 25% olivine. The augites contain

olivine grains and fine opaques; twin seams common. Very fine

groundmass of plagioclase, olivine, augite and Fe-Ti oxides.

GC-3: Flow; S of Bandani; 11°145'S 113°13.5'E

Alkali olivine basalt: Phenocryst poor lava contains

subhedral phenocrysts, 2% olivine and 2% clinopyroxene. The

pyroxenes are zoned augite with slightly darker rims of pink-tan

titaniferous augite with simple twins. Fine groundmass of

titanaugite, olivine, plagioclase, Fe-Ti oxides, and very minor

apatite.
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GC-14: Lower part of flow; N of Moroni; 11°1t1'S 143°15'E

Oceanite: Phenocryst rich alkali olivine basalt with 30%

olivine and 25% augite phenocrysts. The olivines have been slightly

iddingsitized. Very fine to glassy groundmass contains olivine,

augite, plagioclase, Fe-Ti oxides, and accessory biotite associated

with augite grains. Small xenoliths of granular olivine and

clinopyroxene occur.

GC-5: Upper part of flow; N of Moroni; 11 01fl 'S 143°15'E

Alkali olvine basalt: Rare subhedral olivine and augite

phenocrysts in fine matrix of olivine, augite, plagioclase and Fe-Ti

oxides. Some resorption of olivine phenocrysts.

RH-la: Lower part of flow, 1977 eruption; Singani; 1l°50.5'S

43°l 8.5 'E

Oceanite: Slightly vesicular phenocryst rich alkali olivine

basalt with senate texture, 35% olivine and 25% augite-titanaugite.

Large individual phenocrysts (up to 1 cm) are partially resorbed;

smaller phenocrysts are euhedral to subhedral. Pyroxenes are

vaguely zoned, with darker titaniferous rims. Groundmass is a very

dark, fine to glassy matrix containing olivine, titanaugite,

plagioclase, and Fe-Ti oxides.

RH-1b: Upper part of flow, 1977 eruption; Singani;

11°50.5'S 143°18.5'E
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Alkali divine basalt: Vesicular lava with rare phenocrysts

of olivine and augite or titanaugite in a very fine matrix of

olivine, augite, plagioclase, Fe-Ti oxides and glass.

RH-2a: Coral clast in pyroclastic cone; Lac du Sal; 11°22'S 143°

22 'E

RH-2b: Block in pyroclastic cone; Lac du Sal; 11°22'S 143°22'E

Basanite: Porphyritic lava with subhedral to anhedral

phenocryst s of idingsitized olivine (10%) and augite (10%). Some

olivine phenocrysts have mantles of augite. The clinopyroxenes are

zoned with green diopsidic cores and augite rims. Fine grained

grouncimass of olivine, clinopyroxene and glass is strongly altered

to clays. Frequent crystal clots of olivine and augite show

extensive resorption, granular texture in part, and irregular

extinction. The augites are zoned; the cores have a "sieve"

texture, whereas the rims are clear.

RH-2c: Block in pyroclastic cone, Lao du Sal; 11°22'S 3°22E

Ultramafic nodule: Predominantly large grains of

orthopyroxene (bronzite) with exolution lamellae of orthopyroxene.

Along the boundaries between the opx grains are smaller grains of

green vitreous mineral with high relief that I have not yet

identified. This mineral (MM1) has granular texture, and grains are

slightly elongate, with sub-parallel orientation, and an extinction

angle less than 20 . Very abundant chrome-spinel concentrated in

association with MN1. One grain of phiogopite was observed, as was
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minor olivirie. A low relief mineral with low birefringence and

biaxial character also occurs (MM2).

RH-6: Flow; N side of Dinde cinder cone; ii°22.5'S L3°21.5'E

Alkali olivine basalt: Vesicular, porphyritic lava with

senate texture, containing 25% subhedral olivine phenocrysts and

10% augite microphenocrysts. The olivines are moderately

iddingsitized. Very fine groundmass contains ovine, augite,

plagioclase, Fe-Ti oxides and brown glass.

RH-i: Block in pyroclastic cone; Goulaivoine; 1i°23.5'S 13°23.5'E

Alkali olivine basalt: Vesicular, porphyritic lava with 5%

olivine and rare zoned titanaugite. Very fine matrix of olivine,

titariaugite, plagioclase and Fe-Ti oxides. Pervasive alteration to

clays and secondary zeolites.

RH-9: Beach cobble; Ivoini; 11°23'S 143°23'E

Basanite: Vesicular, porphynitic lava with senate texture,

containing 20% olivine megacrysts to microphenacrysts. Very fine

matrix of clinopyroxene, olivine, Fe-Ti oxide, and minor

interstitial plagioclase.

RH-li: Pillow lava; N of Mitsamiouli; il°23'S 43°i7'

Ankanainite: Vesicular, porphynitic lava containing 30%

augite and 25% olivine phenocrysts. Augites are commonly zoned with

absorption increasing toward the rims. Cores of augites include



finely divided Fe-Ti oxides. Very fine grained groundniass of

olivine, augite and Fe-Ti oxides.
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Moh eli

RH-12a: Flow; 1 km N of Sanibia; 12°21.5'S 143°147.5'E

RH-12b: Flow; 1 km N of Sambia; 12°21.5'S 143°147.5'E

HH-13: Flow; quarry at Sambia; 12°22'S 143°117.5'E

Alkali olivine basalt: Porphyritic lava with 10%

iddingsitized olivine and 2% augite phenocrysts. Very fine

groundmass of ollyine, augite, Fe-Ti oxides and interstitial

plagioclase. Small cracks throughout rock but no other

apparent signs of alteration.

RFN114: Flow: 1 km W of Sanibia; 12°22'S 143° 148.5'E

Alkali olivine basalt: Porphyritic lava with 15% olivine

and 5% augite euhedral to subhedral phenocrysts. Olivines are

moderately iddingsitized and partially resorbed. Augites show

oscillatory zoning, with tan cores and darker tan rims. Very fine

matrix of olivine, augite, Fe-Ti oxides and biotite.

RH-15: Flow; 1 km E of Sambia; 12°22'S 143°147'E

Ankaramite: Porphyritic lava with senate texture,

containing euhedral to subhedral phenocrysts, the largest of which

reach 1 cm in length. The rock is 30% olivirie and 30% augite

phenocrysts. The olivines are slightly iddingsitized. The augites

are vaguely zoned. Very fine groundmass contains olivine,
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clinopyroxene, plagioclase, and Fe-Ti oxides. (One large px

phenocryst has extinction angle not augite)

RH-16: Flow; .5 km E of Sambia; 12°22'S )43°147'E

Alkali olivine basalt: Porphyritic lava with rare (1%)

phenocrysts of divine and clinopyroxene. Pyroxenes are zoned

augite with aegerine-augite rims; augitic cores contain nunerous

olivine grains and finely divided opaques whereas the rims are

clear. Fine grained matrix of aegerine-augite, olivine, plagioclase

and interstitial plagioclase. Includes many crystal clots of zoned

augite and large xenocrysts of aegerine with exsolution larnellae.

RH-17: Flow; .5 km W of Moibani; 12°22'S 113°146.5'E

RH-18: Flow; .5 km W of Moibani; 12°22'S )43°116.5'

RH-19: Flow; beach .5 km E of Bangoma; 12°17'S 143° '45.5'E

Olivine nephelinite: Slightly vesicular, porphyritic lava

containing euhedral to anhedral phenocrysts of olivine in a fine

grained matrix of clinopyroxene, Fe-Ti oxides, interstitial

plagioclase and apatite. The olivines are strongly iddingsitized

and partially resorbed.

RH-21 : Flow; 1 km SW of Hagnamoida; 12°20'S 143°51 'E

Ankaralnite: Phenocryst rich rock with senate texture

containing 25% subhedral olivine and 25% subhedral to anhedral

augite. The olivines are larger, moderately iddingsitized, and
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partially resorbed. Augites are zoned; the cores contain abundant

fine inclusions, and the rims are darker tan color and clear.

Components of the dense, very fine groundmass are difficult to

distinguish, though Fe-Ti oxides are apparent. The dark glassy

matrix looks hazy in patches, which may be slight alteration.

RH22: Flow; 1 km SW of Hagnamoida; 12°20'S 143°51 'El

Alkali olivine basalt: Porphyritic lava with senate

texture and subhedral to anhedral phenocrysts of olivine (5%) and

clinopyroxene (5%). Olivines are slightly iddingsitized and minor

resorption is evident. Pyroxenes are zoned, with green vaguely

pleochroic diopside cres containing finely divided opaque

inclusions, and tan augitic rims. Fine grained basaltic groundrnass

contains plagioclase, olivine, clinopyroxene and Fe-Ti oxides. The

few cracks and vesicles apparently are clear.

RH-25: Pyroclastic cone; 1 km W of Hagnamoida; 12°20.5'S 143°50'E

RH-26: Flow; 2 km NW of Fombani; 12°16'S 143°143'E

RH-27: Flow; base of cliff 1.2 km N of Fombani; 12°16'S 143°143'E

Ankaramite: High % of phens- ci (idd) + cpx in dense mafic

gmss (v. fine) a few vesicles, clear.

RH-28: Flow; Domoni; 12°15'S 143°38.5'E



204

RH29: Dike; Domoni; 12°15TS 1430 38.5'E

Olivine nephelinite: Rare olivine and cpx microphenocrysts

in fine grained to glassy groundmass of olivine, clinopyroxene and

Fe-Ti oxides. Olivine almost entirely iddingsitized.

RH-30: Flow; .5 km N of Domoni; 12°114.5'S 143°38.5'E

Alkali olivine basalt: Mostly iddingsitized olivine

phenocrysts and cpx microphenacrysts in ext. fine matrix; late

interstitial filling with low relief mineral - feldspar of

feldspathoid, some twinning.

RH-31 : Flow; 1 km W of Domonj; 12°15'S 143°38'E

Olivine nephelinite: Vesicular lava containing 15% olivine

microphenocrysts in a fine to very fine matrix of olivine,

clinopyroxene, Fe-Ti oxides, interstitial feldspathic mineral

(nepheline and/or sanidine), and glass. A few of the olivine grains

have greenish center (bowlingite) and dark brown patches in the

adjacent groundmass, which might indicate advanced resorption.

RH-32: Flow; .5 km W of Gnambo-Yamabre; 12°15'S 143°39.5'E

Alkali olivine basalt or hawalite: Ankarnitic basalt with

high % olivine and clinopyroxene phenocrysts in fine matrix of

clinopyroxene, plagioclase and Fe-Ti oxides. A few vesicles

clear.

RH-33: Flow; Gnambo-Yainabre; 12°15'S 143°140'E
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RH-36: Flow; cliff 1 km E of Djoiezi; 12°18'S 113°147'E

Basariite: 25% olivine phenocrysts, which are moderately

iddingsitized and partially resorbed, and 1% augite phenocrysts in a

very fine matrix of olivine, clinopyroxene, Fe-Ti oxides, and

interstitial plagioclase.

RH-37: Beach cobble; .5 km W of Djoiezi; 12°18'S 43°117'E

RH-39: Flow; Djoiezi; 12°18'S 113°16.5'E

RH40: Stream boulder; 2 km up Rio Ouamlembini; 12°17'S 143°I3'E

Ijolite : Medium grained, inequigranular, miarolitic rock,

which consists of 30% titanaugite, 20% plagioclase (An 50), 10%

nepheline, 15% sanidine, 7% Fe-Ti oxides, 15% interstitial glass.

The vugs are lined with anheciral nepheline and subhedral sanidine.

Abundant apatite appears as spectacular needles; biotite and a few

small grains of green pleochroic aegerine are accessories associated

with augite and opaque grains. The moderately pleochroic, violet

titanaugite shows oscillatory zoning. The nepheline is also zoned,

as is evident in the arrangement of inclusions in the grain

interiors, which give this mineral a turbid appearance.

RH-141 Stream boulder; L km up Rio Ouamlembini; 12°17.5'S 13°112'E
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RH-142: Stream boulder; it km up Rio Ouamlembini; 12°17.5'S

143°142.5'E

Alkali olivine basalt - hawailte: Medium grained rock with

euhedral to subhedral interlocking grains, 145% plagioclase, 35%

titanaugite, 15% olivine, 3% Fe-Ti oxides, accessory biotite and

apatite, and interstitial felsic mineral. Some iddingsite occurs on

olivine grain boundaries. Many of the larger Fe-Ti oxides are

pseudomorphs after augite.

Mayotte

MA-i: Flow; S of west pier, Djaoud,ji; 12°117'S 145° 15'E

Alkali olivine basalt: Very vesicular lava contains 10%

euhedral to subhedral olivine, 2% augite and minor Fe-Ti oxide

mi crophenacrysts. Extremely fine groundinass contains plagi oclase,

augite, olivine, Fe-Ti oxides and glass. Phenocryst and groundmass

olivines are moderately iddingsitized.

MA-2: Block in tuff cone; Dziani Dzaha, N Pamanzi; 12°46'S

145°1 7.5'E

Hawaiite: Porphyritic rock with senate texture contains

5-7% subhedral to anhedral olivine, 3% euhedral to subhedral

titanaugite, rare kaersutite. The olivines are strongly

iddingsitized. The augites are conspicuously zoned, some with green

diopsidic cores, others with augite cores containing numerous fine

opaques. Fine matrix of titanaugite, plagioclase, olivine

(iddingsitized), Fe-Ti oxides, interstitial feldspar, and apatite.
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Pervasive alteration of the groundmass to clays and chlorite, with

chlorite and carbonate filling amygdules and cracks.

MA-3: Block in tuft cone; Dziani Dzaha, N Pamanzi; 12°46'S

14501 7.5'E

Mugearite: with senate texture containing 15% subhedral

kaersutite, 10% euhedral augite, 5% plagioclase (An611) and 1% Fe-Ti

oxide microphenocrysts. The arnphiboles have opaque rims and contain

small grains of augite and apatite. Fine grained groundmass has

vaguely trachytic texture, contains plagioclase, augite and

aegerine-augite, nepheline, sanidine and Fe-Ti oxides. Iron

staining produces streaks in the groundmass; patches of clay signal

slight to moderate alteration.

MA-11: Block in tuft cone; Dziani Dzaha, N Pamanzi; 12°116'S

14501 7.5'E

Strongly altered rock in which the original phenocrysts of

olivine and titanaugite have been almost entirely altered and

replaced by chlorite, zeolites and clays. Fine grainded groundmass

of titanaugite, plagioclase, Fe-Ti oxides and biotite also show

evidence of alteration. Numerous cracks and amygdules are filled

with calcite.

MA5: Boulder; E of Trevani; 12°1414'S 145°12'E

Benmoreite: Porphyritic lava with trachytic texture.

Contains large subhedral phenocrysts, 3% plagioclase (An 15-25), 1%

amphibole, and rare alkali feldspar. The larger amphibole



phenocrysts are dark brown, pleochroic, possible

almost entirely replaced by Fe-Ti oxides; smalle]

light brown kaersutite. Fine grained groundrnass

plagioclase and aegerine-augite with subordinate

amphibole, opaques, accessory apatite, and light

glass.

MA-6: Boulder; E of Trevani; 12°'S 5°12'E
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hornblende grains,

amphiboles are

contains abundant

amounts of

brown interstitial

Mugearite: Prphyritic lava with senate texture and

sub-trachytic gropndmass. 30% kaersutite, 8% augite, 1% plagioclase

and 1% alkali feldspar (anorthoclase and sanidine) phenocrysts. In

addition, a plagioclase megacryst, which constitutes 15% of the

section, contains grains of amphibole, apatite and opaques. The

kaersutites are rimmed with opaques and contain grains of

clinopyroxene and feldspar. The augites show oscillatory zoning

with rims of aegerine-augite. Fine grouncimass of plagioclase,

aegerine-augite, alkali feldspar, nepheline, Fe-Ti oxides and

accessory apatite. Groundrnass has hazy patches which appear to have

been altered to clays.

MA-7: Flow; W of Kongo; 12°1414'S 115°12'E

(no thin section)

MA-8: Flow; E Kongo; 12°1414'S 145°12.5'E

Basanite: Porphyritic lava with senate texture containing

subhedral to anhedral phenocrysts, 25% augite and 10% olivine. The

augites are zoned, most with oscillatory zoning but some with
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hourglass structure as well, grading out to pinkish titaniferous

rims; the interiors contain abundant fine opaques. Olivines are

moderat ely iddi ngsi ti zed. Fine grained groundmass contains

plagioclase, augite, Fe-Ti oxides, euhedral nepheline, sanidine, and

olivine.

MA-9: Flow; 1 km E of Kongo; 12°1414'S 45°12.5'E

Same as MA-8.

MA10: Flow; SE of Magikhavo I; 12°145'S 45°1k'E

Basanite: Vesicular lava with rare phenocrysts of olivine

and augite. Very fine to glassy matrix contains olivine, augite,

Fe-Ti oxides and minor biotite. Some of the vesicles are filled

with zeolite, perhaps analcime or glass. Hazy appearance of

groundmass is due to alteration to clays.

MA-il: Flow; E of Magikhavo II; 12°14)4'S 45°13.5'E

Hawaiite or tephrite: Porphyritic lava with senate

texture, containing subhedral to anhgedral phenocrysts, 5% olivine,

5% hornblende, 5% augite, 2% sanidine, rare leucite, and Fe-Ti

oxides. The olivines are slightly iddingsitized. The hornblendes

have opaque rims and are strongly resorbed. The leucite has typical

polysynthetic twinning. Very fine groundmass contains augite,

plagioclase, olivine, nepheline, sanidine, Fe-Ti oxides, and

hornblende. Apatite is an abundant accessory. Crystal clots of

plagioclase, alkali feldspar, hornblende, and opaques occur. There
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is evidence of corrosion within the crystal clots, with development

of zeolites, clays and calcite; the groundmass is fresh.

MA-12: Flow; 1 km SE of Kongo; 12°14)4.5'S 145°13'E

Hawaiite: Porphyritic lava with senate texture containing

20% augite and 5% strongly iddingsitized olivine phenocrysts, and

opaque pseudomorphs after augite. The pyroxenes are zones; many

have green diopsidic cores and pinkish titaniferous augite rims;

some contain abundant opaques in interior zones. A few olivine

phenocrysts have antles of augite. Fine grained groundmass of

titanaugite, plagioclase (An60-65), (aenigmatite), olivine, Fe-Ti

oxides and nepheline.

MA13: Flow; 1 km NW of Trevani; 12°Lt3.5'S 143°11.5'E

MA-114: Beach boulder; sea cliffs .5 km E of Kangani; 12°43.5'S

43°1 1 .5'E

K-mugearite: Porphyritic rock with senate texture

containing euhedral to subhedral phenocrysts, 15% kaersutite, 5%

augite, 1% felsic phenocrysts (plagioclase, anorthoclase and

nepheline). The kaersutites have opaque rims, and occassionally

they have simple twins. Most contain small grains of augite and

(mineral x). The augites and feldspars are zoned. Fine feldspathic

matrix with trachytic texture contains plagioclase, augite, (mineral

x), interstitial nepheline and alkali feldspar, Fe-Ti oxides and

abundant apatite. Occasional crystal clots of augite, amphibole and
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opaques have partially granular texture; calcite occurs in the

clots.

MA-15: Large augite crystal from MA-1

MA-16: Flow; quarry S of Magikhavo II; 14°22.5'S 145°13'E

MA-17: Flow; .25 km E of Kangani; 12°43.5'S 45°11.5'E

Mugearite: Vesicular, porphyritic lava contains

subhedral phenocrysts, 15-20% amphibole, rare, large, euhedral

augite, and subhedral plagioclase. The ainphiboles are

hornblende-kaersutites. with opaque rims. The fine grained

groundmass has a vaguely trachytic texture, and contains mostly

plagioclase with subordinate alkali feldspar (and possibly

nepheline), (mineral x), biotite, Fe-Ti oxides, and glass. Large

patches of clay mark alteration of the groundmass.

MA-18: Flow; .25 km W of Kangani; 12°143.5'S 145011 'E

Mugearite: Porphyritic lava with senate texture

contains 10% euhedral to subhedral kaersutite, 5% sub- to anhedral

plagioclase, minor alkali feldspar and aegerine-augite phenocrysts.

The kaersutites have opaque rims; many contain small grains of

augite and apatite. The zoned plagioclases are strongly resorbed

and have uneven extinction. Very fine grained groundmass contains

clinopyroxene, plagioclase, indeterminate felsic mineral, and Fe-Ti

oxides. There is pervasive iron staining of the groundinass, and

calcite occures on some plagioclase phenocrysts.
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MA-19: Block in tuft deposit; E of M'Gombani; 12°3.5'S '45°1O.5'E

Hawaiite: Phenocryst poor rock containing rare

phenocrysts of amphibole, augite, plagioclase, anorthoclase,

completely iddinsitized olivine, and Fe-Ti oxides. Very fine

groundmass contains plagioclase, clinopyroxene, amphibole, nepheline

and opaques. Thin cracks show slight clay filling and minor

chlorite development.

MA-20: Tuff deposit; Pointe de Longoni; 12°143'S )45°9.5'E

Trachyte: Rare phenocrysts of alkali feldspar (sanidine) in

a tine grained trachytic matrix of plagioclase, alkali feldspar and

Fe-Ti oxides, with perhaps some aegerine-augite. It's difficult to

distinguish this green mineral from the chlorite and clays that form

as alteration products.

MA-22: Flow below MA-21 ; .75 km W of Mitseni; 12°43.5'S 145°8'E

Basanite: Vesicular, porphyritic lava with senate texture,

containing 10% olivine and 5% augite phenocrysts. Phenocrysts are

subhedral to anhedral; the olivines show some resorption. Augites

are zoned, with slightly violet titaniferous rims, and with opague

grains included in interior zones. The augites also contain

numerous small olivine grains. Groundmass is fine to very fine

grained, with olivine, augite, Fe-Ti oxides, minor interstitial

plagioclase and glass. Iddingsite replacement is apparent on rims

of phenocryst and groundrnass olivine.
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MA-29: Flow; roadcut, N tip of Magi Agnougni; 12°110'S 145°5'E

Alkali olivine basalt: Porphyritic lava with 2% subhedral

olivine megacrysts and 10% olivine microphenocrysts. Very fine

groundmass contains olivine, augite, Fe-Ti oxides, plagioclase,

minor biotite, and brown glass. Large olivines are partially

resorbed, with minor iddingsitization on rims; these may be

fragments of numerous ultramafic inclusions (up to 2 cm in diameter)

which consist of large, partially resorbed olivine with

iddingsitized rims, and augite.

MA-30: Flow below MA-29; N tip of Magi Agnougni; 12°140'S 145°5'E

Alkali olivine basalt: Vesicular, porphyritic lava with

small subhedral phenocrysts, 5% olivine and 5% augite. Fine grained

grouncimass contains olivine, augite, plagioclase, and Fe-Ti oxides.

Infrequent ultrainafic inclusions similar to those in MA-29.

MA-31 : Flow below MA-30; N tip of Maji Anouni ;
12° 140'S 145° 5'E

Alkali olivine basalt: Vesicular, porphyritic lava with

subhedral phenocrysts, 5% olivine and less than 1% augite. Fine

grained to glassy groundmass contains olivine, plagioclase, Fe-Ti

oxides, accessory biotite. Minor iddingsitization of olivine in

phenocrysts and groundmass, with some resorption evident in the

phenocrys ts.

MA-33: Boulder; 2 km W of Passamainti; 12°147'S 145 11.5'E

Ankaramite: Slightly vesicular porphyritic rock with

senate texture, containing 40% augite, 20% olivine, and 1% Fe-Ti
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oxide phenocrysts. The subhedral augites are zoned to titaniferous

rims; some have green diopsidic cores. The moderately iddingsitized

olivines are subhedral to anhedral and are partially resorbed, Fine

grained groundmass of titanaugite, olivine, plagioclase, FeTi

oxides, interstitial glass and apatite. In the glass are abundant

exceedingly fine finger-like needles arranged in sub-parallel

orientation, which have a deep red hue in transmitted light;

unidentified.

MA-34: Flow; roadcut W of Passamainti; 127.5'S 45°11.5'E

Mugearite: Phenocryst poor rock contains 6%

kaersutite and 3% augite microphenocrysts and rare large phenocrysts

of sanidine. The kaersutites have opaque rims and are partially

resorbed; some are pseudomorphs after augite and have even mimicked

the zoning pattern of the latter. Fine grained matrix of

plagioclase, sanidine, nepheline, opaques and aznphiboles. Minor

cracks filled with clays.

MA-35: Flow; 2.25 km W of Passamainti; 12°17.5'S 45°11.5'E

Hawaiite: 25% kaersutite, 5-10% augite and rare

olivine phenocrysts in a fine groundmass of clinopyroxene,

plagioclase, nepheline, iddingsite and Fe-Ti oxides. The

kaersutites are subhedral, partially resorbed, and have opaque rims.

The olivines in phenocryst and groundmass are completely

iddingsitized. The groundmass is slightly altered to clays.
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MA-55: Flow; roadcut N of Sada; 12°51'S U5°6'E

Nephelinite: Porphyritic lava with senate texture contains

subhedral phenocrysts, 20% augite to aegerine-augite and !% Fe-Ti

oxides. Many of the pyroxenes are strongly zoned, with green

pleochroic cores of diopside and pinkish-tan mantles of titanaugite.

Simple twins on augites are common. Very fine groundmass contains

aegerine-augite, nepheline, plagioclase, Fe-Ti oxides, accessory

apatite, and murly brown glass. Phenocrysts and groundmass look

fresh but a few cavities are filled with zeolites. Infrequent small

inclusions consiat of 80% aegerine-augite, 15% Fe-Ti oxides, minor

mica, spinel, apatite, and interstitial feldspar. Rare xenocrysts

of amphibole (kaersutlte) contain small augite grains and abundant

apatite; rims are altered to finely divided Fe-Ti oxides.

MA-59: Flow; Trotrongeu, S of Passamainty, 12°'18'S 145°9'E

K-benmoreite: Porphyritic lava with trachytic texture

contains euhedral to subhedral phenocrysts, 6% kaersutite, 2%

plagioclase, 1% sanidine, less than 1% augite, and Fe-Ti oxides.

Augites show vague zoning. Both amphibole and pyroxene show simple

twins. The tan to reddish-brown pleochroic amphiboles have opaque

rims; augites are partially replaced by opaques and amphibole. Fine

to glassy groundmass contains (plagioclase), augite, amphibole,

indeterminate felsic mineral, Fe-Ti oxides, accessory apatite and

glass. Groundmass is generally fresh but has rare patches slightly

altered to clays.
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MA-60: Flow; roadcut 1.5 km S of Dembeni; 12°51 'S 5°11 .5'E

Ankaramite: Porphyritic lava with senate texture contains

euhedral to subhedral phenocrysts, 30% augite and 25% olivine.

Augites are zoned, with greenish core and slightly pink rim.

Olivine phenocrysts are strongly iddingsitized and partially

resorbed. Very fine groundmass contains olivine, augite, Fe-Ti

oxtdes, considerable biotite, minor interstial plagioclase, and

apatite. Rare nodules of olivine megacrysts are almost completely

replaced by iddingsite.

MA-61 : Stream boulder; N of Bambo-Est; 12°55.5'S 45°10.5'E

Ankaramite: Porphyritic lava with senate texture, contains

50% titaniferous augite and 5% Fe-Ti oxide microphenocrysts. The

augites are large (up to 5 mm), euhedral, distinctly zoned, with

anomalous blue birefringence. Fine grained groundmass of

titanaugite, Fe-Ti oxide, mica, glass, apatite , nepheline and

interstitial alkali feldspar. Veinlets and amygdules filled with

bright green chlorite and calcite which also occur on the augite

phenocrysts; occasional patches of clay apparent in groundmass.

Dark red translucent mineral appears on edges of opaques in

groundmass; unidentified.

MA-65: Boulder; 4 km W of Mamutzu, on M'Sapere trail; 12°146'S 145°

11 .5'E

Benmoreite or tephrite: Phenocryst assemblage, 25%

plagioclase and alkali feldspar, 5% opaque pseudomorphs after

amphibole, and rare titaniferous augite mantled by aegerine-augite
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in a fine trachytic matrix of (plagioclase), aegerine-augite, Fe-Ti

oxides and minor amphibole. There is some alteration to clays

evident in patches of the groundmass.

MA-66: Stream boulder; above Majimbini; M'Sapere trail end; 12°146'S

145011 'E

K-hawaiite: similar to MA-67.

MA-67: Flow; 1.5 km W of Mamutzu, M'Sapere trail; 12°146.5'S 1450

12.5'E

K-hawaiite: Vesicular, porphyritic lava contains 20%

subhedral olivine phenocrysts. The olivines have slighly pleochroic

red-brown mantle, which could be reaction rim of amphibole or

extreme iddingsitization. Fine to glassy matrix contains

plagioclase, augite, olivine, abundant Fe-Ti oxides, and (biotite).

MA-73: Flow; roadcut 1.5 km E of Boueni; 12°514'S 145°5.5'E

Nephelinitic phonolite: Porphyritic lava eith senate

txture contains 25% nepheline, 5% sanidine, 5% aegerine, 2% Fe-Ti

oxides. A few clinopyroxene phenocrysts have oscillatory zoning,

with aegerine-augite cores mantled by aegerine rims. Fine to very

fine groundmass contains sanidine, nepheline, aegerine, apatite.

The section is generally fresh, but a few small patches of

groundmass have a hazy appearance which may be incipient alteration

to clays.
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MA-81 : Cobble; in rubble from newly graded road, .5 km N of

Chongul; 12°57.S'S 145°7.5'E

Phonolitic nephelinite: Porphyritic lava with senate

texture contains euhedral to subhedral phenocrysts, 10% augite to

aegerine-augite, 5% sanidine and 3% Fe-Ti oxides. Many of the

augites show oscillatory zoning and simple twins. Very fine grained

groundinass consists of nepheline, sanidine, aegerine-augite, Fe-Ti

oxides, and abundant, euhedral apati.tes. Small hazy patches in

groundmass may be indicative of minor alteration to clays. Included

crystal clots of augite and indeterminate feldspathic material have

opaque reaction rims and show signs of resorption.
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APPENDIX 2

ANALYTICAL METHODS

Sample Preparation

Approximately 20 to 30 g of each sample was crushed in a jaw

crusher and pulverizer, each fitted with alumina plates. A fraction

of the crushed sample was sieved to 10-30 mesh size for Ar analyses.

A split of the sieved sample was powdered in a tungsten carbide

mixer mill for K analyses by AA spectrophotoinetry. The unsieved

sample fraction was powdered in the mixer mill for use in oxygen and

strontium isotope analyses and major element chemical analyses.

Potassium-Argon Dating Technique

The K-Ar dating technique is based on the radioactive decay

of naturally occurring °K to °Ar*, a stable daughter product, in

K-bearing rocks. "°K undergoes a branching decay to °Ar* and °Ca*,

expressed by the equation:

°K (e 1) = '°Ar* +

where t is the time elapsed since formation of the rock, and A is

the total decay constant f or °K; A = ln 2/T112, where T112 is the

half life of °K. The decay constant may be written:

A = A + A8

where A s then constant for the decay of K to °Ar by electron

capture and positron emission; A8 efers to the decay of °K to 1'°Ca
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by beta decay. It is necessary to take into account the total decay

constant for 1101< as well as the constant for decay to '0Ar alone:

= A 1101< (e
At

1).

A

From this equation, we derive the basic equation for K-Ar dating by

solving for t, which is the age of the rock:

t=1 ln k°Ar* A +1

A 1101< A

The validity of this technique is based upon the following

assumptions:

1. The decay of 110K is constant, and we know the decay constants

accurately. At present the constants used are:

A = 5.81 x 10
''

= 4.962 x 10
'°

2. The rock or mineral studied has been a closed system, that is,

since its crystallization the rock has not lost any radiogenic argon

and has not lost nor gained K. This is a problem which must be

considered f or every sample, but can usually be minimized by careful

selection of samples by thin section examination.

3. At the time of crystallization the rock had no initial 110Ar. The

possible inclusion of excess argon poses a problem for the dating of

submarine basalts and some intrusive rocks which do not degas

completely before solidification. However, for subaerially erupted

volcanic rocks such as those used in this study there is no problem

with excess argon. It is also necessary that the rock has not

inherited 110Ar during any metamorphic event subsequent to its

crystallizaton.
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LI. Since the '°Ar signal is composed of radiogenic and atmospheric

components, a correction for the presence of atmospheric argon must

be made. We assume that all 36Ar in the rock is atmospheric, and

that the ratio t'°Ar/3.6Ar in the atmosphere was 295.5 at the time the

atmospheric argon was incorporated into the rock, as it is today.

5. The composition of potassium incorporated in the rock is normal,

that is, '°K/K = 1.167 x 1O. It is assumed that the isotopes of K

are not fractionated during magmagenesis and evolution, nor by any

process except by the decay of L0K.

6. The cooling arid crystallization of the rock was rapid compared to

the age of the rock so that the rock has been closed to the transfer

of Ar since its emplacement. For volcanic rocks, this is a valid

assumption.

Argon Analyses

Argon isotopes were measured by isotope dilution mass

spectrometry using either a high-resolution Reynolds-type or AEI

MS-lOS mass spectrometer. Both instruments are equipped with

on-line extraction and 38Ar spike pipette systems. 38Ar is measured

to determine the sensitivity of the spectrometer. An air pipette

system allows the calculation of a fractionation factor f or the mass

spectrometer by normalizing the kOAr/3GAr ratio to 295.5. A

carefully weighed sample, usually 0.5 to 10 g, is melted under

vacuum on the order of 10 torr, by induction heating. The gases

released during fusion of the sample are purified by cooling hot

titanium getters which remove the active gases, that is, Io, COz,



222

N20, etc. The pure noble gases are introduced directly to the mass

spectrometer. For conventional K-Ar dating, three isotopes of Ar

are measured: °Ar, 38Ar and 36Ar. The Reynolds MS is interfaced

with a PDP-11 computer for data acquisition and reduction. Data

obtained by the AEI MS-lOS is recorded on a strip chart which is

read manually. Peak fitting and age calculations are made by

computer. The precision value assigned to individual age

determination is one standard deviation of the analytical

preci sion.

Because t-ie error assigned to age values becomes extremely

large at very low percentages of radiogenic argon, only data from

samples which yielded greater that 10% radiogenic argon are used.

Potassium Analyses

Potassium concentrations used in K-Ar calculations were

determined by atomic absorption spectrophotometry, using a

Jarrell-Ash 82-820 AAS. For each sample 150 to 200 mg of powder was

placed in a Teflon-lined metal bomb with HF and aqua regia, and

heated to 110°C for 2 to 6 hours. The samples were transferred to

polyethylene bottles containing boric acid which neutralized excess

HF in the solution. CsCl was added to suppress ionization caused by

the presence of K and Na in the samples. The solutions were diluted

to 1:5000 for analyses. Duplicate analyses were run until the

measured values for a given sample agreed to within 1%. Analytical

precision is 1 to 2%.
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As a guest worker at the Stable Isotope Laboratory directed

by Dr. James R. O'Neil, U.S. Geological Survey, Menlo Park, CA, I

analysed the oxygen isotopes in whole-rock samples, following the

procedure of Clayton and Mayeda (1963), except that the reaction.

temperatures were 600-650°C. 15 mg of each powdered sample was

placed in a 60°C oven for 1 to 2 hours to remove any atmospheric

moisture picked up by the powders. Each sample was placed in a

nickel reaction tube which had previously been evacuated of

atmospheric gas and filled with dry nitrogen gas. The reaction

vessels were agaip evacuated of residual gas and an aliquot of BrF5

pipetted into each vessel. The isolated vessels were heated to

600-650°C for 8 to 10 hours, during which the digestion of the

samples by reaction with the BrF5 liberated 02. The 02 was

subsequently converted to CO2 by reaction with a hot graphite rod,

and collected by freezing the gas into sample tubes submersed in

liquid nitrogen. The CO2 was analysed on a dual collector mass

spectrometer by comparing its 1BQ/16Q ratio to that of a standard

CO2, measured alternately with the sample.

For three samples, heavy liquids were used to separate

pyroxene and feldspar phenocrysts from the groundinass. The

concentrated fractions were then hand-picked to remove any

impurities. The minerals were ground in an alumina mortar, and

analysed as outlined above, by members of the laboratory staff.

The oxygen isotopic composition of each sample is expressed

relative to the standard in the conventional per mil notation:

-3ieO = -1sample

[180/160
standard ]
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All values reported here are given in terms of the SMOW standard

(Craig 1961). The precision of individual values is on the order

Of 0.2°/ (2) Most samples were run in duplicate and numerous

analyses of the standard African Sand were performed to check the

accuracy of the results. Four analyses of African Sand yielded an

average value of 9.03 ±.47 0/00

Strontium Isotope Analyses

Strontium, isotope analyses were performed under the

direction of Dr. Robert Fleck, U.S. Geological Survey, following

standard procedures f or that laboratory, outlined below. For

unspiked strontium measurements strontium was separated from

dissolved whole-rock samples by cation exchange:

1. Place 0.1 g of powdered sample in a Teflon-lined metal bomb with

ml perchloric acid and 13 ml HF. Heat the bombs to 120°C for 12

hours.

2. Transfer the dissolved sample to a Teflon beaker and evaporate to

dryness.

3. Take up the residue in 2 to 3 ml HC1. Centrifuge sample.

Pour sample onto large column containing 5 g analytical grade

cation exchange resin. When the sample is level with the top of the

column, add 52 ml iN MCi, which is discarded when it has run through

the column. Add 16 ml 2.5N MCi; discard. Then add 27 ml 2.5N HC1,

collect the solution and evaporate to dryness.

5. Take up the sample in a small amount of iN HC1 and pour onto

small columns containing 2.5 g analytical grade cation exchange
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resin. Add 21 ml iN HC1; discard. Add 9 ml 2.5N HC1; discard. Add

15 ml 2.5N HC1; collect and evaporate to dryness in a small glass

sample bottle.

6. When prepared to load sample onto tungsten filaments for the

strontium isotope analyses, add 5 drops of iN HC1 to the dry sample.

With a disposable glass micropipette, place 1 to 2 drops on the

center of the filament and heat to drive off excess HC1.

The samples were analysed on a Finnegan-MAT 261 solid source

mass
spectrometers, which is equipped with a carousel capable of

holding twelve samples and one standard filament simultaneously. The

Finnegan-MAT mass spectrometer has a 23 cm radius flight tube with

stygmatic focussing and extended geometry giving an effective radius

of 146 cm. Sample changing, focussing, peak hopping, data acquisition

and reduction are fully automatic, using programs developed by Dr.

Robert Fleck.

In order to obtain the value of the ratio of 87Sr/86Sr in

each sample, isotopes of strontium with mass 86, 87 and 88 are

measured. A peak of mass 85 is measured as background. The data are

normalized to an 88Sr/86Sr ratio of 8.3752. The value of the

87Sr/86Sr ratio at the time of rock formation is then calculated

according to the equation:

87Sr = 87Sr [ 87Rb (eAt
1)1

86Sr0 86Sr [ 86Sr

where A = 1.142 x 10''y' the decay constant for 87Rb decay to 87Sr

(Davis et al., 1977). The age of the rock, t, is independently
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determined in this study, using conventional K-Ar techniques and

inferring stratigraphic equivalence f or undated samples.

Seven analyses of the standard NBS-987 yielded an average

value of .710250 ± .00143 f or the 81Sr/86Sr ratio, which is within

the experimental error of the NBS certified isotopic composition for

that standard (87Sr/86Sr = .710114 ± .000).

Strontium and Rubidium Analyses

Strontjum, and rubidium concentrations were determined by

Alan Robinson of the U.S. Geological Survey, Menlo Park, CA, using a

Kevex energy dispersive Xray fluorescence spectrometer system. The

analyses were performed on splits of the same whole-rock powders

that were used for strontium isotope analyses.

Major Oxide Determinations

Oxide concentrations were determined using a Jarrell-Ash

dual channel, double beam atomic absorption spectrophotometer. The

technique for dissolution of whole-rock powders followed the method

outlined in Fukui (1976). Multiple major element analyses of USGS

standards BCR-1 and GSP-1 yielded the concentrations listed in Table

A2. 1.
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Table A2.1. Major element analyses of USGS Standards BCR-1 (Basalt)

and GSP-1 (Granodjorite). Concentrations in weight percent ± i.

BCR-1 GSP-1

Si02 55.2'4 ±.53 67.86 .13

AJ.2O3 ik.08 ±.50 15.70 ±.24

FeO* 11.38 ±.28 3.16 ±.20

Ti02 2.10 ±.03 .54 ±.03

CaO 6.6k ±.23 2.15 ±.12

K2 1.71 ±.06 5.50 ±.05

Na2 3.20 ±.09 2.80 ±.10

P2o5 .36 ±.01 .27 ±.01

MgO 3.42 ±.08 .90 ±.07

MnO .18 ±.01 .03 ±.01

Plate Rotation Modeling

Plate rotations were modelled using R. Parker's program

HYPERMAP, modified by Robert Duncan and Jason Morgan, and Morgan's

program ROTATE.
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