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The s i_s Summary_ 

Five volcanoes have been studied from the eastern Sunda arc, Indonesia: 

Rindjani on Lombok island and G. Sangenges, Tafubora, Soromundi and Sangeang 

Api on Sumbawa island. Rindjan-i, Tambora and Sangeang Api are all active. 

G. Sangenges and Soromundi became inactive -in the Quaternary. These 

volcanoes all occur 165-190 km above the active, north dipping Benioff 

Zone. 

With respect to other parts of the Sunda arc, the Bali-Lombok-Sumbawa 

sector is unique in being flanked both to the north and south by oceanic 

crust. It is also part of the young (post Miocene) eastern Sunda arc, which 

is a much more re.cent feature than the western Sunda arc. These factors 

suggest that the lavas of these volcanoes have had minimal opportunity for 

contamination by differentiated crustal material. 

The volcanoes of this sector of the arc have erupted a diverse range 

of lavas. They range from the ankaramite-high-Al basaH--andesite-dacite 

suite of Rindjani, through the moderately potassic ne-tlAachybasalt

trachyandesite suites from Sumbawan volcanoes, Tambora and Sangeang Api, 

to highly undersaturated, leucite-bearing types from G. Sangenges and 

Soromundi. The K20-content of these suites shows no correlation with the 

depth to the Benioff Zone. 

Rindjani is a large, compound stratovolcano. Its lavas are similar to 

the calcalkaline suites erupted by many circum-Pacific volcanoes, though 

they show exceptional composit·ional divers-ity ranging from ne- to Q

normati ve. 

The Sr-isotopic composition of all these lavas are the same (average 

0.7039), which suggests a s-ingle source. Fractional crystallisation appears 

to play an important role in their differentiation, but cannot account for 

all aspects of geochemical differentiation. It seems likely that more than 
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one primary liquid must be involved. The andesites cannot be derived from 

the hi gh-AJ. basalts by fract·i onati on of the observed phenocryst assemb 1 ages~ 

nor can the compositional range within the andesite group be modelled by 

mixtures of phenocrysts and groundmasses. The dacites may be liquids in 

equilibrium with the plagioclase-dom·inated phenocryst assemblages of the 

andesites and resemble their residual glasses. 

For the andesites to be the products of fractional crystanisat·ion of 

high-A1 basalt parent magmas, constraints placed by variation in K2o, Rb 

and Sr and K/Rb and ~1g/~~g+Fe, suggest that such a connection may result 

from the crystallisation of an assemblage; amph+plag+mag~cpx~ol~apatite. 

Phase relations in the system high-A1 basalt + water suggest that 
' optimum condit·ions under which the assemb'lage, amph+plag+mag may crystallise 

closest to the basalt liquidus, occur with 3% H20, between 7 and 10 kb and 

f0 2 between the NNO and HMN buffers. Under these conditions this assemblage 

may coexist up to about 1050-1060°C, which is still 50°C below the basalt 

liquidus. To yield andesitic differentiates, mantle derived parent basalts 

must cool markedly in the pressure-range 7-10 kb, a pressure corresponding 

to the probable depth to the Moho in this sector of the Sunda arc. 

The elimination of amphibole from andesitic derivative magmas at low 

pressures and the rapid increase in the liquidus temperature of plagioclase, 

results in the replacement of this early amphibole-rich assemblage by a low-

pressure plagioclase-r·ich assemblage. The dacites may represent the residual 

liquid formed as a result of this re-equilibration. 

The suites from the other four volcanoes (G. Sangenges, Soromundi, 

Tambora and Sangeang Api) are almost all undersaturated. Like the Rindjani 

lavas, most of the ne-normative trachybasalts and trachyandesites from 

Tambora and Sangeang Api are p'Jagiophyric, but are also distinguished by 

the presence of groundmass K··fe l clspar. Leucitites from Soromundi and 
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G. Sangenges are highly undersaturated and are plagioclase-poor or -free. 

Leucite occurs as phenocrysts and in the groundmasses. 

Sangeang Api volcano has also erupted a suite of mafic to ultramafic 

nodules as xenoliths and blocks. These range from olivine-clinopyroxenites 

and magnetite clinopyroxenites to hornblende-anorthite gabbros. 

Highly undersaturated, potassium-rich leucitic suites are unusual in 

island arcs and where they do occur are considered to be late-stage products 

and to be spatially most distant from the trench, above the deepest Benioff 

zone region. Yet in the Sunda arc, these rocks occur in a relatively young 

arc-sector, at a similar height above the Benioff zone to laterally adjacent 

calcalkaline suites. 

The sequenc~ from calcalkaline lavas, through ne-normative trachybasalts 

and trachyandesites to leucitites is marked by a progressive increase in K2o, 
Rb, Sr, and LREE concentrations, increasing K20/Na2o and decreasing K/Rb. 

The isotopic composition of Sr also becomes more radiogenic. By contrast, 

Zr, Ti, Nb and Hf and to a lesser extent P, show much less marked enrichment. 

This between-suite variation must reflect variation in the composition 

of primary magmas, which ·j n turn are considered to reflect a heterogeneous 

mantle-source which is variably enriched in K-type LIL incompatible elements. 
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INTRODUC'JliON 

1.1 Previous Work> Objectivep and Scope 

Although the nature and origin of the volcanic rocks of island arcs have 

long been the subject of debate by igneous petrologists, there is still no 

general agreement even about the full range of rock-types which may occur 

in island arcs, let alone their origin, or thein relationship to tectonic 

setting. 

Andesites have traditionally been believed to be the characteristic 

lava of island arcs, though as early as 1954, Rittman recognised that in 

the Sunda arc, c9eval volcanoes erupted increasingly potassic lavas with 

increasing distance from the trench. Kuno (1966) recognised a similar 

pattern in Japan and also observed that volcanic rocks belonged to three 

distinct series: 1. the pigeonitic = tholeiitic series, 2. the hypersthenic= 

calcalkal ine series and 3. the alkaline series, and that this sequence (1 to 2 t( 

represented a progression towards the continent. 

~1ore recent studies, such as 
v 

those of Jakes and White (1969, 1972), 

Jake¥ and Gill (1970) and Gin (1970) emphasised that basalts are also 

abundant, distinguished an arc tholeiite series ·and suggested that a spatial 

sequence of tholeiitic series-calcalkaline series-shoshonitic series, related 

to increasing distance from the trench and increasing height above the Benioff 

Zone, occurred also as a temporal sequence. 

~1ost recently however, an even greater diversity of rock--types has been 

recognised, particularly very alkal·ine varieties (e.g. Johnson et al., 1976, 

Delong et al., 1975), as has the apparent transitional nature of the divisions 

between the previously defined suites. In addition several exceptions to 

the idealised temporal and spatial scheme described above, have been noted 

(e.g. Arculus and Johnson, 1978). Thus the generalized models for the evolution 

of arc-trench systems appear now to be too simplistic to account for the 

magmatic history of many incJ·ividual arcs. 
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Thus in the past two decades, with the gathering of i ncreas ·i ng amounts 

of new data, it has been recognised that the arc environment contains a 

diversity of vo·lcanic rock-types as g1Aeat or greater than that in other 

tectonic environments, rather than being monotonously andesitic. 

The genesis of island arc magmas is the other major problem which has 

received considerab-le attention ·in the past few decades" In particular attempts 

have been made to account for the origin of andesHes and for the ori gi r1 of 

the compositional d·iversity of arc magmatism. 

Although Bowen (1928) and Kuno (1968) regarded andesites as fractional 

crystallisation products of basaltic parents, more recently, particularly 

with the advent qf plate tectonic theory and the recognition that island 

arcs may be underthrust by oceanic lithosphere (e.g. Isacks et al., 1968) 

many other theories have been proposed. A summary of these is presented 

by Ringwood (1974). Arguments about the origin of andesite variously 

suggest that these rocks are: 1. primary magmas, or 2. fractional 

crystallisation products of basalts, or 3. contaminated basalt5 or 4. some 

combination of two or more of these factors. 

The first of these suggestions includes two hypotheses: 1. that the 

andesites are primary melts of hydrous peridotite (e.g. Mysen and Kushiro 

and Nicholls and Ringwood, 1974), or that 2. andesites are primary melts 

derived by fusion of the upper portion of the subducted oceanic plate, 

either in the eclogite - (e.g. Green and Ringwood, 1968) or amphibolite

facies (e.g. Holloway and Burnham,, 1972). Fractional crystallisat·ion 

mechanisms variously emphasise the roles of olivine-, amphibole- or magnetite

fractionation in the derivation of more silica-enriched liquids from basaltic 

parents. More complex models suggest that the liquids may have 

components derived from more than one source, subsequently also modified 

by fractional crysta"l"lisation. 
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In this thesis I seek to contribute to these debates in two ways: 

1. By presenting detailed, new i nforma ti on on rocks from five active, or 

recently active volcanoes from a previously little-studied sector of 

the Sunda arc, a sector whose volcanoes have erupted a wide range of 

rock-types including unusual, highly alkaline varieties. 

2. And to use these data, together with the results of some experimental 

work, to discuss arc magmat-ism and petrogenesis. 

1.2 The Rafionale Behind the Choice of_ProJect and Locali~ 

The ·islands of Lombok and Sumbawa in the central part of the Sunda arc 

were chosen as the location for this study for a number of reasons: 

1. The Sunda arc is one of the largest arc systems on the earth 1 s surface, 

one of the classical localities, as well as being easily accessible 

from Australia. 

2. The segment of the arc chosen for study is tectonically and geologically 

reasonably simple (see chapter 2) compared to the arc sectors to the 

east and west and is a young feature uncomplicated by ancient basement. 

3. This sector of the Sunda arc has not been the subject of any recent 

petrological research and as such the project is complementary to the 

work done by Whitford (1976) in the western part of the arc. 

4. Although the young igneous rocks of this sector of the arc had received 

no recent attention, a few early Dutch reports, together with those 

invaluable primary sources; Part 1 of The Catalogue of Active Volcanoes 

of the \1orl d (Neumann van Padang, 1951) and The Geology of Indonesia 

(van Semmel en, 1949), provided enough backg1~ound infonnation to ind·icate 

that some Sumbawan volcanoes had erupted lavas of unusual composition, 

includ·ing very alkal-ine ·leucite-bearing varieties. Furthermore reports 

that the eruption of the possibly alkaline volcano, Tambora, in 1815, 

was amongst the most violent and destructive in human history (e.g. 

Petroeschevsky, 1949) also suggested that an unusual and potentially 

interesting situation existed in Sumbawa. 
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By contrast, Rindjani, the large stratovolcano on the adjacent 

is·land of Lombok, proved to have erupted a 11 normal 11 ser·ies of calcal-

kaline lavas. Therefore, because volcanoes of this sector of the 

Sunda arc appeared to have erupted volcanic rocks of a very large 

compositional range, including very alkaline varieties, it seemed 

that this might be a good place to investigate the origin of the 

compositional diversity of island arc suites, part·icu·larly as in this 

arc sector this variation occurs in adjacent, active volcanoes at 

similar height above an active Benioff Zone. 

5. Though no detailed geologica·! mapping of either Lombok or Sumbawa has 

been carried out, reconnaissance surveys of Matrais et al ., (1972) on 
I 

Lombok and Sudrajat (1975) on Sumbawa, provided maps and gave sone 

geological control to the sampling program. 

In short this thesis is a detailed study of the petrology and geochemistry 

of lavas and some coarse-grained xenol"iths, erupted by f"ive Quaternary to 

Recent volcanoes from the Lombok-Sumbawa sector of the Sunda arc. 

1.3 Field Work and Method of Stu~ 

This project is mainly laboratory-orientated and the principal objective 

of the field-work was to collect a representative suite of fresh volcanic 

rocks, and where they occurred, intrusive xenoliths, from each of the five 

young volcanoes being studied. 

Most of the work was carr·ied out at the Geology Department at the 

University of Tasmania, between March 1975 and March 1978. The study is 
' 

mainly based on the results of: 1. microscopic examination of thin sections, 

2. whole--rock, major- and trace-element analys·is largely performed us·ing XRF 

techniques, 3. microprobe analysis of mineral phases, 4. near-liquidus, 

lrigh pressure experiments on a natural high-Al basalt--water system, 



5. Sr-isotope determinations(l), and 6. some rare earth element (REE 

determinations). (2) 

8. 

Most of the field work for this project was carried out in the first 

half of 1976 by myself and Dr. R. Varne, with some assistance from Ir. 

Soetoto from the University of Gadja ~~arda in Jogyakarta. Dr. Varne also 

made an earlier trip to Lombok in 1975. 

In the field,,attempts were made to sample fully the entire compos-itional 

range of lavas represented in each volcano. No mapping was undertaken. 

On Sumbawa, all the volcanoes occurred some d·istance from the only road 

and most field-work entailed the use of local boats and prolonged trips on 

foot. For ins~ance, the scaling of Tambora volcano entailed a boat trip 

of several hours duration to reach a village at its foot, followed by an 

expedition lasting about 10 days from this village to the summit and return. 

A more extensive network of roads exists on Lombok island, though 

again, the steep terrain and jungle-clad lower slopes of Rindjani volcano 

restricted access except by foot. 
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1. 5 Thesj_~ Structure and Layout 

The titles of each chapter are given in the table of contents. 

The thesis falls into two main sections; chapters 2 to 7 inclusive 

are mainly concerned with the presentation of the data, while chapters 

8 to 12 are mainly concerned with the discussion of this data and the 

formulation of the conclusions. Chapter 13 briefly summarises the main 

conclusions. 

Within the first section, chapter 2 provides the geological and 

tectonic background to the Indonesian region in general and to the 

Lombok-Sumbawa sector of the Sunda arc in particular. Fo"llowing this, 

chapters 3, 4, 5 and 6 are largely a descriptive presentation of the 

petrological data for each volcano, including general petrography, 

mineralogy, mineral chemistry and whole-rock major- and trace-·element 

geochemistry. The ma·in details of the information conta·ined in these 

four chapters are summarised in chapter 7. 
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REGIONAL GEOLOGY AND TECTONIC SE'l'TING· OF THE SUNDA ARC. 

2 .. 1 Introduction 

The main theme of this thesis relates to the petrology, geochemistry and 

petrogenesis of the volcanic rocks from the islands of Lombok and Sumbawa in 

the western end of the eastern Sunda Arc. Such being the case, the main 

emphasis within the thesis is on information and data yielded by the rocks 

themselves. However, any discussion of the petrology of these active, or 

0ecently inactivated centres which fails to take account of their regional, 

geological and tectonic settings will have neglected factors possibly highly 

significant to their genesis. Conversely, conclusions reached on petrological 

grounds may provide significant insight into regional geological or tectonic 

factors. This chapter therefore provides a summary of the regional geological 

and tectonic features of the area. However as the main emphasis on the thesis 

is in another direction this summary is brief and further detail can be 

obtained from the references cited. 

The Indonesian region, of which, the Sunda-Banda arc systems represent 

the southern margin, is tectonically, extremely complex. The Cenozoic history 

of the region reflects the interaction of three plates; 1. the Eurasian plate 

to the west; 2. the Pacific plate to the north-east; and 3. the Indian

Australian plate to the south. The Indian-Australian plate has a relative 

northward movement while the Pacific plate has a westward motion (Hamilton, 

1977). Van Bemmelen (1949) provides a wealth of information on the geology of 

the region, while Hamilton's (1978) tectonic map summarises the main tectonic 

elements. Papers of Hamilton (1979, 1977 and 1973) and those of Katili (1975, 

1973) and Katili and Soetadi (1971), provide discussion of the region in the 

light of plate tectonic theory. 
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2. 3 Regional SeUinH of the f_9}_can~iC!._{':.f!~_p_f_f.ombok anfj__§J:!!!if?_awa. 

The major tecton·i c features of the Sunda arc have been sumnari sed by 

Faden and Varne (1979). The following summary is largely based on their 

assessment of the features of this arc. The Sunda arc of Indonesia, together 

. with its easterly continuation, the Banda arc, is a spectacular feature, over 

6000km in length. Over seventy volcanic centres occur along its length, which 

extends from the north-western tip of Sumatra to the Moluccas (fiq. 2.1). 

In plate tectonic theory the Sunda arc is a subduction system, marking 

the zone where the Indian-Australian plate is sliding obliquely beneath the 

Asian plate. From cursory observation the whole arc appears as a continuous, 

coherent, singl~ tectonic feature, the volcanism, like the seismicity 

representing by-products of the subduction process. However, more detailed 

examination of the evidence reveals this arc system to be very complex. For 

instance there are marked differences in the histories of its western and 

eastern ends. In particular, the western end, represented by the islands of 

Java and Sumatra, is much older than the eastern end. Also the far eastern 

end of the arc, due to its close proximity to the Australian continental 

plate, is experiencing quite different influences at the present time to those 

in the central and western portions of the arc. 

1. The Outer-Arc and __ Trench_jyste~ 

The Sunda arc is a double arc-trench system. The inner volcanic arc 

lies to the north, the outer non-volcanic arc to the south. Between the 

arcs lies the outer arc basin, a chain of elongate deeply filled troughs. 

South of the outer arc lies the Java Trench. This is a continuous, well 

defined feature as far east as Sumba. Along this segment it is up to 7km 

deep. South-east of Sumba (south of the eastern end of Sumbawa) the situation 

is less clear cut. 
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There is some suggestion that the trench is continued eastwards as the 

Timor Trough-Aru Basin-Ceram Trough system. Such a continuation involves a 

marked south-easterly offset in the trench system to the south of Sumba 

island. The Timor Trough system is of markedly different character to the 

Java trench. It is shallow, extending only to 3km and is bounded to the south 

by the Australian continent (Hamilton, 1974). The Savu Basin to the north of 

Roti and western Timor is in fact deeper than the Timor Trough (Hamilton, 1977) 

and may represent an inter-arc basin, forming a continuation with the Weber 

Basin, to the north-east, between the inner- and outer-Banda arcs. This 

feature was interpreted as the easterly extension of the Java Trench (Fitch, 

1970), but the inter-arc interpretation has gained more recent support 

(Fitch, 1972; Fitch and Hamilton, 1974). 

To the west of Sumba, the outer (non-volcanic) arc ridge is mainly 

submarine, but south of Sumatra is partly emergent to form outer arc islands 

such as Mentawi. South of Java the crest of the ridge is wholly submarine but 

relatively shallow in places. Eastwards, to the south of Lombok and Sumbawa, 

the crest of the ridge is deeply submerged, and does not continue smoothly 

into the Sumba-Roti-Timor outer arc sector. Rather it is displaced north and 

almost appears tocoelescewith the inner arc in the vicinity of east Sumbawa

west Flores. 

These discontinuities in the outer arc and trench, near Sumba, to the 

south of Sumbawa coincide with a hiatus in the regional linear belt of negative 

gravity anomalies associated with the Java trench. There is also a marked abse 

of shallow and intermediate earthquake activity south of Lombok (Hedervari~ 

1978; Ritsema, 1954). Audley-Charles (1975) considered this to be evidence 

of a major break between eastern and western sectors of the Sunda arc system. 

This hypothetical feature has been termed the Sumba Fracture (Audley-Charles, 

1975; Katili, 1973) and interpreted as a substantial transcurrent or transform 

fault. 
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Hamilton (1979) also noted that the regularity 6f the Sunda arc system, 

with its subparallel elements of inner volcanic arc, outer arc basin, outer 

arc (melange) ridge and trench, is broken in this sector where the broad 

Sumba-Roti-Timor ridge trends southeastward across the strike belt elsewhere 

occupied by the outer arc basin. At the same time there is some evidence 

that Sumba island is geologically unlike Timor and may be allochthonous 

(Hamilton, 1977). 

2. The Volcanic Arc. 

In contrast to the outer arc, the inner arc is mainly subaerial and is 

marked by a line of active volcanoes that overlies 125-200 km depths to 

Benioff zone. The compositional relation between volcanism and seismicity 
) 

is considered in chapter 12. 

The islands of the volcanic inner arc diminish in size and decrease in 

age going eastwards. Sumatra is composed of well established continental 

crust, in part of Mesozoic and Palaeozoic age (Hamilton, 1978; Katili, 1974; 

Van Bemmelen, 1949). Java is smaller and although it is composed almost 

entirely of continental crust, this crust is mainly Cainozoic in age, and 

relatively th·in and mafic (Van 8emmelen, 1949). 

By contrast, the oldest exposed rocks in the arc to the east of Java are 

Miocene. · A"lso, on these islands, a much larger proportion of aerially 
., 

exposed sequences are of Quaternary - Recent age, composed largely of the 

products of presently active or recently inactivated volcanoes (Hamilton, 1978) 

The active volcanoes on Bali, Lombok and Sumbawa occur in the northern parts 

of the islands (fig. 2.1 ). Older rocks, including some as old as early 

Miocene, form the southern parts of the islands. On Bali and Lombok these 

are separated from the active volcanic zone by lowland plains underlain by 

Quaternary sediments and tuffs (Van Bemmelen, 1949; Matrais et al., 1972; 

Sudrajat, 1975). 
dl) 

In south Bali these older rocks are mainly limestones, but 

in Lombok are associated with andesitic and dacitic volcanic rocks (Matrais 

et al., 1972) that also probably form the present sub-volcanic basement. 

• , _ _! . r"' _ 1 .:! 
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Similar Miocene sequences are also widespread in Sumbawa and west Flores 

(Van Bemmelen, 1949; Cardwell and Isacks, 1978) and may occur in Bali. Van 

Bemmelen suggested that Miocene deposits may correlate with the Southern 

Mountain sequences of east lJava. He speculated that ''break·ing down of the 

Southern Mountains continues eastwards in Bali and Lombok, where the parts 

are separated by sea straits instead of alluv·ial plains". 

Physiographic contrasts between Java and the islands of the central and 

eastern part of the Sunda arc (Sumbawa for instance) emphasise the more 

primitive character of the latter group. In Sumbawa the complexly indented, 

lo~te coastline is a product of coalescence of young volcanoes which must 

have originated as submarine cones, growing to subaerial individuals separated 

by sea straits, later to be filled by redeposition of older volcanic material 

as well as new eruptions. Sangeang Api, a substantial, active offshore volcano 

near the northeast coast of Sumbawa (fig.4.1) will in all probability be 

similarly incorporated into the Sumba~a mainland in a geologically short time. 

On the other hand the post--Quaternary vo 1 canoes of Java, particularly 

those of central and western Java, are fed through older continental crust 

and in all probability were subaerial during most of their evolution. In 

east Java the Southern Mountains are flanked to the north by the great 

Quaternary volcanoes of the Solo zone. These are separated by an axial 

depression filled with Quaternary sediments and tuffs to form intermontane 

plains (the Blitar sub-zone), in a zonal distribution reminiscent of that in 

Ba 1 i and Lombok (Fig. 3 .1 ) . 

In Sumbawa~ as in Bali and Lombok, the active volcanoes in the north of 

the island seem to form a continuation along strike of the Solo zone. On 

Flores this line of active volcanoes continues in the northern part of the 

island, but there are also volcanoes in south Flores, leading Audley-Charles 

(1975) to postulate some southward displacement of the volcanic zone of the 
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inner arc along a continuation of a possible dextral transcurrent fault in 

southwest Sulawesi that is roughly parallel to his proposed Sumba fracture. 

However, there is little evidence that such a fault has been recently active 

(Cardwell and Isacks, 1978). 

3. Crustal Thickness and Structure. 

The relationship between seismicity and subduction have been the 

subject of numerous studies in this region (e.g. Fitch and Molnar, 1970; 

Fitch, 1970; Cardwell and Isacks, 1978), as has the relationship between 

the depth of seismicity and the composition of erupted volcanics (e.g. 

Hatherton and 9ickinson, 1969; Whitford and Nicholls, 1976; Hutchison, 1975; 

Hutchison, 1976). These relationships, discussed with respect to the lavas 

of Quaternary to Recent volcanoes from the Lombok and Sumbawa sector of the 

Sunda arc, are considered in chapter 12. 

Crustal velocity structure and thickness have also been investigated by 

seismic reflection and refraction studies (e.g. Curray et al., 1977; Hamilton 1 

1977). 

The maximum depth of seismic activity increases from 200 km beneath 

Sumatra to about 600 km north of Lesser Sunda Islands to the 

east (Fitch~ 1970). Crustal thicknesses also diminish markedly towards the 

east in the Javanese sector of the arc. The Sunda Shelf has continental 

thickness and velocity in the vicinity of west Java, while in the region of 

east Java-Bali it thins markedly and has a seismic velocity structure 

transitional between typical oceanic and continental profiles (Curray et al., 

1977, Ben-Avraham and Emery, 197j), 

East of Java the Bali-Lombok-Sumbawa sector of the 

volcanic arc is flanked 11orth and south by oceanic crust 

(Curray et al., 1977, Ben-Avraham and Emery, 1973) and lies at the 

11 transitional edge of craton·isation 11 of the Sunda Shelf (Curray et al., 1977). 
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In the Bali-Lombok-Sumbawa-Flores sector of the arc, the Benioff seismic 

zone dips at a shallow angle from the axis of the trench to the axis of presen· 

volcanism. The active volcanoes are approximately 300 km from the trench, 

yet the seismic zone is less than 200 km below these. The seismic zone then 

plunges to 600 km depth only a further 200 kms from the trench (Cardwell 

and Isacks, 1978). 

South of the Bali-Lombok-Sumbawa sector of the arc, linear magnetic 

anomalies of the Indian Ocean crust near the Java trench trend generally 

east-west, tangential to the curve of the arc (Ben-Avraham and Emery, 1973). 

DSDP 261 south of Sumbawa "bottomed' in late Jurassic sediments overlying 

basalt. Farth~r to the southeast the linear magnetic anomalies may strike 

ENE with the oceanic crust becoming older towards the Australian margin 

(Larson, 1975). The velocity structure of the oceanic crust south of the 

Java trench seems fairly typical of oceanic crust elsewhere in the Indian 

and Pacific Oceans and is generally about 5-7 km in thickness, although 

locally it is thickened to about 8 km, a feature that may be in some way 

related to its great age (Curray et al ., 1977). 

Beneath the Java trench the oceanic crust is about 11-13 km thick, 

significantly more than is usual. The mantle is also depressed beneath the 

trench south of Bali and Lombok. The Moho is about 24 km deep and may dip 

north. Seismic reflection records indicate that a strongly reflecting 

surface, presumably the top of the oceanic crust, dips north at only 7° from 

the trench to a depth of 15 km beneath the outer arc ridge which appears to 

be a wedge of imbr·icated low-velocity material (Hamilton, 1977). 

Refraction studies show that the crust beneath the outer arc basin in 

this arc sector between outer arc ridge and inner volcanic arc is apparently 

oceanic in character although depth to the Moho is greater than is normal for 

oceanic crust, about 18-25 km. Most of the additional crustal thickness is 

in the oceanic layer where thicknesses exceed 14 km. The Moho was detected 

at about 20 km beneath the southern slope of the Bali-Lombok sector of the 
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arc (Curray et al. ~ 1977). As shown earlier, subvolcanic basement of the 

inner volcanic arc is probably Miocene ·in age. If the crust between the 

outer arc ridge and the inner volcanic arc is trapped oceanic crust of 

Cretaceous or Jurassic age (Curray et al., 1977), there is no obvious 

explanation of its abnormal thickness, nor indication of the nature of the 

transition to the younger rocks of the inner arc. There is also no indication 

of the nature of an apparently abrupt upward jump ·in the oceanic layer and 

Moho beneath or immediately north of the outer arc ridge. 

Oceanic crust has also been detected north of Sumbawa but mantle arrivals 

were not detected, suggesting Moho depths of at least 15 km (Curray et al., 

1977, Ben-Avra~am and Emery, 1973). 

East of Sumbawa the Flores Sea north of the inner volcanic arc 

is floored by oceanic crust, but to the south of the arc the Timor Sea is 

underlain by continental crust (Curray et al., 1977, Hamilton, 1977). In 

the sector of the arc east from Sumbawa to Alor island, north of Timor, 

relatively deep water troughs occur on the north side of the volcanic arc. 

Hamilton (1977) has suggested that due to the collision of this part of the 

arc with the Australian continental plate, northward subduction has ceased 

and southward subduction is being initiated in this region. However the 

earthquake activity pattern has as yet to demonstrate this. 

West ofBali the oceanic layer is absent beneath the Sunda shelf 

north of east Java, where crustal thicknesses and velocities seem intermediate 

in character between oceanic and cont-inental (Ben-Avraham and Emery, 1973), 

but here the crust south of the arc is oceanic (Curray et al., 1977). 

2.4 Conclusions. 

From the seismic reflection and refraction surveys it therefore appears 

that the Bali-Lombok-Sumbawa sector of the Sunda arc may be closely flanked 

both to the north and south by oceanic crust, perhaps the only sector of the 

arc where this is the case. South of the arc the oceanic crust is probably 
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of early Cretaceous or late Jurassic age, considerably older than any rocks 

known on the Lesser Sunda Islands. 

The complexity of the Sunda arc and the manner in which it appears to 

diminish eastwards both in size and age have stimulated many tectonic 

reconstructions to explain its evolution (e.g. Katili~ 1973; Hamilton, 1979; 

Van Bemmelen, 1949; Katili, 1975; Hutchison, 1973). The Bali-Lombok-Sumbawa 

sector of the arc may have reached its present position by migrating southward 

and eastwards from Sulawesi, either with rifting and opening of the Banda 

Sea behind it, or by jumping into its present position, breaking through and 

trapping older oceanic crust within and behind it. It may have developed 

as a link between two previously separate orogenic systems. The complexities 

of tectonic interpretation and reconstruction aside, it is noted that there 

is general agreement that the Bali-Lombok-Sumbawa sector of the Sunda arc 

has developed only since mid-Tertiary, possibly Miocene time, and that at 

present the oceanic crust of the Indian plate may be underthrusting this 

arc sector in a general riortherly direction (Foden and Varne, 1979; Cardvvell 

and Isacks, 1978; Le Pichon, 1968; Minster· et al., 1974). 
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LOMBOK ISLAND. 

3.1 Introduction 

Rindjani is a large, active, compound strato-volcano on the island of 

Lombok, in the western part of the east Sunda arc (figure 2.1). The volcano 

lies approximately 300 km north of the Java Trench and is situated about 

170 krn above the active north-dipping Benioff seismic zone (e.g. Hamilton, 

1974; Hutchison, 1976) (figure 2.1). Summa1nies of the geology of Lombok 

are given by Matrais et al. (1972) and van Bemmelen (1949) (figure 3.1). 

The oldest rocks outcropping on the island are exposed in its southern 

part and are Early f~iocene andesitic and dacHic flows and breccias vJith 

associated volcanically-derived sediments. These Early Miocene deposits 

are overlain by Late ~~i ocene 1 imestones. More than three-fifths of the 

island is covered by Pleistocene to Recent products of R·indjan·i and its 

associated cones. These deposits range from basalts and andesites to 

dacites and also include blankets of pumice and tuff. This chapter presents 

the basic petrological data from these young lavas. 

The lavas from Rindjani volcano are a petrologically diverse calcalkaline 

group ranging from ankaramites and hi gh-Al "basalts" to andesites, hi gh-K 

andesites and dacites. They show numerous petrographic, mineralogical and 

geochemical similarities to many members of this suite described from 

numerous circum-Pacific arcs (e.g. Ewart, 1976). 

In this thesis the term "calcaHaline" ·is used to describe those suites 

from island- and continental marginal arcs which include aluminous basalts. 

andesites and in some cases dacites and rhyolites, which show little or no 

iron-enrichment and which have moderate alkali and in particular K2o 

concentrations (basalts 0.6-2.0% 1<20, andesites 1.0-2.5% K20). ~1embers of 
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this suite al"e f;quivalent to those of Kuno's (1959) Japanese ••hypersthenic 

ser·ies 11 and in fact also conform to Peacock's (1931) orig·inal definition 

based on his alka.li-lime index. In this thesis the te1111 11 ca1calkaline 11 

also connotes a degree of alkalin·ity between that of the arc tholeiite 

series (e.g. Jake¥ and Gill, 1970; Jake~ and White, 1972, 1971) which was 

not recognised in this segment of the Sunda arc and the much more alkaline, 

undersaturated, K20-enriched suites from a numbel~ of the Sumbawan centres 

described in chapters 4, 5 and 6 of this thesis. 

Mc~mbers of the ca 1 ca 1 ka 1 i ne suite are conmonly named arbitrarily 

according to their position on the K20-Si02 variation diagram (e.g. Taylor, 

1969; also see figure 3.2). Although this scheme adequately characterises 
' 

oversaturated lavas of the andesite-dacite- rhyolite group, its labelling 

of lavas with <53% Si02 as high-Al basalts is inadequate particularly 

because these 11 basalts 11 would not be termed as such using othe1~ w·idely 

accepted criteria (e.g. Coombs and Wilkinson, 1969). For instance, many 

Rindjani lavas with <53% Si02 are much less magnesian than basaltic rocks 

from other petrographic prov·inces, have lower Mg/Mg+ z~Fe values and have 

higher normative Ab/Ab+An+Or. 

3. 2 PeJ_po_g~_gPl£ic !~~!L2f_th!:..Jiindj_::-_ni ]!!:!}_as 

1. Ankaramites 

This group of lavas appear to have been erupted relatively early in 

the history of the Rindjani complex and occur in west Lombok, possibly the· 

products of the Punikin centre. They are the most mafic of the lavas of 

the Rindjani suite (MgO 8-14%) and are relatively Al 2o3-poor (<16%). They 

al~e all ne-normative. 

Modal analyses of two examples of this group (LBB and LB11) are given 

in table 3.1. The ankaram"ites range from very phenocryst--rich porphyritic 

varieties (such as LBB, tables 3.1, 3.12) to relat·ively phenocryst-poor types 

(such as LBll, table 3.12), though the phenocryst-lnich examples appear more 

common. Typi ca"lly they are composed of phenocrysts of clinopyroxene, o l'i vine, 



Table 

Sample No. 

LB8 
41632 
41621 
41637 
41647 
41622 
41644 
41636 
41641 

3. 1 

Cpx 

36.5 
1 

8.5 
8 
8 
2 
6.3 

tr 

Opx 

4 
2 

3.2 
tr 

l reacted olivine relicts 

Rindjani 

01 

12 
5.7 
4.5 
3.5 

.Jl 
2.3 

Lavas: Modal Composition 

Am ph Biot Ti-l<lag 

0.2 
0.3 

3 
4 
2 
1.7 
1.5 

2 tr 

Plag 

4.5 
11 
3.5 

31 
35.5 
26 
39 
56 
9 

Apatite G-Mass 

tr 
. 1 
tr 

47 
82 
92 
54 

62 

33 

Abbreviations: Cpx-c1inopyroxene, Opx-orthopyroxene, 01-olivine, ~~ph-amphibole, Biot-biotite, 
Ti-!':ag-ti tanmagnati te, P1 ag-p1 agiocl ase, G-Mass-groundmass. 

Rock types: LB8 - ankaramite, 41632, 41621 - ne-normative, alkali olivine basalt, 
41637- basaltic andesite, 41647, 41622, 41644, 41636- andesites, 41641 -dacite. 

Glass 

48.5 

55 

89 
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plagioclase and magnetite, set ·in very fine-gr·ained groundmasses of 

clinopyroxene, olivine, plagioclase, magnetite and possibly nepheline 

and/or sani dine. 

Clinopyroxene and olivine are by far the biggest (0.5 to 2 em) and 

most abundant phenocryst phases and clinopyroxene is markedly more abundant 

than olivine. Plagioclase is much less abundant than either olivine or 

clinopyroxene and in some examples does not occur as a phenocryst phase at 

all. In their paucity or absence of plagioclase phenocrysts the ankaramites 

are quite distinct from most lavas comprising the other petrographic groups 

of the Rindjani suite. 

Clinopyroxene phenocrysts are markE~dly zoned, the core;ar·e pale green 

or almost colourless, Cr-rich diopside (ca 46.6 Mg 48.7 Fe 4.7, Mg/Mg+Fe = 

0.91, table 3.2) and the rims are darker green, Al~ Ti-rich augite (table 

3.2), markedly more Fe-rich than the cores. The transition from core to rim 

is sharp. ~1any individual cpPirystals are fragments of larger crystals, 

broken across both diopside core and augite rim without subsequent growth. 

Olivine phenocrysts are rounded and embayed and range in composition 

from Fo 82.5 to Fo 88 (table 3.6). They lack the Cr-sp·inel inclusions 

found in some olivine megacrysts of similar composition from some high-Al 

basalts described in the next section. 

Plagioclase phenocrysts, when they do occur, like those from many other 

basaltic and andesitic lavas of Rindjani, are very calcium--rich. They are 

often relatively unzoned with compositions ranging from calcic bytownite to 

anorthite (average ca. An 88) and are corroded w·ith numerous glass and 

occasional cpx inclusions. Some do have f·ine·ly zoned, more sod·ic r·ims 

around corroded cores (table 3. 7). 

Titanmagnetite ·is a scarce microphenoc1~yst phase. A typica·l analysis 

is given in table 3.8. Compared wHh magnetit(-;'S from the andesites these 

are more Ti02-poor (27.5 mol.% U.sp.) and are relatively Al 2o3 and MgO-rich. 

words c ·1·i no pyroxene and orthopyroxene are frequent·] y abbreviated to 
cpx and opx respectively throughout the rest of this thesis. 
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The ankaramites resemble, both geochemically and petrographically, 

some basaltic lavas from the New Hebrides (Aoba and Epi islands, e.g. 

Warden, 1970; Gorton, 1977) and from the New Guinea Highlands (e.g. the 

olivine-augite absarokite from Mt. Giluwe, Jake~ and White, 1969). 

These lavas, together with basaltic andesites and andesites, make up 

the most voluminous portion of Rindjani •s recent eruptives. They are 

aluminous (>17% Al 2o3), have silica contents in the range 48-53% and have 

low to moderate MgO contents (ca. 3-6%). 

The term, "basalt" has been used in a rather loose sense to characterise 

those lavas w·i~h <53% Si02. In fact, these lavas (with >17% Al 2o3 and <53% 

Si02) are a diverse group. They straddle the plane of critical undersaturatio 

(f·ig. 3.11) and both ne- and ol-hy'-normative gr·oups show variation from 

relatively magnesian members (5-6% MgO), through to differentiated varieties 

with ca. 3.0% MgO and no1111ative plagioclase compositions of An40 or less. 

The more magnesian, ne-normative basalts (e.g. 41621, 41632, LB67 

analyses g·iven in table 3.13) are here termed alkali olivine basaHs. 

These range through to relatively low MgO ne-normative lavas with normative 

plagioclase composition <An40, here termed havvaiites (e.g. 41678, analysis 

given in table 3.14). The ne-normative group shows continuous gradation 

to the ol-hy-normative group which spans a similar f~gO range, gener·ally 

with slightly lower total alkali content. These range from basalts with 

MgO >5% (e.g. 41676, analys·is given ·in table 3.12) (olivine basalt) to 

more differentiated lavas with low MgO (basaltic andesite) e.g. 41637, 

41634, analyses given in table 3.16). 

For the most part the high-Al basalts are porphyritic lavas, though 

the more mafic members of the group (e.g. 41621~ 41632, LB67 and 41676; 

tables 3.1 and 3.12, 3.13) are phenocryst-poor (<15%). The main phe::nocrysts 

are plagioclase, clinopyroxene and olivine, with some minor magnetite. 
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The relative proportion of olivine increases relative to that of plagioclase 

and clinopyroxene as the total proportion of phenocrysts decr·eases (compare 

modal analyses of lavas 41637, 41632 and 41621 in table 3.1), so that 

alkali olivine basalt 41621 has only 8% phenocrysts, compr·is·ing 4.5% 

oliv·ine and 3.5% plagioclase with no cpx phenocrysts. On the other hand, 

basaltic andesite 41637 has 56% phenocrysts (3.5% olivine, 8.5% cpx, 31% 

plagioclase and 3% magnetite) and the proportion of olivine relative to 

cpx, and plagioclase is very much lower. Some of the relatively mafic 

alkali oliVine basalts (e.g. 41632), while being relatively cpx-poor, do 

have occasional reacted, Cr-rich augite megacrysts. In addit·ion to sma.ll, 

euhedral olivi~e phenocrysts (Fo75 - Fo82) some members of this group also 

contain large (up to 1cm), reacted, strained oliv·ine me9acrysts with 

inclusions of Cr-spinel. These olivine megacrysts (table 3.6) are magnes·ian 

and have compositions ranging from Fo83 to Fo92. The occurrence of similar 

magnesian olivine xenocrysts has been noted in a number of ca·lcalkaline 

suites, for example, from; the Aleutians (Marsh, 1976), Tonga (Ewart et .QJ_., 

1973), the Lesser Anti 11 es (Si gurdsson et_ ~·, 1973; Arcul us and Cunan, 

1972), Mt. Shasta, California (Anderson, 1974). 

Clinopyroxene phenocrysts are relatively Al-, Ti-rich augites (table 

3.3). Plagioclase, the main phenocryst ·in many of the less mafic members 

of this group, is very calcic, ranging from bytownite to anorthite in 

composition. Many individuals are zoned, zonat·ion being normal, or with 

only m·inor reverse oscillations. However some of the most An--rich individuals 

(An84 - An94) are apparently unzoned and are commonly corroded and sieved. 

Plagioc·lase of this composition also occasiona.lly formscorroc!ed cores to 

other phenocrysts with more sodic outel~ margins. The very calcic plagioclase 

phenocrysts may occur in the same rock as individuals with much less An-rich 

cores (ca. An75) that show no sign of corrosion. 
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Magnetite phenocrysts are absent from many of the more mafic alkali 

oliv·ine basalts, but occur as microphenocrysts in the more d·ifferentiated 

and more phenocryst- r·i ch 1 a vas. 

Phenocrysts are set in a f·ine, plagioclase-rich groundmass. Plagioclase 

(about An50) occurs as elongate laths, often showing fluxion texture. 

Clinopyroxene is the most abundant groundmass phase after p 1 agi ocl ase, 

also occurring as tabular grains. Olivine (Fo54-64) occurs as small granules 

in the groundmasses of the more mafic and undersaturated rocks, but is rare 

in the ol--hy-nonnative basaltic andesites. Ti-rich magnetite occurs in the 

groundmasses of all lavas of the group, while sanidine and/or calcic 

anorthoclase is present in the groundmasses of some of the ne-normative 

lavas (e.g. 41632, 41678). 

3. Low-silica Andesites and Andesites. 

Modal analyses of typical representative members of this group are 

given in table 3.1. These lavas are Q-normative and are very phenocryst

rich (40-70%) and their phenocryst assemblages are dominated by plagioclase. 

Phenocrysts are characteristically strongly zoned and the most typical 

phenocryst assemb 1 age is p 1 agi oc 1 a se-c 1 i nopyroxene-orthopyroxene-magnet ite. 

This is set in an extremely fine-grained or corrrnonly glassy matrix. Less 

commonly a few andesites contain phenocrysts of olivine, and orthopyroxene 

is absent from these. Partially reacted Ca~rich amphibole is also present 

in a few of the andesHes investigated. 

Where crystalline, the gr·oundmasses of the andesHes are composed of 

fine plag·ioc·lase laths, with small gra·ins of clinopyroxene, orthopyroxene 

and magnetite. In other instances, f·inely crystalline groundmass is 

absent and phenocrysts and mi crophenocrysts are set directly in glass. 

Plagioclase from the andesites often show marked variation in core 

composition. Some individuals have centres in the range l\n65-75, rhythmically 

zoned to outermost rim composit·ions in the range An58-40. Others may have 
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extremely calcic cores (An85-90) of relatively homogeneous composition 

which may be corroded or contain bands or zones of inclusions filled with 

glass, gas, and more rarely cpx or magnet-ite. Outward from these cores 

there is a marked ~riatus in the An85-70 range and the outer zone is normally 

and rhythmically zoned from An70 in the inner part of the margin around 

the calcic core, to about An50-40 at the rim. These outer margins are 

clear and inclusion-free. 

The occurrence of extremely anorth-ite-rich plagioc"lase has been reported 

from a numbel~ of island- and continental marginal-arc, calcalkal"ine andesite 

suites (e.g. Whitford, 1976, from the western Sunda arc, Marsh, 1976, from 

the Aleutians, Rose et al., 1978 from Fuego volcano, Guatamala; Ewar~ 1976). 
1 ---

Clino- and orthopyroxene also show marked zonation, though the actual 

compositional range encompassed from core to rim (figure 3.4) is re·latively 

minor and mainly involves a decrease in the Ca-content of the cpx, the 

Mg/Mg+Fe ratios of both opx and cpx remaining relatively constant. 

In contrast to the lavas with <53% Si029 magnetite occurs as a relatively 

abundant phenocryst phase and is geneJAa.lly more T·i -rich than that of the 

basalts. 

Many andesites contain rare apatite as small microphenocrysts. These 

appear to be an early formed phase, often occurring as inclusions in 

plagioclase and magnetite. They have an unusual brown-mauve colour with 

numerous fine striat·ions and appear to be identical to some described by 

Mertzman (1977) from the Medicine Lake andesite. 

The andes·ites from Rindjani volcano are petrographically typical of 

the numerous examples of this calcalkaline rock-type erupted from many 

circum-Pacific arc volcanoes (see Ewart, 1976; for instance, for a general 

summary). 

4. High-K ~2_ites anj_ DacitE}s. 

Based on Taylor's (1969) classification scheme (fig. 3.2), the division 

between these two groups is arbHrarily set at 62% sw2, and as members of 
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the two groups are otherwise petrograph·i ca lly similar, they are considered 

tog(~ther. 

In contrast to the andesite, the dacites and to a lesser extent, the 

high-K andesites are relatively phenocryst-poor (for instance see modal 

analysis of dacite 41641 in table 3.1), averaging 5-15% phenocrysts. The 

groundmass is often glass-rich (table 3.19), this glass having a siliceous 

composition very close to that of the most evolved dacites. Phenocrysts 

are plagioclase, opx, titan magnetite~ minor cpx and hornblende and/or 

biotite in some samples. 

Plagioclase is less markedly zoned than that of the andesites and is 

more often clear and free of inclusions or resorbt·ion features. Cores are 
' 

about An70, while rims range from An50 to An40. Groundmass plagioclase 

occurs as fine tabular laths, of composition about An35--An40. Orthopyroxene 

(En 70-68) is compositionally very l"i ke that of the andes·i tes, whereas 
( .. 

magnet·ite is generally more Ti-rich (Ulvosp·inel= 43 mol.%)~1) 

Hornblende is a phenoc1Ayst phase in those dacite which are less 

phenocryst-rich and in general 'less plag·ioc'lase-JAich. Compared with the 

reacted hornblende of the andesites, those of the dacites are generally 

fresh. In a fevJ ·lavas fine groundmass laths of amprribole appear oxidised 

to magnetite. The fresh hornblende is slightly more Fe-rich than that of 

the andesite (Mg/Mg+Fe = 63), and is markedly less aluminous and less calcic. 

Occasional small flakes of biotite occur, often in those dacites with 

hornblende and in some high-K andesites (e.g. 41672) without hornblende. 

5. f_Q!ej_9.!l_j_t:l~~J.QS i o_~. 

Although there are no ultramafic nodules or lithic inclusions of any 

k·ind in the ·lavas, there are a number of reacted phenocryst phases vthich 

could be interpreted as relicts of pre-eruption near-liquidus assemblages. 

I\ 

(1) Ulvospinel is sometimc;s abbreviated to Usp throughout the rest of this 
thesis. 



Representative Electron Microprobe Ana 1 yses of Cl i nopyroxenes from the 1 ow-A 1 

Analysis No. 

Sample No. 

Type 

MgO 

CaO 

Ankaramites from Rindjani 

---------------------------------

LBB 

M 

2 

Ul8 

core - rim 

53.4 

1.4 

3.1 

17.6 

23.4 

0.2 

0.8 

50.4 

3.1 

12.4 

11.9 

21.2 

0.8 

0.1 

3 

LB8 

M 

core 

53.1 

1.4 

3.1 

17.6 

23.8 

0.3 

0.7 

4 

LB8 

M 

core 

53.6 

0.9 

2.7 

17.9 

23.9 

0.2 

0.9 

5 

LB8 

p 

6 

LB8 

core - rim 

50.5 

3.9 

7.7 

14.4 

22.3 

0.8 

0.2 

49.4 

4.4 

8.5 

13.9 

22.6 

0.9 

0.1 

7 

LB10 

M 

core 

53.2 

1.9 

3.7 

17.0 

23.4 

0.3 

0.5 

~--·-~---·------,.,----------------------

Total 

100 Mg/~lg+Fe (mo 1.) 

Si 

Al 

Al 

Fe 

Mg 

Ca 

Na 

Ti 

Mn 

Cr 

z 

X + y 

99.9 99.9 100.0 100.1 99.8 99.8 

--------------
91.11 63.10 91.00 92.28 76.92 74.45 

Number of Ions on the Basis of 6 Oxygens 

1. 945 

0.055 

0.006 

1.909 

0.091 

0.047 

0.093 0.393 

0.958. 0.672 

0.916 0.860 

0.006 0.023 

0.024 0.002 

1. 939 

0.061 

0.095 

0.958 

0.931 

0.008 

0.020 

1.955 

0.038 

0.081 

0.971 

0.934 

0.005 

0.026 

1.880 

0.120 

0.051 

0.239 

0.799 

0.890 

0.022 

0.006 

1.851 

0.149 

0.045 

0.266 

0.776 

0.908 

0.025 

0.002 

100.0 

89.11 

1.943 

0.057 

0.025 

0.113 

0.925 

0.916 

0.008 

0.014 

8 

LB10 

M 

52.0 

2.8 

4.8 

16.1 

23.2 

0.6 

0.4 

99.9 

85.57 

1. 910 

0.090 

0.032 

0.149 

0.882 

0.914 

0.016 

0.010 

9 

LB10 

p 

50.3 

4.3 

8.8 

13. s 
21.7 

1.1 

0.1 

99.8 

73.16 

1.874 

0.125 

0.064 

0.276 

0.751 

0.868 

0.032 

0.002 

----------------
z 
X + y 

Total 

Ca 

Mg 

Fe 

Ca/Ca+M0 (mol.) 

Al viAl iv 

2.000 

2.003 

4.003 

2.000 

l. 997 

3.997 

46.6 44.6 

48.7 35.0 

4.7 20.4 

0.490 0.561 

0.117 0.521 

Notes: Lavas LB8 and LBlO-low-Al ankaramites. 

P.bbreviations: I~~ megacryst, P = phenocryst. 

2.000 

2.012 

4.012 

1. 993 

2.017 

4.010 

2.000 

2.007 

4.007 

Molecular Proportions 

47.0 

48.3 

4.7 

0.493 

47.1 46.1 

48.8 41.5 

4.1 12.4 

0.490 0.527 

0.426 

2.000 

2.022 

4.022 

46.5 

39.8 

13.7 

0.539 

0.304 

2.000 

2.001 

4.001 

2.000 

2.003 

4.003 

48.8 47.0 

47.5 45.4 

5.7 7.6 

0.497 0.509 

0.435 0.354 

2.000 

1.993 

3.993 

45.8 

39.6 

14.6 

0.504 

0.509 



Table 3. 3 Representative Electron Microprobe Analyses of C1inopyroxenes from Rindjani Basaltic Lavas 

Analysis No. 

Sample No. 

Type 

Si02 

A1 2o3 

FeD 

MgO 

CaO 

Na 2o 
no, 
MnO 

cr,o, 

10 

41632 

M 

core 

51.4 

3.4 

7.9 

15.0 

21.4 

0.3 

0.4 

0.2 

11 

41632 

core 

49.9 

5. 7 

8.6 

14.2 

20.5 

0.4 

1.0 

0.2 

0.2 

Total 100.0 100.7 

100 Mg/Mg+Fe (mol.) 77.2 74.8 

Si 

Al '' 

Al '" 

Fe 

Mg 

Ca 

Na 

Ti 

Mn 

Cr 

X + y 

Total 

Ca 

Mg 

Fe 

X + y 

Ca/Ca+M9 (mol.) 

Al vi /Al iv 

1.906 

0.094 

0.057 

0. 244 

0.827 

0.851 

0.023 

0.010 

0.005 

2.000 

2.017 

4.017 

1.842 

0.158 

0.089 

0.264 

0. 783 

0.810 

0.028 

0.028 

0.007 

0.008 

2.000 

2.017 

4.017 

44.3 43.6 

43.0 42.1 

12.7 14.3 

0.507 0.508 

0.605 0.563 

12 

41632 

core 

48,7 

6.2 

8,4 

13.9 

20.1 

0.4 

1.0 

0.2 

o. 2 

99.1 

74.6 

1.827 

0.173 

0.100 

0.264 

0. 777 

0.807 

0.031 

0.029 

0.005 

0.006 

2.000 

2.019 

4.019 

43.6 

42.1 

14.3 

0.509 

0.578 

13 

41631 

M 

core 

50.2 

5. 7 

7.3 

14.0 

21.2 

1.0 

0.6 

100.0 

77.45 

1.855 

0.145 

0.104 

0. 224 

0. 770 

0.838 

0.028 

0.018 

2.000 

1. 982 

3. 982 

45.7 

42.0 

12.3 

0. 52! 

o. 719 

14 

41631 

rim 

49.7 

5. 7 

7.5 

14.3 

21.0 

1.0 

0.6 

99.8 

77.30 

15 

41651 

core 

52 .I 

3.0 

4. 7 

16.4 

23.0 

0.3 

0. 5 

100.0 

86.20 

16 

41624 

core 

51.6 

3,0 

8.1 

15.6 

21.1 

0.2 

o. 3 

0.1 

100.0 

77.3 

17 

41624 

M.P. 

51.3 

3.0 

9.0 

15.7 

19.9 

0.4 

0.4 

0.2 

99.9 

75.7 

18 

41624 

rim 

50.2 

4.1 

9.2 

14.9 

20.4 

0.3 

0.6 

0.2 

0.1 

100.0 

74.3 

Number of Ions on the Basis of 6 Oxygens 

1.839 

0.161 

0.088 

0.233 

0. 793 

0.833 

0.028 

0.020 

2.000 

!.995 

3.995 

44.8 

42.7 

12.5 

0.512 

0. 547 

I. 910 

0.090 

0.039 

0.143 

0.895 

0. 906 

0.009 

0.014 

2.000 

2.006 

4.006 

1. 913 

0.087 

0,045 

0. 252 

0.859 

0.837 

0.013 

0.008 

0.003 

2.000 

2.017 

4.017 

Molecular Proportions 

46.6 

46.0 

7.4 

0.503 

0.443 

43.0 

44.1 

12.9 

0,494 

o. 522 

1. 906 

0.094 

0,0:1Q 

0.280 

0.872 

0. 794 

0.029 

0.011 

0.005 

2.000 

2.029 

4.029 

1.872 

0.128 

0.286 

0.826 

0.813 

0.025 

0.017 

0.006 

0.003 

2.000 

2.030 

4.030 

40.8 42.2 

44.8 42.9 

14.4 14.9 

0.476 0.496 

0.417 0.422 

Notes: 41632, 41631. 41651, 4!624, 41623- high-Al, ne-nonnative alkali olivine basalts/"hawaiites". 

Abbreviations: ~1 = megacryst, P =phenocryst. G = groundmass, M.P. =mid-point. 

19 

41623 

core 

51.4 

3.8 

9.3 

14.3 

21.1 

0.4 

0.6 

0.3 

101.2 

73.5 

1. 887 

0.113 

0.286 

0. 794 

0.840 

0.025 

0.017 

0.011 

0.000 

2.000 

2.025 

4.025 

43.7 

41.3 

14.9 

0. 514 

0.460 

20 

41632 

49.7 

6. 7 

9.4 

12.8 

19.0 

1.0 

1.1 

0.1 

99.8 

70.81 

21 

41631 

G 

49.9 

3. 9 

II. I 

13.1 

19.9 

c. 2 

1.7 

99.8 

67.77 

1.849 1.976 

0.!51 0.124 

~.143 0.049 

0.292 0.349 

0. 710 0. 734 

0. 757 

0.072 

0.031 

0.003 

2.000 

2.0)8 

4.008 

0.802 

0.015 

0.048 

2.000 

I. 997 

3. 997 

13.0 ~2.5 

\0.4 39.0 

16.6 18.5 

0.516 0.522 

0.946 0.394 

22 

41651 

G 

49.7 

4.0 

9. 9 

14.2 

20.6 

0.4 

1.2 

100.0 

7!.88 

1.862 

0.138 

0.039 

0.310 

o. 793 

0.827 

0.029 

0.034 

2.000 

2.032 

4.032 

42.8 

41.1 

16.1 

0.511 

0.279 



T4ble 3.4 

An~lys1s No. 

Sa:r.ple Mo. 

Rock Type 

Si02 

Al203 

FeO 

M<JO 

c.o 
Na20 

TiO.: 

MnO 

Cr.::-0~ 

41637 

BA 

core 

5!.4 

2.7 

8.1 

15.5 

2!.2 

0.3 

0.4 

0.1 

0.2 

Total 99.9 

100M9/Mg+Fe (mol.) 77,4 

Si 

A1 1
\

A1' 

Fe 

~~ 

Ca 

Nil 

Ti 

"" 
Cr 

X + y 

c. 

M<J 

Fe 

C./Ca+l'!g (mol.) 

A1vi/A1iv 

1.910 

0.090 

0.030 

0.250 

0.859 

0.842 

0.021 

0.011 

0.005 

0,006 

2.000 

2.024 

43.2 

44.0 

12.8 

0.496 

0.334 

41637 

BA 

r1m 

52.3 

1.9 

9.1 

15.4 

20.4 

0.3 

0.3 

0.3 

100.0 

75.1 

!.942 

0.058 

0.028 

0.282 

0.854 

0.813 

0.023 

0.009 

0.008 

2.000 

2.017 

41.7 

43.8 

14.5 

0.487 

0.480 

Motes: Cpx rim to Opx 1 (Table 3. 5 ) • 

41637 

BA 

core 

49.6 

4.8 

8.5 

14.2 

21.8 

0.3 

0.7 

0.1 

100.0 

74.8 

1.850 

0.150 

0.061 

0.266 

0.791 

0.872 

0.023 

0.020 

0.004 

2.000 

2.036 

45.2 

41.0 

13.8 

0.524 

0.409 

Cpx in g1omerocryst of Cpx. Opx. Pl and ~g. 

Cpx r1rn to Opx (T~ble 3.5). 

41637 

BA 

rim 

50.7 

3.2 

10.0 

14.6 

20.5 

0.2 

0.6 

0.2 

100.0 

72.2 

1.895 

0.!05 

0.038 

0.312 

0.812 

0.822 

0.016 

0.017 

0.007 

2.000 

2.024 

42.3 

41.2 

16.0 

0.503 

0.366 

Representative CHnopyroxene Ana1yses: Ri!'ldjani: Bas.!.ltic Andesites. Andesites and Dacites 

41625 

5!.5 

2.5 

9.7 

15.6 

19.6 

0.6 

0.4 

99.9 

74.1 

41625 

51.4 

2.2 

9.9 

16.0 

19.1 

0.6 

0.5 

99.7 

74.3 

41625 

52.1 

2.0 

9.1 

15.9 

20.0 

0.5 

0.4 

100.0 

75.7 

41647 

52.4 

1.4 

9.4 

14.8 

20.6 

0.6 

0.3 

0.4 

99.9 

73.9 

41647 

52.4 

1.4 

9.4 

14.8 

20.7 

0.5 

0.3 

0.4 

99.9 

73.8 

10 

41647 

A 

51.8 

2.0 

9.4 

15.4 

20.0 

0.7 

0.4 

0.3 

100.0 

74.5 

11 

41644 

core 

52.6 

1.2 

10.2 

15.7 

18.9 

0.5 

0.3 

0.5 

99.9 

73.2 

Number of Ions on th-e Basis of 6 (0} 

1.919 

0.081 

0.029 

0.301 

0.863 

0.784 

0.015 

0.014 

2.000 

2.006 

40.2 

44.3 

15.5 

0.476 

0.360 

1.916 

0.084 

0.014 

0.309 

0.891 

0.762 

0.017 

0.016 

2.000 

2.009 

38.9 

45.4 

15.7 

0.461 

0.165 

1.934 

0.066 

0.021 

0.282 

0.879 

0. 793 

0.013 

0.011 

2.000 

1.999 

40.6 

45.8 

14.4 

0.474 

0.312 

1.954 

0.046 

0.016 

0.292 

0.825 

0.826 

0.043 

0.007 

0.013 

2.000 

2.022 

42.5 

42.5 

15.0 

0.500 

0.350 

Abbrevi!tions: SA - basaltic andesite 

A - andesite 

HKA - h1gh-K andes1te 

D M dacite 

1.955 

0.045 

0.017 

0.292 

0.824 

0.826 

0.043 

0.007 

0.013 

2.000 

2.022 

1.931 

0.069 

0.018 

0.293 

0.855 

0.799 

0.049 

0.009 

0.009 

2.000 

2.032 

1.961 

0.039 

0.014 

0.319 

0.872 

0. 757 

0.038 

0.007 

0.017 

2.000 

2.024 

Molecu 1ar Proportions 

42.5 

42.4 

15.1 

0.500 

0.380 

42.1 

43.9 

15.0 

0.483 

0.25! 

38.9 

44.8 

16.3 

0.464 

0.359 

P - phenocryst 

M? - micropher:ocryst 

GM - groundmass 

12 

41644 

rim 

53.1 

2.4_ 

9.7 

15.3 

17.8 

0.8 

0.4 

0.3 

99.8 

73.9 

1.953 

0.037 

0.069 

0.298 

0.843 

0. 704 

0.058 

0.011 

0.009 

2.000 

1.992 

38.2 

45.7 

16.1 

0.455 

1.878 

13 

41644 

M? 

51.4 

2.0 

10.2 

14.8 

19.6 

0.7 

0.5 

0.5 

99.7 

72.2 

1. 926 

0.074 

0.016 

0.319 

0.828 

0. 785 

0.054 

0.014 

0.016 

2.000 

2.032 

40.5 

42.8 

16.6 

0.487 

0.215 

14 

41636 

core 

51.8 

2.0 

10.5 

15.2 

19.5 

0.3 

0.5 

0.2 

100.0 

72.1 

1.934 

0.066 

0.022 

0.328 

0.846 

0.780 

0.022 

0.014 

0.006 

2.000 

2.018 

40.0 

43.3 

16.7 

0.479 

0.333 

15 

41636 

rim 

52.4 

2.5 

10.2 

15.1 

18.4 

0.5 

0.3 

0.3 

99.8 

72.5 

1.946 

0.054 

0.058 

0.316 

0.838 

0. 732 

0.033 

0.009 

0.012 

2.000 

1.998 

38.8 

44.4 

16.8 

0.466 

1.068 

16 

41636 

51.6 

2.8 

10.0 

15.4 

18.9 

0.4 

0.4 

0.3 

99.4 

73.2 

1.920 

0.080 

0,1)44 

0.312 

0.354 

0.755 

0.032 

0.010 

0.009 

2.000 

2.016 

39.3 

44.4 

16.3 

0.469 

0.545 

17 

4!536 

GM 

51.6 

2.1 

10.7 

15.2 

19.5 

0.3 

0.4 

0.2 

100.0 

71.68 

1.929 

0.071 

0.0?5 

0.335 

0.847 

0.781 

0.022 

0.01! 

0.005 

2.000 

2.027 

39.8 

43.1 

17.1 

0.480 

0.352 

18 

41672 

HKA 

52.4 

1.8 

8.5 

15.8 

20.0 

0.3 

0.6 

0.3 

99.7 

76.8 

1.946 

0.054 

0.024 

0.264 

0.873 

0. 794 

0.024 

0.016 

0.002 

2.000 

1.997 

4!.1 

45.2 

!3.7 

0.475 

0.444 

19 

41645 

52.2 

1.5 

10.0 

14.4 

21.5 

0.4 

0.5 

0.5 

101.0 

72.1 

1.940 

0.060 

0.004 

0.3!0 

0. 799 

0.858 

0.025 

0.013 

0.017 

2.000 

2.026 

43.6 

40.6 

15.8 

0.518 

0.067 

20 

41650 

52.2 

1.9 

8.2 

14.9 

21.5 

0.4 

0.5 

0.5 

100.2 

76.5 

1.940 

0,060 

0.022 

0.254 

0.825 

0.857 

0.027 

O.Oi3 

0.018 

2.000 

2.016 

44.2 

42.6 

13.1 

0.509 

0.357 



Table 3.5 

Analysis No. 

Sample No. 

Rock Type 

Si02 

A1 20 3 

FeD 

MgO 

CaD 

Na 20 

Ti02 

MnO 

Cr20 3 

Total 

41625 

A 

core 

51.8 

1.6 

17.5 

26.0 

1.6 

0.4 

1.0 

99.9 

41625 

A 

52.2 

1.3 

18.5 

25.0 

1.7 

0.3 

0.9 

99.9 

41625 41625 

A 

GM 

51.4 

25.2 

17.6 

3.8 

0.4 

1.5 

99.9 

A 

GM 

50.7 

0. 7 

25.4 

16.9 

4.2 

0.5 

1.4 

99.8 

Representative Orthopyroxene Analyst>s: R1ndjani Lavas 

41625 41647 41647 

A 

GH 

51.1 

26.0 

16.8 

4.2 

0.4 

1.5 

100.0 

A 

52.7 

0.8 

19.5 

24.2 

1.3 

0.1 

0.1 

0.6 

99.2 

A 

53.3 

0.8 

17.7 

25.3 

1.2 

0.1 

0.3 

0.8 

99.5 

41647 41636 

A 

p 

53.1 

0. 9 

19.4 

25.3 

1.4 

o. 3 

0.6 

101.0 

A 

GM 

53.2 

0.6 

16.8 

26.2 

1.7 

0.4 

0.2 

0.8 

99.9 

10 

41636 

A 

core 

52.3 

1.7 

17.4 

25.3 

1.8 

0. 2 

0.3 

0.5 

99.5 

II 12 

41636 41636 

A 

rim 

52.7 

1.0 

18.2 

24.7 

1.6 

o. 3 

0.3 

o. 7 

99.5 

A 

PR 

53.0 

0.6 

18.7 

24.9 

1.7 

0. 2 

0.8 

99.9 

13 14 

11641 41641 

15 

41650 

0 

------·-----
52.6 

0.8 

18.2 

25.6 

1.4 

0.3 

1.2 

100.1 

52.3 

0. 7 

19.2 

~4 .7 

1.3 

0.3 

1.4 

~9.9 

53.2 

0. 7 

18.0 

25.3 

1.3 

0. 2 

0.9 

99.6 

------------
IOOMg/Mg+Fe (mol.) 72.6 70.7 55.5 54.3 53.6 68.86 71.8 69.0 73.5 72.2 70.74 70.31 71.5 (9.6 71.5 

Mg 

Ca 

Na 

Ti 

Mn 

Cr 

X + y 

Ca 

Mg 

Notes: 

1.906 

.070 

0.538 

1.426 

0.063 

0.010 

0.030 

1.976 

1. 925 

0.057 

0.572 

1.378 

0.065 

0.009 

0.027 

I. 982 

1.975 1.955 

0.031 

0.809 0.818 

1.010 0.971 

0.157 0.174 

0.013 0.015 

0.049 0.047 

I. 975 I. 986 

Number of Ions on the Basis od 6 (0) 

1.973 1.960 1.962 1.961 1.949 

0.035 0.034 0.038 0.026 

0.840 0.606 0.546 0.599 0.515 

0.968 1.341 1.388 1. 335 1.432 

0.174 0.052 0.048 0.057 0.067 

0.007 0.002 0.022 0.028 

0.011 0.003 0.008 0.004 

0.050 0.019 0.024 0.018 0.023 

I. 973 I. 995 I. 996 J. 999 I. 975 

I. 927 

0.073 

0.001 

0.536 

J. 389 

0.071 

0.014 

0.008 

0.0)6 

7.000 

}. 949 J. 954 

0.044 0.025 

0.563 0.578 

1.361 1.368 

0.063 0.068 

0.022 

0.008 0.005 

0.022 0.023 

1.993 1.979 

J. 937 }. 940 

O.C33 0.031 

0.559 0.596 

!.404 1.366 

0.054 0.052 

0.009 0.008 

0.036 0.044 

1.970 1.971 

I. 960 

0.030 

0. 554 

1.388 

0. 050 

0.006 

0.030 

I. 990 

2.067 2.051 2.038 2.025 2.043 2.028 2.016 2.031 2.069 2.035 2.039 2.042 2.062 2.066 2.028 

3.1 3.2 8.0 8.9 8.7 2.7 3.5 2.9 3.3 3.5 3.2 3.3 2.7 2.5 2.5 

70.4 68.4 51.1 49.5 48.9 67.0 64.5 67.0 71.1 69.7 68.5 68.0 69.6 67.8 69.7 

26.5 28.4 40.9 41.6 42.4 30.3 32.0 30.1 25.6 26.8 28.3 28.7 27.7 29.7 27.8 

0.014 

Opx core with Cpx rim (analyses 5 and 6 Table 3.4 ). 

Opx in 9lomerocryst of Cpx, Opx, Pl, flag (as for Cpx, analysis 7, Table 3. ~. 

Analyses 10 and 11 are core and rim analyses of Opx rirrmed by Cpx (analysis 16, Table 3. 4). 

Abbreviations: 

A - andesite, 0 - dacite, GM - Groundmass, PR - phenocryst-rim, P - phenocryst. 



Table 3.6 

Analysis No. 

Sample No. 

Rock. Type 

SiD2 

FeD 

MgO 

CaO 

Ti02 

MnO 

Total 

1001-!g/Mg+Fe 

Si 

Fe 

M9 

c. 

Ti 

Mn 

Total 

Reoresentath·e AMlvses of 01ivine from Rindj~ni Lavas 

10 I! 12 !3 14 15 16 17 18 19 20 

LB10 41631 41631 4!631 41626 41621 LB8 LB8 41632 41532 41532 41632 41632 41631 41624 41626 41626 41637 41544 4lfA4 

AK !-lAB HAB HAB HAB P.K AK AK HAS HAB HAB HAS HAB HAB HAS 

39.5 40.6 39.5 39.7 38.7 39.4 37.3 37.1 33.0 39.1 34.4 35.3 33.9 39.1 36.2 

11.2 7.4 10.4 8.1 !3.5 8.7 13.9 22.6 21.9 16.6 38.8 31.7 42.5 14.5 29.3 

47.5 51.7 49.5 5!.6 47.1 50.4 42.7 39.3 39.7 44.0 25.1 31.3 2!.5 44.8 33.5 

0.4 

0.1 

0.2 

0.2 0.1 0.2 0.3 0.2 0.4 0.3 0.2 0.2 0.4 0.2 0.4 0.3 

0.2 0.1 0.2 0.2 0.1 - 0.1 0.2 0.2 

0.2 0.3 0.4 0.3 0.1 0.9 0.7 !.1 0.3 

0.5 

0.6 

99.0 99.9 99.7 99.7 100.0 98.9 99.7 99.7 100.1 100.0 99.7 99.2 99.7 99.2 100 . .1 

83.3 92.6 !39.4 91.9 86.1 91.2 80.1 75.6 76.4 82.5 53.6 63.8 47.3 84.6 67.1 

Nl!T!ber of Ions on th-e Bas is of 4 ox,ygens 

HAS !lAB 13A A 

P-C P-R f'!? 

.39.4 36.0 36.7 37.0 36.6 

1!.7 30.0 26.4 26.5 30.0 

48.6 32.6 35.8 35.7 32.4 

0.2 0.5 0.2 0.1 0.2 

0.1 

0.5 0.7 0.7 0.8 

99.9 99.7 99.6 100.0 100.0 

08.1 65.9 70.7 70.6 65.8 

0.987 0.986 0.975 0.971 0.969 8.974 0.963 0.974 0.987 0.989 0.981 0.072 0.986 0.985 0.979 0.976 0.979 0.984 0.987 0.997 

0.234 0.150 0.215 0.166 0.283 0.180 0.408 0.496 0.475 0.352 0.925 0.729 1.037 0.306 0.653 0.243 0.683 0.589 0.591 0.5CO 

1.773 1.872 1.825 1.882 1.750 1.858 1.6<3 1.533 1.538 1.662 1.067 0.283 0.934 1.682 1.353 1.796 1.319 1.422 1.419 l.310 

0.011 0.005 0.004 0.005 0.008 o.cos 0.011 0.009 0.005 0.004 0.012 0.007 0.013 0.008 0.014 0.005 0.)15 0.006 0.002 0.007 

0.002 0.003 0.002 0.003 0.004 0.002 0.003 0.004 0.003 0.002 

0.00< 0.004 0.006 0.009 0.006 0.003 0.021 0.015 0.027 0.007 0.013 0.012 0.015 0.01~ 0.018 

3.011 3.014 3.021 3.027 3.026 3.021 0.034 0.026 3.012 3.010 3.013 3.006 3.002 2.991 3.021 3.019 3.010 3.016 3.0!4 3.007 

Abbreviations~ J\K • ankaramite~ HAB- high-Al basalt~ 

BA- basaltic anc!esite. A - andesite. 

- megacryst/xeoocryst, P- phenocryst, 

- groun<i:".ass, C - core. R - r1m. 

1-'.P - micropher.ocryst. 



Table 3. 7 

Ana lys 1 s No. 

Sarr.ple No. 

Rock type. 

10 11 12 13 14 15 16 

LE8 41631 41651 41651 41651 41631 41632 41678 41678 41625 41615 41615 41615 41641 '1641 41641 

AK flAB flAB HAB liAS liAS 

P(C) P(C) P-C P-R 

HAS \1/,8 

G-AF P· C 

HAS 

P-R P-C P-R P(C) P-C P-R 

510
1 

45.6 45.1 47.5 48.4 ·50.4 51.9 64.7 51.6 51.5 51.3 53.4 46.6 59.4 54.4 57.5 60.5 

A1
2
o

3 
34.9 34.9 33.1 31.9 31.5 18.7 19.7 30.0 19.2 30.7 19.8 34.7 25.4 18.5 16.2 14.1 

FeO 0.6 0.5 0.5 0.5 0.6 1.1 0.5 0.7 0.7 0.9 0.5 0.6 0.7 0.3 0.4 0.4 

CoO 18.5 17.8 16.6 15.6 13.7 11.4 1.2 12.6 11.7 13.9 11.5 16.9 6.8 10.1 7.5 5.3 

Na
2
o 0.9 1.1 1.9 2.1 3.4 4.9 6.0 4.1 4.5 2.6 4.1 1.0 5.3 5.7 6.9 7.6 

K
1
0 0.1 0.1 0.1 0.1 0.2 0.5 7.6 0.5 0.7 0.7 0.4 0.1 2.3 0.5 0.9 1.7 

Total 100.6 99.6 99.7 99.7 99.8 99.5 99.7 99.5 99.3 99.8 99.3 99.9 99.9 99.5 99.4 99.6 

Si 

AI 

fe 

Ca 

Na 

Nunt1er of Ions on the basis of 8 oxygens 

2.095 2.093 1.188 2.121 2.303 2.421 2.931 2.352 2.392 1.339 2.416 2.140 1.667 2.471 2.&00 2.718 

1.889 1.905 1.797 1.180 1.696 1.549 1.052 1.615 1.567 1.652 1.587 1.878 1.344 1.526 1.396 1.176 

0.013 0.019 0.019 0.019 0.013 0.042 0.019 0.017 0.018 0.032 0.013 0.023 0.026 0.011 0.015 0.015 

0.909 0.883 0.819 0.767 0.671 0.559 0.058 0.614 0.571 0.678 0.557 0.832 0.317 0.491 0.363 0.255 

0.080 0.099 0.170 0.196 0.301 0.435 0.527 0.358 0.400 0.225 0.371 0.089 0.461 0.502 O.GOS 0.662 

0.008 0.006 0.006 0.006 0.011 0.029 0.439 0.031 0.041 0.041 0.022 0.006 0.131 0.029 0.052 0.097 

Total 5.003 5.006 5.000 4.989 5.005 5.035 5.016 5.035 5.042 4.968 4.981 4.968 4.958 5.031 5.030 5.023 

An 91.1 89.4 82.3 79.2 68.2 54.6 5.7 61.1 56.3 71.7 58.6 89.7 35.5 48.1 35.6 

mol.~ Ab 8.0 10.0 17.0 20.2 30.6 41.5 51.4 35.7 39.5 23.8 39.1 9.6 50.1 49.1 59.3 

Or 0.8 0.6 0.9 0.6 1.2 2.9 41.9 3.1 4.0 4.5 1.3 0. 7 14.4 1.8 5.1 

Abbreviations: Rock Types: AK • ankarami~e_, HAS- high-Al basalt, A- andesfte, D- dacite, P .. phenocryst, 

P(C} - corroded or reacted phenocryst, C m core, R • rim, G - g:rovnd.m<'!SS, 

AF - alkali feldspar. 

25.1 

65.2 

9. 7 



Table 3.8 

Analysis No. 

Sample No. 

Rock Type 

Si02 

Ti02 

Al203 

Cr203 

Fe2 03 

FeO 

MnO 

MgO 

CaO 

Total 

Si 

Al 

Cr 

Fe3+ 

Ti 

Mg 

Fe2+ 

Mn 

Ca 

Mg/Mg + Fe 2+ 

Cr/Cr + Al 

Fe 3+/Cr + Al + Fe3+ 

Mol % U.Sp. 

l'.agnetite Electron Microprobe Analyses from Rindjani Lavas 

LB10 

AK 

!C 

9.72 

4.85 

0.92 

45.41 

35.08 

0.40 

3.60 

99.98 

2 

41531 

AOB 

GM 

8.60 

2.38 

49.46 

39.55 

3 

41631 

AOB 

G.'-1 

25.85 

19.96 

54.68 

99.99 100.49 

4 

41631 

AOS 

MP 

6.96 

1.99 

0.14 

41624 

ft. OS 

0.09 

9.25 

5.33 

0.24 

52.94 '45.92 

37.55 35.66 

0.40 

99.98 

0.38 

3.02 

0.07 

99.96 

41651 

AOB 

MP 

19.48 

0. 72 

30.90 

48.18 

0. 71 

99.99 

41623 

AOB 

10 

8.54 

9.99 

l. 93 

41.09 

33.97 

4.46 

99.98 

8 

41625 

A 

ICX 

10.92 

4.29 

43.47 

40.02 

1.30 

100.0 

9 

41625 

A 

1?. 

11.18 

3.52 

43.82 

39.95 

0.31 

1.22 

100.0 

Number of Ions on the Basis of 32 (0) 

1.652 

0. 211 

0.845 

9.878 11.219 

2.116 1.953 

0. 712 

0.034 

4.514 12.053 

5. 735 1.584 

1.552 

8.487 9.980 13.753 9. 510 

0.099 0.102 

0.154 0.000 0.000 0.000 

0.113 0.000 0.000 0.046 

0.841 0.929 1.000 0.941 

27. 50 24.83 71. 68 20. 10 

0.029 

1.820 

0.054 

10.007 

2.017 

1.305 

0.255 

6.9fi0 

4.390 

0.319 

8.644 12.071 

0.095 

0.025 

0.131 0.026 

0.029 0.000 

0.842 0.964 

26.59 54.85 

3.296 

0.427 

8.652 

1.800 

1.862 

7.958 

0.189 

0.115 

0.699 

24.37 

1.488 

9.640 

2.422 

0.573 

9.873 

1.227 

9. 761 

2.492 

0.538 

9. 901 

0.077 

0.055 0.052 

0.000 0.000 

0.866 0.888 

31.22 31.95 

10 

41647 

A 

MP 

0. 21 

14.73 

1. 96 

38.45 

42.86 

0.29 

1. 47 

99.97 

0.062 

0.686 

8.585 

3.290 

0.654 

10.646 

0.075 

0.058 

0.000 

0.926 

42.48 

11 

41647 

A 

MP 

1.22 

13.73 

2.53 

37.03 

43.97 

0.40 

0.81 

0.29 

99.98 

0.364 

0.882 

8.247 

3.060 

0.358 

10.893 

0.102 

0.293 

0.032 

0.000 

0.903 

43.57 

12 

41639 

0 

p 

0.23 

14.78 

2.41 

0.18 

37.47 

43.01 

0.58 

1. 31 

99.97 

0.071 

0.844 

0.042 

8.353 

3.297 

0.578 

10.667 

0.145 

0.051 

0.048 

0.904 

42.87 

13 

41639 

o' 

~,p 

0.33 

14.49 

2. 74 

37.42 

43.46 

0.57 

0.99 

100.0 

0.099 

0.958 

8.346 

3.234 

0.437 

10.784 

0.143 

0.039 

0.000 

0.897 

42.50 

Abbreviations: IC- inclusion in clinopyroxene, GM- groundmass, MP- microphenocryst, P- phenocryst, 10- inclusion in olivine, !CX- inclusion 
in cognate xeno 1 ith. 

Rock Types: r ... K- ~nkilramite, AOB- a1k~1i olivine b~sa1t~ A- cndt~site. D .. dacite. 



Table 3.9 Recalculated I Electron Microprobe Analyses of Cr-spinels from Rindjani Lavas 

-------
Analysis No. 2 3 4 5 6 7 8 9 

Sample No. 41631 41631 41631 41631 41626 41626 41621 41631 41626 

Si02 

Ti02 0.82 0.92 0.47 1.00 1.07 2.03 0.63 7. 30 18.13 

Al203 13.28 16.47 14.64 14.57 16.02 16.42 14.34 11.11 5.50 

Cr203 51.87 48.92 55.41 44.46 45.59 37.86 52.94 31.56 22.10 

Fe203 4.60 4.21 2.08 6.83 7.04 10.86 2.31 12.87 6.81 

FeO 19.17 18.17 13.40 29.14 20.44 26.10 20.10 31.33 44.11 

MnO 

MgO 10.25 11.30 13.98 3.98 9.83 6. 71 9.67 -5.80 3.33 

CaO 

Number of Ions on the Basis of 32 (0) 

Si 

Al 4.078 4.954 4.356 4.654 4.882 5.111 4.397 3.565 1.838 

Cr 10.680 9.866 11.050 9.520 9.314 7.903 10.885 6.792 4.954 

Fe3+ 0.902 0.809 0.396 1.393 1.369 2.159 0.452 2.636 1.453 

Ti 0.161 0.176 0.090 0.206 0.207 0.404 0.123 1.497 3.869 

Mg 3.985 4.301 5.263 1.609 3.791 2.641 3.752 2.358 1.411 

Fe2+ 4.181 3.880 2.830 6.607 4.423 5. 770 4.376 7.139 10.470 

Mn 

Ca 

Total 23.987 23.986 23.985 23.989 23.986 23.988 23.985 23.987 23.995 

Mg/Mg+Fe 2+ 0.488 0.526 0.650 0.196 0.461 0.314 0.462 0.248 0.119 

Cr/Cr+Al 0. 723 0.666 0. 717 0.671 0.656 0.607 0. 712 0.655 0. 729 

Fe 3+;cr+Al +feH 0.058 0.052 0.025 0.089 0.087 0.142 0.029 0.202 0.176 

Mol. % U.sp. 2.90 3.18 1.66 3.64 3.68 6.94 2.26 18.71 55.34 

Notes: Cr-spinels 1' 2, 3, 7 and 8 inclusions in olivine megacrysts ~ Fo 90-92. 

Cr-s pine 1 4 - mi crophenocrys t. 

Cr-spinels 5, 6 and 9 inclusions in olivine megacryst ~ Fo 86. 

E Fe determined as FeO by microprobe and recalculated to FeO and Fe 203 by the method of Carmichael ( 1967). 



Table 3.10 

Fresh Nnphiboles from Fresh Cores from Reacted 

Analysis No. 

Sample No. 

MgO 

CaD 

Na2o 
K20 

Ti02 

MnO 

Total 

Si 

' Al IV 

Total 

Mg 

Hn 

Ti 

Total 

Excess Oct. 

Ca 

Na 

Tota 1 

41641 

41.47 

10.76 

12.64 

13.20 

11.02 

3.04 

0.94 

3.34 

0.27 

96.68 

12.64 

0.00 

6.2414 

1.7586 

8.0000 

0.1506 

1. 5910 

0.000 

2.9608 

0.0344 

0.3781 

5. 1149 

0.1149 

1.7772 

0.1079 

2.0000 

Na 0. 7792 

K 0.1805 

Total 0.9597 

Total Cations 15.9597 

Quadrilaterals 4.03 

Others 95.97 

Ca 28.08 

~!g 46.78 

Fe 25.14 

A 33.96 

Al!V 62.22 

Na M4 3.82 

BEST NAME Mg Kaer. 

Dacite Lavas 

2 

41641 

42.52 

10.32 

13.15 

13.43 

10.75 

2.85 

0.86 

3.11 

0. 33 

97.32 

13.15 

0.00 

3 

41639 

43.04 

10.08 

13.15 

12.91 

10.78 

2.05 

0. 93 

3.86 

0.17 

96.97 

13.15 

0.00 

Amp hibole from Andesites 

4 

41645 

40.59 

13.18 

12.99 

14.83 

12.44 

2.51 

0.49 

2.09 

0.13 

99.25 

6.185 

7.563 

5 

LB41 

39.10 

15.21 

13.68 

12.04 

12.69 

2.47 

0.86 

2. 34 

0.00 

98.39 

10.069 

4.013 

TETRAHEDRAL CATIONS (23 0) 

6. 3467 

1.6533 

8.0000 

6.4187 

1. 5813 

8. 0000 

5. 8434 

2.1516 

8.0000 

5.7628 

2. 2372 

8.0000 

OCTP-11EDRAL CAT! ONS ( 23 0) 

0.1627 

1. 6415 

0.0000 

2. 9875 

0.0417 

0. 3491 

5.1826 

0.1826 

1. 7193 

0.0981 

2.0000 

0. 1909 

1. 6401 

0.000 

2.8693 

0.0215 

0.4329 

5.1548 

M4 Site (23 0) 

0.154<J 

1. 7226 

0.1226 

2.0000 

0.0873 

0.7453 

0.8200 

3.1845 

0.0159 

0.2265 

5. 0795 

0.0795 

1. 9206 

0.0000 

2.0000 

0.4057 

1. 2411 

0.4452 

2.6446 

0.0000 

0.2594 

4.9960 

0.000 

2.0041 

0.0000 

2. 0041 

A site (23 0) 

0. 7267 

0.1638 

0.8905 

15.8905 

10.95 

89.05 

27.08 

47.06 

25.86 

33.71 

62.58 

3.71 

~!g Kaer. 

0.4702 0.7012 0.7059 

0.1769 0.0901 0.1017 

0.6471 0.7913 0.8676 

15.6471 15.7913 15.8076 

20.93 0.00 0.00 

79.07 100.00 100.00 

27.64 32.83 34.03 

46.04 54.43 44.90 

26.32 12.74 21.07 

27.53 26.89 27.94 

67.26 73.11 72.06 

5.21 0.00 0.00 

Mg Kaer. Mg Hast. Mg Hast. 
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These megacrysts include: (a) reacted, high-A1,-Ti cpx from some aluminous 

basalts {e.g. 41632), (b) mafic Cr-diopside in some ankaramites (e.g. LBS), 

(c) the remains of Ca-rich, subsilicic, aluminous amphibole in several 

basalts and andesites, (d) reacted o 1 i v·i ne re 1 i cts in some andes ·j tes, 

(e) magnesian oliv·ine xenocrysts with Cr-spinel inclusions from a number 

of ne-normative lavas. In addition, many andesites contain crystal-clots 

of essential"ly the same m·ineralogy as the phenocryst assemblage, very 

similar to those described by Stewart (1976). They appear to represent 

loosely interlocking aggregates of phenocryst minerals. 

3. 3 MinfE:al Chemistry 

1. Feldspar. 

Plagioclase is the modally dominant mineral of the suite and is the most 

abundant phenocryst and groundmass phase in most basalts and all andesites 

and dacites. The ankaramites are exceptional in that plagioclase phenocr·ysts 

are absent, but this phase is abundant as groundmass micro 1 i tes... A few of 

the relatively mafic, phenocryst-poor, high-Al basalts (e.g. 41621, tables 

3.1 and 3.12) have a higher proportion of olivine phenocrysts than plagioclase 

but again plagioclase is abundant in their groundmasses. Compositional 

variations of the plagioclase phenocrysts and groundmass microlites are 

summarised in figure 3.4 and in table 3.7. 

Plagioclase exhibits the most extensive compositional variation of any 

mineral phase represented in the entire Rindjani suite (figure 3.4). There 

is a very general trend of decreasing anorthite content in plagioclases 

from basalt to andesite to dacite, individual phenocrysts show considerable 

variation from core to rim, and there are marked d·i fferences between 

phenoct'ystic and groundmass plagioclase. Furthel~more there ·is conside!'able 

variation in composition of individual plagioclase cores from single samples 

of basaltic and in particular, andesitic composit·ion. 
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Many andes ·j tes and basalts have pl agi ocl ase phenocrysts· with very 

calc·ic cores (An85-An95), often as highly corroded, or sieved grains. 

These may coex·ist with other plagioclase phenocrysts with more sadie cores 

(An60-An75) (figure 3.4). 

High-Al basalts have plagioclase phenocrysts with cores in the range 

An80·-/\n95. These may be zoned with tims in the range An65-An75. Groundmass 

microlites have compositions in the range An35-An60. Occasional alkali 

feldspar also occuts in the gtoundmass of the more undersaturated hi gh-Al 

basalts, generally exh·ibit·ing considerable tenary solid solution, ranging 

from potassic oligoclase to calcic anorthoclase (e.g. An13 Ab53.5 Or 33.5 -

An 5.5 Ab 51.8 Or 42.7). 
} 

The andesites are characterised by plagioclase with highly developed 

zonation. However, in some cases the very calcic (An85-An90) individuals 

may occur as corroded unzoned isolated grains. In other instances these 

form corroded cores mantled by plagioclase of similar composition to that 

of the cores of uncotroded phenocrysts (An60-An70). These then show rhythmic~ 

nonr1al zonat·ion to rims with composit·ions about /\n45. Andesites have 

groundmass plagioclase with compositions in the range An35-An55. The 

plag·ioclase phenocryst of the andesites may have bands which are rich in 

inclusions of glass (and in some cases possibly vapour) apparently representin 

short periods of corrosion. They may also have oscillatory zones where 

zonation is 1Aeversed, though overa'll, core-rim var·iat·ions are normal. 

Dacites have less comp'lexly zoned plagioclase phenocrysts and generally 

encompass less compositional range. Phenocryst cor·es range from An45 to 

An60, while rim and groundmass composition are in the range An25-An38, with 

between 5 and 10 mol.% Or molecule. By comparison with the groundmass 

plagioclase of the andesites and basalts, those of the dacites show less 

extensive tenary solid so-lution, containing less Or molecule. 
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The compositional variations and relationships exhibited by 

plagioclase in the various rock types from the Rindjani Suite suggest. 

a number of conclusions: 

1. The greater extent of tena1Ay solid solut·ion ·in feldspars of the 

basalts and andesites (particularly those of the groundmass), compared 

with that shown by those of the dacites, suggests higher eruptive temper

atures in the former groups, in v·iew of the widening alkali feldspar

p-lagioclase solvus at lower temperatures (Carmichael et iil·, 1974, p.223). 

2. The variability in composition of co-existing plagioclase cores from 

single samples of andesite or high-Al basalt (e.g. figure 3.4), together 

w-ith the complex zonation of any plagioclase phenocrysts, suggests that 

physical conditions and/or liquid compositions were changing rapidly. 

Furthermore the rather abrupt change from plag·ioclase core compositions 

in the range An85-An90 to compositions in the range An60-An70 suggests 

an abrupt change in conditions of crystallisation. Experimental studies 

by Yoder (1969) and others show that the liquidus temperature of plagioclase 

is markedly depressed under conditions of increasing water pressure. This 

evidence suggests that the very anoJ~thite-r·ich plagioclase may have 

crys ta ll'i sed from H20-bear-i ng l i qu·i ds at comparatively high pressures 

and that subsequent movement of this magma to lower· pressures, possibly 

with at least partial degassing of the system, may then have resulted in 

the change in liquidus plagioclase composition to that of the more sodic 

cores (An60-An70). This would also result in partial resorption or corrosio 

of earlier anorthitic plagioclase as observed. This process is also 

suggested by the implausibly h·igh temperatures calculated using the 

plagioclase geothermometer of Mathez (1976) on the basis of a ''dry 11 

system and anorthite-r-ich plagioclase core-bulk rock equi'librium (table 

3.11). This feature has also been noted in other island arc suites 

(e.g. Rabaul Caldera, Nev1 Brita·in; Heming, 1977). 



Table 3.11 

ROCK 

TYPE 

.?.2!D.f?_I_e!n~_!:'_il_t_ure s _ _\'_i_~_lj_~.<ijly_J:jQ_g i o_c:_l_Q_ so _a_l}_d_ 

kQ!_::.9Jl.)( __ G_(;.[J.!h e t~JQ111_e_t~J'..£r:o_r~B_:i.n_cll_i~_rlj__ A n_d_e s i !3'2. 

~_flCL_P_ilcj_t_f>£f.~l 

SAMPLE 2 

NUMBER 

3 4 

-----·- --~------·-----~----~ 

ANDESITE 41647 

41644 llOli 

41636 1052 

41672 1048 
~---------~~--------

DACITE 41650 1019 

41645 

41641 964 

1185-

1149 

1104 

988 

1051 

1184-

1152 

986- 1018-

889 974 

825-

758 

772 1005-

758 

942-

910 

1027 

896 

Notes: Column 1 g·ives temperatures approxin:.·1ting those of the liquidus 

using the formulation of Hathez (1976, for plagioclase phenocryst 

core- bulk rock equilibl'ia at P\!20" 1.0 kbar. 

Column 2 gives temperatures approximating t~1e .c!r:.t quench 

temperature again usina the Mathez (1976) plaaioclase geotliennometer 

and coexist-ing groundmass or microphenocryst plagioclase cor1positions 

and glass analyses. 

Column 3 is as for column 2 except that ~1athoz (1976) PH2o 1.0 kbar 

expression is used. 

Column 4 uses coexisting cpx and opx microphenocryst compositions 

and the geothcrmometer of \~ood and Banno (1973). 
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2. P~roxe_I~~-· 

Pyroxene compositional variations are summarised in figure 3.3 and 

representative analyses are given in tables 3.2 and 3.5. 

Ca-ri ch clinopyroxene is an important phenocryst phase in most 

basalts and occurs in all andesites and dacites. Some more mafic high-Al, 

alkali olivine basalts (e.g. 41621) which have only a few phenocrysts, are 

exceptional in that cpx is rare or absent as a phenocryst phase. In these, 

olivine is the principalphenocryst, while olivine and cpx co-exist in the 

groundmass. The low alumina, magnesian, ankaramites contain abundant cpx 

as the major phenocryst phase. 

Cl inopyroxenes represented in the Rindjani 1 a vas fall into three 

groups: 

1. Low-Al, low-Ti, magnesian, Cr-diopside occurring as megacrysts in 

the ankaramite lavas (table 3.2, figure 3.3A). 

2. Aluminous, Ti-rich salite orCa-rich augite with variable Cr, 

occurring as phenocrysts and megacrysts in the high-A1 alkali 

olivine basalts and as rims to Cr-diopside megacrysts in ankaramite 

lavas (table 3.3, figure 3.38). 

3. Low-Al, low-Ti, Cr-free augite from the quartz-normative andesites 

and dacites (table 3.4, figure 3.3C}. 

The compositional range of cpx from the andesites and dacites is very 

limited, particularly in terms of Mg/Mg+Fe variation (0.70-0.75). This 

feature has been descr·ibed from a number of other andes·ite suites; for 

instance from lavas of the Rabaul Caldera (Heming, 1977) and those of the 

Medicine Lake volcano (Mertzmann, 1977). The cpx of the andesites and 

dacites show most variation in Ca-content, rims becoming more Ca-poor with 

only slight decrease in Mg/Mg+Fe value (fig. 3.3C). 
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By comparison with the cpx of high-Al lavas with <53% Si02, those 

of the andesites and dacites are markedly less Al-rich (generally between 

1.5 and 3.0 wt.% Al 2o 3 ~ tables 3.3, 3.4) and are slightly less Ti-rich. 

They show no consistent core-rim variation with respect to these elements. 

In contrast to clinopyroxene of the andesites and dacites (Q-normativ1 

lavas), the cpx of the alkali- and sub-alkali olivine basalts and associate1 

lavas with <53% Si02, are markedly more aluminous (3-6 wt% Al 203) and 

Ti-rich (>0.4 wt% Ti02). They show considerable variation in Mg/Mg+Fe 

ratio, shmving a decrease in this value from core to rim to g1noundmass 

and marked variation between different rocks in the general group (fig. 

3.3B). The~ show a general trend of increasing A1 and Ti and decreasing 

Si from core to rim. 

Al and Ti substitution in the clinopyroxene lattice is a function 

of both silica activity of the liquid and pressure. Le Bas (1962) 

suggested that ·incJ~eas·ing Al in Ca-ri ch clinopyroxene was favoured by 

decreasing silica concentration in the host magma. Such a substitution 

is illustrated by the follow·ing reaction (e.g. Carmichael ~ .9..l·, 1974): 

Ca A1 2 Si06 + Si02 = Ca A1 2 Si 2 08 
Ca-Tschermak anorthite 

Pyroxene component 

Furthermore, Vagi and Onuma (1967) postulate a pyroxene component - Ca 

Ti Al 2o6, suggesting that Ti substitution into the Y-site is favoured by, 

and coupled to, Al substitution in the Z suite. 

Le Bas (1962) and Kushiro (1960) suggest that increasing pressure 

will favour the increasing incorporation of Al into the Y site as AlVI 

d ····11 ' lt . . . th AlVI/AliV t' an w1 resu 1n an 1ncrease 1n e ra 10. 
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Thus there are tvJO interdependent effects which determine the Al 

and Ti content of cpx. Low silica activity favours the coupled sub

stitution of Ti in the Y site and AliV in the Z site, as a Ca Ti A1 2 Si o6 
molecule, with a theoretical atomic Ti/Al ratio of 0.5. Increasing 

pressure favours the substitution of AlVI in the Y site forming a Ca 

Al Al Si06 molecule. 

The lower Al and Ti content of the cpx of the quartz-normative 

andesites and dacites compared with that of the cpx from the high-Al 

basaltic lavas (<53% S·i02), and in particular those which aY'e ne-normative 

appears to il"lustrate the effect of silica activity mentioned above. 

However Ti/Al ratios are considerably lower than 0.5 in both groups of 

pyroxenes, suggesting that the substitution diverges considerably from 

that predicted by Vagi & Onumasr (ibid) Ca Ti A1 2 06 molecule. 

The other significant contrast between the cpx of the basaltic 

1 a vas and that of the andf~sites and dacites is the tendency for the 

basaltic pyroxenes to show considerable variation in Mg/Mg+Fe ratio, 

whereas that of the andesiti c and daciti c pyroxenes remains constant 

while at the same time, the andesitic and dacitic pyroxenes become 

markedly less calcium-rich. These features suggest that the clinopyroxenes 

of the andesite-dacite group are reflecting the rather limited range in 

Mg/Mg+Fe ratios of these liquids and at the same time reflecting the trend 

of calcium depletion with advancing differentiation towards the most 

silicic dacite compositions. On the other hand the cpx of the basaltic 

lavas appear to reflect the rapidly changing Mg/Mg+Fe ratios in this 

group of lavas. 

The alkali olivine basalt group also contain some slightly reacted 

clinopyroxene megacrysts, with relat·ively high Cr, Aland Ti contents 

(e.g. ,anal. 10, 13, tab·le 3.3). These are quite similar to megacrysts 



35. 

reported from a number of alkali basalt suites (e.g. Binns, 1969) and 

to some Al-rich augites occurring in wehrlite and pyroxenite nodules 

associated with these lavas (e.g. Becker, 1977). They differ from the 

associated phenocrystic and groundmass clinopyroxene mainly in their 

high Cr, high A1 and slightly higher A1V 1;A11V ratio (>0.5 compared with 

0.4 or less in the phenocryst and groundmass group). Some also have 

markedly higher Mg/Mg+Fe values (e.g. anal. 15 table 3.3). As previously 

discussed, Le Bas (1962) suggested that increasing pressure will favour 

the incorporation of A1 into the Y site as A1VI and will result in an 

increased A1VI/AliV ratio. Aoki and Kushiro (1968) distinguished fields 

of phenocryst·ic igneous clinopyroxene and of clinopyroxene from inclusions 
' 

in basaltic rocks (higher pressure) on this basis. Clinopyroxene similar 

to these megacrysts has been described from other island arc( suites, for 

instance by Lewis (1973) in xenoliths erupted from St. Vincent volcano in 

the Lesser Anti 11 es and by Arcul us and Curran ( 1972) as xenocrysts in the 

lava of the same volcano. 

The clinopyroxenes of the ankaramites are zoned grains up to lcm 

long. They comprise a pale green core which is essentially unzoned, mantle( 

by a wide, darker green rim. The cores of these clinopyroxenes are 

remarkably mafic, Cr-diopside (anal. 1, 4 table 3.2 and fig. 3.3A). They 

have very low A1 (sometimes <1.0% Al 203), Ti and Fe and high Cr and Mg, 

~-<lith t,1g/Mg+Fe values as high as .92. These cores are rimmed by more 

Al-, Ti-rich augite, with Mg/Mg+Fe values of about .76 (table 3.2), 

essent"ially the same as those phenocrysts from the alka.li olivine basalts. 

Compared with cpx phenocrysts and megacrysts from basaltic 1 a vas these 

Cr-diopsides are far less aluminous, have negligible Na content, much 

lower Ti, higher Ca and higher Mg/Mg+Fe values. Compared with clino

pyroxene from lherzolite xenoliths (e.g. Varne, 1.977; Frey and Green, 

1974) they are also depleted ·in /\1 and Na and are more Ca-r:ich. They 
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are not unlike the Cr-diopside of refractory harzburgite and dunite from 

high temperature, alpine-type peridotite bodies (e.g. Lizard, Green, 

1964; Burro Mt., California, Loney et_ .~l· ~ 1971, p. 291, tab·le 7). They 

also resemble cpx synthesised during large degrees of melting of pyrolite 

at relatively low pressures (e.g. Green, 1973, table 3). Under these 

conditions (10 kbars., 1100°C, water saturated), Green (1973) found 

28% partial melting of pyrolite, with ol·ivine (Fo89) and Cr-diopside 

(Mg/Mg+Fe = .904) as residual phases. The ankaramites from Lombok also 

conta·in megacrysts of oliv·ine, as magnesian as Fo 88.3. These relationship~ 

may suggest that these lavas sampled a refractory mantle zone at quite 

shallow depths ( 35 kms.?), the Cr-diopside representing a residual phase 

of a prior melting event. 

Orthopyroxene (tabl~ 3.5) occurs in andesites and dacites with Si02 
> 53%, both as phenocrysts and in the groundmass, again showing relatively 

restricted compositional variation (En 72-65) reflecting the limited iron 

enrichment of the andesite and dacite group (fig. 3.3C). Occasionally 

orthopyroxene phenocrysts are rimmed by clinopyroxene, suggesting that 

orthopyroxene crystallised first, in accordance with experimentally 

determined phase relationships determined for the Pat~acutin and Mt. Hood 

andesites, at low pressures (Eggler and Burnham, 1973). 

3. Olivine. 

01 i vine occurs as fresh phenocrysts in most 1 a vas with <53% Si o2 

and also in the groundmass of most ne-normative lavas. A few andesites 

lack orthopyroxene but contain fresh o "!iv·i ne phenocl~ys ts. These may have 

embayed texture (e.g. 41644, tables 3.1. 3.6). Olivine compositional 

variation is summarised in figure 3.3 and representat·ive analyses given 

in table 3.6. 
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The basalts with <53% Si02, excluding the ankaramites, contain 

abundant olivine and relatively scarce clinopyroxene. The proportion of 

olivine increases as the lavas become less phenocryst-rich (compare 41621 

with 41632 in table 3.1). suggesting that olivine is the liquidus phase 

in this group. ~1any of the alkali olivine basalts contain olivines of 

a wide range of compos-itions, suggesting that fractional crystallisation 

of olivine may have been an important process. Olivine phenocrysts in 

these lavas range from Fo70 to F o82, while they a 1 so contain xenocrysts 

which are often strained and par't.ly resorbed, ranging ·in composition from 

Fo85 to Fo93. Such magnesian olivines have been described from basic 

members of a number of calcalkaline suites, for example, from Mt. Shasta 

(Anderson, 1974). On the basis of these very magnesian olivine composition~ 

and the chemistry of associated trapped glasses, Ander·son (1974) inferred 

that the basalts and andesites were derived from a hydrous picritic 

magma. 

The Fe 2+-Mg distribution between olivine and liquid has been determine' 

* as K0 = 0.3 (Roeder and Emslie, 1970). On this basis, the range of 

olivine xenocryst compositions (Fo85-93) sug9ests ~1g/Mg+Fe 2+ values of 

the co-existing liquids in the range 0.64-0.80, while the phenocrysts 

(Fo?0-82) suggest a range of Mg/Mg+Fe2+ values of between 0.41 and 0.8. 

These values are generally in accord with the observed whole-rock 

(~ liquid?) Mg/Mg+Fe2+ values assuming Fe2+ to be 0.85 of total Fe, 

suggesting this adopted Fe2+;re 3+ ratio to be appropriate and also 

suggest·ing that xenocr'ysts even as magnesian as Fo93, need not be the 

result of crystallisation from highly oxidised l"iquids, a conclusion which 

is also corroborated by the relatively low calculated Fe 3+ content of 

2+ . 2+ * KD = (Fe /Mg) ol (Fe /.tv1g) liq. 
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included Cr-spinels (table 9.9). The olivine xenocrysts are as magnesian, 
.. ' 

(or in some instances more magnesian), as oliv·ines from peridotite 

inclusions in basaltic rocks (e.g. Varne, 1977 table 3; Frey and Green, 

1974, table 3), however they are invar·iably more Ca-rich than these 

(>0.1% CaO). Simkin and Smith (1970) showed that olivine from volcanic 

rocks has >0.1% CaO, while those of intrusive rocks and xenoliths have 

<0.1% CaO, which suggests that these ol-ivine xenocrysts must have 

crystall·ised from a mafic lava, rather than representing accidental 

inclusions from a source peridotite. 

4. .&BJ2h i bo 1 e. 

Microprobe analyses have been recalculated using the routines of 
3+ Papike ~ ~.l· (1974), to estimate the Fe content and to class·i fy the 

amphiboles on the basis of 11 0ther than quadrilateral 11 components (table 

3.10). Amphibole compositional variation is summarised in figures 3.5 

and 3.30, and representative analyses given in table 3.10. 

Amphiboles fall into two distinct groups: reacted and fresh. 

1. Reacted amphiboles occur in andesites and very rarely, in basalts 

(e.g. LB65) and in some samples (e.g. basalt 41683) are completely reduced 

to magnetite-plagioclase-clinopyroxene pseudomorphs. 

2. Fresh amphiboles in the dacites are 1 ate microphenocrysts. They 

occasionally inc 1 ude earlier pl ag·i ocl ase and pyroxene~ Anlj::hi bo 1 e occul~s 

as needle-like groundmass microlites. 

The amphiboles are all members of the general hornblende group; 

kaersutite, Mg-hastingsite, pargasite. The amphiboles from the basalts 

and andesites are markedly more Ca- and A1-rich than those of the 

dacites (table 3.10). They also have slightly lower Na2o, K20, and Ti02 
and slightly h·igher Mg/~1g+Fe values. They have particularly low silica 
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contents (ca. 40 wt%). K20/Na2o ratios of the arr~hiboles from the 

andesites are generally in the range 0.2-0.25 and are s·im"ilar or slightly 

lower than the ratios of these lavas. K20/Na2o ratios of amphiboles 

from the dacites are about 0.30 and are very markedly lower than those 

of the liquid. 

5. -~inel. 

Spinels in the Rindjani suite fall into two groups: 

1. Al-rich. Cr-spinels occurring as inclusions in magnesian 

olivine xenocrysts in some of the aluminous basalts (table 3.9). 

2. Ti-rich magnetite occurring as phenocryst and groundmass grains ir 

basaltic andes·ite, andesite and dacite, and in the groundmass ofmo 
' 

basalts, but less commonly as phenocrysts (table 3.8). 

Analyses of representative examples of both groups of spinel are 

presented in tables 3.8 and 3.9, and compositional trends are summarised 

in figure 3.6. Cr-spinel occurs on'ly as small brown euhed1Aal inclusions 

in olivine megacrysts. 

In terms of their Cr/Cr+Al, Fe 3+ /Fe 3++A1+Cr and r~g/Mg+Fe2+ va 1 ues 

(fig. 3.6) they plot in the f·ield of sp·inels from stratiform ·intrusions, 

are like chromites of some high temperature peridotites and are also 

quite like the liquidus spinel from the Kilauea pumice, Hawaii (Evans 

and Wright, 1972). They show a trend of decreas·i ng Cr/Cr+Al with 

decreasing Mg/Mg+Fe 2+ values, like that of the Stillwater chromites 

(Jackson, 1969). (Marked variation ·in J.nK
0 

(K
0 

= (_~_g01 Li~-E.~.~+S~)) 
( 2+ol) (X t~gSp) 
X Fe 

for the Fe2+-~lg d·istribut·ion between Ct·-spine'l and enclosing oliv·ine is 

possibly sugoestive of a significant decrease in temperature accompanying 

Cr and ~1g depletion, a situat·ion suggestive of fractional crystallisation.) 
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Titan magnetite ranges in composition from about 25-50 mol.% ulvo

spinel, groundmass magnetites tending to have higher contents of 

Usp. component than co-existing phenocrysts from the same lava. Ewart 

(1976) also noted this feature from a suite of Tongan andesites. There 

is also a general trend of decreasing Mg and Al content of magnetites 

through the series; basalt-andesite dacite. 

3. 4 Geochemisfrjj_Qi__ the Rindjanj_ Cc{Jcr;zll'::_a·u_r;~e._/iliif:_?_· 

Analyses of the Rindjani lavas are given in tables. 3.12- 3.18 

C.I.P.W. norms, calculated accord·ing to the method of Ke-lsey (1963) are 

listed in appendix 2. 

t~ajor qx·ide and trace element character-ist·ics of the f~indjan·i lavas 

are presented in figures 3.7- 3.10, as MgO- and Si02- variation diagrams. 

A most striking feature is the extreme compositional diversity of the 

suite. Lavas range from ne-normative, mafic ankaramite, such as LB8 

(table 3.12) with 48.3% Si02 and 14% MgO, through to silica-rich, Q-normativ 

dacites such as 41639 (table 3.18), which has 68% Si0 2 and 0.7% MgO. 

The normative compositional variation is illustrated on the plot of 

normative ne-ol--di-hy-Q (figure 3.11). Lavas range from crit·ically 

undersaturated to ol-hy-no1nmati ve to Q-normati ve, passing r·i ght across 

the low pressure thermal divide (Yoder and Tilley, 1962). This type of 

compositional variation has been noted from the Lesser Antilles (e.g. 

Arcu·lus, 1976) and other ·island arc suites and places some constra·int on 

likely fractional crystallisation models (i.e. requires the bulk fractionate 

to bene-normative). 

On the A-M-F diagram (figure 3.12), the Rindjani suite shows an Fe

enri chment trend, between the tho 1 e·i Hi c Tongan- (Ewart .~.:1:. -~1_., 1973) 

and the calcalka'l"ine, Cascade-trends (Carm·ichae·l, 1964) and is very like 

that of the Aleutians (Marsh, 1976). 
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The geochemical variation of the Rindjani suite is considered in 

terms of six general groups of rocks, largely corresponding with those 

already outlined on petrographic grounds. 

1. The ankaramHes which are ne-normative, have low Al 2o3 ( <16%), low 

Si02 (<50%) and high MgO (>7%). 

2. High-Al basalts - characterised by high A1 2o3 (>17%), low to moderate 

t1g0 ( 3-6%) and which encompass both ne-and oZ-hy-normati ve types. 

3. Andesites (type 1) - characterised by relatively low K20 (<2%), are 

quartz-normative, have Si02 concentrations in the range 53-60%, 

relatively low K20/Na2o ratios (generally <0.4), are aluminous 

(>18% Al. 203) and have Sr concentrations <500ppm. 

4. High-K2o, hi~Jh-Sr andes·ites (type 2). These are distinguished from 

the type 1 (low K20) andes·ites by their relatively high K20 (>2%) and 

high Sr concentrations (500-750 ppm). 

5. High-K2o andesites (type 3) - characterised by high K2o (generally >3%) l 

low Sr (<400ppm) and high K20/Na 2o ratios (generally >0.5). They 

are petrographically and geochemically similar to the dacites. 

6. Dacites - characterised by their silica content (>62%) and generally 

have low Al 2o3, Sr, CaO, higher K2o and higher K20/Na2o ratios than 

the andesites. 

Considering the general overall compositional variation exhibited 

by the complete range of rock types represented in the Rindjani suite, 

as illustrated by the MgO- and Si02-variation diagrams (figures 3.7 - 3.10), 

a number of factors come to light. In particular, many elements show two 

distinct trends, the high-Al basalt group representing the intersection 

of these. 

Thus the ankaramite-high-A! basalt variation involves marked depletion 

of MgO, Ni and Cr and to a lesser extent CaO and Sc, while total Fe content 

remains constant and K2o. Si02, Na2o, Rb, Sr, Zr, Nb andY show only slight 
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enrichment. This segment of the total compositional variation of the 

whole suite involes 80%of the MgO-variation and only 25% of the Si02 
variation. On the other hand, the high-Al basalt-andesite-dacite trend 

involves much larger scale variation (enrichment) of Si02, K2o, Rb, Zr, 

Nb and Na2o and only 20% of the variation of MgO, which like CaD, total 

Fe, Ti02, Ni, Cr and Sc is continuously depleted. 

These same contrasts in geochemical variation are also illustrated 

in the A-M-F diagram (figure 3.12), where again the high-Al basalt 

group form the intersection of the two d·istinct trends. Here the 

ankaramite-high-A! basalt trend is one of relative Fe-enrichment, while 

the high-A1 basalt-dacite trend is the fruniliar calcalkaline one, with 

marked total alkali-enrichment at almost constant Fe/Mg ratio. 

1. Ankaramites. 

These are ne·'"normat ·j ve 1 a vas characterised by 1 ow Si02, A 1203, Na2o, 

Ti02 and Zr and high MgO, Ni, Cr, CaO and Sc. Mg/Mg+Fe2+ values (0.62-0.75: 

are markedly higher than those of the other basaltic volcanics from 

R·indjani. They are very rich in normative diopside (26·-40%). LBB 

(table 3.12) in particular has very abundant cpx megacrysts which may 

have been accumulated at least in part, accounting for its very high 

CaO (14.38%) content and low Al 2o3 (10.53%). Other lavas of this group 

are nearly aphyf"ic (e.g. LBll) yet still have the high-CaO, MgO, Ca, Sc 

and Ni and low A1 2o3 contents characteristic of the group as a whole, 

suggesting some members of the group are liquids. 

Compared with the more aluminous basalts, the ankaramites have 

relatively high Sr concentrations (452-726ppm). They also have higher 

K2D/Na2o ratios (figure 3.12) and lower K/Rb ratios (figure 3.14). The 

ankararnHes have phenocryst assemblages dominated by cpx with less 

abundant o·liv·ine and very minor plagioclase. Their compositional 
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variations are consistent with fractionation (and perhaps in part, 

accumulation) of this cpx dominated assemblage. In particular they 

show trends of increasing Al 2o3 with decreasing CaO (figure 3.15), 

increasing Sr with decreasing CaO (figure 3.16), decreasing CaD and 

MgO (figure 3.9) and relatively invariant s;o2 suggesting cpx removal 

with little, if any, plagioclase involvement. Marked depletion of Ni 

with decreasing MgO suggests some olivine may also have been removed. 

2. tJi9h·-Al Qasal~. 

The high-Al basalt group (Al 2o3 = 17-21 wt.%) (table 3.12-3.15) is 

characterised by Mg/Mg+Fe values that are markedly lower than those of 

the ankaram~tes but range from markedly higher values than those of the 

more silica-r-ich andesites, to values lmver than those of some andesites 

(0.55-0.37). 

High-A1 basalts include groups both of ne- and of ol-hy-normative 

lavas (figure 3.11). The compositional distinction between these two 

groups ·is gradational, and the relatively ~1g0-rich (>5% ~1g0) high-Al 

basalts include both ne- and ol-hy-nor~ative types. Members of both 

groups range from these more mafic lavas with between 48 and 50% Si0 2, 

up to 77ppm Ni, 230ppm Cr and 36ppm Sc and Mg/Mg+Fe values of about 0.57, 

to differentiated lavas with 52-53% s;o2, 3% MgO, 50ppm Cr, about lOppm Ni 

and Mg/Mg+Fe values of about 0.41. 

The main dist·inction betv;een the ne- and ol-hy-normative series is 

in their K2o and Na 2o contents. Thus as illustrated by plots of K2o v Si0 2 

and K20+Na 2o v Si0 2 (figures 3. 2 and 3. 17), the ne-normative group tend to 

have higher K2o and K20+Na2o values at given Si02 concentrations than the 

ol-hy-normat·ive group. In fact the more differentiated members of the 

former group tend to have higher K20 concentrations than more siliceous 

and possibly more differentiated andesites. Thus at least with respect 

to these parameters, there is a marked divergence of trends originating 
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from the more mafic high-Al basalt field, the ne-normative group tending 

to show more marked alkali-enrichment and possibly less tendancy towards 

sil-ica enrichment. The ol-hy-normative group on the other hand, have 

var-iable but generally 1 ower K20 and K20+Na2o concentrat·i ons at given 

silica values, and some members of this group define a flat trend of 

limited enrichment of these with increasing Si02, colinear with the 

andesite trend. 

On the grounds of the above observations it appears that there is 

some possibility that the mor·e mafic high-Al basalts are fractionating 

to yield differentiates of two distinctly different types: 1. ne-normative~ 

low MgO, K20- and total alka"li-enriched, ''hawaiite"-like lavas, such as 
I 

41678 (table 3.14) and 2. ol-hy-normative, more silica- and less K20-

and total alkali-enriched basaltic andesites, such as 41634 (table 3.15). 

The first trend seems unlikely to yield andesite and is possibly like 

the trend shown by the Tambora trachybasalts (chapter 4) which may be 

differentiating to yield the associated ne-normative trachyandesites. 

The second trend may possibly yield the Rindjani andesites, which themselves 

show marked silica enrichment with relatively slight alkali enrichment. 

Compared to the ankaramites, the high-Al basalts have slightly lower 

CaO contents (in the range 10.5-8.5%) and have similar total Fe contents. 

Like the ankaramites they shov-1 a general trend of CaO depletion with 

decreasing fvlgO (fig. 3.9). However,tota·l Fe also shows a trend of depletion 

with decreasing ~1g0, whereas the ankal~amites show constant or even slight 

enrichment of total Fe with MgO depletion. As a general group the high-Al 

basalts also show marked depletion of Ni and Cr with decreasing MgO and 

slightly less rapid depletion ·Of Sc. 

The high-Al basalts are the most Ti0 2-rich of 

all the Rindjani lavas, concentrations mostly falling in the range 1.0-1.2;:. 

Considering the Ti02-Mg0 variation (figure 3.9), there is some suggestion 
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that Ti02 variation changes from initial enrichment to depletion within 

the high-Al basalt field and the high-Al basalt-andesite-dacite trend 

is one of continuous depletion. r2o5, Al 2o3 and Sr variations are less 

clear-cut and there is some suggestion that the ne-lavas are falling 

on trends of enrichment of these elements with decreasing MgO or increasing 

Si02, while the ol-hy-normative group show little variation and tend to 

merge with the andesite field. 

In general, like K20, Rb, Zr and Nb tend to show positive correlation 

with Si02, though also like K20, these elements show considerable var·iation 

at any particular Si02 concentration. Thus rocks with about 52% Si02 
may contain between 15 and 50ppm Rb. 

' 

The high-A1 basalts have K/Rb ratios in the range 450 to 550 (fig. 

3.14) and Rb/Sr ratios between 0.03 and 0.05. 

3. Andesites. 

The andesites are characterist·ically quartz-normat·ive and have very 

high normative feldspar contents (>50%). They have relatively high Al 2o3 
contents (18-19.5%) and very low N·i (generally <5ppm). They are notab·le 

in that they show relatively slight K20-enr-ichment over a wide range of 

Si02 concentration (figure 3.2) and in some instances have lower K20 

concentrations than some basaltic lavas. K/Rb ratios (figure 3.14) are 

1 ower than those of the basalts, generally in the range 350-400 

and Rb/Sr ratios are somewhat higher (0.04-0.08). Mg/Mg+Fe2+ values are 

relatively constant over a wide Si02 range (~0.44) and in fact, some of 

the more differentiated lavas with <53% Si02 have lower Mg/Mg+zFe values 

than the andesites (for instance 11 hawa i ite" 41643 has ~1g/~·1g+zFe = 0. 39 at 

49.6% Si02, while andesite 4164-4 has t~g/Mg+zFe = 0.44 at 54.8% Si02). 
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Andesites have slightly lower CaO and zFe than basalts and these 

components show a negative correlation with Si02. Ti0 2 is also slightly 

lower and Ni and Cr markedly so. On the other hand, M90, Sc, Al 2o3, 

P2o5, K2o, Na 2o, Y, Nb, Sr, Rb and Zr all show some overlap with the 

ranges of these elements shown by lavas with <53% Si02. Thus in terms 

of the MgO variation diagrams (figures 3.9-3.10), the discrimination of 

basaltic and andesite fields is often poorly defined. These factors 

suggest that some degree of divergent evolution exists. Thus if a basaltic 

parent magma is assurr:ed, then evo·lved derivatives of this may or may not 

show Si02 enrichment. This problem is dealt with more rigorously in 

chapter 9. 

4. High K2.Q_~_J!.i.9J:l_-S_r At~de~ites. 

These are a small group of lavas (e.g. LB28, table 3.16), associated 

with the ankaramites from West Lombok, possibly eruptives of the Punikin 

centre. They are mineralogically like the 11 normal 11 andesites and although 

their general geochemical characterist·ics are similar they are distinguishe< 

from the other andesites by their high Sr and K2o contents (figures 3.2, 

3.8). Their Sr concentrations are in the range 500-750ppm and K2o and Rb 

concentrations are about 50% higher than those of the normal andesite. 

They have slightly higher K20/Na2o ratios (0.5-0.6) (figure 3.13) and 

similar Rb/Sr ratios, but markedly lower T"i0 2 contents. They are dis

tinguished from the other high-K2o andesites (e.g. 41672) by the latter 

groups' low Sr (genera"lly lower than that of the low-K20 andes·ites), 

higher Rb/Sr, K2o;Na 2o and occasionally low Al 2o3. 

5. Hi~~2o Andesites and Dacit~~· 

These rock-types are grouped together as their geochemical character

istics are continuous and the andesite-dacite division (Taylor, 1969) is 

an arbitrary one based on Si02 content. Petrographically this group is 

distinct from the type 1, andesites in being less phenocryst-r·ich (tab.le 3.1 
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and in the con1110n occurrence of amphibole and occasionally biotite. They 

are often glass-rich. Geochemically they are dist·inct from the andesites 

in having markedly lower CaO, I:Fe, T"i0 2 and Sc. Ni concentration is very 

low, generally <2ppm and often bel0\1/ the detection-limit. Al 2o3 is lov.Jerar 

shows a depletion trend with increasing Si02. MgO concentration is also 

lower and shows a negative correlation with Si02. The dacites have a 

markedly lower normative feldspar content and a · more Ab-ri ch 

composition (figure 3.40). Compared with the andesites 

the high K2D andesites and dacites have 2-3 times the concentration of 

K20, Rb, Nb and Zr. K20/Na2o ratios are markedly higher (figure 3.13), 

while Sr ·is,genera1ly lower and decreases with increasing Si02. Rb/Sr 

ratios are much higher than those of the andesites and in one case are great 

than 1. K/Rb ( 3.20) (figure 3.14) are only sli~htly lower than those 

of the andesites and show relatively slight variation, in contrast to 

the basalts which show marked variation in this parameter. 

These features, particularly the Sr, Al 2o3, Rb/Sr and K20/Na2o 

var·iations suggest very much that the high K20 andesites and dacites 

have undergone considerable plagioclase separation relative to the low 

K20 andesites. 

6. I]_ectron-rni_cr__QJ?.robe anaJ.rses of Interstitial_~-~~~· 

Some andesites have an interstitial glassy mesostasis (e.g. 41644, 

41647). Average analyses of a number of areas of this glass are given 

in table 3.19, together with the·ir C.I.P.vJ. norms. These glasses bear 

a strong resemblance to the dacites in composition. They are quartz 

normative, with h·igh Si02, K2o, Na2o and K20/Na 2o values and have low 

MgO, CaO, FeO and Ti0 2. The similarity of this interstitial glass from 

the andesites to the dacite whole-rock composition, provides quite strong 

evidence that the dacites may be derived from andesites by fractional 

crysta ll·i sati on processes. 
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3. 5 Summary • 

This is a very brief resume of the main character-istics of the 

Rindjani suite, as described in this chapter. 

Sampled lavas belong to four main groups: 1. ankar·amite, 2. high-Al 

"basalt", 3. andesite, 4. high-K andesite and dacite. The ankaranrites 

are a 11 ne-normat·i ve, the hi gh-Al basalts include both ne- and oZ.-hy-normati ve 
" 

lavas, while the andesites and dacites are Q-normative. Geochemically 

the series from group 1 through to 4 is one of decreasing MgO, CaD, Ni, 

Cr and Sc and increasing Si02, though some of these elements show some 

overlap between different seriE~s, for ·j ns tance the hi gh-K- and "norma 1"-

andesites. Mg/Mg+Fe ratio decreases markedly through the ankaramite 

series to the high-Al basalts, but shows little variation amongst the 

andesites and dacites. 

The ankaramites are Al 2o3-poor, and have phenocrysts of cpx and 

olivine, with little or no plagioclase. Some cpx phenocrysts have very 

magnesian Cr-diopside cores. High-Al basalts range from more mafic, 

relatively phenocryst--poor lavas which are olivine-rich and contain 

very magnesian olivine xenocrysts wh·ich ·include Cr-sp-inel, to less 

mafic, more phenocryst-rich types in which plagioclase and cpx are the 

main phases. The andesites are very phenocryst-rich rocks and 1 ike the 

high-Al basalts are very alum·inous. The·ir phenocryst assemblages are 

plagioclase-dominated, with opx, cpx and magnetite and occasional reacted 

Ca-rich amphibole. They have siliceous glassy groundmass, which is of 

similar composition to the dacites. Like the high-Al basalts, the andesite5 

contain extremely calcic plagioclase. 

The dacites are often less aluminous than the andesites and are glass 

r·ich and phenocryst-poor. Compal~ed to the andesites, the dacites and 

high-K andesites have 2-3 times the K20, Rb and Zr concentrations, higher 

K20/Na2o and Rb/Sr ratios and very s·imi 1 ar K/Rb ratios. The h·i gh··Al 

basalts have higher K/Rb ratios than the andesites. 



Table 3.12 

Sarm1e~ 

Si02 
TiOz 

l\1203 
Fe 2o3 
FeO 
~:no 

o'gO 

CaO 

Na 2o 
K28 

P205 

H20+ 

Mg/Mg+Fe (t) 

Mg/Mg+.85Fe 

K20/Na2o 

LBB 

48.32 

0.69 
10.53 

l. 53 

7.81 
0.17 

14.02 
14.38 
l. 50 

0.90 

0.15 

2. 3 3 

0.73 

o. 76 

0.60 

Trace elerrents (pc!l') 

Rh 

Sr 

Zr 
Nb 
y 

La 

Sc 

Cr 

Ni 
Rb/Sr 

1</Rb 

K/Sr 

21 
452 

53 

2 

13 

11 
50 

510 

151 

0.046 

3 56 

16.53 

LE7 

47.95 

0.83 

13.78 

l. 69 

8.54 

0.17 
10. h1 

13.14 

l. 78 

1.20 

0.21 

3.08 

0.65 

0.59 

0.67 

31 

556 

49 

15 

36 
307 

125 

0. 0 56 

321 
17.92 

EAST SUNDA ARC VOLCANIC ROCKS 

G.RINDJA:-<I LOMBOK ISLAND, BASALTIC LAVAS 

LB9 

47.87 

0. 89 

14.27 
1.72 
8.75 
0. 20 
9. 47 

12.48 

2.85 

1.18 
0.32 

2.09 

0.62 

0.66 

0.41 

34 
726 

64 

17 

38 

259 

89 

0. 04 7 

288 

13.49 

LB1 

48.3 3 

0.91 

15.34 

l. 73 
8. 31 

0.20 

8.39 

12.30 

2.42 

l. 29 

0.28 

2.27 

0.59 
0.63 

0.53 

38 

611 
57 

4 

18 

39 

190 

57 

0. 06 2 

28 2 

17.53 

LBll 

4 9. 27 

0.99 

14.26 
1. 71 
8.70 
0.18 
8.35 

12.58 
2.49 

1.19 
0. 27 

1.59 

0.59 
0.63 

0.48 

21 
563 

64 

4 

26 

43 

309 
92 

0. 037 

470 

17.55 

LB10 

48.75 

0.92 

14. R 2 

l. 74 
8.85 
0.19 
8.13 

12.66 

2.51 

1.17 

0.26 

2.86 

0.58 
0.62 

0.47 

17 
6 71 

72 

4 
22 

35 

156 
50 

0.025 

571 

14 .4 8 

LB67 

49.43 

l. 00 

18.2 5 

l. ')8 

8.08 
0.18 
5.93 

10.14 
3.60 

0.99 

0. 20 

0.58 

0.53 

0.57 

o.n 

18 
522 

43 

2 

18 

31 
71 

23 

0.034 
457 

15.75 

FeO arbitrarily calculated from Fe++= 0.85 total Fe 

,41676 

50.02 

0.99 

18. 20 
1. 70 
8.65 
0.20 

5.84 

9. 92 

3.24 

1. 01 

0.23 

1. 33 

0.51 

0.55 

0.31 

19 
469 

56 

19 

35 

52 

23 

0.041 

441 

17.88 

LB47 

50.68 

l.ll 
17.24 

l. 63 
8.31 
0.19 

5.81 
9.67 

3. 36 

1.69 

0.32 

0. 7l 

0.51 

0.55 

0.50 

31 
472 

126 

31 

27 

160 

33 

0.066 

453 
29.73 

41621 

49.97 

1. 26 

17.42 

1.72 
8.75 

0.19 

5.78 
9.62 

3.50 

l. 49 

0.32 

0.73 

0.50 

0.54 

0.43 

22 
520 

99 

6 

23 

33 

128 
43 
0.042 

562 

23.79 

N,ates: LB8,LB7,LB9,LB1,LBll,LB10- ankaramites, LB67,LB47,41621- ne-normative high-Al basalts,41676- ol-~-normative 
high-Al basa1t.Analyses normalised anhydrous, H2o+= pre-normalisation figure.Rock localities and mineralogy see 
appendix 1. CIPh~ norms are given in ap?en.dix 2. 



Table 3.13 

Samn1e~ 

SiOz 
7io2 
Al 2o3 

Fe 2o3 
FeO 

~~no 

VqO 

CaO 

Na 2o 
K20 

P2o5 

HzO+ 

Mg/Ng+Fe 

Hg/Mg+. 85Fe 

K20/Na2o 

LB68 

49.53 

l. 09 
18.13 

l. 67 
8.49 

0.19 

5. 72 
10.24 

3.54 
1.19 

0.21 

0.53 

0.51 

0.55 
0.34 

Trace elerrents (com) 
Rb 21 

sr 538 

zr 
Nb 
y 

La 
Sc 
Cr 
Ni 
Rb/Sr 

'(/Rb 

K/Sr 

77 

5 

25 

32 

74 

23 
0.039 

470 

18.36 

416 32 

50.20 

1.13 

18.11 
l. 62 

8.28 

o. 18 

5.63 

9.71 

3.67 

l. 21 

0.25 

0.83 

0.51 
0.55 

0.33 

20 
4 52 

82 

4 

20 

22.8 
33 

219 
71 

0.044 
502 

22.22 

EAST SUNDi\ AFC VOLCANIC ROCKS 

G.RINDJANI L0~1BOK ISLAND, BI\SALTIC LAVAS 

LB5l 

51.47 

l.lO 

17.24 

l. 62 
8.29 
0.18 
5.29 

9 .. 76 

3.08 
l. 64 

0.33 

0. 98 

0.49 
0.53 
0.53 

31 

468 
121 

23 

29 
164 

30 

0. 066 

439 

29.09 

LB65 

50.74 

o.a9 

18.2R 

1.59 

8.12 
0. 20 

5.21 
9.G2 

3.56 
1 .. 4G 

0.31 

0.61 

0. 49 

0.53 

0.39 

21 

583 

73 

22 

25 

53 
14 

0.036 

553 

19.94 

4l631 

50.41 

1 .. 17 

17.35 

1.72 
8. 77 

0.17 
5.24 

10.19 
3.50 

1. 23 

0.24 

l. 91 

0.48 

0.52 
0. 3 5 

21 
477 

77 

4 

26 

31 
233 

77 
0.044 

486 

21.41 

41624 

51.79 

o. 96 

18.51 
1. 61 
8.19 
0.19 

5.07 

9.11 

3.40 

0.96 

0.21 

0.81 

0.48 

0.52 

0.28 

15 
516 

73 

3 

27 

27 
55 

10 
0.029 

531 

15.45 

LB7l 

50.3R 

1.15 
13.52 
1. 66 
8.45 
0.19 
4.97 

10.08 
3.07 
l. 26 

0.28 

0.68 

0.47 
0.51 
0.41 

19 
556 

84 

17 

30 
40 

18 

0. 0 34 

551 

18.81 

41623 

49.70 

l. 28 
17.76 

l. 75 

8.90 
0.18 
4.92 

9.49 
4.19 
l. 53 

0.29 

0. 8 2 

0.46 

0.50 

0.37 

27 

507 
98 

4 

27 

32 

124 
39 

0.053 
470 

25.05 

LB25 

50.34 

0. 8 0 

19.56 
1. 47 

7.50 

0.19 
4.57 

10.48 
3.57 

l. 28 

0 .. 24 

1. 51 

0. 4 8 
0.52 

0.36 

19 
590 

71 

12 

23 
66 

12 

0. 0 32 
559 
18.01 

LB64 

51.70 

l. 22 

18.28 
l. 59 

8.13 

0.19 
4.57 

9.02 
3.47 

1. 59 

0.23 

0.70 

0.46 

.0. 50 
0.46 

25 
469 

103 

32 

25 

39 

5 
0.053 

528 

28.15 

Notes:FeO arbitrarily calculated as 0.85 total Fe.Analyses normalised anhydrous, 

Rock localities and mineralogy given in appendix l,CIPW norms p,iven in appendix 2.All 
Al basalts except LB5l,LB7l and LB64 which are ol-bz-normative high-Al basalt 

H 0+ l" . ~· ·2 =pre-norma lsatlon ~1gure 

samples are ne-normative high-



Table 3.14 

sa~ole;:: 

Si02 

Ti02 

i\1203 

Fe203 
FeO 
t•,nO 

r~ao 

CaO 

Na-")0 
~ 

K2o 
P205 

!120+ 

Mg/Mg+Fe 

Mg/l-1g+.85Fe 

K20/Na20 

LB 19 

48.52 

1.18 

17.87 
l. 78 

9.05 

0.1.8 

4.53 
10. G9 

4.53 

1.41 

0. 27 

l. 57 

0.43 

0.47 

0.31 

Trace eleroents (pn~) 

Rb 

Sr 

Zr 

Nb 
y 

La 

Sc 
Cr 

Ni 
Rb/Sr 

K/Rb 

K/Sr 

24 

663 

71 

26 

30 
66 
14 

0.036 
488 

17.66 

41626 

50.71 

l. 26 

17.72 
l. 70 

8.65 

0.19 

4. 4 9 

9. 44 

4.05 

l. 48 

0.31 

0.80 

0.44 

o. 4 8 

0.37 

2'l 

4 91 

106 

4 

25 

36 
114 

34 

0.059 

424 

25.02 

EAST SUNDA ARC VOLCANIC ROCKS 

G.RINDJANI LOMBOK ISLAND, BASALTIC LAVAS 

41G 92 

51.92 

l. 12 

17.95 

l. 57 

8.03 
0.19 

4.39 

fl.S9 

3.57 

l. 97 

0.40 

0.66 

0.45 

0. 49· 

0.55 

45 

467 

151 

24 

26 
68 

l3 

0.096 

363 

35.(12 

41635 

50.98 

l. 00 
19.73 

1. 57 
8.01 

0.16 

4.19 

10.4 2 

2.74 

0.99 
0.21 

3.73 

0.44 

0. 4 8 

0.36 

12 
614 

90 

4 

22 

25 
37 

14 

0.020 

685 

13.39 

41651 

50.20 

1. 04 
20.32 

1. 51 
7.69 

0.19 

3.91 
9.37 

4.10 

l. 36 
0. 32 

1.06 

0.44 

0.48 

0.33 

23 

722 
72 

7 
25 

20 
50 

11 
0.032 

491 
15.64 

41658 

50.43 

l. 04 

20 .. 94 

l. 53 
7.87 

0.20 

3.85 
8.57 

3.93 

l. 39 

0. 28 

1.86 

0.43 

0.47 

0.35 

22 

695 
76 

21 

19 
38 

10 

0. 032 

525 

16.6 0 

LB 26 

50.91 

0.77 

21.49 

1.3'1 

6.68 
0.22 

3.58 

9.88 

3.46 

l. 43 

0. 27 

l. 52 

0. 4 5 
0.49 

0. 41 

24 

773 

75 

20 

19 
49 

6 

0.031 
495 

15.36 

41643 

49.68 

1.12 

19.76 
l. 6(, 

8.45 

0.19 

3.33 

10.28 

3.96 

l. 30 
0.27 

l. 08 

0.37 
0.41 

0. 3 3 

21 

535 

81 

4 

29 

26 
32 

11 
0.039 

514 

20.17 

41678 

52.03 

1 .. 09 

18.26 

l. s 7 

7.99 

0.16 

3.50 

8.97 

4. 08 

2.00 

0.35 

l. 09 

0.40 

0.44 

0.49 

51 

527 
173 

5 
30 
17.4 

25 
68 

19 
0.097 

326 

31. 51 

Notes: FeO arbitrarily calculated as 0.85 total Fe.Analyses normalised anhydrous,H2o+=pre-normalisation 

figure.Rock localities and mineralogy given in appendix l,CIPW norms given in appendix 2.Rocks LB19,41626,4165l, 

41658,41643 and 41678 are ne-normative high-Al basalts.4l692,4l635 and LB26 are o1-~-normative high-Al basalts. 



Table 3.15 

Same 1e# 

Si02 

Ti02 

l\1203 

Fe203 
FeO 

~~no 

:.:oo 

CaO 

Na 2o 
K20 

P205 

Tl20+ 

Mg/Hg+Fe 

Hg/Mg+.85Fe 

K20/Na20 

41683 

51.89 

l. 28 

18.06 
l. 75 

8.95 

0.16 

3.23 
9.2') 
4.36 
0 .. 88 

0.18 

l. 92 

0.35 

0.39 

0.20 

Trace e1e!T'ents ( cprr) 

Pb 14 
Sr 456 

Zr 116 
N0 6 

y 28 

La 

sc 31 
Cr 38 

~i 6 

Pb/Sr 0.031 
K/Rb 522 

K/Sr 16.02 

G.RINDJANI 

41634 

52.90 
l. ()6 

18.50 

l. 62 

8.28 

0.18 

3.44 

8.68 

3. 75 

l. 37 

0.21 

1.72 

0.39 

o. •13 

0.37 

30 

510 

107 
2 

28 

12 
27 

39 

6 

0. 0 S'l 

379 

22.30 

4168 4 

53.57 

l. 01 

18.10 
l. 49 

7.59 

0.18 
3.42 

9.07 

4.33 

1.01 

0.23 

l. 44 

0.41 

0.45 

0.23 

20 
421 

107 

2 
27 

22 

25 

3 

0. 04 8 

419 

19.92 

EAST SUNDA ARC VOLCANIC ROCKS 

LO~lBOK ISLAND, BASALTIC ANDESITES & ANDESITES 

41637 

52.97 

0.96 

19.35 

l. 51 
7.68 

0.18 

2. 91 

8.47 
4.05 

l. 69 

0.24 

l. 67 

0.36 

0.40 

0. 4 2 

38 
442 

124 
5 

28 

23 

28 

3 

0.086 
369 

31.74 

LB 61 

54.46 

0. 'l6 

17.96 

l. 37 

7.00 

0. 21 

4.15 
8.20 

3.91 

l. 48 

0.30 

2.19 

0.47 
0.51 

0.38 

25 
451 

125 
5 

23 

21 
27 

6 

0.055 

491 

27.24 

4164 7 

54.84 

0.92 

1').25 

l. 37 

6.9R 

0.19 

3.42 

R.09 

3.22 

l. 48 

0.25 

2.07 

0.43 

0.47 

0.46 

31 
381 

149 
3 

29 

21 

30 

5 

0.081 

396 

32.25 

41622 

55.49 

0. 9l, 

18.45 

1.39 
7.07 

0.16 

3.10 
7.47 

4.09 
l. 60 

0. 28 

2.13 

0.40 

0.44 

0.39 

35 
433 

134 
2 

30 
12.8 
18 

27 

2 

0.081 
380 

30.6 8 

41627 

55.84 

1.09 

17.42 

l. 44 

7. 32 : 

0. 14 

2.80 

8.57 

3.96 

1.19 

0.23 

2.31 

0.37 

0.41 

0.30 

27 
524 

129 

6 

29 

23 
37 

5 

0. 0 52 

366 

18.8 5 

41625 

55.82 

0. <J2 

18.11 

l. 39 
7.10 
0.18 

2.73 

7.67 

4.27 

l. 53 

0.26 

l. 65 

0.37 

0. 41 
0.36 

32 
439 

136 
6 

31 

18 

29 

3 

0.073 

397 

28.93 

41687 

55.24 

1. 03 

17.50 

l. 35 
6.!35 

0.19 
3.62 

7.78 
4.52 

l. 63 

0.28 

0.77 

0.44 

0.48 

0.36 

33 
432 

82 
4 

43 

21 

48 

3 

0.076 
410 

31.32 

Notes:FeO arbitrarily calculated as 0.85 total Fe.Analyses normalised anhydrous,H
2
0+=prenormalisation figure. 

Rock localities and mineralogy given in appendix l,CIPH norms given in appendix 2.41683 is an ol-~y-normative high-Al 
basalt.41634,4l684,41637,LB61 ,41647,41622,41627,41625 and 41687 low silica andesites 



Sa mole; 

Si02 
Ti02 
AJ 2o3 
!"e203 
!"PO 

:--~!10 

Y:aO 

cao 
Na 2o 
K~O 

L. 

P205 

H20+ 

Hg/Mg+Fe 
Mg/Hg+.85Fe 

K20/Na2o 

Table 3.16 

LB 6 

55.58 
0.83 

18.39 
l. 3 4 
6.83 
0.19 

3.58 
8.73 

2. 75 
1.47 
0. 26 

0.67 

o. 44 

0.48 

0. 53 

Tr~ce elements (PPm) 

Rb 

Sr 
Zr 

t:b 
y 

La 
Sc 
Cr 

Ni 
Rh/Sr 

K/Rh 

K/Sr 

26 

616 
119 

19 

19 

38 
4 

0. 04 2 

469 

19.Bl 

LB29 

56.00 
o. 75 

18.37 
1. 24 

6.32 
o. 24 

3.24 

7.80 

3.37 

2.25 
0.43 

2.63 

0.44 

0. 48 

0.67 

32 

756 
152 

34 

19 
41 

7 

0.042 

584 
24.71 

EAST SUNDA ARC VOLCANIC ROCKS 

G.RINDJANI 

LB 28 

55.91 
0.70 

19.54 

1.11 
5.G8 

0.20 
2.55 

7. 4 9 

4.07 
2.39 

0.37 

2.65 

0.41 
0. 44 

0.59 

40 

761 
14 3 

31 

15 
21 

2 
0.053 

495 
26.07 

4164 6 

56.43 
0.88 

17.90 

l. 3 6 

6.93 

0.18 

2.94 

7.31 
4.17 

1. 66 

0.23 

2. 26 

0.39 

0.43 

0.40 

36 

472 

165 

14 
30 

19 
25 

4 

0. 076 

383 

29.20 

LOMBOK ISLAND, ANDESIT2S 

4164 4 

56.78 
0.89 

18.79 

l. 19 

6.08 

0.19 

2.07 
6.42 

5. 47 
l. 81 
0.28 

0.95 

0.34 
0.38 

0.33 

34 

459 

118 

6 

31 

16 

19 
2 

0.074 
442 

32.74 

41688 

56.95 
0.90 

18.20 

1. 21 

5.15 
0.18 

2.55 

7 .. G2 
4.46 

1. 58 

0.21 

0. 8 2 

0.39 

0.42 

0.35 

36 

500 
14 0 

7 

30 

20 
25 

2 

0.072 

364 

25.23 

41636 

58.91 
0. 70 

18.41 
1.15 

5.88 

0.17 
2.32 

7.09 

3.77 

1.37 

0.22 

1. 51 

0.37 
0.41 

0.36 

31 

483 

127 

26 

13 
18 

1 

0.064 

367 

23.55 

LB 42 

56.29 

0.78 
lJl.ll 

1. 29 

6.58 
0.17 

3.07 
7.97 

4.04 

1. 45 

0.26 

0.99 

0.41 
0.45 

0.36 

31 
544 
129 

31 

17 
24 

2 

0.057 

388 

22.13 

LB 41 

58.30 

0.78 
17.64 

1. 12 

5.73 

0.17 
2.94 
7.47 

3.81 

1. 8 2 

0. 22 

0.88 

0.44 
0.48 

0.48 

36 

514 

116 
4 

21 

14 

37 
4 

0.070 

420 

29.4(1 

41675 

62.33 

0. 69 

17.12 

0.92 

4. 7l 

0.16 
l. 55 

6.11 
4.17 
l. 97 
0.27 

l. 07 

0.33 

0.37 

0.47 

45 
392 
182 

29 

16 
2 

0.115 

363 

41.72 

Rock 
LB29 

~ Notes:FeO arbitrarily calculated as 0.85 total Fe.Analyses normalised anhydrous,H2o·=pre-normalisation figure. 

localities and mineralogy given in appendix l.CIPW norms given in appendix 2. All rocks are andesites except 
and LB28 which are high-K,high-Sr andesites and 41675 which is a dacite. 



Table 3.17 EAST SUNDA ARC VOLCANIC ROCKS 

G.RINDJANI - LOMBOK ISLAND, HIGH K20 ANDESITES & DACITES 

Sarrole# LB 12 LB22 41672 LB 55 LB 69 LB 4 LB 3 41668 LB 2 41645 

Si02 59.50 59.24 59.99 61.15 61.82 61.92 61.69 62.15 62.63 62.83 

TiOz 0.60 0. 'i 3 0.90 0.63 0.71 0.56 0.86 0.61 0. 8 2 0.66 

A1 2o3 16.92 19.8 5 17.68 17.30 17.25 19.03 16.85 19.15 16.37 16.60 

Fe 7o 3 l. 0 5 0. 84 n. 93 0.87 0. 92 0.63 0.96 0.60 0.93 0.88 

FeO 5.35 4.30 4.74 4. 4 5 4.67 3.21 4. 8 8 3.08 4.73 4.49 

;-:no 0.24 0.17 0.18 0.26 0.19 0.09 0.17 0.10 0.16 O.H 
1-~qO 2.56 l. 33 2.13 2.12 l. 88 l. 4 0 l. 90 l. 66 l. 66 l. 57 

CaO 6. 79 5.97 4. 98 5.88 4.25 5.21 4.42 4.48 3.83 5.48 

Na 2o 3.91 4.73 4.74 4.50 4.91 4.36 4.82 4.44 4.86 4. 4 0 

K20 2. 8 0 2.83 3.37 2.59 3.00 3. 4 0 3.00 3.52 3.62 2.76 

P2o5 0.29 0.22 0.37 0.25 0.40 0.18 0.47 0.20 0.39 0.18 

H2 0+ 2.95 l. 0 0 1.30 0.77 0.35 o. 47 0.46 1.13 0.37 0.77 

Hg/Mg+Fe o. 4 2 0.32 0. 41 0.42 0.33 0.40 0.37 o. 45 0 .. 35 0.35 

Mg/Mg+.85 Fe 0.46 0.36 0. A4 0.46 0.42 0.44 0.41 0.49 0.38 0.38 

Kz0/Na2 0 0.72 0.60 0.71 0.58 0.61 0.78 0.62 0.79 0.74 0.63 

Trace elerrents (cpm) 

Rb 69 62 73 64 62 79 69 86 100 78 

Sr 612 743 397 453 403 443 405 386 308 388 

Zr 159 16 7 252 215 150 243 244 268 274 237 

Nb 9 8 8 6 
y 18 29 40 33 33 31 45 33 48 26 

La 

Sc 15 13 15 ll 11 8 19 9 18 12 

Cr 78 25 ll 42 38 31 27 13 18 24 

Ni 25 2 1 
, <1 1 1 <1 l <1 .1. 

Rb/Sr 0.113 0.083 0.184 0.141 0.154 0.178 0.170 0.223 0.325 0. 201 

K/Rb 3 37 379 383 336 402 357 361 340 301 294 

K/Sr 37.98 31.62 70.47 47.47 61.80 63.72 51.50 75.71 97. 58 59.06 ... 
Notes:FeO arbitrarily calculated as 0.85 total Fe.Ana1yses normalised anhydrous,H2o· =pre-normalisation 

figure.Rock localities and mineralogy given in appendixl. CIPW norms given in appendix 2. LB12 and LB22 are 

high-K,high-Sr andesites,41672,LB55,LB69,LB4,LE3 are high-K andesites and LB2 and 41645 are dacites. 



Sar.ole iJ 

Si02 

Ti02 

'\12°3 
Fe203 
FeO 

l"nO 

W;O 

CaO 

Na 2o 
K20 

P2o5 

H20+ 

Mg/Ng+Fe 

Mg/Mg+.85Fe 
K20!Na2o 

Table 3.18 

41691 

62.68 

0.58 

18.52 

0.61 

3.12 

0. l 0 

1. 4 7 

4.()6 

4.53 

3.52 

0.21 

0.56 

0. 4 2 
0.46 
0.78 

416 50 

63.58 
0.65 

17.96 

0. 71 

3.G3 
0. 14 

1. 21 

4.09 

4.57 

3.21 
0.24 

0.87 

0.34 

0.37 

0.70 

Trace elements (npm) 

Rb 

Sr 
Zr 
Nb 
y 

La 

Sc 
Cr 
Ni 
Rb/Sr 
K/Rb 
K/Sr 

87 

396 

248 

35 

11 

23 
1 
0.220 

336 

73.80 

85 

358 

250 

9 

36 

10 
15 

<l 
0.237 

314 

74.44 

EAST SUNDA ARC VOLCANIC ROCKS 

c; • RI N DJ AN I 

LB 60 

64.10 

0.63 

l6.95 

0.70 

3.59 

0.14 

1. 77 
3.88 

4.41 

3.55 
0. 27 

1. 3 5 

0.43 

0.47 

0.80 

79 

353 
237 

29 

12 

16 

1 
0.224 

373 

8 3.4 9 

LB 48 

63.63 
0.57 

18.36 

0.59 

3.00 

0.10 

l. 34 
4.49 

4.24 

3.48 

0.20 

0.55 

0.40 

0.44 

0.82 

95 

386 

253 

10 

44 

11 
15 
<1 

0.246 

304 

74.8 5 

LO~EOK ISLAND, Dl\C ITES 

LB 43 

65.67 
0.62 

16.45 

0.62 

3.15 
0.13 

l. 42 

2.96 

4.71 

4.03 

0.24 

1.06 

0.41 

0.45 

0.86 

74 

305 

253 

48 

9 
15 

<l 
0.243 

452 

109.70 

LB 49 

65.11 
0.63 

16.84 

0.62 

3.15 

0.12 

1. 41 

3.03 
4.99 

3.84 

0. 26 

0.36 

0.40 
0. 44 

0. 77 

99 

344 
266 

12 

40 

20 

41677 

64.93 

0.65 
16.66 

0.65 

3.33 

0.11 
l. 57 
3.09 

5.11 
3.66 

0.22 

1.05 

0.42 
0.46 

o. 72 

91 

297 

268 

9 

37 

11 
18 10 

<1 <1 
0.288 0.306 

322 334 

92.67 102.31 

Notes: FeO arbitrarily calculated as 0.85 total Fe.Analyses 
~ 

normalised anhydrous,H20'= pre-normalisation figure.Rock localities 

a~d mineralogy given in appendix l.CIPW norms given in appendix 2. 

All rocks are dacites. 

41671 

65.58 
o. 6 5 

16.65 
0.64 

3.28 
0. 13 

Ll2 
3.09 
4. 95 

3.67 

0.22 

1. 04 

0.34 

0.38 

0.74 

98 
293 

264 

ll 
41 

2 5. 9 

8 

29 

<l 
0.334 

311 

103.99 

41638 

66.72 

0. 63 

16. 21 

0.54 

2.77 

0.11 
o. 96 

2.78 

4.99 

4.13 

0.16 

1.37 

0.34 

0.38 

O.'i3 

102 

71 

316 

14 

39 

12 

1 

1.437 

3 36 

482.92 

41641 

66.22 
0.56 

16.86 

0.53 

2. 69 

0.10 

1.14 

2.52 

4.96 

4. 26 

0.15 

1.07 

0.39 
0.43 

0.86 

113 

216 

310 

10 

40 

8 
12 

2 

0.523 

313 

163.73 

41664 

67.60 
0.57 

16.01 

0.50 

2.53 

0 .ll 

l. 04 

2.36 

5.06 

4.07 

0.15 

0.69 

0.38 

0.42 

0.80 

109 
269 

326 

13 
40 

8 
10 

<1 
0.405 

310 

125.61 

41639 

68 .13 

0.59 

15.82 

0.49 
2.51 

0.10 

0.70 
2.37 

4.96 

4. 20 

0.13 

0.57 

0.30 

0. 3 3 

0.85 

108 

215 

307 

l3 

37 

7 

l3 

<1 
0. 502 

323 

162.18 



Table 3.19 

Sample No. 

lava 2 

Si02 

Al 203 

Fe203 

FeO 

MgO 

CaO 

Na 20 

K20 

Ti02 

P205 

MnO 

Total 

Mg/f~g+rFe 

K20/Na 20 

Q 

c 

or 

ab 

an 

ne 

di 

by 

ol · 

mt 

i1 

ap 

Electron Microprobe Analyses of Interstitial 

Glasses from Rindjani Andesites and Dacites 

----- ····--------------·--·-------
41641 

D 

70.85 

15.62 

0.21 

1.08 

0.52 

1.01 

4.49 

5.89 

0.31 

nd 

99.98 

0.422 

1. 31 

18.66 

0.02 

. 34.81 

37.99 

5.01 

2.59 

0.30 

0.59 

41650 

D 

68.29 

18.39 

0.35 

1. 78 

0.49 

3.48 

3.73 

3.17 

0.26 

nd 

0.08 

41644 

A 

68.28 

14.78 

0.73 

3.71 

0.97 

1.44 

5.80 

3.43 

0.93 

nd 

100.02 100.07 

0.294 

0.85 

25.04 

2.50 

18.73 

31.56 

17.26 

3.92 

0.51 

0.49 

0.283 

0.59 

15.39 

20.27 

49.07 

4.17 

2.51 

5.82 

1.06 

1.77 

41647 

A 

70.25 

15.22 

0.58 

2.94 

0.34 

2.82 

3.99 

3.26 

0.55 

nd 

0.09 

100. 04 

0.149 

0.82 

26.11 

19.26 

33.76 

13.99 

5.03 

0.84 

1. 04 

41647 1 

A 

69.14 

13.82 

0.73 

3.70 

0.83 

1. 33 

4.67 

5.14 

0.70 

nd 

100.06 

0.254 

1.10 

17.00 

30.32 

39.52 

1. 57 

4.28 

4.92 

1.06 

1. 33 

Notes: 41641 average of five analyses 
41644 average of five analyses 

Glass inclusion in clinopyroxene phenocryst in lava 41647. 

Abbreviations: D- dacite, nd- not determined, A- andesite, 
Fe 2+ = 0.85 EFe. 
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Chapter 4. 

PETROLOGY OF VOLCANIC ROCK8 AND INTRUSIVES PROM 

G. TAM~ORA/P. !_ S!J:TQNDA 

4.1 In-troducUon. 

49. 

Tambora is an active volcano on Sumbawa island (see figure 4.1). It 

is a very large stratovolcano that forms most of the Sanggar peninsula of 

north central Sumbawa. The volcano erupted with extreme violence in 1815, 

possibly following a long dormant period (perhaps of the order of several 

hundred years), forming a caldera 6 km in diameter and nearly 1 km in depth. 

Petroeschevsky (1949) gave brief petrographic descriptions of a number of 

lavas collected during his ascent of Tambora in 1947. In these he refers to 

olivine basalts, leucite tephrites and leucite basanites, as well as glassy 

lava bombs. 

All rocks of the Tambora suite are ne-normative and are relatively 

potassium-rich, with K20/Na2o ratios in the range 0.6-1.0. Using the 

nomenclature of Johnson et al. (1976), the Tambora lavas are potassic 

ne-trachybasalts and potassic ne-trachyandesites. They fall within the 

general field of volcanic rocks of the shoshonite-banakite association as 

defined by Joplin (1968). 

In general, the Tambora lavas are intermediate in character between the 

high-Al basalt-andesite suite from Rindjani volcano and the highly under-

saturated, very potassium-rich, leucite-rich lavas from G. Soromundi and G. 

Sangenges. They are distinguished from the G. Soromundi and G. Sangenges 

lavas by having less normative ne and no normative Zc and by the occurrence 

of modal leucite only rarely in the groundmass. They are d·istinguished frorn 

the Rindjani calcalkaline lavas by the ne-normative character of the lavas 

with intermediate silica content (up to 57% Si0 2). Petrographically this is 

manifested in the absence of orthopyroxene from the Tambora trachyandesites 

and in the occurrence of olivine as both phenocrysts and groundmass grains. 

l. P. Pulau, Indonesian for island. 



50. 

Modal analyses of representative rocks from the Tambora suite are given 

in table 4.5 mdwhole-rock, major- and trace-element analyses are presented in 

tables 4.1-4.4. 

There is a tendency for lavas with otherwise similar chemical compositions 

to have different textural and mineralogical characteristics. For instance 

amongst the ne-trachyandesite group (~banakites), lavas T20 and T25 are 

holocrystalline, porphyritic lavas, with medium-gra·ined groundrnass, while 

T43, T41, T32 and a number of others, although near-identical in chemical 

composition (tables 4.3-4.4), are largely glassy with only 5-10% phenocrysts. 

Similarly, the lavas with <53% Si02 encompass varieties such as T9 (modal 

analysis, table,4.5, chemical analysis , table 4.2) with rare phenocrysts 

and very finely grained groundmass 'and range through more porphyritic types 

to highly porphyritic 1 a vas with quite coarsely cr·ysta 11 i ne groundmass such 

as T30 (tables 4.2 & 4.5). 

Leucite has crystallised in the relatively coarse groundmass of lavas 

such as T30 and T20. These features tend to suggest that the mineralogy of 

the erupted volcanic rocks is at least in part a function only of their 

high-level cooling history. 

This study indicates that although some of the lavas contain abundant 

groundmass leucite they are unlike the leucite-bearing lavas from Soromundi 

and G. Sangenges (discussed elsewhere in this thesis), or those of Bata Tara 

(an isolated volcano in the Banda Sea, discussed by Brouwer (1939)) or Muriah 

in Java (Nicholls and Whitford, 1976). The latter group is more undersaturatec 

has leucite ·in the norm, may have leucite phenocrysts and is often more mafic. 

4. 2 Petr_9gr>czp}JJL.2...f potassic ne-·trach:Jibasalts (<53% SiO 
2
J 

Perhaps the most notable petrographic distinction, within the Tambora 

lava group, is the occurrence of olivine, both as a phenocryst and groundmass 

phase in those lavas with <53% Si02 and its general absence in those with 

>53% Si0 2, where phenocrysts of biotite occur. 



·Table l,. 1 

Sawole# 

Si02 
·rio2 
Al 2o3 
Fe 2o3 
t'eO 

MnO 

MgO 

CaO 

Nu 2o 
K20 

P20s 

Mg/HgtFe 
Hg/Hg+.85Fe 
Kz0/Na 2o 

PS8 

49.21 
0. 98 

17.07 

l. 58 

8.06 
0.18 
6. 8 8 

10.65 
3. 2 ~) 

1.7B 

0.35 

l. 20 

0.56 

O.GO 
o. 55 

Trace elewents (oo~ 
Rb 39 
Sr 
Zr 
Nb 
y 

La 
Sc 
Cr 

Ni 
Rb/Sr 
K/Rb 

K/Sr 

842 

32 

3 
22 

33 

84 

27 

o. 04 6 
379 

17.55 

PS2 

49.31 
o. 98 

l 7. 58 

1. 62 
8. 28 

o. 20 

5.82 

9.84 

3. 67 
2.22 

0.47 

0.75 

0.52 
0,56 
0.60 

63 
94 8 

94 

3 

19 

23 

56 

16 

0.066 
293 

19.4 4 

EAS1' SUNDA ARC VOLCANIC ROCKS 

SATONDA ISLAND - SUMBAWA, TRACHYBASALTS 

PS4 

49.39 

l. 00 

17.89 

l. 62 

8.24 

0.19 
5.58 
9.81 
3. 4 0 
2.42 

0.46 

0.56 

0.51 
0.55 

o. 71 

59 

981 
81 

1 
24 

26 
54 

26 
0.060 

341 

20.4 8 

PS7 

4 9. 4 4 

1. 01 
17.94 
l. 6 4 

8.34 

0.19 
5.57 
9.G9 

3.11 
2.57 

0.50 

1.07 

0. r,o 
0. 54 

0. 8 3 

6~ 

1000 
75 

3 

24 

29 
77 
2fl 

0.064 

333 

21. 34 

PS3 

4 9. 48 
0.99 

17.56 
l. 65 

8.43 

0.20 

5.13 

9. 8 2 

3.90 

2.35 

0.49 

0.66 

0.48 
0.52 
0.60 

58 
918 
102 

26 

20 

54 

19 
0.063 

3 36 

21. 2 5 

Notes:FeO arbitrarily calculated as 0.85 total Fe. 
Analyses normalised anhydrous,E2o+ "pre-normalisation figure. 
Rock localities are given in appendix l,together with 

mineralogy.CIPI'' norms arc given i.n appendix 2.A11 samples 
are !:l~:·trachybasalts. 



Table 4. 2 

Sarrole~ 

Si02 
Ti02 

!11203 

Fe 2o3 
feO 

~,r;O 

t-1a0 

CaO 

Na 2o 
K20 

P205 

H ... O+ 
"' 

Mg/Mg+Fe 
l1g/l1g+. 85Fe 

K20/Na2o 

Tl2 

48.26 

0.97 

17.95 
l. 69 

8.60 
0.21 

5.27 
10.46 

3.SO 

2.57 
0.42 

1.02 

0.48 
0.52 
n.76 

Trace ele~ents (ovm) 

Rb 
Sr 

Zr 

Nb 
y 

La 
Sc 

Cr: 

Ni 

77 
1192 

120 

18 

23 
33 

55 
ll 

Tl7 

48.78 
0. 96 

17.93 
l. 66 
8.47 

0. 21 

5.56 

10.44 
3.14 
2.47 

0 .. 38 

1.07 

0. 50 

0.54 
0.79 

189 

1113 
94 

3 

24 

23 
30 
49 
20 

T9 

48.8 5 
0.99 

18.44 
l. 67 
8.49 
0.24 

4.47 

10.06 

3.44 

2.89 
0.46 

LOS 

0.44 

0.48 
0.84 

93 

1323 

92 

30 

22 
31 

7 

EI'.ST SUNDA ARC VOLCANIC ROCKS 

T.l\MEORA 

T8 

49.21 
0. 91 

17.27 
1. 62 
8.27 
0.20 

5. 7l 
10.50 
4.10 

l. 71 
0.49 

1 .. 37 

0.51 
0.55 
0.42 

35 

1228 
O' 
~-~. 

4 

23 

25 

56 
22 

SU!'IBA\·iA ISLAND 

T2l 

49.22 

0. 93 . 

17.65 
l. 62 
8.25 
0.20 
5.40 

9.67 
3. 72 

2.92 
0.42 

1 .. 20 

0.50 
0.54 
0.78 

75 
1018 

115 

3 

28 

22 
57 
14 

T2 

4S .. 83 

0.92 
18.03 
l. 5!. 

7.23 
0 .. 20 

4. 95 

9. 26 
3.94 

3.10 
0.39 

0.97 

0.49 
0. 53 

0.79 

73 
1020 

95 

2 

26 

21 
55 
11 

TlB 

49.87 
0.90 

18.21 
... 1. 51 

7.71 
0.21 
4.G2 
9. 26 
4. 25 
3.06 
0.40 

0.61 

0.48 
0.52 
o. 72 

79 
104 8 

84 

24 

21 
53 

9 

T3 

50.74 
0 .. 92 

17.59 
l. 60 

8. 16 
0.18 

4.79 

9.15 
3.55 
2.94 

0.37 

1. 20 

0.47 
!).')l 

o. 8 3 

69 
94 9 

93 

35 

24 

45 
16 

T30 

51.39 

0.68 
20.56 
1. 09 

5.54 
!1 .. 15 

3 .. 25 

8.89 
4.42 

3.56 
0 .. 49 

0.66 

0.47 
0.'))_ 

0.81 

97 

1352 

89 

3 

12 

13 
66 
12 

Tl3 

51.49 
0.87 

17.15 
l. 50 
7.67 
0.18 
4.65 

9.04 

4.16 

2.89 
0.40 

0.59 

0.48 
ll.S?. 

0.69 

86 

981 
100 

25 

23 
40 

15 

Rh/Sr 

K/Rb 

0.065 0.170 0.070 0.029 0.074 0.072 0.075 0.073 0.072 0.088 
288 108 • 258 406 323 353 322 354 305 279 

K/Sr 18.60 18.42 18.14 11.56 23.81 25.23 24.24 25.72 21.8G 24.46 
Notes:FeO arbitrarily calculated as 0.85 total Fe.Analyses are normalised anhydrous,H2o+=pre-normalised 

value.Rock localities and mineralogy are given in appendix l.CIPW norms given in appendix 2. 
All samples are ne-trachybasalts. 



Table 4.3 EAST SUND!' ARC VOLCANIC ROCKS 

Tl\P'BORA - SUMEA~·lA ISLA!~D 

Sa;rn1e# T5 T26 TlO T27 T36 T32 T31 

Si02 51.48 52.19 53.33 54.72 54.8 5 55.09 54.92 
Ti0 2 0 .. 66 0.67 0.64 0.57 0.66 0.69 0.68 
Td 2o 3 21. l 0 20.rJ9 20.26 19.68 19.99 19.66 19.74 
Fc 2o 3 l. 0 5 1.16 l.Ol 1.0 3 0.99 0.99 1.00 
FeO 5. 3 5 5.90 5.15 5. 27 5.05 5.07 5.09 

i·~no 0.14 0.15 0.15 0.18 0.19 0. 18 0.18 
~ioO 3.27 3.00 2.76 2.48 2.25 2. 71 2.65 

CaO 8.47 8.22 6.72 5. 71 5.37 5.47 5.30 
N2: 2 o 4.32 4.20 5. 0 0 4.87 5.04 4.56 4.79 
K20 3.68 3. 96 4.47 4.91 5.04 5.03 5.12 

P205 0.47 0.44 0.52 0.57 0.57 0.54 0.53 

B20+ 0.89 0.55 0.69 0.74 0.70 0.80 1.05 

Mg/Mg+Fe 0.48 0.44 0.45 0.42 0. 40 0.45 0.44 

Hg/Mg+. 85Fe 0.52 0.48 0.49 0. 46 0. 4 4 0.49 0.48 

K20/Na2o 0.85 0. 94 0.89 l. 01 1.00 1.10 1.07 

Trace e1e~ents (PP~ 

Pb 90 107 121 129 137 132 153 
Sr 1335 1170 1166 1029 1012 1036 980 
Zr 83 113 167 152 137 145 146 
t;b 4 4 6 5 6 8 8 
y 13 28 27 20 28 26 29 
La 34 
Sc 13 16 10 10 10 10 9 
Cr 46 32 26 45 40 34 20 
Ni 9 9 3 1 <1 3 <1 
Rb/Sr 0.067 0.091 0.104 0.125 0.135 0.127 0.156 
K/Rb 3 39 307 307 316 305 316 278 
K/Sr 22.88 28.10 31.83 39.61 41.3 5 40.31 43.37 

Notes: FeO arbitrarily calculated as 0.85 total Fe.Analyses 
+ 

normalised anhydrous ,H2o· =pre-normalisation figure.Rock localities are given 

in. appendix 1 together with mineralogy.CIPH norms are given in appendix2. 

Samples TlO to T31 are ne-trachyandesites,TS and T26 are ne-trachybasalts. 



Table 4.4 

Sarrnle~ 

Sio2 
'i'i02 

i\1203 

Fe 2o3 
FeO 

;t;nO 

z.",qQ 

CoO 
Na 2 o 
K20 

P20s 

n~o+ 
.(. 

Mg/Mg+Fe 

Mg/Hg+. 85Fe 

K2 0/Na20 

Tll 

54.41 
0.59 

20.40 

0.95 

4.83 

0.16 

2. c 1 

6.15 

5.09 

4.91 

0. 50 

0.59 

0.39 
0.43 

0.96 

Trace elerrents (pow) 

Rh 

Sr 
Zr 
Nb 
y 

La 
Sc 

Cr 
Ni 
Rb/Sr 

K/Rb 

K/Sr 

132 

1112 
144 

8 

14 

11 
25 

3 

0.119 

309 

36.66 

!:.P.ST SUNDA ARC VOLCP.-I-riC A:H) I~.;;TRUSIVE ROCKS 

TMlBORA TRAC?.Yl;?:<DESITES AND INTRUSIVE XENOLITHS 

T25 

55.34 

0.65 

19. 93 

0. 98 

4. 98 

O.l'l 

2.16 
5.15 
4. 73 

5.30 

0.52 

0.76 

0.40 
0. 44 

1.12 

T23 

55.17 

0.67 

19.78 

0.98 
5. 01 

0.18 
2.50 
5.42 

4.66 
5.08 

0.55 

0.79 

0.43 

0.47 

l. 09 

139 117 

982 1012 

139 137 

6 8 

29 17 

11 10 
22 43 

<1 1 
0.142 0.116 

317 360 

44.81 41.67 

T43 

56.11 
0.51 

19.90 
0.89 
4.55 
0.18 

2. 20 

4.62 

5. 0 5 
5.39 

0.49 

0. 76 

0. 4 2 

0.46 

l. 07 

130 

930 

143 

9 

18 

16 
22 
<1 
0.140 

344 

48.12 

T29 

56.40 
0.60 

19.88 
0.89 
4.52 
0.19 

l. 97 
4.48 

5.54 

5.09 

0.46 

0.71 

0. 4 0 

0.44 

0.92 

137 

916 
197 

28 

19 
19 
<1 
0.150 

308 
46.13 

T41 

56.0 4 

0.61 

19.71 
0.91 
4. 63 

0.19 
2.05 
4.57 
5.25 
5.54 

0.49 

0.60 

0.40 

0.44 

1.05 

140 

945 

150 

8 

25 

8 

42 

1 

0.148 
32 9 

48.57 

T20 

56.10 

0.61 
19.49 

0.88 

4.47 
0.18 

l.8 5 
4.50 

5.79 
5.69 
0.45 

0.54 

0.39 
0.42 

0.98 

142 
923 

194 

8 

25 

38.7 
8 

21 

1 

0.154 

333 

51.18 

T28 

48.51 
l. 04 

17.57 
l. 70 

8.63 
0.21 
5. 8 2 

10.33 

3.33 
2. 58 

0.33 

l. 73 

0.51 
0.55 

0.77 

T33 

49.17 
1.16 

14.63 

2.08 

10.61 
0.23 

6.55 

11.35 
2.32 
l. 55 
0.35 

2.00 

0. 48 

0.52 
0.67 

T4 

50.03 
0.38 

18.93 

l. 43 

7.28 

0.19 

4.52 

9.50 

3.51 

3.27 
0.48 

0.74 

0.48 

0.53 

0.93 

59 33 89 

991 1023 1204 

94 57 89 
4 l 4 

26 18 17 

22 32 41 
43 55 67 

14 19 7 

0.060 0.032 0.074 
363 390 305 

21.61 12.58 22.55 

Notes: FeO arbitrarily calculated as 0.85 total Fe.Analyses quoted normalised anhydrous.H2o+= 
pre-normalisation figure. Rock localities and mineralogy given in appendix l. CIPH norms given in appendix 2. 

San1ples Tll,T25,T23,T43,T29,T4l and T20 are ne-trachyandesites ("banakites").T28,T33 and T4 are intrusive 

rocks erupted as fragments in tephra.They are alkali gabbros ("shonkinites"). 



Table 4.5 Tambora, Lavas and Intrusives: Modal Compositions 

A. LAVAS 
Sample No. Cpx 01 Biot Ti-~lag Plag Apat Groundmass 

PS8 11 4.3 0.2 3 24.5 57 
T17 7.3 2.0 1.7 14.5 74.5 
T2 10.5 2 2 20 tr 65.5 
T13 10.2 3.5 0.5 4.2 44 0.4 37.5 
T9 0.8 0.6 0.7 4.8 93.0 
T5 2.5 0.8 0.2 38.5 58 
T30 6 1.2 0.15 0.5 38 0.15 54 
T32 3 2 1.6 12 0.4 
T20 2 0.9 7 0.1 90 

notes: Groundmass = plagioclase + sanidine ± Leucite + clinopyroxene ± olivine 

B. 

+ magnatite + apatite ± biotite 

INTRUSIVE XENOLITHS 

Sa:nple No. Cpx 01 Biot Ti-Mag Plag K-spar Apat 

T28 20.1 6.4 1.3 4 43 24 
T4 10.6 6.5 5.7 3.6 52 20.4 
Tc 5.5 6.6 7.2 39 40.5 

Rock types: PS8, Tl7, T2, Tl3, T9, T5, T30 = potassicne-trachybasalts 
("shoshonites") 
T32, T20 = potassic ne-trachyandesites ("banakites") 
T28, T4, T6 = shonkinites (alkali gabbros) 

Glass 

81 

Neph 

tr 
tr 
tr 



51. 

Lavas with <53% s;o2 are holocrystalline, (7-70% phenocrysts, table 4.5). 

Texturally they are very like the basaltic andesites from Rindjani (chapter 3) 

Similarly, the composition and relative proportions of phenocl~yst phases of 

Rindjani basaltic andesites and Tambora trachybasalts/-trachyandesites with 

. <53% s;o2, resemble each other (compare Tambora trachybasalt T2 in tables 4.2 

and 4.5 with Rindjani basaltic andesite 41637, tables 3.4 and 3.8). 

The Tambora series of lavas in general is distinguished from the 

Rindjani calcalkaline group particularly by the ubiquitous occurrence of 

groundmass K-feldspar, rimming of plagioclase by K-feldspar and by the 

occasional appearance of leucite. 

Tambora layas with <53% Si0 2 are composed of phenocrysts of plagioclase, 

cpx, olivine and titan magnetite, with occasional microphenocrysts of apatite 

and biotite. Typically, the groundmasses are composed of laths of plagioclase 

and sanidine and granules of cpx, olivine and magnetite. Apatit~ is a common 

groundmass phase and also occurs as small phenocrysts. Leucite is an occasion 

groundmass phase. 

Like the R i ndjan i basalts and andesites, the Tambora trachybasa lts corrm1on 

contain very anorthite-rich plagioclase ("'An 90) (figure 4.2, table 4.6). 

Similarly, individual plagioclase phenocrysts from the same lava may show 

large variat·ions in core composition (from An85-An50). Very calcic 
' 

plagioclase is often corroded or si~ved and may contain inclusions of glass 

or clinopyroxene. 

Plagioclase phenocrysts may show osc"i"lliatory zoning and are frequently 

rimmed with a clear zone ranging ·in composition from andesine to potassic 

oligoclase compos·ition. Sieved, or inclusion-rich areas of a grain are 

common·ly restricted to specific zones so that plagioclase phenocrysts may 

have a clear, relatively unzoned calcic core, a band rich in corrosion 

channels, with inclusions of glass and pyroxene and then a finely zoned, 

relat·ively sod·ic, c·lear, rim. Such plagioclase textures are of course very 

characteristic of many convergent-plate volcanic suites (e.g. Ewart, 1976). 



Figure 4.2 

I 
I 

I 

>'f-1;:,----------· -·- - -==-==--==·-=-·==---=-~-

Plagioclase-alkali feldspar variation in Tambora lavas and intrusive rocks. 
Filled circles a~e phenocrysts from the lavas - cores-C,rims-R,open circles are 
groundmass plagioclase and alkali feldspar.Coexisting groundmass plag. and alkali 
feldspar are connected by tie-lines.Stars denote feldspar from alkali gabbro 128 
Tie-line connects plagioclase rim composition with interstitial K-feldspar.The 
dashed line represents the approximate compositional variation of the feldspars of the 
intrusive rock,these showing markedly less ternary solid solution than those of the lavas. 



Table 4.6 

Ana 1 ys is No. 

Sarr.ple No. 

Si02 

Al 2o3 

FeO 

MgO 

CaO 

Na 2o 
K20 

Ti02 

Tota 1 

Si 

Al 

Fe 

Hg 

Ca 

Na 

K 

Ti 

Tota 1 

An 

mol.% Ab 

Or 

T13 

MP 

51.4 

30.1 

0.4 

2 

T13 

p 

~;o. 7 

30.6 

0.5 

12.3 12.9 

4.6 ' 4.3 

0.8 o. 7 

0.15 0.13 

B.?_p_r:_es en t a_!_~!\~~_e_Lo_f_ Fe 1 ds pa l's___from 

Iarnbor~avas and Intrusives 

3 

Tl3 

P-C 

51.8 

29.7 

0.7 

11.7 

5.7 

0.4 

4 

117 

P-C 

47.4 

33.1 

0.6 

16.8 

1.5 

0.2 

0.1 

5 

Tl7 

P-R 

47.7 

32.8 

0.6 

16.8 

1.7 

0.2 

6 

T30 

p 

47.5 

34.1 

0.5 

7 

T32 

p 

48.7 

32.4 

0.6 

16.5 14.6 

1.0 3.1 

0.14 0.4 

0.13 

8 

T30 

G-AF 

63.0 

21.7 

0.2 

2.1 

5.7 

7.0 

0.2 

9 

T30 

G-AF 

61.8 

20.2 

0.4 

1.9 

5.1 

7.0 

0.4 

99.75 99.83 100.0 99.7 99.8 

0.13 

99.8 99.93 99.9 96.8 

Number of Ions on the basis of 8 oxygens: 

10 

T28* 

P-C 

50.1 

31.1 

0.5 

0.2 

14.2 

3. 1 

0.25 

99.5 

11 

T28* 

P-R 

62.9 

21. 1 

0. 33 

4.9 

8.9 

1.7 

99.8 

12 

T28* 

G-Jl.F 

63.5 

20.1 

0.9 

3.8 

10.0 

0.3 

98.6 

13 

T28* 

G--1\F 

63.5 

19. 1 

0.3 

l.t. 

14. s 

2.351 2.320 2.369 2.180 2.195 2.172 2.234 2.845 2.878 2.300 2.821 2.920 2.9~~ 

1.621 1.651 1.597 1.794 1.780 1.838 1.751 1.154 1.109 1.684 1.116 1.091 l.O~: 

0.016 0.019 0.027 0.024 0.024 0.020 0.023 0.009 0.014 0.021 0.012 

0.014 

0.603 0.635 0.574 0.829 0.826 0.811 0.716 0.102 0.096 0.696 0.236 0.046 0. 2:: 

0.411 o.382 o.so3 0.139 0.153 o.086 0.212 o.503 0.461 0.272 0.773 0.334 o.::~ 

0.049 0.039 0.024 0.013 0.009 0.008 0.023 0.403 0.414 0.015 0.097 0.586 0.3:' 

0.005 0.004 0.004 0.005 0.005 0.007 0.013 0.009 

5.056 5.050 5.094 4.983 4.987 4.940 5.024 5.023 4.990 5.002 5.056 4.986 s.oz: 

56.72 60.16 52.15 84.42 83.62 89.55 70.79 10.14 9.91 70.80 21.3 4.8 1.3 

38.66 36.17 45.68 14.21 15.45 9.52 26.91 49.87 47.46 27.6 69.9 34.6 12.~ 

4.63 3.67 2.17 1.37 0.93 0.93 2.3 39.99 42.63 1.5 8.8 60.6 86.5 

Notes: Abbreviations: t1P .. rnicrophenocryst, P- phenocryst, C- core, R - rim, 

G - groundmass, AF- alkali feldspar 

Ana lyses 1-0 from Tarrbora 1 a vas. 

*Denotes feldspar from intrusive (T28). 



52. 

Groundmass feldspars are plagioclase of labradorite to andesine 

compositions (ca. An40-An59) and sanidine (AnlO Ab50 Or40 - AnlO Ab47 Or43) 

(figure 4.2). 

Cl i nopy7xene is the most abundant ferroma gnes ian mi nera 1 and though it 

exhibits some optical zonation actual compositional variations are relatively 
~~· 

small (figure 4.3). Analysed examples range from Ca-rich augite to salite 

(Ca46 Mg41 Fe13, Mg/Mg+Fe = 0.76- Ca46 Mg39 Fel5, Mg/Mg+Fe = 0.72), with 

between 3 and 4 wt.% Al 2o3 and 0.7 and 1.0 wt.% Ti02 (table 4.7). They are 

qu"ite similar to the clinopyroxenes from the ne-normative, high-Al basalts 

from Rindjani and have markedly higher Ti and Al than cpx from Rindjani 

andesites. 

In the most mafic lavas cpx is the most abundant mafic mineral, accompani1 

by slightly less abundant olivine (e.g. PSB, T2, Tl7, tables 4.1 and 4.2 and 

4.5), though they differ from the Rindjani ankaramites, for instance, in 

that they contain relatively abundant plagioclase. 

In some of these lavas, particularly those of P. Satonda, the most mafic 

of the Tambora series, cpx occurs as tightly ·interlocking polycrystalline 

clots, occasionally including minor olivine and magnetite. Cpx also occurs 

in the groundmasses as fine granules. 

Olivine occurs as subhedral phenocrysts in all lavas with <53% Si02 and 

also in the groundmasses. Phenocryst compos-itions (figure 4.3 and table 4.8) 

range from Fo71 to Fo62, while groundmass olivine is more iron-rich (Fo40). 

Small olivine inclus·ions may occur ·in plagioclase or cpx phenocrysts. In a 

few ·instances olivine is replaced by carbonate (e.g. TB) or is iddingsitized 

(T3) or embayed and corroded (T3). 

Titanmagnetite ·is a minor phenocryst phase in most "lavas and may occur 

as euhedral or as embayed anhedral-grains. Compositional variation is 

limited (20-35 mol.% Usp table 4.9). 



Fe~ 

Figure 4.3 
Compositions of Tambora ferromagnesian minerals in terms of relative atomic 

proportions of Ca-,Mg- and Fe-end-members .. A =clinopyroxene and olivine of 
~-trachybasalt lavas,B=clinopyroxene and biotite of ne-trachyandesite T32,C= 

clinopyroxene,biotite (squares) and olivine from alkali gabbro T28.In A 

the open circle denotes a groundmass olivine. 



Table 4.7 

B_ep res e nj:a t i VL~_:'UJ'.s_~~-of 

.U.~IJ.QQXroxe!_l~~_Q111_ TarJb~~~_!::_~_v_il~~.s!__I nt rus i v~ 

Analysis No. 2 4 5 6 7 

Tl3 T13 T13 T30 T30 T28 T28 

P-C P-R p p G P-I P-I 

Si02 51.4 50.6 50.4 49.7 51.5 49.8 ·so .4 

A1 203 3.3 4.1 3.9 5.0 2.5 4.1 3.7 

FeO 8.1 8.4 8.9 9.5 9.3 8.6 9.3 

MgO 14.0 13.8 13.2 12.9 13.3 13.2 13.6 

CaD 21.9 22.0 22.0 21.5 22.1 22.3 22.0 

Na 2o 0.4 

K20 

Ti02 0.8 0.9 1.0 1.0 0.8 0.7 0.8 

MnO 0.25 0.5 0.2 0.2 

Total 99.75 99.80 99.90 99.80 99.7 99.10 99.8 

lOOMg/l~g+F e 75.62 74.64 72.66 70.89 71.84 73.3 72.2 

Number of Ions on the basis of 6 ox.vgens. 

Si 1. 909 1.884 1. 884 1. 858 1.925 1. 879 1.885 

Al 0.091 0.116 0.116 0' 142 0.075 0.121 0.115 

Al 0.054 0.063 0.054 0.080 0.036 0.060 0.046 

Fe 0.259 0. 260 0.277 0.296 0.292 0. 270 0.292 

Mg 0. 776 0. 766 0.737 0. 722 0. 744 0. 744 0. 759 

Ca 0.874 0.878 0.882 0. 863 0.885 0.902 0.883 

Na 0.028 

K 

Ti 0.021 0.025 0.028 0.027 0.023 0.020 0.023 

Mn 0.008 0.014 0.006 0.007 

z 2.000 2.000 2.000 2.000 2.000 2.000 2.000 

X+Y 1.985 1.992 1. 992 1.994 1.987 2.024 2.003 

Ca/Ca+l1g(mol.) 0. 530 0.534 0.545 0.544 0.543 0.548 0.538 

Ca 45.98 46.10 46.50 45.90 46.06 47.0 45.6 

mol.% ~1g 40.85 40.23 38.87 38.35 38.75 39.0 39.3 

Fe 13.17 13.67 14.63 15.75 15.19 14.0 15. 1 

Abbreviations: p - phenocr.vs t, R - rim, C - core 

G - groundmass, intrusive. 

Notes: Analyses 1-5 from Tarnbora lavas, 

6-7 from intrusive xenolith T28. 



53. 

The groundmass has an intersertal to trachytic texture, with occasional 

small glassy areas between laths of plagioclase and sanidine and granules 

of cpx, olivine, titan magnetite and needles of apatite. Leucite occurs 

as a groundmass phase in those lavas with more coarsely crystalline ground·

mass (e.g. T3, tables 4.2 and 4.5). In these it occurs as large (up to 1rrm), 

isotropic blobs containing numerous inclusions of microlites (plagioclase, 

cpx, sanidine, apatite). It lacks the characteristic twinning seen in the 

larger leucite phenocrysts and microphenocrysts in the leucite-normative 

lavas from Soromundi and G. Sangenges. 

In a number of lavas, clear intersertal leucite was the last phase to 

crystallize. In this situation it occurs as near-spherical, faceless grains 

with a glass-like appearance, occupying large areas of the grounclmass (e.g. T2 

These leucites appear to be stoichiometric, with very little substitutior 

of Fe 3:, unlike leucite described by Carmichael (1967) from the Leucite Hills 

locality in Wyoming. They are relatively CaO-rich, but are well within the 

range of leucite compositions of Deer et al. (1963, p.280). 

4. 3 Petrog:('a:phy_ of pota_ssic ne-trachy_andesites (>53% SiO 2J 

Lavas with >53% SW2 (banakites or potassic ne-trachyandesites), closely 

resemble Joplin's (1969) banakite definition. In particular they are commonly 

rich in biotite phenocrysts (e.g. T32 modal analysis table 4.5 whole-rock 

analysis table 4.3). They differ petrographically from the lavas with <53% 

Si02 in that olivine is generally absent and many (e.g. T32, T43, T29~ T41 

table 4.3~ 4.4) are g·Jass-rich, wHh <15% phenocrysts. This group was 

described by Petroeschevs ky (1949) as glassy lava-bombs. Many are scori aceous 

and appear to represent the products of the last eruption of Tambora (1815). 

The modal analysis of trachyandesite T32 given in table 4.2 is typ-ical of 

this group of lavas. T32 is composed of phenocrysts of cpx, plagioclase, 

sanidine, titan magnetite, biotite and occasional m·icro-phenocrysts of apah 

set in a matrix largely composed of brown glass (analysis given in table 4.10) 



Table 4.8 

.ii_~resentativ~!Jl!~f Olivine from 

Iamborn.l!l_yj_S and Intrusive Roi:~ 

Analysis No. 1 2 3 4 5 6 7 8 

Sample No. T13 T13 T17 T30 T30 T28 T28 T28 

p p p p G P-I P-I P-I 

Si02 35.6 36.6 36.5 36.3 32.9 35.2 35.0 35.1 

FeO 32.0 29.0 2.5. 6 26.2 43.8 38.4 39.6 39.2 

Mgp 30.2 32.7 36.0 35.7 20.1 25. 7 25.1 24.9 

CaD 0.5 0. 35 0.4 0.3 0.6 0.3 0.4 0.4 

Ti02 0.1 0.1 0.1 0.2 

r~no 1.4 1.1 1.2 1.1 2.4 1. 20 1.2 1.4 

Total 99.7 99.85 99.8 99.7 100.0 100.8 101.3 101.0 

Number of Ions on the Basis of 4 oxygens. 

Si 0.983 0.991 0.975 0.971 0.972 0.989 0.986 0. 989 

FeD 0. 738 0.655 0.571 0. 587 1. 083 0.905 0.933 0.925 

Mg 1.243 1. 319 1.431 1. 425 0.883 1. 078 1.055 1. 04 5 

Ca 0.014 0.010 0.012 0.009 0.017 0.010 0.011 0.012 

Ti 0.002 0.002 0.003 0.004 

11n 0.033 0.026 0.026 0.026 0.060 0.029 0.028 0.034 

Total 3.011 3.003 3.017 3. 021 3.019 3.010 3.014 3.005 

lOOMg /Mg+Fe 62.77 66.81 71.47 70.83 44.93 54.4 53. 1 53.0 

Abbreviations:· P- phenocryst; G - groundmass; I - intrusive 
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Clinopyroxene phenocrysts (table 4.7 and figure 4.3) are salites orCa-rich 

augites identical to those of the less silica-rich lavas, showing rather 

limited compositional variety (Ca47 Mg40 Fe13, Mg/Mg+Fe = 0. 75 - Ca51 Mg35 

Fe14, Mg/Mg+Fe = 0. 72). Plagioclase phenocrysts range from labradorite to 

bytownite (An70-An84) and are also similar to those of the more mafic lavas 

of this suite. They may be zoned and/or corroded or sieved, often with 

clear outer zones and with K-feldspar rims. Sanidine occurs as clear, 

untwinned, tabular grains with a composition An9 Ab50 Or41 (table 4.6, 

figure 4.2). Biotite analyses are given in table 4.11. They show very 

limited variation and their ~1g/Mg+L:Fe va·lues range from 0'.70 to 0.72. They 

contain quite ~ubstantial amounts of Ti02 (ca. 6.50 wt.%). Titan magnetite 

has a composition of about 22 mol.% Usp., again rather similar to that of 

the lavas with <53% Si02. 

Holocrystalline lavas, compositiona"lly identical to the glassy-trachy

andesites also occur (for example T20; see modal analysis in table 4.5 and 

whole rock analysis in tab.le 4.4). These are porphyritic lavas with pheno

crysts of augite, pl agi ocl ase ( 1 abradorite-bytowni te) and titan magnetite, 

with occasional microphenocrysts of apat·ite and flakes of biotite. Their 

groundmass is composed of euhedral, coarsely crysta"ll i ne, andesine and 

sanidine, with minor augite, magnetite, apatite needles and abundant leucite 

as clear, glassy interstial material and round ocelli, rich in inclusions 

of other groundmass minerals. 

4.4 Intrusive Rocks. 

Unlike the xenoliths from Sangeang Api, Soromundi and G. Sangenges, 

which appear at least in part to be of cumulate origin, and do not resemble 

their associated lavas in bulk composition, these from Tambora (samples T28, 

T33, T4 and T6 see table 4.5 for representative modal analyses and table 4.4 
{'O t tc 

f for whole-rock geochemical data) have compositions not unlike those of the 
~ 



Table 4.9 

~r:~sentative Analzses of 

t!M_~_0_t e f ro_fll_] ar;;b o lJl._L_a_\'9_?_ an _cU_ n t ru s ~f:! __ B__()_<:~..?._ 

Analysis No. 2 3 4 5 

Sar.1ple No. Tl3 Tl3 T17 T30 T28 

p p p p 

Si02 
A1 2o3 5.3 3.1 6.6 4.4 5.6 

FeO 37.1 40.8 31.2 41.7 40.2 

Fe2o3 44.1 42.2 49.9 40.6 41.6 

MgO 1.6 0.9 4.9 0.5 0.7 

CaO 

cr2o3 0.2 0.5 

MnO 0.5 0.6 0.4 0.6 

Ti02 9.2 12.0 7.0 11.8 10.7 

Total 98.0 99.6 99.6 99.4 99.4 

Number of cations based 32 oxygens 

Si 0 

Al 1. 867 1.091 2.224 1. 538 1. 953 

Fi+ 9.274 10.192 7.460 10.3 9.949 

Fe3+ 9.909 9.475 10.725 9.051 9.256 

Mg 0. 713 0.401 2.088 0.221 0. 309 

Ca 

Cr 0.047 0.117 

Mn 0.126 0.152 0.100 0.150 

Ti 2.068 2. 700 1.505 2.632 2.332 

Total 24.00 24.00 24.00 24.00 24.00 

Mol.% U.spinel 26.98 34.33 19.66 34.08 31.00 

Abbreviations: p - phenocryst; I - intrusive. 



Table 4.10 

Representative ~icroprobe Analysis 

of Glass from Tamb9_r~_-_Tracbyandesite_D2 

Analysis C.I.PJL Norm. 

Si02 56.2 An 4.0 

Al 2o3 19.4 Ab 17.3 

Fe 0 * 2 3 1.8 Or 41.4 

FeO , 3.0 Di 14.5 

MgO 0.8 Wo 0.4 

CaD 4.8 Ne 19.4 

Na 2o 6.3 Mt 1.1 

K2o 7.0 Tl 1.5 

Ti02 0.8 

Total 100.1 Qt3 33.0 

Ne 36.9 
100t~g/Ma+Fe 23.2 

Ks 30.1 
K20/Na 2D 1.11 

Notes: Analysis by electron microprobe, Fe 

determined as FeD and arbitrarily recast to 

FeD .65 ~Fe, Fe2D3 .35 ~Fe for purposes of 

norm'calculation. 



Table 4.11 

Analysis No. 

Sample No. 

MgO 

CaO 

Total 

Si 

A1 

Fe 

t1g 

Ca 

Na 

K 

Mn 

Ti 

Total 

lOOMg /f·1g+Fe 

.B_e_presentativ~_A!l_u_l_}'~(;_?_ of Bi_()_ti te_f_rom 

Jambora Lavas andJ_rJE.:usive RQ_c12. 

2 

T32 T32 

p p 

35.6 

15.7 

11.2 

15.9 

0.5 

10.5 

6.5 

95.9 

36.2 

15.4 

11.7 

15.9 

0.4 

10.7 

6.4 

96.7 

3 

T28 

35.6 

14.4 

21.0 

13.0 

0.1 

9.8 

0.2 

0.3 

94.4 

4 

T28 

35.5 

15.0 

18.1 

14.5 

0.2 

0.3 

9 " .~ 

0.3 

0.4 

93.8 

Number of Ions on the Basis of 22 oxygens. 

5.260 

2.737 

1. 379 

3.504 

0.073 

1. 984 

0. 717 

15.654 

71.76 

5. 310 

2.666 

1.433 

3.482 

0.057 

2.011 

0. 702 

70.84 

5.566 

2.663 

2.741 

3.033 

0.029 

1. 955 

0.029 

0.031 

16.103 

52.50 

5.521 

2.746 

2.351 

3.355 

0.037 

0.075 

1.330 

0.033 

0.043 

16.041 

58.30 

Abbreviations: P - phenocryst; I - intrusive xenolith 

5 

T28 

36.1 

14.5 

17.5 

14.8 

9.3 

0.5 

92.7 

5.622 

2.655 

2. 282 

3.449 

1. 849 

0.059 

15.916 

60.20 
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lavas, and may represent actual liquid compositions. Substantiating this, 

on MgO-variation diagrams (figures 4.4 and 4.5), they plot on, or close to, 

the volcanic rock trends, w·ithin the general field of the lavas. They 

appear to represent shallow--level intrusive equivalents of the magmas 

erupted to yield the Tambora volcanic rocks. 

They are composed of phenocrysts of cpx, olivine, plagioclase, magnetite, 

apatite and biotite, with sanidine which poikilitically encloses these 

phenocrysts. Interstitial areas are composed of f"inely intergrown potassium 

feldspar and nepheline. Coronas or rosettes of biotite rim, and appear to be 

partly replacing olivine and in particular, magnetite, and to a lesser extent 

cpx. Ol-ivine Js also partly replaced by magnetite. 

They bear a striking resemblance ·in chemical composition, mineralogy 

and texture to alkali gabbros or shonkinites, from the Shonkin Sag laccolith 

in Montana (Hurlbut, 1939; Nash and Wilkinson, 1970, 1971). 

Plagioclase (table 4.6, figure 4.2) is zoned and has core compositions 

in the range An60-An72, while rims range from An48 to An21 (with 8.8 mol.% 

Or molecule). Interstial oikocrystic and groundmass feldspar (table 4.6, 

figure 4.2) range from Or 60.6 (An 4.8) to Or 95.7 (An 4.2). 

Olivine (tab"le 4.8) is very iron-rich with ~1g/Mg+Fe values that range 

from 0.53 to 0.55 and high concentrations of MnO (1-2%). The olivine of the 

intrusive rocks is considerably more Fa-rich than that of the phenocrysts of 

the lavas and also has markedly lower Mg/Mg+Fe values than the clinopyroxene 

(Mg/Mg+Fe = 0.72- 0.73) coexisting in the xenoliths. Clinopyroxene has a 

restricted compositional range and is virtually the same composition as the 

phenocrysts in the lavas (table 4.7, figure 4.3). Cpx is of salite orCa

augite composition (Ca47 Mg49 Fe14, Mg/Mg+Fe = 0.73 to Ca 46.1 Mg 38.4 

Fe 15.5, Mg/Mg+Fe = 0.72), with about 0.7-0.9% Ti0 2 4% Al 2o3 and <3% Na2o. 

Biotite (table 4.11, figure 4.3) is of somewhat variable composition and has 

Mg/Mg+EFe values ranging from 0.525 to 0.602. It is notably Ti02-poor, 
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having only 0.5-0.3%. By comparison the biotites of the trachybasalts 

(table 4.11, figure 4.3) have Mg/Mg+Fe values of about 0.71 - 0.72 and 

5.0 - 6.0 wt.% Ti0 2. Magnetite is similar to that of the lavas having 

ca. 30 mol.% Usp. 

4. 5 GeochemiBt!:l-.J_Qf_ the Tarnbora Lavas and IntruBive RockB. 

The lavas of the Tambora volcano (including those of its parasitic cone, 

P. Satonda) are entirely ne-normative, including the trachyandesites wHh as 

much as 57% s·io 2. In fact, the most undersaturated lava (T20, table 4.4), 

with 11.49% normative nepheline is also the most silica-rich. This is quite 

unl·ike the Rindjani suite where differentiation appears to lead to increasing 

quartz-normatiye, silica-enriched, derivatives. 

The lavas of the Tambora suite are K20-, Sr and Rb-rich and have quite 

high P2o5 concentrations. These elements are markedly more concentrated in 

the Tambora lavas than in those of Rindjani volcano. 

Features the suite has in common with the Ri ndj ani suite as we 11 as 

with volcanic rock~ of convergent-plate volcanic arcs in general include: 

high Al 2o3, relatively low ~1g0, Ti02, Zr and Nb and limited variation in 

Mg/Mg+EFe in rocks with intermediate silica content (i.e. limited iron 

enrichment on the AMF diagrams (figure 4.6)). Both trachybasalts and 

trachyandesites have low Ni concentrations and show marked enrichment of 

LIL elements with increasing Si02. 

Rocks similar to this group of lavas are uncommon in most other island 

arc environments. They are perhaps equivalent to the shoshonites as 

described by Joplin (1969), but the absarok"ite·-shoshon He-banakite ser·i es 

from \llyoming (N·icholls and Carmichael, 1969) is oversaturated, and more 

silica-rich ~embers contain orthopyroxene, in marked distinction to those 

lavas from Tambora. The most similar rocks are the potassium-rich lavas of 

the Roman Province, Italy (Appleton, 1972). Appleton (1972) describes two 

series: A K20-rich one and a relati0ely K20-poor one, that is similar to 

the Tambora suite. 



FIGURE 4.6 

A-M-F variation of Tambora Lavas H-l ,P.Satonda lavas (0) 

Tambora intrusives {>f.),Sangeang Api olivine-bearing (8) and amphibole 

bearing (0) lavas and coarse-grained intrusive xenoliths (A). 

TAMBORA & SANGEANG A I 
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1. Geochemical variation trends. 

Data are presented both in tabular form (tables 4.1-4.4) and as MgO 

variation diagrams (figures 4.4 and 4.5). The lavas of Sangeang Api volcano 

are somewhat similar to those of Tambora, (but with important distinctions) 

and the data from both these volcanoes areplotted on figures 4.7 and 4.8. 

Compared with the Rindjani calcalkaline suite, the Tambora volcanic rock~ 

shows less compositional d·iversity and generally show more coherent var·iation 

trends. In very general terms, Si02, Al 2o3, K2o, Na 2o, Rb, Zr and Nb all 

show negative correlation with MgO (figures 4.4 and 4.5). K20/Na 2o and Rb/Sr 

ratios also increase with decreasing MgO, while the K/Rb ratio, though showin 

some variatio~ generally remains constant throughout the series (figure 4.9). 

Sr and P2o5 and to a less marked extent, Al 2o3, show trends of initial enrich 

ment with decreasing MgO followed by depletion. 

Considering the variation trends in more detail, there are a number of 

signif·icant features. 

A. There is a marked gap in the MgO variation trends between 3.5 and 

4.5% MgO. Although this may be a sampling deficiency, this zone 

appears to represent a definite discontinuity in the range of a 

number of other elements and a marked inflection in the variation 

curves of most major- and trace-elements. This discontinuity 

appears to reflect a transition from relatively cpx-olivine-rich 

lavas to types relatively more plagioclase- and/or glass-rich. 

Olivine is always present as a phenocryst phase in the more ~1gO-r·ich 

lavas (to the right of the gap in figures 4.4 and 4.5), whereas 

it is scarce or absent from those on the MgO-poor side. This 

discontinuity may be akin to that already noted from the R·indjani 

series, between the andesites and high- K20 andesites and dacites. 
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With respect to decreasing MgO and the trends on the high MgO side 

of the gap; CaO shows an increased rate of depletion, total Fe, 

Ti02 and Sc show a decreased rate ~f depletion, Al 2o3 and Sr show 

a change from enrichment to marked depletion trends, Si02, K2o, 
Na2o, Zr and Nb show decreased rates of enrichment. The Rb/Sr 

ratio also increases very rapidly. There ·is a marked decrease in 

the proportion of normatiVE~ di and ol and an incr·ease in the 

proportion of normative feldspar, which also becomes relatively 

1 ess An-rich. 

B. P2o5 also shows a very marked inflection, but at ·lower MgO contents 

than ,that of Sr and Al 2o3. It shows a steady trend of enr·ichment 

with decreasing MgO right through to about 2.3% MgO and then 

decreases rapidly with further MgO depletion. 

C. K2o and K20/Na 2o show trends of enrichment with increasing Si02 
(figures 4.10 and 4.11). However, at about 56% Si02 there is 

marked inflection in the trends and these components show negative 

correlation with Si02 between 56 and 57% silica. This inflection 

correlates with the appearance of biotite in these rocks. 

2. P. Satonda Lavas. 

These are relatively richer in clinopyroxene and olivine than the 

other basaltic lavas collected from the main Tarnbora cone. Their phenocryst 

assemblages are also relatively clinopyroxene enr·iched by 

comparison with the Rindjani alkali olivine basalts. In this respect they 

are more like the basaltic andesites from Rindjani. The P. Satonda lavas 

are amongst the most mafic of the general Tambora group and generally fall 

on linear extensions of the Tambora trend towards the high MgO end of the 
0 

area (figures 4.4 and 4.5). There is some suggestion of a slight inflection A . . 

of MgO variation trends for a number of elements at about 5% MgO. In 
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particular IFe and Ti02 show horizontal or even slight enrichment trends 

with decreasing MgO, changing to marked depletion trends at ca. 5% MgO. 

This probably reflects the appearance of magnetite as an important phase 

at this point in the differentiation of the suite. 

3. Intrusive Rocks. 

In contrast to the presumed cumulate xenolit~from Sangeang Api 

(chapter 5) the intrusive rocks from Tambora (T28, T33, T4, T6, tables 

4.4 and 4.5, figures 4.4 and 4.5) are of very similar composition to the 

associated lavas. They have similar ~1g0 contents, similar Mg/Mg+Fe values 

and comparable, high K20, Rb and Sr contents. They generally plot within 

the field of the Tambora lavas, or in one case (that of T33) on a slightly ,, 
high-MgO extension of this general group (figures 4.4 and 4.5). This one 

" rock may be of partly accumulative origin as it has markedly higher IFe, 

Ti02 and Sc compared with the lavas of similar MgO conten't. The other 

xenoliths appear to represent direct crystallisation products of the liquids 

similar to lavas erupted by the Tambora volcano. As discussed previously, 

they are both petrographically and compositionally quite similar to the 

shonkinites of the Shonkin Sag laccolith. 

4.6 Compqrison o~he Tambora lavas with those of Ri~4j_qni. 

Campa rison of the geochemistry and geochenri ca 1 va ri ati on of the Tambora 

and Rindjani suites shows that although the Rindjani alkali olivine basalts 

resemble the more magnesian Tambora lavas, there are important differences 

in K20, Rb, Sr and P2o5 concentrations. 

The differentiation paths of the two suites also show important 

differences: the Tambora lavas retain their ne-normat"ive character, whel~eas 

the more evolved Rindjani lavas (with >53% Si02) are Q-normative. 

Table 4.12 shows the compos·itions of two typical high·-Al, ne-normat·ive, 

alkali olivine basalts from Rindjani and two Tambora trachybasalts. It is 
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apparent that the two sets of analyses are very similar with respect· to 

concentrations of Si02, Al 2o3, EFe, MgO, Na 2o, CaO, MnO, Sc, Nb, Y, Cr, 

Mg/Mg+Fe, Rb/Sr and Zr/Nb values, but possess significantly different 

K2o, r2o5, Rb and Sr values. 

The Tambora trachybasalts have 2-3 times the concentration of K20, 

Rb, Sr and r2o5 than do the otherwise compositionally similar basalts from 

Rindjani. Yet Ti02 concentrations are slightly higher in the Rindjani 

basalts and though Zr may be very slightly enriched in the Tambora trachy

basalts, its enrichment is significantly less than that of Rb and Sr. 

Thus the Tambora lavas have markedly higher Sr/Zr and lower Zr/Rb ratios. 

The Rb/Sr ratios of both sets of basa·lts are very similar, while the 
' 

Tambora trachybasalts have markedly lower K/Rb and higher K20/Na2o ratios. 

The similarity of the Rb/Sr ratios of the two groups may be significant 

in the light of their identical 87sr;86sr ratios (chapter 8). 

The geochemical distinctions between the Rindjani and Tambora suites 

are further manifested in their mineralogy. In particular the Tambora 

1 a vas contain no orthopyroxene, even in representatives with i ntermed·i ate 

silica content, whereas the Rindjani lavas with >53% Si02 do contain this 

phase. This is apparently a product of the more undersaturated character 

of the Tambora suite. The Tambora lavas contain groundmass sanidine and 

occasionally leucite, whereas these phases are absent from the Rindjani 

lavas due to the less alkaline character of the latter group. 
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Chapter 5 

PETROLOGY OF LAVAS AND XENOLITHS FROM SANGEANG API 

5.1 Introduction 

Sangeang Api is an island-volcano off the north-east corner of Sumbawa 

(fig. 4.1), which apart from an entry in Neumann van Padang's (1951) 

catalogue of active volcanoes (Cat. 6, 4-4) has been the subject of only 

one publication (Ehrat, 1928). It has had a recc~nt history of act·ivity, 

having erupted violently in 1911 and 1953. 

The Sangeang Api lavas are all undersaturated and show some geochemical 

similarities to the lavas of Tambora. In terms of Johnson et al. 's (1976) 

nomenclature, they range from relatively mafic potassic phonolHic tephrites 

and potassic ne-trachybasalts to potassic ne-trachyandesites. Sangeang Api 

is of particular interest however, in that it has erupted a diverse suite 

of mafic and ultramafic, coarse-grained intrusive rocks, vJhich occur both 

as xenoliths in some lavas and as isolated blocks in tephra deposits. 

This chapter discusses the petrography, mineralogy and geochemistry 

of both the lavas and intrusive rocks from Sangeang Api and also considers 

the affinities of the xenoliths to suites of mafic and ultramafic nodules 

erupted by volcanoes elsewhere. 

5. 2 Petrographic Features _2.[_ the Xenoliths and Eruptt;,d Intrus,:ve Blocks_ 

The Sangeang Api coarse-grained blocks and xenoliths occur as isolated 

boulders and cobbles in fragmental volcanic deposits, as well as xenolithic 

inclusions within lava flov1s. In the lavas they range in size from small 

disaggregated fragments a few millimeters across, up to larger individuals 

15-20 em in diameter. Boulders and cobbles range up to 30 em in diameter. 

Some xenoliths appear to be in a reaction relationship with the 

enclosing lavas (plate 1), though many show no sign of reaction. 



( 

pla~ 

Composite xenolith in a ne-trachybasalt boulder in the 1953 

lahar, Sangeang Api. 

OC- olivine clinopyr·oxenite 

HG- hornblende-anorthite-magnetite gabbro 

f -fragment of olivine clinopyroxenite 

M - f·ine gabbro·ic matrix. 

The xenolith was incorporated in the trachybasalt magma after the 

fragmentation of the olivine clinopyroxenite and hornblen~e gabbro 

bodies and after subsequent re-incorporation of these fragments in a 

later fine gabbroic matrix. 

I 
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The intrusive blocks and xenoliths range from clinopyroxene-rich 

varieties, lacking plagioclase, with variable amounts of olivine, magnetite, 

amphibole, phlogopite and apatite, through to plagioclase-rich (gabbroic) 

varieties with cpx and/or amphibole, magnetite, biotite/phlogopite and 

apatite. 

Textures appear to be mainly of igneous origin, though some have 

undergone textura 1 modification and deformation. ~1any i ndi vi dua 1 nodules 

are composite and contain fragments of one coarse·-gra ined rock-type inc·! uded 

in another. Others are veined or partially disaggregated and suspended in 

a new coarse matrix, with which early fragments may show reaction. 

Modal ana)yses of the Sangeang Api intrusive rocks are presented in 

tables 5.1 and 5.2 and the following distinct mineral assemblages and/or 

rock-types have been recognised. 

1. olivine-clinopyroxenite (~ phlogopite) 

2. magnetite-clinopyroxenite 

3. hornblende-magnetite-clinopyroxenite 

4. alkali (phlogopite ~ hornblende)-clinopyroxenite 

5. plagioclase (anorthite)-bearing varieties (ranging from 

anorthite-hornblendite to cpx-gabbro). 

The modal variation of the main component minerals in each of the 

above groups are summarised in figures 5.1 and 5.2, while whole-rock, major 

and trace element analyses of representative members of each of these groups 

are given in table 5.4. 

5.2.1 Olivine CZinopyroxenites 

These are the only xenoliths which contain more than a small amount 

of olivine, invariably lack plagioclase and contain little or no magnetite. 

/'1odal analyses of typical members of this group (samples B23, B5, 

84 and B9) are given in table 5.1. They are generally coarse-grained (cpx-

2-4 em) and are also often quite inhomogeneous. In handspecimens, some are 



Table 5.1 

Sangeang Api, Xenoliths - Modal Composition 

Sample No. Cpx 01 Amph Phl. Ti -~lag Plag Apat. Reacted 
__ A~_h. __ 

Group 1 

823 79 19 1 1 
85 83.5 10 5 1 0.5 
89 87 8 0.8 4 0.2 
84 90 0.5 8 0.5 1 

---------
_GrQ.I,!Q___?_ 

829 90 0.5 9 0.5 
820 83 0.1 15.5 l.O 0.1 
BlA 81.5 15 3 0.5 
82E 80.5 0.5 0.1 15.5 3.5 tr. 
828 74 21 5 
825x 75 3 16 6 
82A 69 0.2 1.5 0.8 21 7.5 
82H 69 tr. 11 20 

§__t:Q_l!Q__]_ 

820 47.5 39 13 0.5 

Grol!.Q__i 

B21 79.5 0.2 16.5 0.2 1.7 1.7 0.1 
816 75 12.5 3.5 8 1 
822 72 11 12 5 
813 60 9 30 1 
868 65 10 1 13 4.5 0.5 6 
815 48 4.5 5.5 11.5 7.5 22.5 0.5 
814 68 5.3 1 8 17 0.7 

-----·-------
~roup-~ 

BlB 8 37 5 12 1 37 
824 15 49 8 24 3 
87 19 20 11 30 tr . 20 
Bl4f 24 20 13 35 1 
88 26 21 11 42 
817 29 17 0.3 10 42 1.7 
B6A 31.5 10 0.3 7 48 0.1 3 
811 30 9 12 49 
BlO 37 4 1 8 50 
B27x 21.5 4.5 0.3 3.7 56.5 13.5 

------··-------------------------------
Notes: Group 1 =olivine clinopyroxenites, Group 2 = magnetite clinopyroxenites 

Group 3 = hornblende-magnetite-clinopyroxenite, Group 4 =alkali 
c1inopyroxenite, Group 5 = curnulateclinopyroxene, amphibole, plagioclase, 
magnetite, apatite gabbro. 

Abbreviations: Cpx-c1inopyroxene, 01-olivine, Amph-amphibole, Phl-pl1logopite, 
Ti-Mag-titan-magnetite, Plag-plagioclasc, Apat-apatite. 



Table5.2 Least Squares Estimates of Modal Composition of Some Sangeang Api Xenoliths 

--·---------
Sample No. B5 B5 B22 B22 87 B7 Bll B11 

Xeno 1 ith Type 2 4 4 5 5 5 5 

obs. est. obs. est. obs. est. obs. est. 

Si02 48.42 48.41 41.90 42.10 39.47 39.57 38.96 39.33 

Al 203 4.24 4.22 7. 72 7.61 17.64 17.58 19.58 19.41 

FeOT 1 8.16 8.15 16.12 16.12 12.85 12.84 13.56 13.59 

MgO 17.50 17.51 11.97 11.73 8.48 8.34 6.06 5.78 

CaO 20.55 20.56 19.69 19.43 15.27 15.15 16.70 16.08 

Na 20 0.22 0.23 0.64 0.27 1.39 0.95 0.83 0.39 

K 20 0.04 0.18 0.15 0.23 0.60 0.81 0.22 0.13 

Ti02 0.59 0.68 1.41 1. 71 1. 55 1.85 1.26 1.12 

PzOs 0.01 0.02 0.05 0.02 

MnO 0.14 0.04 0.12 0.18 0.03 0.15 0.05 

l:R2 0.0384 0.4203 0.4014 0.8570 

Component (Wt%) 

Olivine 10.19 

Cr-diopside 45.97 15.64 

Augite 33.08 56.97 19.25 29.94 

hnphibole 11.10 10.93 40.33 8. 77 

Plagioclase 4.25 30.55 45.53 

Magnetite 0.18 12.43 10.85 12.52 

Notes: See Table for reference to composition of minerals used in these calculations. 

Abbreviations: obs - observed composition. 

est - estimated composition. 

FeOT ~ total iron as FeO. 

Xeno 1 i th Types: 1. olivine cl i nopyroxeni te 

4. alkali clinopyroxenite. 

5. gabbroic cumulate. 
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K/Sr 18.07 21.14 20.g6 24.63 23.69 24.18 19.31 23.52 27.92 24.21 22.53 
Notes:FeO arbitrarily calculated as 0.85 total Fe.Analyses normalised anhydrous,H2o·~pre-normalisation figure 

Rock localities and mineralogy given in appendix l.~odal analyses of 843,44,38,35 and 27 are also given in table 5.7. 

CIPW norms are given in appendix 2.According to the nomenclature of Johnson et al.(l976) lavas B43,25,44,29 and27 are 

phonolitic tephrites and all other lavas are potassic ne-trachybasalts. 
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Rock localities and mineralogy given in appendix l.CIP~ norms given in appendix 2.Nodal analyses are given in table 5.1. 

B23,5 . and 4 are olivine clinopyroxenites.B2H and B25 are magnetite clinopyroxenites.B22 and Bl3 are alkali 

clinopyroxenites and B2G,B24,7,11,10 and BS are hornblende-magnetite-anorthite-cpx gabbros. 

BlO 

4 2. 24 

0.90 
19. l 7 

2.06 

10.4 8 

0. 13 

6.18 

17.87 

0. 78 

0.16 

0.02 

o. 94 

0.47 

0.51 

0.21 

1 

96 0 

<1 
1 

12 

41 

44 

21 
0.001 

1328 

1. 38 

ilfl 

38.31 

l. 31 
19.'>5 

2.35 

12.07 

0.16 

6.72 

17.15 

0.98 

0.42 

0.93 

l.2l 

0.46 

o.so 
0.43 

3 

1125 

7 

2 

7 
10 

35 

49 

4 

0.003 

1162 

3.10 

:!!!.. 
7,' 



63. 

very olivine-rich and tend towards dunites, while others are entirely 

composed of clinopyroxene. Most appear to have between 75 and 95 vo 1.% 

cpx and 0 to 20 vol.% olivine. 

Texturally they are idiomorphic to hypid·iomorphic (plate 2A) 

and tend towards more granoblastic-polygonal textures with decreasing grain siz 

Clinopyra<me grains are subhedral, or occasionally, euhedral. Olivine is 
,, 

anhedral, often with ''wormy 11
, embayed texture and is occasionally included 

in large cpx grains (plate 2/1.). Oliv·ine may have been partially 

resorbed before it was incorporated in these rocks. 

Magnetite is a rare phase, occurring interstitially and as rare 

inclusions in o)ivine. Phlogopite and more rarely, pargasitic amphibole 

occur interstitially as post-cpx,-olivine (intercumulate ?) grains (plate 

2A). These phases occupy triple grain intersections and form thin ·fims 

along cpx or olivine grain-boundaries. Rarely, amphibole mimetically 

replaces small areas of some cpx grains. 

The olivine-clinopyroxenites have undergone some textural re-

equilibration since they orig·inany crystallised. Olivine shows kink band 

development, while cpx may also show multiple twinning, undulose and mosaic 
e 

x extinction and a tend,ency towards new--grain formation and polygonitization 

around the margins of large grains. Islands of large, original remnant 

igneous cpx may be preserved surrounded by equigranular polygons of cpx 

and olivine with 120° triple-point grain boundary intersections (p.late 3D 

and 4C). Interstitial phlogopite deve·lops wavy cleavage and extinction, 

kink-bands and dislocations. 

5. 2. 2 Magnetite CZinopyroxenite 

These are composed of cpx and magnetite, with little or no amphibole 

or phlogopite. Olivine only occurs rarely and then generally as inclusions 

in cpx. Plagioclase occurs as an interstitial (or intercumulate ?) phase 

in proport·ions varying from 0.5 to 20 val.%. 



PLATE 2. Olivine clinopyroxenite and 

magnetite-clinopyroxenite 

A. Olivine clinopyroxenite 823. Showing hypidiomorphic granular 

texture, subhedral--euhedral clinopyroxene (CPX), subhedral

anhedral olivine (OL) and interstitial phlogopite (Ph) and 

very minor magnetite (~1G). 

B. Magnetite clinopyroxenite 829. Showing subhedral cl·inopyroxene 

(CPX), interstitial magnetite (MG) and very minor interstitial 

plagioclase (Pl). Some replacement of cl-inopyroxene replacement 

my amphibole (a). The apparent order of crystallisation is: 

1. CPX 2: Magnetite 3. Plag. 

C. Magnetite clinopyroxenite B2H. This rock is sim·ilar to 829 in 

Plate 8, but with much more abundant plagioclase (Pl). The 

texture suggests an original magnetite clinopyroxenite such 

as that in Plate 8, which has undergone some dissaggregation 

with later precipitation of plagioclase. Clinopyroxene shows 

hour-glass zoning (e.g. at point -a). 
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The modal variation of the main mineral components of members of this 

group are presented in figures 5.1 and 5.2 and modal analyses are given in 

table 5.1 (samples B29, B2D~ BlA, B2E, 828, B25x, 82A, B2H). 

The proportion of magnetite is relatively constant (10-15%). 

Texturally the group is rather like the olivine-clinopyroxenites, with 

hypidiomorphic textures, tending in some cases, towards more polygonal 

textures. Typical examples of magnetite clinopyroxenites are ·illustrated 

in plates 2B and C. 

Magnetite generally occurs as an interstitial/intercumulate phase, as 

scalloped grains between cpx grain boundaries and at grain intersections 

(see plate 2B). In some instances extensive interstitial areas are filled 

with magnetite which poikilitically includes cpx grains. Clinopyroxene is 

often zoned, with diopsidic cores and more Al- and Ti-rich rims. Some show 

hour-glass zoning (plate 2C). 

Magnetite appears to be more abundant in fine-grained areas of these 

rocks and its precipitation, at least in part, appears to post-date some 

deformation of original cpx. Plagioclase is a still later phase and its 

precipitation often appears to have accompanied partial disaggregation of 

the original cpx-magnetite rock (see plate 2C). This suggested by; 1. the 

inclusion in interstitial plagioclase of cuspate magnetite grains which 

apparently acquired their original shape by interstit·ial growth around cpx 

and 2. by the occasional occurrence of 11 C.Iumps 11 of tightly ·interlocking 

magnetite-clinopyroxenite, preserving the original plagioclase-free 

texture of the rock. 

While in some instances the introduction of plagioclase during partial 

disaggregation of the intrusive appears to have been a very late-stage 

event, possibly as the xenolith was carried up by the erupting lava, more 

often this must have occurred earlier. This is demonstrated by the fact 

that the ·intercumulate plag·ioclase is often deformed or strained, suggesting 

that the plagioclase-infiltrated magnetite-clinopyroxenite must have been 



A. Alkali clinopyroxenite 813. Originally a clinopyroxenite with 

later partial replacement of cpx by phlogopite (Ph) which was 

partially deformed (plate B) and then partially disaggregated 

with interstitial precipitation of amphibole (A). 

B. A more magnified detail of part of Plate A. Showing the strained 

phlogopite with curving cleavage (Ph) and partial resorbtion of 

clinopyroxene (same scale as Plate D). 

C. Alkali clinopyroxenite 822, showing cataclasis of clinopyroxene 

and interstitial amph·ibole (A}. Plagioclase is an unstrained 

infilling mineral after cpx cataclasis (Pl) (scale as in Plate D). 

D. ~1arginal polygonitisation of clinopyroxene in alkali clinopyroxenite 

821. 

E. Olivine with reaction corona of clinopyroxene (CPX) and phlogopite 

(Ph) (scale as in F}. 

F. Patchy replacement of clinopyroxene by amphibole. 

G. Alkali clinopyroxenite 821. Disaggregated clinopyroxene (CPX) with 

later amphibole (A) and phlogopite (Ph). 

H. Zone of cataclasis in alkali clinopyroxenite 822 showing increasing 

granulation of clinopyroxene from A towards the centre of the zone 

of cataclasis B (scale as in Plate Dl. 
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constituted as a solid mass prior to its inclusion in the magma which 

brought it to the surface. 

The plagioclase (anorthite) exhibits fine twin lamellae, which taper 

and pinch-out and which may be bent or deformed (plate 5C). In some 

cases plagioclase has also been broken. These features are in contrast to 

the plagioclase wh·ich occurs in the lavas as phenocrysts or as obviously 

late-stage infiltrations or veins in some xenoliths. These have broader, 

straight, parallel-sided albite twin lamellae of equal width. 

5. 2. 3 llornblende-Magne-ti"te-CZino"£J:f.EOXenite 

Only one example of this xenolith-group was collected (820, table 5.1). 

However this expmple was very friable and it is possible that they may not 

survive eruption very read·i ly without becoming di saggregated. 

This group of nodules is composed of loosely interlocking aggregates 

of euhedral to subhedral cpx, amphibole and magnetite, with occasional 

euhedra of apatite and very rarely, small interstitial patches of clear, 

unstrained plagioclase. 

The example examined was undeformed and clearly of cumulate origin, 

with very little post-cumulate growth or interstitial infi.lling. In 

contrast to the olivine-clinopyroxenites and magnetite-clinopyroxenites~ 

olivine is absent and clinopyroxene, amphibole and magnetite all appear to 

have crystallised at the same stage. The presence of apatite is also in 

contrast to the two previously described groups. 

5. 2. 4 AlkaZi-Cl~nop~1f..Y'Oxeni:__-t:_!!s 

This is a complex group of xenoliths and most members appear to 

represent modified olivine- and magnetite-clinopyroxenites. They were 

originally cpx-rich cumulates which have become enriched in phlogopite 

and amphibole by a variety of mechanisms. These include; d·irect precipi

tation, mimetic replacement, reaction and disaggregation and veining. 
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Many appear to have undergone a number of stages of deformation and 

some show cataclastic or flaser textures (plate 3H). Some record traces 

of several deformat-ion events punctuated by precipitation of different 

post-cumulate mineral phases. 

Nodal analyses of members of this group are given in table 5.1 and 

variations are portrayed in figures 5.1 and 5.2. 

In detail, the important features of this group of nodules are well 

illustrated by xenolith B13 (tables 5.1 and 5.4) and are illustrated in 

plate 3. 

This is a phlogopite-rich clinopyroxenite and is essentially 

magnetite-free. It appears to represent a modification of a clinopyroxene

rich cumulate like the olivine-poor member·s of the olivine-clinopyroxenite 

group (e.g. B4) and has developed by five distinct stages. 

1. Formation of a hypidiomorphic clinopyroxene cumulate, with adcumulate 

growth. Larger pyroxene grains show recognisable zoning, with pale, 

diopsidic cores and darker Ca-rich augite rims. 

2. The ori9inal clinopyroxenite then underwent some deformation. 

Clinopyroxene is strained, with mosaic extinction and marginal 

granulation and development of finer-grained, granular-polygonal 

textured areas with 120° triple grain intersections. 

3. The modified clinopyroxenite was then partly disaggregated followed 

by large-scale interstitial phlogopite crystallisation. This is 

coarse-grained and envelopes the primary cpx including the texturally 

modified polygons and deformed grains. 

There is some suggestion that the cpx and liquid may have been 

in a reaction-relationship as cpx is embayed and resorbed where 

included in poikilitic phlogopite (plate 38}. 
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4. This cpx-phlogopite rock was then further deformed and the phlogopite 

itself developed wavy extinction~ lcink bands and dislocation features 

(plate 38). 

5. Finally the deformed cpx-phlogopite rock was again part.ly disaggregatf:d 

followed by the interstitial crystarlisation of amphibole which 

poikilitical"ly envelopes pre-existing phlogopite and cpx, forming 

large oikocrysts (plate 3A, G). Amphibole is undeformed. 

Nodule 816 (table 5.1) is another alkali clinopyroxenite showing a 

similar sequence of events to that illustrated by 813 (above). However this 

xenolith is more magnetite-rich and may represent a modified magnetite-

clinopyroxenite, (plate 2B). In addition some cpx grains include small 

embayed, resorbed olivine gra·ins, suggest·ing that olivine crystallisation 

may have preceded the appearance of cpx and that furthermore it may have 

been in a reaction relationship with the liquid once major cpx crystallisation 

began. 

This nodule appears to have developed by a similar sequence to 813, 

with phlogopite and the amphibole following cpx (plate 3A, B), however 

unlike the previous example small interstitial areas of anorthitic plagioclase 

postdate amphibole (plate 3C). 

Other alkali-clinopyroxenites (822, 821, 814 and 815; tables 5.1 and 

5.4) again have similar histories to those just descr·ibed, representing 

modified olivine- or magnet"ite-c.linopyroxenites. Some of these have 

zones of severe cataclasis (plate 3H) and the extent to which primary 

phases are deformed and/or replaced by ph.logopite and amphibole can be 
v 

seen to decrease out from these. In some)oliv·ine ·is surrounded by reaction 

coronas of cpx, phlogopite and amphibole or in some cases can be seen to 

have been completely replaced by mosaics of these minerals (plate 3E). 



PLATE 4. 

A. Large, euhedral amphibole grain from hornblende-anorthite-magnetite 

gabbro 827 with fresh core (A) and reacted rim of clinopyroxene, 

plagioclase, magnetite and olivine. 

B. and Q. Amphibole-rich hornblende gabbro 87. Plate D shows the marked 

foliation largely resulting from the alignment of elongate amphibole 

grains. Amphibole-rich layers (e.g. centered about point A) are 

interspersed with more plagioclase-, clinopyroxene-rich zones (center 

about Pl). Amphibole (A) shows reaction rim development as in Plate, 

(e.g. point 'RA) and zones of partial melting (encircled area G). 

Plate B is an enlarged detail of the encircled area G in Plate D. 

Adjacent to the melt zone is an area of amphibole reaction (RA). 

~1elt zones are characterised by brown glass (G) from which have 

crystallised clinopyroxene, plagioclase and olivine and in some 

cases a secondary amphibole (rhonite) (see table 5.5) for analyses 

of g·lass and crystals). 

C. Magnetite clinopyroxenite B29 showing clinopyroxene with pale, 

Cr-rich diopside core (C) and darker green, more Al- and Ti-rich 

augite rim (R). The margin of the core is rinmed by small magnetite 

crystals. 
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0 f Analyses Primary Amphibole and lts Br-eakdown hoducts in Xenolith 87 

------------·------------·----------·---------------------~----------

Analysis No. 5 l 

Pha::.e llmph Struct. Glass Cpx Struct. 01 Struct. Amph Struct. Pl Struct. 
13(0) 6(0) 4(0) 23(0) 8(0) 

-~---~-----------------------~------------------~--------

S102 40.58 5.492 50.89 51.83 1.'911 36.84 0.977 19.61 4.947 53.14 1.434 

Al203 14.19 2.441 21.93 3.12 0.136 13.38 2.635 28.29 1.527 

fe 203 

FeD 10.96 1.341 1.49 6.83 0.174 24.10 0.536 17.47 3.838 0.26 0.010 

~gO 13.89 3.031 15.04 0.831 37.21 1.470 5.90 1.470 

CaO 11.54 1.967 1.94 19.39 0. 771 0.61 0.017 9.11 1.631 11.11 0. 545 

Na 20 1.11 0.601 11.35 0.1 0.007 1.93 0.642 5.67 0.504 

K20 1.91 0.357 10.65 0.1 0.009 1.67 0.357 1.11 0.065 

110, 1.63 0.311 0.71 1.05 0.019 0.17 0.003 6.66 0.836 

lt>O 0.16 0.008 0.67 0.015 0.26 0.037 

·------------------------··-··-----------------------
Total ) 99.02 16.00 99.97 99.81 3.989 99.71 3.019 96.04 16.393 99.59 5.086 

-------------------------------------------------·-
lOOMg/Hg+r:Fe 69.31 75.11 73.16 17.70 

•b 

23.57 

"' 
di 11.60 

"' 
ol 31.77 

9. 71 

lc 8.85 

7.13 

Jl 5. 37 

(a 31.0 

Mg 47 .B 

fe 11.2 

Mol. l An 

13.71 

9.89 

6.36 

1.04 

18.99 

38.00 

I. 37 

49.95 41.1 

o.o 44,3 

50.05 14.6 

C.l.P.W. Norm 

tblecular Pt·oportions 

11.69 

21.11 

16.18 

6.41 

9.08 

7.74 

0.61 

11.65 

0.8 23.5 

72.70 11.1 

16.50 55.3 

45.2 

Notes: (a) Amphibole colurnn 1 is the primary amphibole (ayerage of 3 analyses) of x('nolith 87. 

(b) Glass column 3 (average of 4 l!nalyses) fonr·~.'d by the breakdown of primary ilfTlphibole 1 (see plate 3, A,tl, and D). 

(c} Cpx (3}. olivine (4), arr:phibole (rhonite) (5) and plagioclase {6) are cry5tallisation product-;, of glass (2) 
(see plate 38). 

All iron quoted as reo (electron microprobe analysis), norm calculated 'rlith fe 2+;reH ratio of 0.5 
(13.66: feO, 15.25% fe 203). 

£lectron micropro~e analyses. 



lOOMg/~'.o:';+He 70.62 12.64 75.01 78.80 12.14 

dj 

ol 

Jc 

kp 

JJ 

Ca 

Mg 

fe 

~'o01 • 

Mol. 

% An 

~ U.Sp. 

10.53 

13.53 

30.64 

12.•2 

8.48 

6.68 

5.51 

30.2 

49.3 

20.5 

-----------------·---------------

51.9 

34.9 

13.2 

C.I .P .W. I\Ot111 

51.78 

11.86 

12.~3 

11.87 

2.30 

2.28 

2.53 

t\olecul~r Proportions 

55.1 

33.1 

11.2 

0.4 

78.5 

21.1 

48.92 

35.61 

Notes: (a) fllil;>hibole 1 ~ pri::'.:lry a...-phibole (average of 5 analyses). 

(b) Cpx 2, 1-.mph 3, 014, Plagioclase 5 and n\lgnetite 6 are breakdDwn products of amphibole 1 (see rl.:~tc Jf..). 

Analyses by electron micropr-ot>e, 

Fe 20 3 calculated bi the method of Cannichael (1967). 



Tab 1 e 5 . 6 Least Squares, ~~ass-ba l a nee of Sangeang Api 
Xenolith Amphiboles in Terms of their Break

dOim Products 

A. Amph·ibole B7 

obs est 

Si02 39.44 40.13 

Al 203 .. 13.80 12.74 Component Wt. Fraction 

FeOT 11.21 11.48 Olivine 0.1788 

MgO 13.28 12.50 Cpx 0.4324 

CaO ' 12.79 12.33 Plag. 0.1958 

Na 20 2.04 2.01 Mag. 0.0651 

K20 1.99 0.96 Glass 0.0806 

Ti02 2.86 2.53 
= 

PzOs 
amphibole B? (est.) 

MnO 0.14 ;:R2 = 3.6855 

B. Amphibole BIB 

obs est 

Si02 40.21 40.87 

Al 2 03 13.77 12.81 Component Wt. Fraction 

FeOT 10.35 10.68 Olivine 0.2010 

MgO 13.96 13.17 Cpx 0.3877 

CaO 11.88 11.47 Plag. 0.2073 

Na 20 2.71 2.27 Mag. 0.0478 

K20 1.83 1.15 Glass 0.0982 

Ti02 2.90 2.17 
= amphibole BIB (est.) 

PzOs 

MnO 0.16 ;;R2 = 3.4649 

Notes: Modal analyses of xenoliths B7 and BIB are given in Table 5·1 

Compositions of breakdown minerals used in these calculations 
are given in Table 5. 5 A, B. 



68. 

In some instances zones of cataclasis have late-stage, interstitial 

plagioclase infillings or ve·ins, these being undeforrned. 

The petrographic features of the Sangeang Api alkali-clinopyroxenites 

suggest a number of crystallisation sequences: 

1. clinopyroxene-phlogopite-amphibole. 

2. olivine-clinopyroxene-magnetite-phlogopite-amphibole-plagioclase. 

In both these sequences there is some evidence that cpx may be in 

reaction relationship with the liquid during phlogopite crystallisation. 

Amphibole also appears to be the product of cpx-liquid reaction in some 

instances. In sequence 2 there is also some suggestion that olivine was 

the earliest ph,ase torrec-ritatr:: and was also in a reaction relationship with 

the liquid once cpx appeared. Reaction of olivine also takes place when 

phlogopite appears, yielding cpx and phlogopite. The implications of the 

phase relations implied by these crystallisation sequences are discussed 

later in this thesis (chapters 10 and 11). 

It appears that the apparent on-going deformation of the alkali-

clinopyroxenite xenoliths may be punctuated by the sequential precipitation 

of minerals whose stability fields are likely to be partly dependant on 

P or PH 0. If this is the corr-ect interpretation then it may be the 
2 

result of a diapiric intrusive mechanism. 

5.2. 5 Group 5: Plagjoclase-rich intrus~ve rocks. 

Members of this group of nodules differ from those of the four 

groups described previously. 
I 

Plagioclase is an abundant phase and 

amphitole and magnetite assume differe~t crystallisation roles. 

W.hereas ·in the previous groups, plagioclase and amplribole in part·icular,: 

almost invat·iably crystallised after o"livine, clinopyroxene, magnetite 

and phlogopite, in this group, any one or more of the group cpx, amphibole, 



PLATE 5. Gabbroic Xenoliths 

A. Gabbro BS~ showing the undeformed assemblage of euhedral amphibole (A 

and subhedral clinopyroxene (C) and plagioclase (Pl) and magnetite 

(black gra·ins). 

B. Gabbro Bll, similar to B8 in plate A, with elongate amphibole (A), 

subhedral clinopyroxene (C) and plagioclase (Pl) and magnetite. 

Crossed nicols. Anorthitic plag·ioclase shows typ·ical tapering twin 

lamellae. 

C. Strained an6rthitic plagioclase from gabbro B27 (crossed nicols). 

D. Typical hornblende-anorth-ite--magnetite gabbro B24 (cumulate) B24. 

Amphibole as dark grey, more granular crystals, plagioclase (white) 

and black magnetite. 

E. Cumulate clinopyroxene (grey) and plagioclase (white) and an inter

cumulate amphibole oikocryst (dark grey) in gabbro 810. 
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plagioclase and magnetite may be amongst the earliest phases to precipitate. 

These rocks contain no olivine. 

In general textures are suggestive of a cumulate origin (see plates 

5A 5E) though this cannot be established unequivocally. Plates 5A-E and 

40 illustrate some of the main textural features of this group of xenoliths. 

Amphibole, cpx, plagioclase, magnetite and apatite may each occur as euhedral 

to subhedral grains, possibly of cumulate origin (plates 5A, B, D and 40), 

while amphibole, magnesian biotite and magnetite also sometimes occur as 

interstitial oikocrysts, possibly of postcumulate origin (plate 5E). 

Plagioclase and cpx also occasionally show growth around their rims 

suggestive of adcumulate growth. 

The rocks of this group are medium to fairly coarse-grained, grain 

size ranging from 1 to 20 mm. ,L\mphibole sometimes occurs as elongate laths 

in harrisite-like texture (plate 50). 

Some xenoliths show layered or foliated textures either due to 

variations in grain size, or the relative enrichment of one mineral compared 

with the others. For instance B7 (plate 40) has layers enriched in aligned, 

elongate amphibole and others in which more equant plagioclase and cpx are 

more abundant. These features are also possibly suggestive of cumulate 

origin. 

Figures 5.2 and 5.1 illustrate the variation in the proportions of 

the main minerals in these xenoliths. Figure 5.], showing the variation 

in the proportions of plagioclase, cpx and amphibole is particularly 

interesting as the members of this group fall on a linear trend which 

projects through the amphibole apex w·ith an almost constant plagioclase/cpx 

ratio of about 1.6. Thus the main variation in the group is in the relative 

abundance of amphibole and plagioclase+cpx. Furthermore through this 

series there is a distinct change in the role of amphibole. In the most 
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amphibole-rich members of the group (e.g. 824 and 87, tables 5.1 and 5.4, 

plates 40, 50), amphibole appears to have crystallised earliest and is in 

some cases included in later plagioclase or cpx grains. In the most 

amphibole-poor members however (e.g. 810, tables 5.1 and 5.4, plate 5E) 

plagioclase and cpx are the first~formed phases followed by magnetite and 

amphibole is a late interstitial (intercumulate ?) phase (plate 5E). 

Unlike the previous groups of xenoliths, members of this group do not 

show complex histories and generally appear to have resulted from a single

stage event; either sequential or simultaneous precipitation of the major 

mineral phases, sometimes followed by interstitial or intercumulate 

mineral precipitation. 

~1embers of this group are often undeformed, though some have apparently 

undergone some shearing or cataclasis. This has resulted in strained 

plag·ioclase with wavy extinct·ion and irregular twin lamellae 

plate 5C). 

A particular feature of a number of members of this xenolith-group 

is the reaction of amphibole. This is displayed by the amphiboles of a 

number of xenoliths (e.g. BIB, B7, 827 and 86, plate 4 A,B and D) while 

that of others (e.g. 88, 824 and 811) show no signs of breakdown. 

In general amphiboles are tending to breakdown around their margins 

and along cleavage traces (plate 4A) to assemblages of magnetite, cpx and 

plagioclase (tables 5.5 and 5.5), though in some cases olivine is recognised 

and more rarely nepheline and a secondary amphibole (tables 5.5 and 5.6}. 

In some ·instances the amphibole is partially me.lting to yield an assemblage 

of olivine-cpx-magnetite-plagioclase and liquid (brown glass) (e.g. B7 

plates 48 and D). This is apparently an incongruent melting reaction and 

the breakdown assemblage is s·im'ilar to that determined experimentally by 

Holloway (1973) in the system pargasite-H2o-co2 in the low pressure region 

where the amphibole liquidus retreats rapidly to low temperatures. 



Table 5.7 
Sangeang Api, Lavas: Modal Composition 

Sample No. Cpx 01 Amph Biot Ti-Mag Plag Apat Reacted Reacted G-Mass 
Am ph Biot 

B43 13.2 6.5 0.5 0.3 79.5 
844 20.5 3 3 17.5 56 
838 15 2.6 3 18 61 

835 10.5 2.4 2.6 17 0.5 67 
827 15 0.2 0.2 3.5 25 0.3 0.9 0.9 54 
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5.3 Petrography of the Sangeang Api Lavas 

The lavas associated with the mafic and ultramafic intrusives 

described in the previous section are critically undersaturated, moderately 

potassic (K20/Na2o ~ 1) lavas with low to low-intermediate silica content 

(table 5.3). They are geochemically and petrographically quite like the 

Tambora lavas, though in both respects there are small but significant 

differences between the two suites. They may be classified as shoshonites 

(Joplin, 1968), though they are more undersaturated than many so-termed 

associations. Alternatively, using the nomenclature of Johnson et al. 

(1976), they are potassic phonolitic tephrites, potassic ne-trachybasalts 

and potassic ne-trachyandesites. 
' 

Like the Tambora lavas, the most consistent distinction between this 

suite and the Rindjani calcalkaline lavas ·is in the ubiquitous occurrence 

of groundmass alkali feldspar. 

Two distinct petrographic groups are recognised; those with amphibole, 

and those without. This distinction also corresponds with that made on the 

basis of some geochemical parameters, in particular the amphibole-bearing 

group generall~ have <4.5% MgO, while the other group have >4.5% MgO. 

Furthermore the amphibole-free group is characterised by the occurrence 

of olivine megacrysts and quite abundant olivine phenocrysts, while the 

amphibole-bearing group has no olivine megacrysts and only relatively 

scarce olivine phenocrysts. t·1embers of both groups contain groundmass 

olivine. 

The amphibole-free, oliv·ine megacryst-bearing lavas (e.g. 838, 839, 

841 and B31, tables 5.7 and 5.3) are meso- to melanocratic, often vesicular 

lavas, while the amphibole-bearing group (B28, 835, B34, B36, B42, B32, 825 

and 827, tables 5.7 and 5.3) tend to be more leucocratic. Both groups are 

generally porphyritic, plagioclase phenocryst-rich lavas with abundant 
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FIGURE 5.3 
PLAGIOCLASE AND ALKALI FELDSPAR VARIATION IN SANGEANG API LAVAS AND XENOLIT~S. 

f._ -LAVAS, L -XENOLITHS. ~_Q_!_A§_I3_{\_ti__6_ FILLED CIRCLES DErlOTE PHENOCRYSTS ,R=RIM,C=CORE. 
OPEN CIRCLES ARE GROUNDMASS FELDSPARS.COEXISTING GROUNDMASS PLAGIOCLASE AND ALKALI 
FELDSPAR ARE CONNECTED BY TIE-LINES. IN DIAGRAl:l_J!. ,OPEN CIRCLES DENOTE 
PLAGIOCLASE OF MAGNETITE CLINOPYROXENITE,STARS- PLAGIOCLASE OF GABBROIC INTRUSIVES AND 
OPEN SQUARES-ALKALI CLINOPYROXENITES. 



Table 5.8 

Analysis No. 

Saflll1e No. 

Rock Type 

5102 

AI 203 

feO 

CaO 

Na
2
o 

KzO 
Tot41 

Sl 

AI 

Fe 

Ca 

Na 

Total 

Mol.% An 

Ai> 

Or 

P.epresentati~e Ana1yses of Feldspar<i fror:l 

Saf'!oean'1 Api Intrusives and lavH 

82H BIB Bll 810 SIS 827 838 827 839 

45.3 46.4 46.2 44.7 47.3 45.7 46.8 49.4 48.8 

35.1 34.3 34.5 34.2 33.7 35.1 34.2 30.9 32.4 

0.4 0.4 0.4 0.6 0.5 0.4 0.6 !.0 0.6 

!8.6 17.0 18.2 18.4 17.2 17.9 17.1 15.1 16.0 

0.8 1.6 0.6 1.0 1.3 1.0 0.9 2.3 1.8 

0.4 0.2 0.2 0.2 0.15 0.2 0.2 0.3 0.2 

100.6 99.9 100.1 99.1 100.2 100.3 99.8 99.0 99.8 

Number of Ions on the 5l!.s1s of 8 Oxygens 

2.003 2.138 2.!25 2.089 2.170 2.099 2.153 2.287 2.239 

!.90! 1.863 1.870 1.884 !.822 1.903 1.857 1.685 !.753 

0.017 0.015 0.015 0.023 0.019 0.018 0.023 0.039 0.022 

0.918 0.839 0.897 0.921 0.845 0.880 0.842 0.747 0.786 

0.071 0.139 0.054 0.09! 0.116 0.089 0.076 0.207 0.160 

0.025 0.011 0.012 0.012 0.009 0.011 0.009 0.018 0.0!1 

5.0!4 5.005 4.972 5.020 4.981 4.999 4.965 4.983 4.970 

90.5 84.8 93.2 90.0 87.2 89.8 90.8 76.9 82.1 

7.0 14.1 5.6 8.8 11.9 9.1 8.2 21.3 16.7 

2.5 1.1 1.2 1.2 0.9 1.1 1.0 1.8 1.2 

Abbreviations: X- ll.enolHh. L- lava, t1- megacryst, P- phenocryst.-

MP- m1crophenocryst, PR -phenocryst rir.'l, 

GK - grounGnl!ss K-feldspar, GP - grounOnass plagio<::lase. 

Notes: {l) Analysis 12 forms r1m around megacryst core {analysis 7}. 

10 II 12 13 !4 

838 827 838 S38 839 

MP PR(l) MP GK 

15 !6 

839 839 

GP GK 

17 

038 

GK 

47.7 55.7 52.0 ·51.8 63.7 56.7 62.6 60.1 

33.5 28.2 29.6 29.9 20.1 26.4 20.9 22.1 

0.5 0.4 0.9 0.9 0,4 0.6 0.4 1.0 

!6.4 8.9 12.3 12.7 2.7 8.3 1.8 4.7 

1.6 5.8 4.2 3. 7 5.5 6.5 5.8 4. 7 

0.3 0.5 0.7 0.6 7.7 0.9 8.2 6.8 

100.0 99.5 99.7 99.6 100.1 99.4 99.7 99.4 

2.188 2.516 2.300 2.371 2.892 2.572 2.857 2.752 

1.812 1.502 1.597 1.513 1.073 1.412 !.124 1.197 

0.019 0.015 0.034 0.034 0.014 0.023 0.015 0.033 

0.806 0.431 0.603 0.623 0.131 0.403 0.088 0.231 

0.142 0.50JJ 0.373 0.328 0.479 0.572 0.513 0.419 

0.017 0.029 0.041 0.035 0.445 0.052 0.477 0.399 

4.985 5.000 5.028 5.004. 5.034 5.033 5.076 5.047 

83.4 44.5 59.3 63.2 12.4 39.3 8.2 22.1 

14.7 52.5 36.7 33.3 45.4 55.7 47.6 39.9 

1.8 3.0 4.0 3.5 42.2 5.0 <4.3 38.0 
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clinopyroxene. In both groups clinopyroxene occurs both as large megacrysts 

and smaller phenocrysts. 

While plagioclase is generally the most abundant phenocryst phase it 

often occurs as relatively small gra·ins, particularly in the more mafic 

lavas, and particularly in the amphibole-free group, appears to have 

crystallised after some of the larger olivine and cpx grains. 

Plagioclase compositions are discussed in sections 5.4 and compositional 

variation is summarised in figure 5.3 while representative analyses are 

given in table 5.8. Plagioclase phenocrysts are zoned, with cores in the 

range An 80 to 85 and outer rims of andesine or labradorite composition. 

Some are corroded and inclusion-rich, while the amphibole-bearing lavas 

in particular often contain xenocrysts of very calcic plagioclase (An 90), 

which have thin, tapering twin lamellae and are apparently derived from the 

gabbroic xenoliths. 

All the lavas contain large (up to 1 em) cpx megacrysts as well as 

abundant smaller phenocrysts. Megacrysts are generally more mafic and 

more calcic than the phenocrysts (see section 5.4, 5 and table 5.8). 

The amphibole-free lavas contain large (up to 1 em), often partially 

resorbed olivine megacrysts with compositions like those of the olivine

clinopyroxenite xenoliths (about Fo 80). These coexist with olivine 

phenocrysts which are smaller and more Fe-rich and are often zoned 

(Fo 70- Fo 60). Both groups of lavas have groundmass olivine, which 

is of very variable composition (Fo 70 - Fo 45) and may be Mn-rich (up to 

4% MnO} (table 5.9). 

The lavas which do not contain olivine megacrysts contain reacted 

megacrysts of pargasitic amphibole (table 5.10, also see section 5.4, 2), 

which have very similar compositions to some amphiboles from the gabbroic 

xenoliths. 



Table 5.9 

Repre~_§'ntative Anal_t_!;es of Olivines from Sangeang Api Lavas 

Analysis No. 1 2 3 4 5 6 7 8 

Sample No. B43 B43 B39 B39 839 839 B27 827 

M M M p p MP G G 

Sio2 39.8 39.7 39.0 36.4 36.6 33.5 35.1 34.7 

FeO 11.7 11.6 17.4 27.8 26.2 42.0 33.1 35.8 

MgO 47.3 47.4 42.2 34.1 35.6 21.1 28.0 25.7 

CaO 0.3 0.4 0.2 0.4 0.3 0.5 0.4 0.5 

Ti02 0.1 0.1 0.1 0.1 0.1 

MnO 0.3 1.0 0.9 2.4 2.5 3.2 

cr2o3 0.1 0.1 0.1 

Total 99.3 99.3 99.2 99.7 99.7 99.7 99.2 100.0 

Number of Ions on the Basis of 4 Oxygens. 

Si 0.992 0.990 0.999 0.983 0.979 0.982 0.987 0.984 

Fe 0.244 0.242 0.373 0.628 0.587 1.030 0.778 0.849 

Mg 1. 757 1. 751 1. 612 1. 372 1.420 0.922 1.173 1.085 

Ca 0.008 0.011 0.005 0.011 0.009 0.019 0.012 0.015 

Ti 0.001 0.001 0.002 0.002 0.002 

Nn 0.007 0.023 0.020 0.059 0.052 0.077 

Cr 0.002 0.002 0.002 

Total 3.005 3.007 2.999 3.017 3.018 3.015 3.012 3.014 

lOOMg/Mg+Fe 87.8 87.9 81.2 68.5 70.8 47.2 60.1 55.1 

Abbreviations: M - megacryst, p - phenocryst, MP - microphenocryst, 

G - groundmass. 



Table 5.10 

Analysis No. 

Sa~le No. 

Rock Type 

85 

XI 

85 813 

XI XI 

813 811 816 BIB 

XI XI XI X3 

87 

X3 

824 

X3 

10 II 12 

Bll 810 835 

X3 X3 

13 14 15 

835 817 817 

sw
1 

40.7 41.3 39.5 39.9 40.0 39.6 40.7 39.6 38.9 40.9 40.7 40.1 39.1 38.9 38.8 

A1
1
o

3 
13.4 13.5 14.4 14.5 14.1 14.0 13.6 13.7 14.9 14.1 13.7 13.8 14.3 15.1 15.0 

FeO 10.6 10.5 11.6 11.0 10.9 13.7 10.5 11.0 12.4 11.8 11.0 12.3 11.4 10.7 11.1 

MgO 15.3 15.6 13.8 13.9 13.9 11.5 13.7 13.5 13.1 14.1 13.8 13.5 14.3 14.3 13.8 

CaO 11.1 11.8 11.9 11.1 11.1 12.0 11.9 12.4 12.6 12.1 11.4 11.7 11.0 12.1 11.6 

Na
2
o 1.9 2.1 2.1 2.0 1.3 2.2 2.4 1.0 2.1 1.8 1.3 1.1 1.0 1.0 2.1 

K
2
0 1.7 1.6 1.8 1.8 1.7 2.0 1.8 2.0 2.0 1.5 1.7 1.5 1.7 1.9 1.8 

no
2 

1.1 1.1 2.1 2.2 2.2 2.2 2.8 2.9 2.5 2.2 2.3 2.2 2.3 1.3 1.5 

MnO 

51 

Al 

Fe 

Hg 

Ca 

Na 

T1 

Mn 

97.5 97.9 97.3 98.5 97.3 98.2 97,4 97.1 98.6 98.6 98.9 97.3 98.1 97.5 96.9 

0.89 0.76 0.86 0.9 0.74 0.91 0,75 1.00 0.95 0,83 0.74 0.71 0.85 0.95 0.81 

Nurrber of Ions on the 8a.s1s of 23 Ox,ygens. 

6.014 6.063 5.895 5.884 5.943 5.912 6.031 5.934 5.772 6.002 5.990 5.995 5.874 5.786 5.811 

2.330 2.343 2.527 2.521 2.492 2.472 2.379 1.424 1.610 1.463 2.379 1.431 1.513 2.665 1.649 

1.313 1.283 1.445 1.479 ].351 1.712 1.199 1.377 1.537 1.445 1.477 1.531 1.555 1.331 1.403 

3.374 3.408 3.090 3.058 3.088 2.795 3.023 3.001 1.913 3.092 3.035 1.993 1.971 3.170 3.081 

1.935 1.860 1.905 1.931 1.928 1.916 1.884 1.991 2.004 1.895 1.951 1.871 1.925 1.944 1.862 

0.541 0.582 0.617 0.559 0.655 0.645 0,701 0.575 0,600 0.506 0.645 0.609 0.589 0.577 0.639 

0.313 0.302 0.336 0.329 0.331 0.375 0.341 0.387 0.383 0.279 0.310 0.189 0.320 0.361 0.344 

0.193 0.103 0.234 0.250 0.245 0.146 0.309 0.321 0.175 0.139 0.255 0.149 0.263 0.257 0.182 

Total 16.037 16.015 16.068 16.013 16.03 16.091 15.967 16.009 16.100 15.911 16.043 15.968 16.011 16.092 16.072 

72.0 72.75 68.1 67.4 69.5 61.0 69.9 68.6 65.5 68.1 67.3 66.2 65.7 70.4 68.7 IOOM9/M9+f e 

Ca/Ca+Mg 0.364 0.353 0.381 0.387 0.384 0.408 0.384 0.399 0.407 0.380 0.391 0.385 0.393 0.380 0.377 

Notes: X· xenoliths, l- lavas, Xl- olivine clinopyroxenites·, X2- al~ali pyroxen1tcs, X3- gabbroic xenoliths. 

The ilmphibo1e in the ol1vfne'clinopyroxenite nodules 1s fnterstitfal to early crystallis-ed ol ""d cpx. 

In the alkali pyroxen1tes it ts also interstitial to early cpx, and is also partially replacing the crx. 

In the gabbrofc xenoliths amphibole is an early crystallised pril'lldry phase except in BlO where it ts a 

late phase occurring as 1nterculll.Jlate (?) oikocrysts. In the lavas, the amphibole occurs as partially 

reacted tnegi!crysts. 
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The groundmasses of the lavas are generally composed of fine inter

locking laths of plagioclase (An 32- An 50), small tabular clinopyroxene, 

small granular olivine and magnetite, needles of apatite and generally 

relatively Ca-r·ich alkali feldspar (An 15 Ab 70 Or 15- An 11 Ab 27 Or 62). Son· 

have a glassy mesostasis and a few contained very fine grains of a 

cane ri nite-vi shnevite group mineral (mi crosommite). 

One member of the olivine megacryst-bearing group of lavas phonolitic 

tephrite B43 (tables 5.7 and 5.3), differs significantly from most other 

lavas of the suite, in that it contains no plagioclase phenocrysts and 

abundant, very ·large megacrysts of olivine and clinopyroxene. These 

megacrysts are particularly mafic and in fact are generally more magnesian 

than representatives of the same phases in the ol ivine-cl inoryroxenite 

xenoliths. The compositions of these megacrysts are essentially identical 

to those of the ankaramites from Rindjani (e. g. LB8, chapter 3). 

Clinopyroxenes are zoned with Cr-diopside cores (Ca 48 Mg 48 Fe 4, 

Mg/Mg+Fe = 0.92, 1% Cr2o3) and augite rims (Ca 49 Mg 42 Fe 9, Mg/Mg+Fe = 

0.83). Associated olivine has a composition in the range Fo 87- Fo 88 

(table 5.11). 

5.4 Mineral Chemistry of the Sangeang Api Lavas and Intrusive Rocks 

1. Cl i nopyrox.§.De 

This is ubiquitous to all xenoliths and lavas. Representative analyses 

of clinopyroxenes from each of the main intrusive rock-types as well as 

megacryst, phenocryst and groundmass m·inerals from the lavas are given in 

tables 5.ll·5.13. Compositional variations are summarised in standard 

pyroxene-quadrilateral diagrams in figu~es 5.5 and 5.12. 

The main compositional variations of the clinopyroxenes of these 

rocks involve t1g, Fe, Ca, Aland Ti. A characteristic of all clinopyroxenes, 

(though there are s·ignificant differences between pyroxenes of the individual 

xeno 1 Hh-types and phenocrysts and groundmass) is their very Ca-ri ch, Na-poor 



Table 5.11 

Analysis No. 

Sample No. 

MgO 

CaD 

Na 2o 
Ti02 

HnO 

Fe 

Mg 

Ca 

Na 

Ti 

Mn 

Cr 

Tota 1 

100Mg/Mg+Fe 

Ca/Ca+Mg 

Mol.% Ca 

Mg 

Fe 

Representative Ana lyses of Clinopyroxene from Sangea~J]__Apj__la V(!~ 

843 

H 

53.6 

1.4 

2.7 

17.3 

23.8 

0.3 

1.0 

100.1 

2 

843 

M 

53.6 

1.4 

2.7 

16.8 

24.3 

0.3 

1.0 

100.1 

3 

843 

M 

51.5 

3.4 

5.5 

15.0 

23.8 

0.5 

0.2 

99.9 

4 

B35 

p 

51.3 

3.9 

7.0 

14.5 

22.5 

0.6 

99.8 

5 

835 

G 

43.8 

8.7 

11.1 

10.6 

23.6 

1.9 

99.7 

6 

827 

p 

48.7 

6.7 

8.1 

12.9 

22.7 
~ 

1.0 

100.1 

7 

827 

p 

48.2 

6.2 

9.0 

12.7 

21.7 

1.8 

0.3 

99.9 

Number of Ions on the Basis of 6 Oxygens. 

1.953 1.954 1.902 

0.047 0.0457 0.098 

' 0.013 0.014 0.050 

0.081 0.081 0.170 

0.937 0.911 0.826 

0.928 0.950 0.942 

0.008 0.008 0.014 

0.028 0.029 0.006 

1.900 

0.099 

0.071 

0.217 

0.800 

0. 893 

0.017 

1.682 1.815 

0.318 0.185 

0.076 0.108 

0.356 0.252 

0.607 0.714 

0.971 0.907 

0.055 0.028 

1.807 

0.193 

0.081 

0.282 

0. 709 

0.872 

0.051 

0.009 

8 

[339 

M 

51.0 

3.8 

6.6 

15.2 

22.2 

0.3 

0.6 

99.7 

1.890 

0.110 

0.056 

0. 205 

0.839 

0.882 

0.022 

0.017 

9 10 

B39 B39 

R(l) G 

50.9 49.9 

4.0 4.1 

7.7 11.3 

14.6 12.0 

21.9 20.5 

0.7 

99.8 

0.5 

1.2 

0.3 

99.8 

11 

B38 

G 

49.5 

5.5 

10.5 

12.4 

19.5 

1.6 

0.3 

99.3 

1.890 1.882 1.863 

0.110 0.118 0.137 

0.065 0.063 0.106 

0.239 0.355 0.329 

0.808 0.674 0.695 

0.871 0.829 0.786 

0.037 

0.019 0.035 

0.010 

0.045 

0.009 

3.995 3.993 4.007 3.998 4.065 4.010 4.005 4.020 4.003 4.003 3.970 

92.0 91.8 82.9 78.7 62.9 73.9 71.5 80.4 77.2 65.5 67.9 

0.497 0.511 0.533 0.527 0.615 0.559 0.551 0.512 0.519 0.552 0.530 

47.7 48.9 48.6 46.7 50.2 48.4 46.7 45.8 45.3 44.6 43.4 

48.1 46.9 42.6 41.9 31.4 38.1 38.2 43.5 42.2 36.3 38.4 

4.2 4.2 8.8 11.4 18.4 13.5 15.1 10.7 12.5 19.1 18.2 

Abbreviations: r1- megacryst, P - phenocryst, R - rim, G - groundmass. 

Notes: The detection-limit for Na2o on the electron-probe was about 0. 25% 

and on this basis most of the above pyroxenes must have <0.25% Na2o. 

(1) Analysis 9 is of an outer rim to megacryst, analysis 8 and is 

compositionally equi va 1 ent to the phenocrysts. 



Table 5.12 

Analysis No. 

Sample No. 

Xenolith type: 

s;o, 

Al203 

FeO 

MgO 

CaO 

Na 20 

Ti02 

MnO 

Cr 203 

Total 

100 ~g/f·lg+Fe (mol.) 

51 

A1w 

Al VI 

Fe 

Mg 

Ca 

Na 

Ti 

Mn 

Cr 

X + y 

Total 

Ca 

Mg 

Fe 

Ca/Ca+Mg (mol.) 

Alv1/A11v 

823 

core 

50.5 

4,2 

6.2 

14.3 

23.8 

0.7 

0.20 

99.9 

80.43 

1.874 

0.126 

0.058 

0.192 

0.791 

0.946 

0.020 

0.005 

2.000 

2.012 

4.012 

49,0 

41.0 

10.0 

.545 

0.460 

t".otes: Type 1 xeno11ths .. ol1v1ne cl1nopyroxen1tes 

Type 2 xenoliths .. IM9Mt1te c11nopyroxen1tes 

823 

rim 

49.7 

5.1 

6.3 

14.0 

23.7 

0.9 

0.10 

99.8 

79.84 

!.848 

0.152 

0.072 

0.196 

0.776 

0.944 

0.025 

0.001 

2.000 

2.010 

4.010 

49.3 

40.5 

10.2 

,549 

0.474 

85 

co .... 

53.2 

2.4 

5.1 

14.8 

23.8 

0.5 

0.2 

100.0 

83.88 

1.953 

0.047 

0.057 

0.155 

0.810 

0.937 

0.013 

0.007 

2.000 

!.979 

3.979 

49.2 

42.6 

8.2 

.536 

1.212 

Representative Electron Microprobe Analyses of C11nopyroxenes fi"''Oft Sangeang Ap1 Xenoliths 

85 

rim 

52.0 

3.7 

6.1 

14.1 

23.4 

0.5 

0.1 

99.9 

80.46 

1.919 

0.081 

0.080 

0.188 

0.775 

0.925 

0.014 

0.003 

2.000 

1.985 

3.985 

49.0 

41.0 

10.0 

.544 

0.987 

85 

core 

51.6 

2.7 

5.6 

15.8 

23.6 

0.5 

0.2 

100.0 

83.41 

85 

rim 

48.6 

4.4 

7.2 

13.3 

25.2 

0.8 

0.1 

99.6 

76.70 

84 

52.1 

3.6 

5.6 

14.4 

23.5 

0.5 

0.2 

99.9 

82.10 

Nt.mber of Ions on the Basis of 6 Oxygens 

1.905 

0.095 

0.023 

0.173 

0.869 

0.934 

0.014 

0.006 

2.000 

2.019 

4.019 

47.3 

44.0 

8.7 

.518 

0.237 

1.832 

0.168 

0.027 

0.227 

0.747 

1.018 

0.022 

0.003 

2.000 

2.044 

4.044 

1.919 

0.081 

0.075 

0.173 

0.790 

0.928 

0.014 

0.006 

2.000 

1.986 

3.986 

Molecular Proport1ons 

51.1 

37.6 

11.3 

.577 

0.164 

49.0 

41.9 

9.1 

,540 

0.930 

8 

89 

49.5 

5,1 

6.3 

14.7 

23.5 

0.7 

0.3 

100.1 

80.69 

1.837 

0.163 

0.057 

0.194 

0.812 

0.933 

0.019 

0.008 

2.000 

2:023 

4.023 

48.1 

4!.9 

10.0 

.535 

0.350 

89 

49,8 

5.2 

6.9 

13.6 

23.4 

0.8 

0.1 

99,8 

77.84 

1,853 

0.174 

0.081 

0.215 

0.754 

0.933 

0.022 

0.003 

2.000 

2,008 

4,008 

49.1 

39.6 

11.3 

.553 

0.552 

10 

825 

core 

51.1 

3.7 

5.8 

14.7 

23.7 

1.0 

0.1 

100.1 

81.86 

1.887 

0.1!3 

0.049 

0.180 

0.807 

0.937 

0.026 

0.004 

2.000 

2.003 

4.003 

48.7 

42.0 

9.3 

.537 

0.434 

11 

825 

r1m 

50.5 

4.6 

6.5 

13.7 

23.6 

1.0 

0.1 

100.0 

78.87 

1.872 

0.128 

0.073 

0.201 

0.757 

0.937 

0.028 

0.003 

2.000 

1.999 

3.999 

49.5 

40.0 

10.5 

.553 

0.570 

12 

825 

50.6 

4.0 

7.0 

13.8 

23.2 

0.9 

0.2 

0.1 

99.8 

77.84 

1.883 

O.ll6 

0.059 

0.218 

0.766 

0.925 

0.025 

0.006 

0.003 

2.000 

2.002 

4.002 

48.4 

40.1 

11.5 

.547 

0.513 

13 

82!! 

50.2 

4.5 

7.3 

13.8 

23.1 

0.9 

0.1 

99.9 

77.11 

1.868 

0.132 

0.065 

0.227 

0.765 

0.921 

0.025 

0.003 

2.000 

2.006 

4.006 

48.1 

40.1 

11.8 

.546 

0.495 

14 

82!! 

49.8 

4.9 

7.6 

13.6 

23.1 

0.8 

0.1 

99.9 

76.06 

1.855 

0.145 

0.069 

0.238 

0.755 

0.922 

0.023 

0.004 

2.000 

2.011 

4.0JJ 

48.2 

39.4 

12.4 

.550 

0.476 



Table 5.13 

Analysis No. 

Sample No. 

Xenolith Type 

MgO 

CaO 

Na2o 

Ti02 

MnO 

Cr2o3 

Total 

Fe 

t1g 

Ca 

Na 

Ti 

Mn 

Cr 

Total 

100Mg/Mg+ Fe 

Ca/Ca+l1g 

Mol.% Ca 

Mg 

Fe 

1 

81'3 

A 

c 
53.0 

1.6 

5.1 

16.2 

23.4 

0.4 

0.2 

99.9 

1.949 

0.051 

0.018 

0.157 

0.888 

0.922 

0.011 

0.005 

4.002 

85.0 

0.509 

47.0 

45.1 

7.9 

Representative Ana~2__()j_~oxen~l. 

from Sangeang A pi -A 1 ka l.i.f.zr_o~<:r1_i te and Gab_E__c_~_x_eno_li_ltls_. 

2 

813 

A 

R 

47.2 

7.5 

8.2 

12.9 

22.9 

1.1 

99.8 

1. 771 

0.229 

0.102 

0.257 

0. 721 

0.921 

0.031 

4.032 

73.7 

0.561 

48.6 

37.9 

13.5 

3 

822 

A 

c 
51.6 

3.0 

4.2 

15.8 

23.9 

0.5 

0.8 

99.8 

1.899 

0.101 

0.031 

0.128 

0.868 

0. 943 

0.014 

0.128 

4.008 

87.2 

0.520 

48.6 

44.8 

6.6 

4 

B22 

A 

R 

48.8 

5.7 

7.4 

13.0 

23.8 

1.0 

99.7 

1. 827 

0.173 

0.079 

0.232 

0. 725 

0.955 

0.028 

4.018 

75.8 

0. 568 

49.9 

38.0 

12.1 

5 

B16 

A 

48.9 

5.4 

8.9 

12.5 

23.1 

0.4 

0.7 

99.9 

1.838 

0.162 

0.077 

0.279 

0. 700 

0.930 

0.029 

0.020 

4.037 

71.5 

o. 571 

48.7 

36.7 

14.6 

6 

B15 

A 

( 1) 

51.5 

2.9 

5.2 

14.9 

23.8 

0.6 

99.9 

1. 908 

0.092 

0.035 

0.192 

0.823 

0.945 

0.017 

4.011 

81.1 

0.535 

48.2 

42.0 

9.8 

7 

B10 

G 

45.8 

5.8 

7.4 

12.4 

22.7 

0.2 

0.8 

95.1 

1.807 

0.193 

0.078 

0. 243 

0. 728 

0.958 

0.014 

0.023 

4.042 

75.0 

0.568 

49.7 

37.7 

12.6 

8 

B24 

G 

47.3 

6.7 

8.6 

12.7 

24.4 

1.1 

99.7 

1. 783 

0.217 

0.080 

0.271 

0.713 

0.941 

0.031 

4.037 

72.4 

0.570 

48.9 

37.0 

14.1 

Notes: 1. Analysis 6, from 815, is of cpx-reaction rim around olivine of Fo81 (see plate 3E). 

Abbreviations: A- alkali clinopyroxenite, G- gabbroic xenolith, C - core, R- rim 

Analyses 1 and 2 and 3 and 4 are coexisting core-rim pairs. 

*The detection limit for Na 2o is about 0.25%. 

9 

B8 

G 

49.4 

4.9 

7.9 

12.7 

23.9 

0.9 

99.7 

1. 853 

0.147 

0.069 

0. 248 

0. 710 

0.961 

0.025 

4.013 

74.1 

0.575 

50.1 

37.1 

12.8 

10 

B8 

G 

45.7 

8.5 

9.4 

10.9 

23.8 

0 

1.6 

99.9 

1.731 

0.269 

O.llO 

0. 298 

0.615 

0.965 

0.046 

4.034 

67.4 

0.611 

51.5 

32.7 

15.8 
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composition (in almost all examples Na is below the detection limit for 

this element on the electron microprobe used ca. 0.2- 0.3% Na 2o). 

Compositional variations of these clinopyroxenes are somewhat akin 

to those of shallow~level intrusions of differentiating alkali basalt 

magma (e.g. the Shiant Sill; Gibb, 1973). 

The main variations in clinopyroxene composition are considered in 

terms of seven distinct petrographic groupings; 1. olivine clinopyroxenites; 

2. magnetite clinopyroxenites; 3. gabbroic intrusives; 4. alkali 

clinopyroxenites; 5. ·lava megacrysts; 6. lava phenocrysts; 7. lava 

groundmass clinopyroxenes. 

In general it is found that with the exception of the cpx from the 

alkali clinopyroxenite and occurring as megacrysts, the cpx of all the other 

groups fall into distinct, recognisable, compositionally unique fields. 

Overall, clinopyroxenes range from Cr-diopside to salite to Ca-augite in 

composition. 

(a) Mg/Mg+Fe and Ca/Ca+Mg variations 

Variation in Mg/Mg+Fe and Ca/Ca+Mg provides the main discriminant 

between pyroxenes of the above petrographic groupings. In particular 

variations of these parameters define four distinct fields; 1. olivine 

clinopyroxenites; 2. magnetite clinopyroxenites and gabbros; 3. phenocrysts; 

4. groundmass pyroxenes. Each grouping shows a general trend of increasing 

Ca/Ca+r~g with decreasing Mg/~~g+Fe (figure 5.4). At the same time the 

pyroxenes of the four groups just mentioned show a general trend of 

decreasing ~1g/Mg+Fe from group 1 (olivine clinopyroxenites) to group 4 

(groundmass pyroxenes). This trend is also accompanied by a general trend 

of decreasing Ca/Ca+Mg at any particular Mg/Mg+Fe value. Thus pyroxenes 

of the olivine clinopyroxenites are relatively more Ca-rich than those of 

the magnetite clinopyroxenite and gabbroic xeno!iths which in turn are more 

Ca-rich than the phenocrysts which are generally more calcic than the ground

mass clinopyroxenes (f"igut·e 5.4). 
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Within any given group, core-rim variations and slight differences 

between clinopyroxene compositions of different rocks of the same group, 

describe trends of decreasing Mg/Mg+Fe with increasing Ca/Ca+Mg. Thus a 

series of subparallel trends are shown on figure 5.4. There is almost no 

overlap between the pyroxenes of the olivine clinopyroxenite and those of 

the plagioclase-bearing gabbroic xenoliths and there is only slight overlap 

between this latter group and phenocryst compositions. 

Some clinopyroxenes from the alkali clinopyroxenites are zoned with 

rather pale cores (compared to their more greenish rims), with higher 

relief, poor cleavage and larger 2V. These are markedly more magnesian than 

the rim compositions, (figures 5.4, 5.5) and are relatively Ca-ricl1. They 
' 

are slightly more mafic than the most magnesian analysed cpx from the 

olivine clinopyroxenites. Furthermore, the megacrysts from the mafic 

ankaramite or phonolitic tephrite B43 (table 5.11) are even more mafic than 

the diopsidic cores from the alkali clinopyroxenites. Both these groups of 

mafic, Cr-diopsides have similar Ca/Ca+Mg values (ca. 0.5) to those of the 

slightly less mafic clinopyroxenes of the olivine clinopyroxenites. Thus 

in view of the "normal" trend of decreasing Ca/Ca+Mg with ·increasing Mg/Mg+Fe 

shown by the other clinopyroxenes, these diopsides are even more relatively 

Ca-rich than the olivine clinopyroxenite pyroxenes. 

Other megacrysts plot on a general trend of decreasing Mg/Mg+Fe at 

constant or only slightly increasing Ca/Ca+Mg, from the field of these 

most mafic compositions to compositions the same as those of the phenocrysts 

(figure 5.4). Intermediate compositions fall in both the olivine-cline

pyroxenite and gabbroic fields (figure 5.4). This same trend is also 

exhibited by the core-rim variation of a single cpx megacryst of very 

similar type from ankaramite LB8, from Rindjani, on Lombok Island 

(figure 5.6). Thus the megacrysts appear to represent a sampling of a 
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representative selection of the clinopyroxene of all xenolith types and 

in the case of those of lava 843, appear to have sampled some which are 

even more mafic than those represented in the available xenolith samples. 

The pyroxene variation of the alkali clinopyroxenites is similar. 

Clinopyroxenes from these rocks tend to show wide core-rim variations, 

which cut-across the 11 norma1 11 variation trends shown by pyroxenes from 

one xenolith type. The mafic early cores are mantled by successively less 

mafic outer zones. These outer zones also appear to correspond with the 

later stage precipitation of phlogopite and/or amphibole. In terms of 

variation in Mg/Mg+Fe and Ca/Ca+Mg (figure 5.4) for core to rim, the 

clinopyroxenes of this xenolith group record a variation from their mafic, 

Cr-diopside-cores to cpx like that of the oliv·ine clinopyroxenites, to 

rims which fall in the field of gabbroic xenolith clinopyroxenes. 

(b) Al-Ti variation 

Low silica activity in the liquid is likely to favour AliV substitution 

into the Z-site (e.g. Le Bas, 1962), coupled with Ti substitution in the 

Y-site (Yagi and Onuma, 1967). Increased pressure is 1 ikely to favour 

Al-substitution into theY-site (e.g. Kushiro, 1960), yielding high AlVI/AliV 

ratios (e.g. Aoki and Kushiro, 1968). 

The cpx of the Sangeang Api lavas and xenoliths show a general overall 

trend of increasing Al and Ti with decreasing Mg/Mg+Fe (figures 5. 7 and 

5.8). The most mafic clinopyroxenes, for instance, the Cr-diopside mega-

crysts from lava B43 and the mafic cores of cpx from the alkali clinopyroxen

ites all have very low Aland Ti concentrations (tables 5.11 and 5.13). 

This is also true of the very magnesian Cr-diopside occurring in cores in 

megacrysts from the Rindjani ankaramites described in chapter 3 and is 

also true of virtually identical megacrysts in some of the leucitic lavas 

from G. Sangenges and Soromundi (chapter 6, table 6.8). 
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Comparing the pyroxenes from the lavas and the xenolHhs (figure 5.7), 

there is a tendency for the phenocrystic clinopyroxenes to fall away from 

the xenolithic clinopyroxene trend having lov-:er Al 2o3 ti12.n cl inopyroxenes 
i ' 

from the xenoliths w'ith similar Mg/~~g+Fe values. This .trend is 

emphasised by the groundmass cpx compositions, where several analyses 

give ~~g/t1g+Fe values <0.7 and Al 2o3 <6%. This tendency applies less to 

the Ti0 2 variation. 

This feature is also illustrated by the Ti02 v Al 2o3 variation 

(figure 5.9). A number of the phenocryst and groundmass clinopyroxenes 

plot at markedly lower Al 2o3 values than cpx of the xenoliths and megacrysts 

with similar T~0 2 concentrations (i.e. they are relatively more Ti-rich than 

the pyroxenes of the intrusive rocks. 

The most mafic, diopsidic clinopyroxenes from the olivine-clinopyrox-

enites, alkali clinopyroxenites and occurring as megacrysts in lava 843, 

as discussed previously are remarkably Al- and Ti-poor. The less magnesian 

clinopyroxenes from these xenoliths and those of the gabbroic xenoliths, 

aremoreAl- and Ti-rich (figure 5.9). Furthermore, the Al-Ti variation 

trend (figure 5.9), appears to comprise two distinct linear arrays. The 

most mafic, Al-poor clinopyroxenes (cores) from the olivine clinopyroxenites, 

alkali clinopyroxenites and the megacrysts from B43, lie on a trend with a 

markedly flatter slope than do the less mafic and more Al-rich members of 

these groups ( outel~ zones and rims) and a 11 c 1 i nopyroxene of the gabbro 

group. 

This is illustrated well if the alkali clinopyroxenite data is plotted 

alone (figure 5.10). This transition must represent a change in the nature 

of the Al- and Ti-substitution, predominantly i~ Ca Tschermak 1 S molecule 

(Ca Al 2 Si06) to a coupled Al-Ti substitution as the Ca Ti Al 2 o6 molecule 

as postulated by Yagi and Onuma (1967). This would then also correspond to 
. I 

a decrease in the AlVI/A1 1V ratio of the clinopyroxenes and may represent a 

response to decreasing pressure (AlVI/Al 1V ratios of these most mafic 
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pyroxenes do indeed tend to be quite high, some in fact as high as 0.9. 

However, as the calculation of the AliV/AlVI partition is largely dependant 

on the quality of the silica analysis, in view of the low Al concentrations, 

small variations in the silica determinations within the limits of precision 

of the electron probe are likely to produce considerable apparent variation 

in AliV/AliV ratios). 
\ : ~ f 

This tendency towards Al substitution in the Ca Ti Al 2 o6 molecule in 

favour of Ca-Tschermak's molecule may be even further extended in the case 

of the phenocryst and groundrrass pyroxenes. In this case Ti is even more 
:' 

markedly enriched relative to Al, compared with the pyroxenes of the xenolith~ 

The low-Al, -Ti, mafic, diopsidic clinopyroxenes from the olivine 
) 

clinopyroxenites, alkali clinopyroxenites and also occurring as megacrysts 

in lava 843, have high Cr-concentrations, and in fact are the only pyroxenes 

with significant Cr. Cr concentration shows rapid depletion with decreasing 

Mg/Mg+Fe. Those with Mg/Mg+Fe values about 0.9 have about 1.0% Cr2o3, 

while those more Fe-rich than Mg/~1g+Fe = 0.77, have very low Cr concen

trations (<0.1% cr2o3). The gabbroic xenoliths, which have pyroxenes mostly 

more iron-rich than Mg/Mg+Fe = 0.77, have whole-rock Cr concentrations of 

about 60ppm or less and their clinopyroxenes are likely to have at most 

120ppm Cr. This factor tends to suggest a fractional crystallisation 

mechanism, where the Cr-content of the liquid is rapidly depleted by the 

crystallisation of early, high temperature, mafic diopside. 

All pyroxenes, including the most mafic diopsides, have very low 

Na2o contents (almost all less than the detection limit of about 0.25%). 

Thus the Cr-diopside have a very refractory character which is somewhat at 

odds with their presence in association with markedly alkali lavas. This 

problem is even more marked in the case of some leucitic lavas from Soromundi, 

(chapter 6), for instance, where identical megacrysts occur in highly 

undersaturated lavas. 
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2. Amphibole 

Amphibole occurs in five distinct roles in the suites of lavas and 

intrusive rocks from Sangeang Api volcano. 

1. As 1 ate-stage interstitia 1 or intercumul ate, somewhat poi kil itic 

grains in the olivine clinopyroxenite nodules (plate 2A). 

2. As a second stage phase in the alkali clinopyroxenites, replacing 

earl·ier cpx and occupying interstial areas between primary cpx 

grains, often in association with phlogopite (plates 3A, C and G). 

3. As primary, early-formed grains in hornb 1 ende-magneti te-e 1 i nopyroxeni te 

(e.g. 820) and in the most mafic, amphibole-rich members of the 

gabbroic ,xenolith suite (e.g. BlB, 87 and B24 (plates 5A, Band D). 

4. As late-stage intercumulate, poikilitic oikocrysts in some of the 

least mafic, least amphibole-rich members of the gabbroic xenolith 

group (e.g. BlO plate 5E). 

5. As somewhat corroded or reacted phenocrysts/megacrysts in some of 

the lavas (e.g. 827, 835). 

Analyses of typical examples of amphibole from each of these roles are 

given in table 5.10, while overall variations are summarised in the Fe-Mg-Ca 

quadrilateral diagram (figure 5.11}. 

All the amphiboles are members of the Ca-rich hornblende group and 

according to the criteria of Papike et al. (1974), they are all either 

pargasites or magnesian hastingsites. Compared with the clinopyroxenes, 

the compositional variation of the amphiboles is more restricted and this 

might indicate that crystall·isation of amphibole was conf-ined to a more 

limited episode in the evolution of the liquids from which the xenolith 

minerals precipitated (either limited by liquid composition and/or by 

PH 20, f02, P and T). Though there is certainly some correlation between 

the Mg/Mg+Fe ratio of coexisting cpx and amphibole (figure 5.12). 
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The general impression, considering the paragenetic sequence implied 

by the xenolith assemblage, is that cpx started to crystallise earlier 

than amphibole (olivine clinopyroxenite) and continued to crystallise 

later (the most plagioclase - cpx-rich gabbros such as BlO). There may 

however have been one phase on the sequence where amphibole was precipitating 

either earlier and/or simultaneously with cpx, as the modally dominant phase. 

This segment represented by the hornblende clinopyroxenites (e.g. 820) and 

the most amphibole-rich gabbros (e.g. 87, BlB, 824). 

The most important compositional variation amongst the analysed 

amphiboles, is that of Mg-Fe substitution. Mg/Mg+~Fe values range from 

0.62 to 0.75. ,The amphiboles areCa- and Al-rich and Si-poor. 

Like the clinopyroxenes, the amphiboles show some systematic variation 

of Ca/Ca+Mg with Mg/Mg+Fe, these two ratios showing a negative correlation 

(figure 5.13). As in the case of the clinopyroxenes, there are distinct 

groupings of amphiboles from different xenolith types. The pargasite from 

the olivine clinopyroxenites are slightly more mafic and more Ca-rich than 

most of those from the gabbroic xenoliths and from the lavas. The amphiboles 

from the most amphibole-rich members of the gabbroic suite (87, BlB, where 

amphibole is the earliest phase, plot on the same Ca/Ca+Mg v Mg/Mg+Fe 

trend as the pargasite from the olivine clinopyroxenites and are relatively 

more calcic than the other (later?) amphiboles. 

The phenocrysts from the lavas fall in this field of the relatively 

Ca-poor group of amphiboles from the gabbroic xenoliths. As in the case 

of the clinopyroxenes, the alkali clinopyroxenites again show a tendency 

to straddle these two groups (figure 5.13). 

The amphiboles are all relatively K20-rich with between 1.5 and 2.5% 

K2o and in this respect are quite distinct from those of the Rindjani suite 

(chapter 3). The pargasite amphibole oc~urring as reacted xenocrysts in 
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some of the Rindjani basalts and andesites generally have considerably less 

than 1% K20, while the less Ca-rich, less aluminous hornblendes from the 

Rindjani dacites have about 1% K2o. 
These Sangeang Api amphiboles show a slight trend of K20-enrichment 

with decreasing Mg/Mg+Fe. The Na20-content of the Sangeang Api amphiboles 

all show rather limited variation and average about 2% Na2o and in this 

respect are rather similar to all the Rindjani amphiboles. Thus the Sangeang 

Api amphiboles have markedly higher K20/Na 2o ratios (0.7 - 0.8) compared 

to those of the Rindjani amphiboles (0.2- 0.3). It appears that in this 

respect the amphibole composition probably reflects the relatively more 

K20-rich nature of the Sangeang Api liquids. Helz (1973) for instance 

suggests that K20-levels in hornblendes are a function of the K2o concentratio1 

\ of the magma, and are insensitive to variations in T, f0 2 etc. In this 

respect the slight increase in K2o content of the amphibole with decreasing 

Mg/Mg+Fe values is thus possibly indicative of rising K20-levels in the 

differentiating liquid, possibly as a function of falling temperature and 

fractional crystallisation. 

Ti and Al are the other most significantly variable components of the 

amphiboles, both showing enrichment with declining Mg/Mg+Fe (figures 5.14 

and 5.15). The Ti content of the amphiboles from the most amphibole-rich 

gabbroic xenoliths (i.e. those where amphibole appears to be the earliest 

phase, e.g. 87 and BlB) are markedly higher than those of all other 

amphibole groups. This may be a function of the T·i-content of the liquid. 

As discussed in section 5.5, the compositional variation of the Sangeang 

Api lavas show a marked early Ti02-enrichment trend with differentiation, 

followed by a later Ti02-depletion trend. Furthermore, if the intrusives 

are considered as potential cumulates from these evolving liquids, then as 

discussed in section 5.6 and in chapter 9, there is a case to be made for 

considering the early no2-enrichment stage to be due to crystallisation of 
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a Ti-poor, cpx-olivine assemblage (like that of the olivine clinopyroxenites) 

and the transition to the Ti ·depletion trend to be due to the onset of 

crystallisation of amphibole- and magnetite-rich assemblages. Thus if 

these most amphibole-rich xenoliths (B7, BlB, B24), represent the earliest 

assemblages in this new crystallisation phase, then they are potentially 

likely to have access to the most Ti-rich liquids (i.e. at the infl'ection 

point in the Ti-MgO variation diagrams in figure 5.25). 

Similarly the Al-variation of the amphiboles (figure 5.14) may also 

be a function of variation in the Al-content of the liquids. 

The amphiboles occurring as reacting phenocrysts in some of the 

Sangeang Api lavas are of very similar composition to those of the more 
' 

plagioclase-rich gabbros (e.g. 824). 

The general compositional variation of the amphiboles probably 

reflects the compositional variation of the liquids from which they 

crystallised, particularly variations in Al, Ti, K and Mg/Mg+Fe. The 

Ca/Ca+Mg v t~g/Mg+Fe groupings may reflect the same type of variations 

reflected in the cpx groupings based on these ratios. As will be discussed 

later, this may represent an effect due to variations in H2o and P, 

possibly the same process which apparently r·esul ts in the crystallisation 

of very Ca-rich, anorthitic plagioclase. 

3. Olivine 

The occurrence of olivine in the Sangeang Api intrusive rocks is 

restricted to the olivine clinopyroxenites and some alkali clinopyroxenites 

and rarely, as occasional grains, often included in clinopyroxene, in the 

magnetite clinopyroxenites. In the lavas it occurs as megacrysts and 

phenocrysts in those lavas from which amphibole is absent and as groundmass 

grains in most lavas. 

In the intrusive rocks the olivine is generally euhedral and in a 

number of the alkali clinopyroxenites it is surrounded by reaction r·ims of 



Table 5. 15 Representative Q1ivine Analyses: Sangeang Api Xenoliths 

Analysis No. 1 2 3 4 5 6 7 8 9 10 11 12 I 

Sample No. 85 85 85 85 85 823 823 89 89 89 821 815 

Xeno 1 i th Type 1 1 1 1 1 1 1 1 1 1 4 4 

Si02 39.7 39.8 36.1 38.7 38.5 38.4 39.6 38.7 39.3 39.3 38.3 38.6 

FeO 19.2 19.1 23.1 17.9 17.7 18.0 19.5 18.4 18.3 18.5 19.3 17.5 

MgO 40.5 40.4 39.9 42.8 43.2 42.8 39.6 42.0 42.0 41.9 41.7 42.9 

CaO 0.2 0.28 0.35 0.25 0.24 0.27 0.24 - 0.17 0.20 0.13 0.18 

Ti02 - - 0.13 - - - - - - - 0.12 0.13 

MnO 0.3 0.39 0.39 0.19 0.17 0.34 0.20 0.4 0.18 - 0.54 0.61 

Cr203 - - - 0.1 0.1 0.1 0.1 

--
Total 99.9 99.97 99.97 99.94 99.91 99.91 99.24 99.50 99.95 99.90 100.09 99.92 

100Mg/Mg+Fe(mol.) 78.99 79.03 73.48 81.00 81.30 80.90 78.70 80.30 80.35 80.14 79.38 81.37 

Number of Ions on the Basis of 4 (0) 

Si 1.016 1.018 0.951 0.988 0.983 0.983 1.014 0.988 1.002 1.003 0.984 0.985 

Fe 0.411 0.409 0.508 0.382 0.378 0.385 0.417 0.392 0.390 0.395 0.415 0.374 

Mg 1.545 1.540 1. 566 1.628 1.643 1.632 1.542 1.600 1.596 1.594 1.597 1.632 

Ca 0.005 0.007 0.009 0.007 0.007 0.007 0.007 - 0.005 0.005 0.004 0.005 

Ti - - 0.003 - - - - - - - 0.002 0.002 

t':n 0.006 0.008 0.009 0.004 0.004 0.007 0.004 0.008 0.004 - 0.012 0.013 

Cr - - - 0.002 0.002 0.002 0.002 

Total 2.984 2.982 3.046 3.011 3.016 3.016 2.985 3.005 2.998 2.997 3.013 3.012 

Notes: Type 1 xenoliths: olivine clinopyroxenites 

Type 2 xenoliths: alkali clinopyroxenites 

Rimmed by reaction corona of Cpx and ph1ogopite (see plate 2E). 
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clinopyroxene and phlogopite (e.g. 815, plate 3E). Typical analyses 

of representative examples of each group of olivines are given in table 5.15. 

The olivine in the intrus·ive rocks (mainly the olivine clinopyroxenites) 

is of very restricted composition and almost all analysed examples have 

t~1g/~1g+Fe values falling between 0.785 and 0.810. The t·1g/Mg+Fe values of 

these olivines are very close to those of the coexisting cpx. 

The amphibole-free lavas have olivine phenocrysts and megacrysts, as 

v.1ell as phenocrysts of plagioclase. A fevJ, 843, for instance, appear only 

to contain megacrysts of cpx and olivine and contain no plagioclase 

phenocrysts. The ol·ivine in this rock, like the cpx, is markedly more 

magnesian than ,that analysed from the olivine clinopyroxenites and have a 

composition of ~1g/Mg+Fe = 0.878. In other lavas (B39, for instance), where 

olivine megacrysts coexist with phenocrysts, the olivine megacrysts have 

the same composition as that of the olivine clinopyroxenite (Mg/t·lg+Fe = 0.8), 

wh'ile the phenocrysts are more iron-rich, are zoned, and have a more 

variable compos·it"ion. Cores are about Fo70, while rims may be Fo60 or 

more Fe-rich. The groundmass olivine is often quite iron-rich, but is 

very variable and Mg/t1g+Fe values ranged from 0.7 to 0.45. 

Besides the t·1g-Fe variation, the olivines show significant variation 

in their Mn- and Ca-contents. The concentrations of both these elements 

increase with decreasing ~1g/~1g+Fe ratio, the groundmass olivine being the 

most Mn and Ca-rich. The xenolith and megacryst olivine have very low 

Mn-content, while the most Fa-rich groundmass olivine have up to 4% MnO. 

While there is a marked trend of increasing Ca with increasing Fa-content 

of the olivines, the intrusive olivine, though relatively less calcic than 

the.olivine of the lavas, is nevertheless relatively Ca-enriched compared 

\'Jith the ol"ivines of most intrusive rocks (Simkin and Smith, 1970). 



Table 5.16 

Analysis tlo. 

Sample No. 

Xenolith Type 

Si02 
A1 2o3 

FeD 

HgO 

CaO 

Na 2o 

K20 

Ti02 

I~ nO 

cr2o3 

Total 

Si 

Al 

Fe 

Mg 

Ca 

Na 

K 

Ti 

Mn 

Cr 

135 

35.2 

16.4 

9.0 

19.6 

0.6 

9.4 

2.5 

0.2 

92.9 

5.280 

2. 892 

1.128 

4. 389 

0.090 

1. 007 

0.200 

0.024 

Representative Ana lyses of Ph l ogop ite from S a_r1.;L~_~g__!\_Q_i_ Xeno 1 i ths 

2 

B9 

35.2 

15.9 

9.1 

19.4 

0.5 

9.4 

2.4 

0.1 

91.9 

5.325 

2.841 

1.153 

4. 374 

0.084 

1.809 

0.274 

0.016 

3 

B9 

36.7 

16.7 

9.3 

20.3 

0.6 

9.5 

2.4 

0.2 

95.6 

4 

B13 

2 

35.1 

16.7 

9.8 

18.7 

0.5 

9.6 

2.1 

0.1 

92.6 

5 

B13 

2 

35.0 

16.6 

10.2 

18.6 

0.4 

9.7 

2.2 

0.1 

92.8 

6 

B21 

2 

35.3 

16.0 

8.7 

2,0 .0 

0.5 

10.5 

2.2 

93.2 

B15 

2 

35.7 

15.9 

10.6 

18.1 

0.6 

9.6 

3.9 

94.4 

Number of Ions on the Basis of 22 Oxygens 

5. 330 

2.854 

1.127 

4.403 

0.089 

1. 762 

0.263 

0.020 

5. 304 

2.970 

1.236 

4.199 

0.082 

1.840 

0.239 

0.020 

5.279 

2.953 

1.284 

4.193 

0.069 

1.861 

0.254 

0.016 

5. 301 

2.836 

1.095 

4.466 

0.081 

2.010 

0.251 

5. 306 

2. 785 

1. 315 

4.010 

0.100 

1.828 

0.437 

8 

B15 

2 

34.3 

15.4 

12.7 

15.8 

0.5 

9.6 

4.3 

0.1 

92.6 

5.274 

2.787 

1.634 

3.610 

0.074 

1.876 

0.503 

0.008 

9 

824 

3 

34.7 

15.3 

12.5 

16.1 

0.6 

0.5 

9.5 

3.9 

93.1 

5. 307 

2. 748 

1.598 

3.662 

0.098 

0.163 

1. 84 7 

0.451 

10 

BlO 

3 

35.3 

16.2 

11.2 

17.3 

0.5 

8.9 

3.5 

92.9 

5. 325 

2.879 

1.410 

3.901 

0.156 

1. 710 

0. 394 

11 

810 

3 

36.6 

16.6 

11.4 

17.5 

0.5 

10.8 

4.1 

97.4 

5.299 

2. 841 

1.377 

3. 791 

0.078 

1. 987 

0.449 

Total 

100Mg/Mg+Fe 

15.890 15.875 15.848 15.886 15.910 16.040 15.781 15.766 15.873 15.774 15.821 

79.6 79.1 79.6 77.3 76.6 80.3 75.3 68.8 69.6 73.5 73.4 

Notes: (1) Analysis 7 of phlogopite in reaction-rim around olivine Fo81 (see plate 3E). 

Xenolith types: 1- olivine clinopyroxenite, 2- alkali clinopyroxenite, 3- gabbroic. 

In the olivine clinopyroxenites, phlogopite is a late interstitial phase, in the alkali 

pyroxenites it is a late phase and occurs interstitially or as a replacement of earlier 

olivine or clinopyroxene. In the gabbros, phlogopite is also late as a reaction product 

(as in 824) or as postcumulate (?) oikocrysts (810). 
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4. Phlogopite 

Phlogopite occurs both as a reaction product, partially or totally 

replacing primary minerals in some xenoliths, or in some cases as primary, 

late-stage interstitial crystallisation products. The olivine clino

pyroxenites (e.g. B9, 85), contain thin interstitial growth of primary 

phlogopite where it assumes the latter role, while in a number of alkali 

clinopyroxenites it is apparently a later product, replacing primary 

clinopyroxene (e.g. 813, plates 3A, B, 816, 821) and in some cases 

replacing olivine (e.g. 815, plate 3E). 

Phlogopite also occurs in some gabbroic xenoliths in some cases (for 

instance, 824) apparently as a product of reaction of small amounts of 
' 

interstitial liquid with pri~ary amphibole and magnetite and in other 

cases (for instance, 810) occurring as late stage, poikilitic interstitial 

oikocrysts. 

Typical analyses of phlogopite are given in table 5.16. The ma·in 

compositional variation is in Mg, Fe and Ti with minor variation in K. 

All other components (Al, Si, Ca) are invariant. K only shows very slight 

variation, increasing marginally with decreasing Mg/Mg+Fe ratio (figure 5.16). 

The Mg/Mg+Fe values range from 0.8 to 0.67 and as in the case of the 

clinopyroxenes and amphibole, the phlogopite of the olivine clinopyroxenite 

is most mafic, while that of the gabbroic xenoliths is more Fe-rich. 

The phlogopite of the alkali clinopyroxenites again spans the widest 

range and includes both the most Fe-rich and the most magnesian compositions 

analysed (figure 5.16). 

Ti shows the biggest variation of all elements in the phlogopites 

(figure 5.17). Hhile there is a general trend of increasing Ti wHh 

decreasing Mg/Mg+Fe, there are two distinct fields of phlogopites on the 

basis of Ti-content. The phlogopite of the olivine clinopyroxenite is 
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markedly less Ti-rich than that of the gabbroic xenoliths (figure 5.17). 

Phlogopite of the essentially plagioclase-free alkali clinopyroxenites 

(821, 813 and 816) fall into this same group. Phlogopite of alkali 

clinopyroxenite 815, which appears to have originally been an olivine 

clinopyroxenite, but has reacted with a later liquid which has precip-itated 

plagioclase, falls in the field of the gabbroic phlogopites. In this 

sample phlogopites forming a reaction rim al~ound olivine are slightly more 

mafic and slightly less Ti-rich than other phlogopites in the same sample. 

The Ti-variation of the phlogopites essentially reflects that of the 

cpx and amphibole, in that in each case, the plagioclase (and magnetite)

bearing xenoli~hs contain the more Ti-rich examples of each phase. 

5. Feldspar 

Feldspar compositions from the intrusive rocks and lavas are summarised 

in the An-Ab-Or diagram in figure 5.3. Representative analyses are given in 

table 5.8. Most lavas (with the exception of 843) contain plagioclase 

phenocrysts and all contain groundmass-plagioclase and alkali feldspars. 

The gabbroic xenoliths are plagioclase-bearing and the appearance of 

plagioclase in these is earliest wHh respect to the other minerals in 

those which are most amphibole-poor (e.g. 810). The olivine clinopyroxenites 

contain no plagioclase, while in some magnetite-clinopyroxenites and alkali 

clinopyroxenites occurs interstitially, later than the ferromagnesian 

minerals. 

The plagioclase of all the intrusive rocks, display very little 

compositional variation (table 5.8, figure 5.3). They are all remarkably 

calcic and all fall within the range An85 to An95. Most average about An90 

with about 8-9 mol.% Ab molecule and 1 mol.% Or. As described in the 

petrography section the plagioclase of the intrusive rocks are quite 

distinct from those of the lavas, in that they are genemlly not zoned and 
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by their twin lamellae, which in contrast to those of the extrusive rocks, 

are of unequal thickness and often taper and pinch-out. These plagioclases 

are recognised as xenocrysts in a number of ·1 a vas, pa rti cul arly those in 

which amphibole is present and are markedly more Ca-rich than the most 

calcic phenocryst cores (figure 5.3). 

The phenocryst co,res are quite Ca-r-ich (An85) and are zoned to rim 

compositions of about An50-65. Microphenocrysts have cor2s in this 

labradorite-field, while groundmass plagioclase is of andesine composition 

(An32-An50), with between 4 and 8 mol.% Or molecule. Coexisting ~ith these 

groundmass plagioclases are alkali feldspars of quite variable composition, 

showing considerable ternary solid solution (figure 5.3, table 5.8). 

Compositions range from anorthoclase (Anl5 Ab70 Or15) to calcic sanidine 

(Anll Ab27 Or62). 

6. t,1agnetite 

A titanmagnetite is the sole oxide-phase in all the members of the 

Sangeang Api suite. It occurs both as phenocrysts and in the groundmass 

of the lavas and in all the intrusive rocks, with exception of some 

olivine clinopyroxenites and alkali clinopyroxenites. In the latter two 

xenolith groups it is a very mino1A accessory. In the other xenoliths it 

is quite abundant, maintaining a relatively constant modal abundance 

(ca. 15 val.%). 

The main compositional variation is in terms of Ti, Al, Mg, Ca and Mn. 

Representative analyses of magnetite from the various xenolith groups and 

from the lavas (phenocrysts and groundmass grains) are given in table 5.18). 

In general, the magnetites are all relatively Ti-poor, ranging from 

15 to 28 mol.% Ulvosp·inel. There is a general trend of increasing u·lvo

spi nel component from the magnetite of the xenolith to the phenocrysti c 

magnetite to the groundmass magnetite. The magnetite of the xenoliths has 

a rather restricted range of Ti content, ranging from 15 to 18 mol.% Usp. 



Table 5.18 

Representative Analyses_~~gnetit~ fro~ Sahgeang Api Lavas and Xenoli!~ 

Analysis No. 2 3 4 5 6 7 8 9 10 

Sample No. 823 823 B2H 8211 88 824 Bll ll39 839 827 

Rock Type oc oc MC MC G G G L L L 

HP M MP 

Al 203 8.3 7.9 6.8 7.9 5.7 5.4 6.3 7.8 7.9 3.9 

FeO 29.3 29.0 31.3 33.3 33.6 32.2 32.8 34.1 33.7 40.2 

Fe2o3 50.0 49.7 50.2 43.6 50.9 54.9 . 52.7 46.9 46.9 46.0 

MgO 5.8 5.0 4.2 4.6 2.2 3.2 3.2 3.5 3.8 

CaO 

HnO 0.6 0.6 0.5 0.5 1.3 

Ti02 5.9 5.4 6.6 9.3 6.1 5.4 5. 7 7.6 7.7 10.0 

Cr2o3 1.1 0.7 0.2 0.2 0.1 0.1 0.4 

Total 100.4 97.7 99.9 99.5 99.1 101.7 100.7 99.9 100.4 101.4 

Al 2.736 2.680 2.294 2.646 1.979 1. 827 2.133 2.624 2.642 1.355 

Fe2+ 6.852 7.026 7.492 7.913 8.277 7.706 7.879 8.168 7.994 9.908 

Fe 3+ 10.510 10.806 10.802 9.313 11.272 11. 797 11. 380 10.091 10.001 10.191 

Mg 2.417 2.164 1. 792 1.948 0.966 1. 372 1.370 1. 484 1.606 

Ca 

Mn 0.145 0.144 0.125 0.111 0. 324 

Ti 1.240 1.168 1.421 1.987 1. 351 1.161 1. 231 1. 629 1.643 2. 216 

Cr 0.243 0.151 0.045 0.045 0.023 0.023 0.090 

Total 23.998 23.996 23.992 23.996 23.994 23.997 23.994 23.997 23.976 23.995 

mol.% U.spinel 16.4 15.5 18.6 26.3 17.5 15.1 16.0 21.5 21.7 28.5 

Abbreviations: OC- olivine clinopyroxenite, MC - maonetite clinopyroxenite, G - gabbroic xenolith, 

L - lava, nr - microphenocryst, ~1 - megacryst. 

Note: Analyses recalculated from electron microprobe analyses. FeO and Fe2o3 values recalculated 

from FeO by the method of Carmichael (1967). 
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The magnetite of olivine clinopyroxenites (table 5.18), is the most Al 2o3 
and MgO-rich of all those of the various xenolith groups. This also 

contains significant Cr2o3 (>1%) and no detectable MnO. t·1go ranges from >5% i 

the magnetite of the olivine clinopyroxenites down to about 3-4% in that of tt ,, 

gabbroic xenoliths. Similarly Al 2o3 decreases from >8% to between 5 and 6%. 

cr2o3 decreases from >1% to <0.3%, while MnO increases from ~o% to about 

0.3-0.4%. By compar-ison, the phenocryst and groundmass magnetite of the 

lavas generally have >20 mol.% Usp have no detectable Mg, relatively 

low Al 2o3 (<4%), little or no Cr and high t1n (>1% MnO) (table 5.18). At 

the same t·ime in some lavas, xenocrystic magnetite, identical to that of 

the gabbroic i~trusives is recognised, with higher MgO, Cr2o3, Al 2o3 and 

lower MnO and Ti02. 

5. 5 Geocherm:stry of the _Sangeang Api Lavas 

The major- and trace-element, whole-rock analyses of the Sangeang Api 

lavas are given in table 5.3. Compositional variations are summarised as 

MgO-variation diagrams in figures 5.18 and 5.19, 4.7 and 4.8. 

All lavas are ne-normative and in terms of Johnson et al. •s (1976) 

terminology, they are mostly potassic ne-trachybasalts (f·igure 5.20). Some 

of the least mafic rocks (e.g. 832, B42) show transition towards the 

potassic ne-trachyandesite field. Lava B43, while being considerably more 

magnesian than most other· analysed lavas, is also the most ne-normative 

(15.94%) and falls in Johnson et al. •s (ibid) phonolitic tephrite field. 

·The suite is moderately potassic, with K20/Na2o ratios ranging from 

0.49 to 0.76. The suite is also moderately alkaline in character, with 

high concentrations of Rb (63-113ppm), Sr (799-1273ppm) and K20 (1.85%-3.56%). 

K/Rb ratios are low, almost all <300. Yet, Zr (88-141ppm), Ti0 2 (<1.0%) 

and Nb (4-lOppm) concentrations are low by comparison with those from 

alkaline lavas from non-arc environments. 
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Si02 shows a limited range) from 47.77% to 53.13%. On the other hand 

MgO shows quite large variation, decreasing through this silica range from 

8.65% to 2.69%. This trend of increasing Si02 and decreasing MgO is also 

accompanied by one of decreasing CaO, Ni, Cr and Sc. 

The most mafic lava (843) has low Al 2o3 (13.9%) and this shows a trend 

of enrichment with decreasing MgO. Lavas with <4% MgO are aluminous, with 

between 18 and 19% Al 2o3. The more mafic lavas (with ~~gO ~5%) plot on the 

same trend of CaO depletion - Al 2o3 enrichment (figure 5.18, 4.7) as the 

ankaramites from Rindjani and most of the feldspathoid-bearing lavas from 

Soromundi and G. Sangenges. 

There is a general trend of increasing K20/Na 2o, Rb, Zr and Nb with 

decreasing MgO, though the relationship of these elements is in fact more 

complex. For instance, while 843 is by far the most mafic lava (with 8.65% 

MgO), it contains higher concentrations of Rb, Zr and P2o5 than 844 with 

5.96% MgO, or 831 with 4.76% MgO. These factors tend to suggest that some 

of the compositional diversity of the Sangeang Api suite is not entirely 

attributable to fractional crystall-isation of a single primary magma. 

This conclusion is also indicated by the variation in 87sr;86sr ratios 

of the lavas and xenoliths from this suite, discussed in chapter 8, and 

by the REE geochemistry dis cussed in chapter 9 . 

As discussed previously, the Sangeang Api lavas show a rough sub

diVision into olivine-bearing, amphibole-free and amphibole-bearing, 

olivine-free yarieties. These are distinguished on the variation diagrams 

presented in figures 5.18 and 5.19 and show some marked geochemical 

distinctions. The olivine-bearing lavas (olivine as phenocrysts) have 

higher MgO contents (>4.5%) and the compositional variations with respect 

to MgO show marked inflections at this MgO value. In particular, those 

lavas with >4.5% MgO show trends of Ti0 2- and zFe-enrichment, while lavas 

with <4.5% MgO plot on a marked Ti02- and zFe-depletion trend. 
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This MgO value also represents an increase in the range of enrich

ment of Si02, K20, Na 2o, Rb and Zr with decreasing MgO (figures 5.18, 5.19 

and 4.7, 4.8). At the same ~·1g0 value, the rate of CaD depletion increases 

and the rate of Al 2o3 enrichment decreases with decreasing MgO. 

These factors suggest that if the suite is differentiating by some 

fractional crysta 11 i sati on mechanism, then the bulk assemb 1 age extracted 

changed when the liquid had 4.5% MgO. Liquids with >4.5% t:1g0 crystallised 

a bulk assemblage which was relatively more MgO-rich and Ti02- and Fe-poor 

than liquids with <4.5% MgO. These inflections in the MgO-variation 

diagrams then result from the fact that at >4-.5% any given percentage 

va ri ati on in t•1$0 represents a sma 11 er percentage of crysta 11 i sati on and 

extraction than does an equivalent MgO variation in liquids with <4.5% MgO. 

There is also some suggestion that P2o5 may be depleted with 

decreasing MgO at MgO values of <4.5% MgO. This suggests the appearance 

of apatite at this stage. Mafic lava 843 however is exceptional in that 

it has anomalously high P2o5 compared with the other more magnesian members 

of the trachybasalt group. 

The olivine bear·ing lavas (i.e. those with >4.5% t·1g0), show relatively 

little variation in Rb/Sr ratio with variations in MgO (figure 5.21), values 

averaging about 0.085. This is a markedly higher Rb/Sr ratio than that of 

the basaltic lavas from either Rindjani or Tambora. The amphibole-bearing 

lavas from Sangeang Api have more variable Rb/Sr ratios, which generally 

increase with decreasing MgO. 

The Sangeang Api lavas, particularly the more aluminous, less mafic 

examples are similar to those of Tambora volcano. However marked distinc

tions do occur. First, petrographic distinctions exist, in that many of 

the Sangeang Api lavas are amphibole-bearing, while this mineral does not 

appear at all iri the Tambora lavas. Secondly, the Sangeang Api' lavas have 
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markedly higher Rb/Sr ratios. This distinction is most marked in the more 

mafic lavas, where trachybasalts of the Tambora suite, with between 5 and 

6% MgO have Rb/Sr ratios mostly in the range 0.06-0.075. Lavas in this 

MgO range from Sangeang Api have Rb/Sr ratios between 0.075 and 0.09 

(figure 5.21). The distinction between the two suites is also exhibited 

in their K/Rb ratios. Those of Sangeang Api are considerably lower (<300) 

than those of the Tambora lavas (>300) (figure 4.9). The Sangeang Api lavas 

have s 1 i ghtly lower K20 contents than those of the Tambora suHe, and on 

the K20-Si02 plot (figure 4.10), the Sangeang Api suite has a slightly 

flatter slope. 

Some of the Sangeang Api lavas are markedly more undersaturated than 

those from Tambora, having a higher proportion of normative nepheline. In 

fact there may be two distinct groups of Sangeang Api lavas on the basis 

of their proportions of normative nepheline. One group with >12% (843, 

844, 829, 825, 827) and the rest with <10%. Most Tambora lavas have <10% 

normative-ne and the lava with the highest proportion (T20) is the most 

differentiated, least mafic, trachyandesite. By contrast, the most under

saturated Sangeang /\pi lavas (e.g. 843, 844) are amongst the most mafic 

members of the suite and in fact the lavas with the lowest t1g0 concentrations 

(842, 832) are amongst the least undersaturated (ca. 6% normative-ne). 

It appears that because of the association of the Sangeang Api lavas 

with amphibole-rich intrusive rocks of possible cumulate origin and the 

presence of amphibole phenocrysts in some lavas, the Sangeang Api suite 

may have partly evolved by amphibole fractionation. This may account for 

some of the differences between this, and the Tambora suite. In particular, 

the slightly less marked K20 enrichment. 
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llowever, the higher Rb/Sr, 87sr;86sr and K/Rb ratios of the most mafic 

members of the Sangeang Api suite tends to suggest that at least some of the 

contrast between the two suites must be embodied in the compositions of 

their primary magmas. 

5.6 GeochemistrlL of the §angeang Api Intrusive Rocks 

The analysed xenoliths and nodules represent members of the following 

previously established groups: 

1. Olivine-clinopyroxenites (823, 85, 84). 

2. Magnetite-clinopyroxenite (B2H (+B25x?)). 

3. Hornblende gabbros (824, 87, 88, 811, 810). 

4. Alkali clinopyroxenite (822, 813 (+B2G?)). 

The compositional variation of the intrusive nodules and xenoliths 

from Sangeang Api, are summarised in figures 5.18 and 5.19. Analyses are 

given in table 5.4. 

The compositional variations of the intrusive rocks are relatively 

scattered as might be expected if they are largely of accumulative origin. 

Furthermore their compositions largely reflect the modal variation of their 

component minerals. Thus the plagioclase-bearing xenoliths (many of the 

hornblende-gabbros group) are A1 2o3 and Sr-rich by comparison with members 

of the other groups. The magnetite-clinopyroxenites and hornblende-gabbros 

are relatively more Fe- and Ti02-rich than the ·olivine-clinopyroxenite, 

mainly by virtue of their magnetite and amphibole contents. The olivine

clinopyroxenite groups are more Mgd-, CaO-, Ni- and Cr-rich than the other 

xenoliths, reflecting the composition of their component olivine and 

clinopyroxene. 

There is a general trend of decreasing MgO through the sequence from 

olivine clinopyroxenite to magnetite clinopyroxenite to plagioclase-rich 

gabbroic xenoliths (figures 5.18 and 5.19). This reflects the decrease in 
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proportion of ferromagnesian silicate minerals, the relative increase in 

the proportion of magnetite and the decreasing MgO content of the 

ferromagnesian minerals. 

The olivine clinopyroxenites (823, 85, 84) are essentially composed 

of olivine and clinopyroxene. The modal proportion of olivine decreasing 

from about 19 vol.% in 823 to <1 vol.% in 84. This variation is reflected 

in the MgO and EFe contents of this group of xenoliths, B23 having higher 

MgO and EFe than 84, which is essentially clinopyroxene. The Mg/Mg+EFe 

ratio of the group are very constant at 0·.81, irrespective of their 

olivine toiclinopyroXene rati6s. 

The olivine-clinopyroxenite B4 ·is largely composed of cpx (with m·inor 

amphibole) and its bulk analysis is very like that of an electron microprobe 

analysis of individual cpx from this rock (table 5.12). Hence the trace 

element content of this rock is likely to approximate those of the 

clinopyroxene of this xenolith group. Thus the concentrations of these 

trace elements, in particular Ni, Cr, Sc and Sr, can be viewed in terms of 

clinopyroxene-liquid distribution coefficients. Therefore if these concen

trations are compatible with equilibrium with concentrations of these 

elements in the assorted lavas, a postulated cumulate origin for this 

group of xenoliths is reinforced. 

Thus, the Sr concentrations of B4 (121ppm) and the average concen

tration of Sr in the Sangeang Api basaltic lavas (about lOOOppm) suggest a 

clinopyroxene-liquid distribution coefficient of about 0.12. This is a 

value reasonably close to those determined on natural phenocryst-groundmass 

pairs, for instance by Ewart and Taylor (1969) or Philpotts and Schnetzler 

(1970) or experimentally by Sun et al. (1974). In the same way~ Cr values 

suggest distribution coefficients of about 10, Sc values about 4 and Ni 

values about 3. These values are again generally close to those accepted 

as appropriate for cpx-liquid distribution coefficients for these elements 

(table 9.1). 
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Because most other xenoliths have significant proportions of more than 

one mineral, this approach is of limited applicability to other groups. The 

most olivine-rich of the oliv·ine-clinopyroxenite xenolith group, B23, has 

about 20% olivine. The xenolith has 196ppm Ni compared with 84, which has 

<1% olivine and 60ppm Ni. This implies that the olivine has about 750ppm Ni, 

a markedly lower value than that expected from mantle derived olivine (e.g. 

Sate, 1977). The basaltic lavas from Sangeang Api have low Ni values 

(50-20ppm) and this implies olivine-liquid distribution coefficients in the 

range 20-30. These are high values, though within the upper range (relatively 

low temperature, and or low MgO liquids?) of those values determined exper

imentally (e.g. ~eeman and Scheidegger, 1977). 

The plagioclase-bearing xenoliths, Bll and BlO have about 50% plagioclase 

and about lOOOppm Sr. If the Sr content of cpx, amphibole and magnetite in 

these rocks is assumed to be very small compared wHh that of plagioclase, 

then the Sr content of the plagioclase must be of the order of 2000ppm. 

This is about twice the concentration of Sr in the lavas implying a plagioclase· 

liquid distribution coefficient of about 2. This is again compatible with 

experimentally determined values (e.g. Sun et al. 1974). 

Thus in a general way, the trace element concentrations of the intrusive 

rocks are consistent with precipitation from magmas similar to the Sangeang 

Api extrusives. This factor tends to suggest that the intrusive rocks could 

represent accumulations of minerals crystallised in equil·ibrium with liqu·ids 

like those of the Sangeang A pi 1 a vas. , 

The gabbroic intrusive rocks show considerable variation in the 

relative modal proportion of amphibole and clinopyroxene and plagioclase. 

The ratio of plagioclase to clinopyroxene remaining approximately constant, 

while the proportion of amphibole varies from about 50% in B24 to about 4% 

in 810. This trend also marks a transition in the role of amphibole from the 
ti 

Y: dominant, earl·iest-formed phase to a late interstitial(intercumulate?) rolE~. 
li 
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This variation is also marked by a systematic variation in a number of 

geochemical parameters as a function of modal proportion of amphibole. For 

instance there is a more or less linear decrease in the concentration of 

K20, Ti02, Zr and to a lesser extent Rb (figure 5.23) as a function of 

decreasing amphibole content in these xenoliths. This is consistent with 

the thesis that the geochemistry of the intrusive rocks being a function of 

their modal mineralogy, in turn consistent with an accumulat·ive origin. It 

also demonstrates that amphibole is a potential 11 Sink 11 for incompatible or 

moderately incompatible trace- and minor elements. 

It is informat·ive to consider the relationship of the mineralogy and 

compositional variation trends of the intrusive rocks and the compositional 

variation of the associated lavas {figures 5.18 and 5.19). Though the 

intrusive do display rather scattered compositional variations, they do 

show some recogn·isable trends. Consider first, the mineralogical 

variation with MgO variation (figure 5.24). Xenoliths with >ca. 17% MgO 

are clinopyroxene (+olivine) dominated, with relatively r:Jinor magnetite. 

With decreasing MgO, magnetite appears ( and remains relatively constant at 

about 10-11 vol .%) and amphibole appears and increases in modal abundance 

to about 8% t~gO. Plagioclase first appears at about 10% ~1g0 and increases 

with decreasing MgO and is most abundant in the rocks with lowest MgO 

content (a dilution effect). Si02, CaO, Cr, Ni, Sc all decrease with 

decreasing MgO, while Sr and Al 2o3 increase. All other analysed major, minor 

and trace elements show rough trends of enrichment with fv1g0 depletion until 

MgO has decreased to about 8.00%~ followed by a trend of depletion. This 

maximum corresponds to the group of xenoliths with the largest proportion 

of amphibole. This behaviour is particularly marked with respect to K2o, 

Na2o, Ti02, P2o5, EFe, Zr andY (figures 5.18 and 5.19). 

This behaviour is interesting in the light of the previously described 

inflection of the compositional variation trends of the Sangeang Api lavas 

at about 4.5% MgO. This inflection also marks the transition from the 
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more MgO-rich, olivine-bearing lavas to the less MgO-rich amphibole-bearing 

lavas. In particular the transition from trends of Ti02- and I:FeO + Fe2o3-

enrichment with decreasing MgO amongst the lavas with >4.5% MgO to depletion 

trends at <4.5% MgO appears to compl~ment the variation of these elements in 

the xenoliths. Thus the high t·1g0, low I:Fe and low Ti0 2· olivine-clinopyroxenite 

lie on a high-MgO extension of the olivine-bearing lava-trend. The more 

Ti02- and I:Fe-rich, MgO-poor, amphibole-rich xenoliths fall on an extension 

of the Ti02- and zFe-depletion trends of the amphibole-bearing xenoliths. 

Thus, at least qualitatively, the Sangeang Api intrusive rocks appear to 

embody ranges of compos Hi ons both in terms in their mod a 1 and mi nera 1 ogy 

and bulk chemistry, which fulfil the potent·ial role of fract·ionally 

crystallized accumulates from the Sangeang Api lava suite. A series of 

idealized variation diagrams are shown in figure 5.25, illustrating the 

possible relationship between the compositiona·l tr·ends of the Sangeang Api 

lavas and xenoliths and showing possible instantaneous fractionation trends 

at tie lines. 

It is rather tempting to conclude from these possible relationships 

that the crystallisation history of the lavas has been encapsulated in the 

erupted xenolith-suite. The xenoliths may indicate a crystallisation course 

initiated by the precipitation of olivine and clinopyroxene, passing then 

into a field occupied by ar.1phibole, cpx, magnetite (+minor apatit~), .from. 

which olivine is absent, presumably as a result of a react·ion relationship 

with the liquid yielding cpx and/or amphibole. The course of this path then 

leads the liquid into the stability field of plagioclase and gradually out 

of that of amphibole. 

The possible role of the xenoliths and their component minerals as 

accumulates whose fractionation may account for the differentiation of the 

Sangeang Api lavas is tested more quantitatively in chapter 9. The phase 
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relationships implied by the crystal"J·isation sequences preserved in the 

m·ineralogy of the xenoliths are examined more c"lose·ly in chapters 10 and 11. 

Finally, considering the alkali pyroxenHes (for instance 813 and 
I' I 

B22, tables 5.1 and 5.4); here petrographic evidence presented previously 
' 

suggested that these represented modified clinopyroxenite or olivine

clinopyroxenite (type 1) This apparently resulted from secondary introduction 

of amphibole (in the case of 822) and/or phlogopite (in the case of 813). 

Similar nodules have erupted from a number of alkaline (and often relatively 

potassic) volcanoes in a diversity of tectonic settings (e.g. Uganda; 

Lloyd and Bailey, 1975, Holmes and Harwood, 1937, Roman Province, Italy; 

Appleton, 1972, Hopi Buttes, Utah; Lewis, 1973, Eifel, Rhine Rift; 

Lloyd and Bailey, 1975). 

These have been attributed to a number of origins, though Lloyd and 
I 

Bailey (1975) suggest mantle metasomatism. The alkali pyroxenites from 
{ 

the Sangeang Api intrusive suite, are geochemically similar to members of 

the olivine-clinopyroxenite group (table 5.4), thus if this group are 

accumLdative in origin, it is possible that the alkaline pyroxenites 

represent modifications of earlier formed clinopyroxene-olivine dominated 

accumulative assemblages. In the case of 813 the addition of phlogopite 

has resulted in very high K
2
6 (5.32%) and Rb (262ppm) concentrations and only 

s·lightly higher Sr. 822 is amphibole-rich on the other hand and has very 

low Rb and relative to the 11 normal 11 clinopyroxenites is slightly enriched 

in Na2o, K2o, Ti02, EFe, Al 2o3, Sr and Y. It is possible that the amphibole 

and phlogopite result from either react-ion of early formed (higher· 

temperature?) cumulate assemb 1 ages with sma 11 amounts of trapped residua 1 

liquid 11 percolating" through this clinopyroxene-rich crystal pile ol~ by the 

reaction with newly introduced liquids of a later 11 Spasm" of eruption. 
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Why the relative importance of secondary amphibole and phlogopite 

varies is uncertain. It may be a function of pressure, as suggested by 

Lloyd and Bailey (1975) or differing compositions of reacting "flu·ids'' or 

liquids. 

5. 7 Summary Q[_ the Main Pet.Y'ological Features of ·the San[J!!ang Api 

Intrusive Rocks (Xenoliths) and Lavas and Discussion of some Aspects 

of their Petrogenesis. 

5.7.1l!.!_tru_?ive Rocks (xenoliths and erupted blocks). 

Five distinctive groups of intrusive rocks were distinguished on the 

basis of petrographic features, in particular modal mineralogy and textures: 

1. Olivine Clinopyroxenites: Characterised by clinopyroxene and less 

important olivine, with interstitial or intercumulate (?) phlogopite 

and/or amphibole. Magnetite is rare or absent from this group and 

plagioclase is completely absent. 

2. ~1agnetite Clinopyroxenites: These are largely composed of clino

pyroxene and magnetite with variable amounts of interstitial 

(intercumulate?) plagioclase. Amphibole is a rare constituent 

replacing clinopyroxene. Olivine is an occasional rare inclusion 

in some clinopyroxene grains. 

3. Hornblende - magnetite - clinopyroxenites: This group is only 

represented by a fevJ examples (e.g. 820, table 5.1). Hornblende 

appears as early-formed euhedral grains together with clinopyroxene 

and magnetite. Apatite is a minor accessory and plagioclase is a 

rare interstitial phase. These appear to be hornblende-magnetite -

clinopyroxene cumulates. 

4. Hornblende-gabbros: These form a series with considerable modal 

variation in their amphibole content relative to that of plagioclase 

and clinopyroxene. In general this series appears to be amphibole

anorthite-clinopyroxene-magnetite~ apatite cumulates. The progression 
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from amphibole-rich members of this group (e.g. 87, BIB, 824) to 

amphibole-poor types (e.g. BlO) marks the progress·ively changing 

role of amphibole, from the earliest crystallised cumulate phase 

to a late-stage intercumulate. Magnesian biotite or phlogopite 

occurs as an interS:itial phase ·in some of these rocks apparently 

the result of reaction between the intercumulate liquid and 

amphibole and magnetite or in some cases as intercumulate 

poikilitic oikocrysts. 

5. Alkali clinopyroxenites: These are characterised by primary 

clinopyroxene and sometimes ol"i vine and/or magnetite with secondary 

amphibole and phlogopite and occasionally plagioclase. 

Order of Crystallisation 

The xenoliths appear to ·encapsulate a number of crystallisation 

sequences. 

1. Olivine cl'inopyroxenites: These suggest the sequence: 1. Olivine 

2. Clinopyroxene 3. phlogopite ~amphibole. 

2. Magnetite Cl inopyroxenites: These suggest a sequence: 1. 

clinopyroxene 2. magnet He 3. pl agiocl'ase. The occurrence 

of olivine inclusions in some clinopyroxene grains also s~~gests 

an olivine crystallisation phase may predate the clinopyroxenes. 

3. Hornblende-magnetite-clinopyroxen'ite: These suggest a sequence 

of: 1. Almost simultaneous crystall·isation of amphibole and 

clinopyroxene 2. magnetite 3. apatite and plagioclase. 

4. Gabbroic xenoliths: These suggest a gradual change in sequence 

from: A. 1. Amphibole 2. clinopyroxene+ plagioclase 

3. magnetite + apatite 

to B. 1. Clinopyroxene + plagioclase+ magnetite 

2. amphibole + biotite. 
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5. Alkali clinopyroxenites: These represent mod·ification of early 

olivine clinopyroxen·ite or magnetite clinopyroxenite by the 

progressive addition of: 1. phlogopite 2. amphibole and 

3. plagioclase. 

Reaction R_el ationshj_p_s 

A number of reaction relationships are inferred from the petrographic 

variation shown by the xenoliths: 

1. There is a possibility that olivine is being eliminated by 

reaction wHh a liquid to yieldclinopyroxene in some olivine 

clinopyroxenites and magnetite clinopyroxenites. 

2. Clinopyroxene is reacting to yield amphibole and/or phlogopite 

in some clinopyroxenites, to yield the alkali clinopyroxenites. 

3. Olivine is also reacting to yield phlogopite and/or clinopyroxene 

in some alkali clinopyroxenites (e.g. 815, plate 3E). 

4. In some amphibole-rich xenoliths (e.g. 87, BlB, the amphibole 

is being partially melted to yield an assemblage: olivine + 

~s::li~opyroxene +feldspar+ very alkali-·rich liqu·id (plate 4A,B,D). 

A number of observed mineral associations are also 'possibly important. 

In particular: 

1. Primary, cumulate olivine and amphibole do not.:coexist in any 

single intrusive assemblage. 

2. Olivine and plagioclase do not coexist in any intrusive assemblage, 

except as breakdown-products of partially fused amphibole. 

3. Olivine-bearing intrusive rocks are generally magnetite~free. 

5.7.2 General features of the Lavas 

The phenocryst assemblages of the lavas show quite specific correlation 

with certain assemblages in the intrusive xenoliths. As described previously, 

there are two distinct groups. 
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1. Ql·ivine-bearing lavas: These have ol-ivine phenocrysts and/or 

megacrysts and clinopyroxene phenocrysts and/or megacrysts. This phenocryst 

or megacryst assemblages are equivalent to the assemblages in the olivine

clinopyroxenite and magnetite-clinopyroxenite intrusive xenoliths. In 

most instances, megacrysts of olivine and clinopyroxene are compositionally 

similar to counterparts in the above xenoliths. In some instances these 

are associated with later stage phenocrysts of olivine, clinopyroxene and 

plagioclase which are compositionally distinct from the megacrysts and 

their counterparts in the xenoliths. 

If al'l the megacr'ysts and phenocrysts crystall-ised from the same 

liquid, then a sequence: 

ol + cpx ~ magnetite + ol + cpx + plagioclase + magnetite 

(megacrysts) (phenocrysts) 

is inferred. 

2. Amph·ibole-bearing lavas: These contain megacrysts of amphibole 

(partly reacted), clinopyroxene and anorthite. Olivine is absent as a 

phenocryst phase. Phenocrysts are;_ clinopyroxene, more Al-rich p'lagioclase (L\n 

and magnetite. The groundmass comprises~ 

cpx + magnetite + apatite ~ feldspathoid. 

crysta'llisation is as follows: 

olivine~ plagioclase + k-spar + 

Thus the inferred sequence of 

1., /\mphibole +clinopyroxene+ anorthite plagioclase+ magnetite 

(megacryst assemblage). 

2. Clinopyroxene + plagioclase (more Ab-rich) +magnetite 

(phenocryst assemblage). 

3. Olivine+ clinopyroxene+ plagioclase+ sanidine +magnetite+ 

feldspathoid (groundrnass assemblage). 

Considering the xenolith mineralogy, the first assemblage corresponds to 

that of the more amphibole-rich gabbros such as 824 (tables 5.1 and 5.4), 

the second assemblage corresponds to the assemblage of the amphibole-poor 
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or -absent gabbros (for instance 810) and the groundmass assemblage is like 

that of the part·ially melted glass after amphibole (for instance ·in B7 or 

BlB). 

5. 7. 3 Summary of the M_ineral -~ompositions _Qf the SA_Q~ng_Api Lavas 

and Intrusives 

There are a number of important features related to the mineral 

chemistry of this suite: 

1. The phenocrysts from the Sangeang Api lavas generally show similar 

compositional characteristics to those of the equivalent minerals 

from the associated intrusive rocks. However, in most cases the 

composition of these phenocrysts are not identical to those of 

any of the xenolith groups. For instance, while all the cline

pyroxenes of the Sangeang Api lavas and xenoliths are very Ca-rich, 

those occurring as phenocrysts in the lavas are slightly (but 

significantly) less calcic than any represented in the intrusive 

rocks. At the same time, all the lavas do contain megacrysts or 

xenocrysts which have direct analogues in the xenolith suites. 

Furthermore, the olivine phenocrystic 'lavas generany contain 

megacrysts of minerals from the plagioclase-free, olivine-bearing 

xenoliths (olivine clinopyroxenites and alkali clinopyroxenites) 

while the lavas without olivine phenocrysts contain megacrysts 

(or xenocrysts?) of the amphibole-bearing gabbroic xenolithic 

minerals. 

2. The sequence; olivine-clinopyroxenite, amphibole gabbro, phenocryst 

assemb 1 age, groundmass assemblage, generally represents one of 

decreasing Ca-content of calcium-bearing phases, increasing Ti 

content of titaniferous phases and decreasing Mg and Mg/Mg+Fe 

content of ferromagnesian phases. 
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However, some of these parameters show overlapp-ing relationships. 

Thus some clinopyroxene phenocrysts are more magnesian and have higher 

Mg/Mg+Fe ratios than clinopyroxene of the gabbroic xenoliths. These 

phenocrysts are at the same time less calcic, less aluminous and more 

titanian than the gabbroic clinopyroxene with same Mg/Mg+Fe value. 

These features suggest that the composition of the liquid is not 

the sole factor controlling the composition of the precipitated minerals 

Thus, while Mg/Mg+Fe ratio may reflect that of the liquid, theCa, Al an 

Ti content may well be a function of PH 0, P and possibly f02. 
2 

3. When considering the compositional variation of the minerals of the 

al kal i-c'linopyroxenites and those represented as megacrysts and 

phenocrysts in the lavas, some interesting features emerge. In 

particular if the range of compositions of cpx and amphibole are 

considered, both these appear to have sampled the mineral compositions 

from a number of xenolith types. 

The alka"li clinopyroxenites have clinopyroxenes with mafic cores 

which are both relatively more magnesian, more calcic and less titanian 

than those of the most mafic examples from the olivine clinopyroxenites 

(fig. 5.8). The compos'ition of outer rim and secondary clinopyroxene 

and amphibole forms a transgressive trend, successively falling in the 

compositional fields of these minerals from the olivine clinopyroxenite~ 

and then gabbros. Thus the alkali pyroxenites encapsulate the entire 

range of the compositions embodied in the primary xenoliths. The trend 

from core to rim and from first- to late-stage minerals in the alkali 

pyroxenites cuts across the core-rim variation trends of single-origin, 

primary xenoliths. 
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If the systematic variation of the minerals within the olivine 

clinopyroxenite and gabbroic xenoliths suggests gradual changes in possible 

variables (i.e. T, PH 0, liquid composition), in situ and hence at constant 
2 

pressure, then the transgressive compositional variation of the alkali 

pyroxenite minerals suggests more abrupt or ca~ strophic variation of 

possible variables. This then suggests that the minerals of the alkali 

pyroxenites have either precipitated from several liquids of ct·i fferent 

compositions and/or at different temperatures, pressures or water contents. 

If pressure is a variable parameter, then it must follow that any 

individual alk~li pyroxenite must have its origin at various depths. This 

is borne out to some extent by field·· and hand-specimen evidence. For 

instance B15 is an alkali pyroxenite which was included in a gabbroic 

xenolith. Thus in this case an original olivine clinopyroxenite cumulate 

may have been fragmented and carried up by a later magma pulse. This later 

magma then precipitated an amphibole-cpx-anorthite-magnetite assemblage, 

minerals equivalent to which form the second-stage phases in the original 

olivine clinopyroxenite, partly as vein material. Reaction between the 

original assemblage (ol + cpx) and the new liquid has also yielded phlogopite. 

Another possible mechanism is that of diapiric intrusion. Deformation 

of some alkali pyroxenites may support th·is. Here an original olivine 

clinopyroxenite cumulate body may be intruded to a higher level in the 

crust and then interact with a new intrusion of magma at this lower pressure. 

The megacrysts in the erupted lavas show a similar transgressive 

relationship. However, whereas the mineral compositions of the alkali 

pyroxenites converge on the field of those of the gabbroic inclusions, the 

megacrysts converge on that of the phenocrysts minerals. 
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5.7.4 Crystallis~tion Cond'itions 

The likely P/T fields in which the xenolith assemblages may crystanise, 

together with the likely effects of a H20- and f0 2-variation are discussed 

more fully in chapters 9 and 10, however some general considerations are 

made here. 

1. The presence of hydrous mi nera 1 s indicates that the 1 ·i qui ds from 

which the xenoliths precipitated contained appreciable amounts of 

water. 

2. The generalised crystallisation sequence indicated by the xenoliths; 

1. olivine 2. cpx 3. amphibole~ magnetite~ phlogopite ~apatite 

4. plagioclase, with olivine and cpx tending to disappear in favour 

of amphibole and/or phlogopite, is generally that shown by many 

experimental studies in basaltic systems (e.g. Holloway and Burnham, 

1972; Yoder, 1969) with water present during isobiric cooling at 

pressures in the range 3-10 kbars. 

3. The effects of water are particularly important with respect to the 

upper stability temperature of plagioclase (e.g. Yoder, 1969), so 

that in water saturated systems the plagiocl~se liquidus retreats 

rapidly to lower temperature with increasing pressure. Plagioclase 

may be on the liquidus at one atmosphere but rapidly retreats to well 
1\ 

below at slightly higher pressures. Thus the plagioclase-rich 

assemb'l aaes amongst these xeno 1 iths may a 1 so represent ·1 ower pres sure 

precipitates from relatively water-rich liquids. Further, the 

relative reversal of crystallisation order in the gabbroic group 

from early appearance of ar1phibole, before plagioclase to late 

appearance of amphibole after plagioclase, cpx and magnetite, is 

suggestive of crystallisation with decreasing pressure and/or water 

pressure in the relatively low pressure region where the amphibole 

liquidus retreats rapidly to lower temperatures (~1-3 kbars}. 
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4. The calcic composition of the plagioclase is likely to be due to 

the effects of elevated water pressure (e.g. Yoder, 1969). This 

factor may also be important in the development of very Na-poor 

5. 

pyroxenes. 

The generally high Ca-content of the cpx and amphibole are interesting 

as is the trend of decreasing Ca/Ca+Mg described in the transition 

from one xenolith group to another towards the phenocryst field. 

It is possible that this effect is partly due to the increased 

competition for Ca when plagioclase starts to crystallise. This 

explanat·ion does have some problem however ·in that the phenocrysts 

have a less Ca-rich cpx than the gabbros while in both cases cpx 

coexists with plagioclase. It is possible that the gabbroic 

xenoliths have crystallised at slightly elevated pressure (as vJell 

as higher pH 2o as evidenced by their calcic plagioclase) and this 

may then have the effect of pro~oting the coupled substitution of 

Ca and AlVI as the Ca-Tschermak's molecule: 

Ca Al 2 Si06 
This may then suggest that the even more calcic cpx and amphibole 

of the more mafic xenoliths represent higher pressures still, 

though at the same time the absence of plag·ioclase and the possible 

higher temperatures of these assemblages may be important. 

6. The ability of the liquids to precipitate large volumes of magnetite 

tends to suggest that they are relatively oxidised and hence indicates 

rather high f0 2 values. 

In summary it is suggested that the Sangeang Api xenoliths have 

precipitated from hydrous, alkaline basaltic magmas, probably at relatively 

low pressures (<10 kbars) under conditions of relatively high f0 2. There 
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is some suggestion of polybaric crystallisation (the gabbroic xenoliths 

representing lower pressure products than the plagioclase-free modules) 

and in the case of the alkali pyroxenites, these apparently have a multiple 

origin and hence sampled both fields. The close coherence of the megacryst 

assemblages of the lavas to assemblages represented in the xenoliths, suggests 

that the lavas may have crystallised the xenolith assemblages at depth and 

as such the xenoliths are probably cumulates from the fractional crystallisatio 

of the liquids erupted as the volcanic rocks of the Sangeang Api. 

5.8 Comparison of Sangeang Api intrusive rocks with xenolith 

_f!~!_i~~E_C!r:Cl__rf3E.[~c;_ __ !q_ __ ~~-~Ea:!!_?:[~c;_ ___ ~?.'!_~_qi:!:_~_!!__q!!J.!!~----~I-r::._e;::_!:_~:.~.: ... ____ _ 

Nodule assemblages of the type erupted by Sangeang Api volcano have 
' been reported from a few other island arc volcanoes. Suites from Oshima-

Oshima volcano, S.W. Hokkaido, Japan (Katsui et al., 1978), from Iki island, 

Japan (Aoki, 1970) and the Aleutian Bogoslof (Arculus et al., 1977) and 

Kanaga islands (Delong et al., 1975) all closely resemble the Sangeang Api 

xenolithic lithogies. Inclusion from some Lesser Antilles lavas (e.g. 

Lewis, 1973) also show some similarities. 

Clearly the Sangeang Api xenoliths are not members of either of the two 

broadly defined meant 1 e derived nodule groups wh·i ch are erupted by i ntra-p 1 ate 

alkaline to sub-alkaline volcanoes. 

These two suites have been referred to by Kuno (1969) as the "lherzolite 11 

and the "wehrlite-dunite-pyroxenite" series and have been subsequently 

described by numerous authors (e.g. Best, 1970; Irvine, 1974; Wiltshire and 

Shervais, 1975). These nodules differ from the Sangeang Api xenoliths in 

their textures ("lherzolite" series nodules have metamorphic textures), their 

mineral assemblages (orthopyroxene, aluminous spinel and garnet ar'e not 

found in the Sang~ang Api nodules) and their mineral compositions (in the 

mantle derived group pyroxenes are more aluminous, clinopyroxenes are less 

calcium rich and more sadie and phlogopite and amphibole (tables 5.19 and 5.21) 

are more magnesian and Cr-rich). 
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The Sangeang Api xenoliths have mineral assemblages which are more like 

those of the cognate xenoliths that are commonly recorded from continental 

(e.g. S.E. Australia; Ellis, 1976) and oceanic (e.g. Comores island; Frisch 

and Schminke, 1969; Canary Island; Upton and Wadsworth, 1972) interplate 

volcanoes. Rock types included ·in this group include dunite, wehrlite, 

olivine-clinopyroxenite, hornblendite and gabbro. 

Even though the mineral assemblages of these xenoliths resemble those 

of the Sangeang Api group, some compositional differences are observed. 

In particular, the Indonesian nodules have more calcic plagioclase, less 

Ti02-rich amphibole and pblogopite (tables 5.19 and 5.21) and generally less 

sadie and more calcic clinopyroxene. 

Amongst mafic and ultramafic intrusive bodies, the Alaskan-type, 

concentric-zoned complexes (e.g. Irvine, 1973; Taylor et al., 1963) show stron 

affinities with the Sangeang Api xenolith suite. 

These complexes are composed of: oliv·ine-clinopyroxenite, hornblende

magnetite-cl i nopyroxenite, magnetite cl i nopyroxen·i te and hornblende-anorthite 

pegmatite. All these rock-types have close analogies amongst the Sangeang 

Api nodules. In particular, the very magnetite-rich chal~acter of a number 

of the Sangeang Api clinopyroxenites is also a characteristic feature of 

Alaskan-type ultramafic complexes, as is the absence of magnetite from the 

olivine-clinopyroxenite. A number of the Alaskan bodies are mica-beal~ing 

and Irvine (1974) and Findlay (B69) suggested that their parent magma may 

be alkaline, as is the case in this example from the Sunda Arc. 

The similarity between the Alaskan zoned ultramafic complexes and the 

Sangeang Api nodules is also carried to their mineral compositions and as 

shown in tables 5.19 and 5.20 amphiboles and clinopyroxenes from both 

localities exh-ibit very similar compositional features. 



Table 5.19 

Analxses of Hombl en des from Various 

Mafi~ and Ultramafic Xenoliths 

Analysis No. 1 2 3 4 5 6 7 8 9 

Si02 42.48 41.0 40.1 41.05 40.06 38.76 40.39 42.8 45.19 

Al
2
03 14.56 14.6 15.0 12.69 14.41 15.42 12.35 13.8 15.43 

Fe2o3 3.92 4.1 4.5 n.d. n.d. 10.00 n.d. n.d. 1. 27 

FeO 9.51 10.5 6.6 11.06 10.73 2.16 11.86 4.5 2.04 

MgO 11.63 13.2 15. 1 12.64 14.17 12.52 12.45 17.9 17.98 

CaD 12.26 11.6 12.4 13.71 12.26 11.49 11.45 9.7 10.11 

Na2o 2.53 2.7 1.5 2.14 2.47 2.32 2.60 3.7 3.47 

K20 0.41 0.4 0.8 1. 37 0.25 1. 22 0.83 1.13 0.04 

Ti0 2 1. 38 2.7 1.7 2.11 2.22 5.08 5.80 1.2 1.28 

~1n0 0.33 0.1 0.17 0.16 0.16 0.16 0.06 

Cr2o3 1.7 0.97 

A. Homblendes from Alaskan·:l,y_l:le Ul tril_!l_l?fic;_j:_Q!llp_kxes 

1. Hornblende from hornblende-anorthite pegmatite, Duke Island. Irvine, 1973, 

table 12, anal. 2. 

2. Hornblende from Knight Inlet, Hornblendite, British Columbia. Taylor 

et a 1. 1969, tab 1 e 1, ana 1. 4. 

3. Hornblende from hornblende-pyroxenite Urals, U.S.S.R. Taylor et al. 1969, 

table 1, anal. 6. 

B. ~hibole from Inclusions in Island Arc Lavas 

4. Amphibole from hornblende gabbro inclusion in 1927 basalt, Bogoslof Island, 

Alaska. Arculus et al. 1977, table 3. 

5. Amphibole from hornblende gabbro nodule, calcalkaline lava, St. Lucia, 

L. Antilles. Wills, 1974. 

C. ~nphibole from Cognate Xenoliths in Alkaljne Basa_~ 

6. Kaersutite from clinopyroxenite Iki-Island, Japan, Aoki, 1970, table 5, 

anal. 2. 

7. Kaersutite from gabbro xenolith in basalt, Mauritius. Baxter, 1978, 

table 2, anal. 1. 

D . ~np_ h i b o 1 ~.J'ISJ.ilJ.Jll_e_!:! o 1 it e __ f:/ o d u 1 e s 

8. Pargasite from spinel lherzolite, San-Carlos, Arizona. Frey and Prinz, 

1978, table 48, anal. 2. 

9. Amphibole, in spinel lherzolite, Victorian basanite. Frey and Green, 

1974, table 4, anal. 1. 

Note: Analyses of Sangeang Api amphiboles given in table 5.10 



Table 5.20 

Ana lyses of Clinopyroxene from Alaskan-Type 

Ultramafic Complexes and Nodule from Island Arc Basalt 

Analysis No. 1 2 3 4 

Si0
2 51.94 51.74 51.50 48.42 53.79 

Al 2o3 1.52 1. 42 4.31 6.38 1.41 

FeO 3.54 6.14 5.45 5.95 3.10 

MgO 18.56 15.85 15.20 14.53 17.15 

cap 22.82 23.44 23.42 22.86 23.77 

Na 2o 0.09 0.14 0.47 0.66 0.23 

Ti0
2 0.13 0.28 0. 32 0.68 0.10 

cr
2
o

3 0.32 0.04 0.38 0.31 

1. Cpx from dunite, Union Bay, Alaska. Ruckmick and Noble, 1959, table 1. 

2. Cpx from olivine clinopyroxenite, Tulameen. Findlay, 1969, table 6. 

3. Cpx from olivine clinopyroxenite, Halls Cove Complex, Alaska. 

Irvine, 1974, table 10 anal. 2. 

4. Cpx from hornblende-magnetite-clinopyroxenite, Halls Cove, Alaska. 

Irvine, 1974, table 10 anal. 4. 

5. Cpx from dunite nodule, Kanaga Island basalt. Delong et al. 1975, 

table 3, anal. 1. 

Note: Analyses of cpx from Sangeang Api nodules presented in tables 

5.12 and 5.13. 



Table 5.21 

Analyses of Phlo9opites from Ultra~3fic Nodules 

Analysis No. 1 2 3 4 5 

Si02 36.25 40.1 39.7 40.7 39.98 

Al 2o3 16.91 12.02 13.9 12.8 13.45 

FeD 7.89 9.35 3.12 2.63 3.57 

~1g0 19.15 17.4 24.8 26.5 18.73 

CaO 0.0 0.03 0.02 

Na 2o 0.93 1.00 0.92 0.75 0.03 

K20 9.12 8.36 9.06 9.31 9.64 

Ti02 4.19 6.15 1.45 0.28 9.13 

11n0 0.06 0.10 0.01 

Cr2o3 0. 10 1.60 0.86 0.71 

1. Phlogopitc from alkali clinopyroxenites (amphibole-rich) from 

West Eifel, Germany. Becker, 1977 table 3, anal. 1. 

2. Phlogopite megacryst. Jan Mayen Island, Flov1er, 1969. 

3. Secondary phlogopite from garnet lherzolite, Kimberley Mines, 

South Africa, Carswell, 1975, table 2, anal. 1. 

4. Primary phlogopite from garnet lherzolite, Kimberley flines, 

South Africa, Carsv1ell, 1975, table 2, anal. 1. 

5. Phlogopite from garnet lherzolite, Lashaine Volcano, Tanzania. 

DaviSon et a 1. 1970, table 7, ana 1. 1. 

Note: Analyses of phlogopite from Sangeang Api nodules are given 

in table 5.16. 
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PETROLOGY OF LA VAS FROM G. SOROMUNDI AND G. SANGENGES 

6.1 Introduction 

These two volcanoes are situated on the island of Sumbawa. G. Sangenges 

lies in the centre of the western end of the island (figure 4.1)~ wh"i"le 

Soromundi is at the eastern end of Sumbawa~ on the north coast, on the 

western side of the entrance to Bima Bay (figure 4.1). 

The petrography of the lavas from these two volcanoes are discussed 

together for a number of reasons: 

1. The erupted suites of both these volcanoes include extremely under

saturated, pot~ssium-rich, leucite-bearing lavas (analyses given in tables 

6.1 - 6.4), of an unusual type not commonly encountered in island arcs. 

2. There is relatively limited chemical data available on the mineralogy 

of these lavas at this stage and such as is available is best discussed in 

the context of both groups of these lavas, simultaneously. 

3. They are both eroded volcanic cones which became inactive in the 

Quaternary (Sudradjat, 1975), unlike the other, active volcanoes discussed 

in this thesis. This factor then introduces some uncertainties about the 

spatial relationship of these volcanoes to the trench and Benioff Zone when 

they were active. 

Sampled lavas from G. Sangenges fall into three mineralogically and 

geochemically distinctive groups: 

A. A highly undersaturated, feldspathoid-rich series, which contain both 

normative ne and Zc. Chemical analyses of th·is group (samples S22, S21, S17 

S19, S9A, S9B, S23) are given in table 6.1 

B. A moderately alkaline, slightly undersaturated, plagioclase-phyric group 

of lavas with small amounts of normative ne, but no normative Zc. These 

contain abundant groundmass potassium feldspar~ but little or no modal 

feldspathoid. These lavas are mineralogically and geochemically similar to 



TABLE 6.1 

Sa!T'o le 1! 

Si02 
Ti02 

1\1203 
Fe 2 o3 
FeO 

'"nO 

'·'<10 

CaO 

Na 2 o 
K20 

P205 

1l20+ 

Mg/Mg+Fe 

Mg/r1g+. 85Fe 

K2o;rla2o 

53 

47.06 

0.89 

9.16 

l. 76 
8.98 

0.16 
11. 84 

16.51 

2.68 

0.36 

0.58 

2.68 

0.67 

0. 70 

0.13 

Trace elencents (DOll') 

Rb 
Sr 

zr 
Nb 

y 

La 

Sc 

Cr 
Ni 
Rb/Sr 

'\/Rt 
K/Sr 

95 
!>67 

93 
5 

25 

51 

407 

'H 
0.14 2 

31 

4.48 

G.SANGENG!:S 

S23 

4 5. RS 

0.91 

11.13 
l. 76 
8. 98 

0.17 
10.78 
15.20 
l. ?.5 

3. 03 

0.31 

l. 13 

0. b 5 

0.68 

l. 64 

125 

6 91 
81 

6 

29 

58 

2R 1 
54 

0.181 
201 

36.40 

521 

43.86 

l. 09 

11.09 

2. 0 4 

10.38 

0.20 
9. 0 0 

15.16 

2.03 

4.34 

0.81 

l. 40 

0.57 

0.61 

2.14 

191 
753 

187 

7 

38 

51 
200 

42 

0.254 
189 

47.85 

CAST SUNDA ARC VOLCANIC ROCKS 

SUt~BAI'A ISLlltlD,LEUCITC-BCt\RI:'G LAVAS 

527 

45.38 

1. 05 

12.79 

l. 92 
9.78 

0.18 

8.29 
14.38 

1. 73 

3. 81 
0.69 

1. 75 

0.56 
0.60 

2.20 

246 

849 

12 2 
4 

20 

53 
129 

35 
0.290 

129 

37.26 

S22 

43.65 

1.07 

12.54 

1.96 
10.01 

11.21 

8.25 
14.41 

2.40 

4.61 

0.88 

l. 3 5 

0.56 

0.59 

1.92 

192 

9 02 

194 
6 

34 

44 

168 
37 

0. 213 
199 

4 2. 4 3 

S17 

44.77 

1.12 

12.64 

2.11 
10.74 

0.18 

8. 0 0 
14.55 

2.20 

3.09 
0.59 

1.194 

0.53 
0.57 

1. 40 

117 
750 

80 

5 

19 

53 
101 

27 

0.156 

219 

34.20 

519 

44.71 

1. 09 

13.20 

1.96 

9.99 
0.18 

7.77 

13.88 

2.07 

4.42 

0.74 

l. 34 

0.54 

0.58 

2.14 

319 
836 

139 
6 

25 
37 
49 
70 

30 

(1.382 

115 
43.89 

S9 

44.52 

1.14 

13.31 

2.15 
10.95 

0.20 

7.25 

14.19 

2.55 

3.14 

0.61 

1. 61 

0.50 
0. 54 

l. 23 

201 
865 

138 
5 

32 

48 

66 

22 

0. 2 32 

130 
3 0. 14 

Notes: FeO arbitrarily calculated as 0.85 total Fe.Analyses normalised anhydrous,H
2

0+= pre-normalisation 

figure.Rock localities and mineralogy given in appendix 1 (see also table 6.7) .CIPN norms given in appendix 2. 
Rocks S3,23,21,27,22,19 are olivine leucitites, Sl7- leucitite/olivine leucitite,S9- leucite tephrite. 



iABLE 6.2 
C:'\ST SU NDA .t\RC VOLCl\~~ IC ROCKS 

G. Sl\NGENC:CS - SU~BAWA ISLANC, NE-NOR~ATIVE LAVAS 

Sarrnle# 53 528 55 516 51 
Si02 48.58 50. 'iS 50.90 50.24 52.65 
Ti0 2 l. 0 4 0.98 0.89 0.97 0.87 
'\1203 16.92 18. 51 17.93 18.74 18.38 
re 2 o3 l. RO 1. 51 1. 52 l. 51 l. 31 
FeO 9.20 7. 71 7.77 7. 72 G.G9 
r-:no 0.22 o. 18 0. 20 0.20 0.19 
)'qO 5.77 4. 4'i 4.27 4. 24 3.51 
CaO 11.12 9.()7 10.10 10.0 8 9.16 
Na 2o 2.fl2 3. 77 3. 2 5 3.34 3.43 
!\20 2.04 2.21 2. 71 2.37 3.25 
P205 0.58 0. 46 0.46 0.58 0.56 

H20+ 2.50 0. 90 2.17 1. 61 2.81 

Mg/Mg+Fe o. 4 9 0.47 0.45 0.45 0.44 
Mg/Mg+.85Fe 0.53 0. 51 0.49 0.49 0.48 

K20/Na20 o. 72 o.so 0.83 0.71 0.95 

Trace elements {DD!l') 

Fb 64 61 61 41 85 
Sr 860 724 820 Rq3 1138 
Zr 104 13'3 121 135 136 
Nh 5 3 5 5 4 
y 28 32 24 33 35 
La 29 
Sc 28 25 23 18 16 
Cr 33 4'i 52 45 34 
tJi 12 8 11 15 4 
Pb/Sr 0. 07 4 0.084 0. 07 4 0.046 0. ()75 
~~/Rb 26 5 301 369 4 80 317 
K/Sr 19.69 25.34 27.4~ 22.fJ3 23. 7l 

Notes: FeO arbitrariiy calculated as 0.85 Fe .Analyses normalised anhydrous. 

H20+ is the prenormalisation value .Rock localities and mineralog~es 
are given in appendix l.CIPW norms are given in appendix 2. All lavas 

are ne-normative trachybasalts . 



TABLE 6.3 [~ST SU~DA ARC LAVAS A~D XENOLITH 

G. S!\r~SF.:NGCS - Sl!~-1E.~h'J\ ISLAND, 0-NORMATIVC ANDESITES AND XCNOLITH 

Sa:mle~ S10 Sl1 S26 SlS 57 Sl2 

SiO-, 52.14 52.85 56.12 r:.g .. Gg 60.51 39.89 

Ti0 2 0.98 l. 01 0.60 o.so 0.46 l. 51 

r .. l 2o 3 19.13 18.38 18.77 Ul.35 17.79 19.30 

fe 2o 3 1. 58 l. 61 1.12 O.RB O.R3 2.36 

t'eO 8.03 8.19 s.;;g 4.46 A. 26 12.01 

"nO 0. 25 0.19 C.17 D.lq 0.18 0.20 

~~co 4.S9 4.t.S 3.26 2.51 l. 93 7.38 

CaO 8. G l 8.67 7. 7l 6.66 6.20 15.07 

~~a 2 o 2.75 2.91 3.88 3.97 4.33 1.15 

r 2o 1. GO l. 45 2.37 2.48 2.65 0.49 

Pzo5 0.32 0.28 0.31 ·o.3o 0.30 0.64 

H20+ 3.52 l. 85 0. 96 2. 0 l 0.61 1. g 9 

Mg/Mg+Fe 0.46 0.45 0.41) 0.46 0. 41 0.48 

Mg/Ng+.85 Fe 0.50 0.49 0.51 0."'0 0.45 0.52 

K20/Na20 0.58 0.50 0.61 0.62 0.61 0.43 

Trace elerr.ents (no~) 

r:>.h 30 22 83 80 85 7 

Sr 525 4 80 7 73 835 837 ASS 

Zr 74 63 152 198 191 30 

Nh 5 3 5 q 10 <0 

y 27 24 20 20 20 32 

Ln 

Sc 23 23 14 9 9 43 

Cr 44 28 33 36 42 33 

Ni 4 4 7 2 4 17 

Rb/Sr 0. 0 57 (). (14 r; 0.107 0. 0')6 0.102 0.008 

K/Rh 443 ')47 237 257 259 581 

K/Sr 25.30 25.0S 25.1,~ 24.66 26.28 4. 76 

Notes: FeO arbitrarily calculated as 0.85 total Fe.Analyses quoted normalised 

anhydrous , H
2

o+ value is the pre-normalisation ignition loss.Rock localities and 

mineralogies are given in appendix 1.CIPW norms are given in appendix 2.Samples 

510 and Sl1 a e basaltic andesites, 526,15 and 57 are hornblende andesites and 

512 is a hornblende gabbro (cumulate ?) xenolith-. 



Sarrcle~ 

Si02 

Ti02 

!'1203 
Pe 2 o3 
FeO 

'<nO 

":oO 

CaO 

N0 20 

K20 

?2°5 

H20+ 

Mg/~1g+Fe 

~1g/Ng+. 85Fe 

K20/Na2o 

TABLE 5.4 

Sil7 

45.48 
0.97 

ll. 8 4 

l. R 2 
9.26 

0.18 

:!.0.49 
14. 1 0 

2.21 

3.16 
0.50 

l. 95 

0.(,3 

0.67 

l. 4 3 

Trace elerrents (n~r'1) 

r:tc 
Sr 

zr 
Nh 
y 

La 

sc 
Cr 

i'~ i 
Rtc/Sr 
K/Rh 

K/Sr 

168 

959 

97 

~ 

17 

45 

27 7 

54 

0.175 

156 

n .36 

s il6 

44. 89 

o. 98 

11.3 2 

1. 87 

9. 54 

0. 19 

10.47 

14. 28 

2.33 
3.07 

0.56 

l. () 7 

0.6:2 
0. 1)6 

1. 32 

194 

1027 

111 
8 

15 

44 

221 

47 

0.189 

131 

2-".fl2 

CAST SU~mA ARC VCLCAtdC ROCKS 

G.SOROMUNDI - SU~BAWA ISLAND,LCUCITE-BCARING LAVAS 

sin 

46.94 

0.93 

13.47 

l. 72 

8.7"> 

0.20 
8.46 

13.11 

2.70 

3.79 

0.42 

1.16 

0.59 

0.63 

1. 22 

102 
1150 

117 
q 

22 

35 

239 

28 
0.089 

2G 8 

2 3. 7 5 

s il3 

47.31 

0.94 
13.94 

l. 72 

8.77 
0.10 

7.25 

13.13 

3.20 
3.20 
0. 4 3 

l. 32 

0.56 

0.60 

l. 0 0 

133 
1154 

97 

9 

20 

35 

213 

24 

0.115 

200 

23.02 

sill 

47.5') 

0.90 

15.82 

l. 73 

8.82 

0.21 

6. 20 
11.17 

3.75 

3 .. 41 
0.44 

1. 27 

0.52 

0.56 

0.91 

104 

1587 

107 
11 

20 

28 

89 

16 
0. 066 

272 

17.84 

s il4 

45.05 

1. 02 

14.81 

1. 87 
9. 53 

0.23 

6.06 

l3 .18 

2.98 

4.48 

0.79 

l. 84 

0.49 

0.53 

l. 50 

297 
14 90 

177 
13 

27 

30 

69 

14 

O.B9 

12 5 

24.96 

SilO 

47.01 

0.91 

15.()1 

1. 74 

8.86 

0.21 
5.58 

12.01 
3.37 
3.28 

0.43 

l. 59 

0.53 
0.57 

0. 97 

99 

14 79 

128 
9 

22 

29 

119 
1R 

0.1)5 7 

27 5 

18. 4 l 

s i12 

47.49 

0. 93 

16\0 3 

1. 80 

9.17 

0.22 

5.G6 

12.07 
2.86 

3.32 

0.46 

2.15 

0.48 

o. 52 

1.16 

114 
1511 

127 

10 

27 
79 
31 

123 

18 

0.075 

242 
18.24 

Sil5 

49.52 
0.83 

16.G4 

l. 50 
7.67 

0.21 
4-.17 

10.14 

4. 3 3 

4.47 

0.52 

2.06 

0.45 

0.49 

l. 03 

14 2 
1707 

137 

12 
32 

22 

61 
1 0 

0.083 
261 

? l. 7 4 

Notes: FeO arbitrarily calculated as 0.85 total Fe.Analyses quoted as normalised anhydrous.The H
2

0+ value 

is the pl·e-normalisation ignition loss.Rock localities and mineralogies are given in appendix 1 and C!PW norms in 

appendix 2. Petrographic descriptions are also given in table 6.7.Samples represent the following rock-types: 

Sil7 and Sil6 - madupite,Si6,13,ll and Sil2 - leucite lamproite/leucite tephrite,Sil4 - leucitite, Sil5,3,1 and 

Si9- leucite tephrite. Sil8 is an hornblende-apatite clinopyroxenite (cumulate?) xenolith. 

Si3 

50.04 

0.92 

17.38 

1. 58 

8.08 

0.20 

4.00 

9. 8 0 

4.00 

3.52 

0.49 

1.81 

0. 4 3 

0.47 

0.38 

166 

146G 

122 
8 

20 

18 

53 

8 

0.113 

17G 
l 9. q 3 

s il 
49.22 

0.81 

17.55 

l. ss 
7. 89 

0.20 

3. 0 3 
9.76 
4. 8 3 

3.80 

0.46 

l. 32 

0. 4 3 

11.47 

0.79 

102 
157 9 

121 

l3 

18 
55 

8 

o.nG5 
309 

1'>.98 

Si9 

49.24 

0. R 4 

17.(.8 

1. 52 

7.76 

0. !2 

3.38 

10.0 5 

4.6S 
4.00 
0.62 

1. 3 3 

0.40 
0.44 

0. fl5 

14 4 

2401 
119 

15 

23 
99 

Si18 

39.25 
l. 41) 

8.31 

3.06 

15.57 
0. 31 

10.04 

18.70 
0. >l4 

O.G6 
l. R2 

2.18 

0.49 

0.53 

0.79 

5 
504 

120 

5 

50 

16 ss 
3 9 122 

4 2t. 

0. 06 () 0. 010 

231 1091i 

13.81 ]0.87 



TABLE 6. 5 
G. Sangenges, Lavas & Xenoliths: Modal Composition 

A. LAVAS 

Sample No. Cpx 01 Am ph Biot Ti -Mag Levcite 

B. 

523 25.5 5.2 0.3 
521 39.5 22 3.5 
517 31.2 ]l 4 
53 51 3 2 
55 17 1.41 2.5 
57 3.5 6 1.5 

XENOLITH 

512 22 18.5 9 

1 olivine partly carbonated 

2 olivine partly iddingsitized 

3 leucite microphenocrysts 

Rock types: Group A: 523, 521, 517- Olivine leucitite 
53 ankaramitic leucitite 

123 
8.53 

Group B: 55 potassic ne-trachybasalt (shoshonite) 

Group C: 57 hornblende andesite (ca1ca1ka1ine suite). 

Plag A pat 

0.1 
0.2 

30 0.1 
33.5 

50 0.5 

G-Mass 

69 
43 
55 
44 
49 
55.5 
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the potassium ne-trachybasalts and trachyandesites from Tambora and Sangeang 

Api volcano ("' "shoshonites") and chem·i cal ana lyses of representative examples 

are given in table 6.2 (samples S8, S16, S5, S28, Sl). 

C. A group of Q-normative lavas with large phenocrysts set in very fine

gra·ined or glassy, silica-rich groundmasses. They are often hornblende-, or 

hypersthene-bearing. These lavas represent members of a calcalkaline series 

and are similar to some andesites or dacites from Rindjani volcano. Chemical 

analyses of representative members of this group are given in table 6.3 

(samples SlO, Sll, Sl5, S7). 

The lavas from G. Soromundi all contain modal feldspathoid (leucite + 

nepheline) and in this respect are related to the group A lavas from G. 

Sangenges. They are further related by their geochemical similarit-ies 

(section 6.4), in particular, their low s;o2, high K2o and high K20/Na2o 
ratios, but differ in more detailed characteristics. The Soromundi lavas 

contain phenocrysts of phl ogopite and amphibole, absent from the G. Sangenges 1 

series A lavas. Some Soromundi lavas contain abundant normative ne> but no 

normative Zc (Sill, 12, 15, 5, 1 and 9; table 6.4, norms, appendix 2). 

6. 2 Pe-trolog];j___2_[ Highly Vndersatu:mted Lavas from G. Sangenges (Group A 

Lavas) and G Soromundi. 

Previous work on these two volcanoes is very restricted. Hunderwadel 

(1921) gave very brief descriptions of some lavas from G. Sangenges, referring 

to olivine--bearing basalts and pyroxene and hornblende andesites and dacites 

of the calcalkaline series, as well as briefly alluding to the existence of 

more alkaline varieties. 

Leucite-bearing lavas from Soromundi were described by Brouwer (1943), 

who compared these with similar leucitic lavas from the island of Batoe 

Tara in the Banda Sea, north of the Flores (Brouwer, 1938). 



TAB~ 

Soromundi Lavas and Xenolith: Modal Compositions 

A. LAVAS Reac 
Sample No. Cpx 01 Amph Phl/Biot Phl/Siot Mag leuci te Plag A pat G-Mass 

Sil7 40 9 1 1 49 
Sil3 38 4 1 3.5 1 52.5 
Si14 35 4 15 46 
Si12 21.5 2.1 5 3.8 0.2 67.4 
Sil5 27 4.5 21 7.5 40 
5'0 >J 25 tr 3.4 4.5 15.6 tr 5i.5 

8. XENOLITH 
Sample No. Cpx Am ph Siot Mag Plag Apat 

Si18 55 31 0.2 6.6 0.2 7 

Rock types: Si17 - madupite, Sil3, Si12 - leucite lamproite, Si14 - 1eucitite, Si15, Si9 - leucite tephrite 
Sil8 - alkali pyroxenite 

• 
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These highly undersaturated lavas are all characterised by the presence 

of leucite either as phenocrysts, microphenocrysts or groundmass grains. 

They all contain abundant very Ca-rich clinopyroxene, both as phenocrysts 

and in the groundmass. However they show considerable variation in their 

other phenocryst and groundmass minerals. They may variously contain 

phenocrystic olivine, phlogopite, amphibole and plagioclase, and groundmass 

plagioclase, nepheline and olivine. 

These highly undersaturated lavas are named according to the definitions 

listed in the glossary of Sorensen (1974, p. 559). The less differentiated 

lavas are olivine leucitites (olivine+ leucite +augite with feldspar 

lacking), leuci,tites (as for olivine leucitHe, but without olivine), leucite 

lamproites (leucitites with amphibole and/or phlogopite) or madupites (Cross, 

1897; Carmichael, 1967) (phenocrysts of diopside and phlogopite). The more 

differentiated lavas show transition towards leucite tephrite or leucite 

basanite with the appearance of plagioclase. 

1. The_]a-nor..Dl~tive lavas of G. Sang~_tJ_~_j_group A). 

Chemical analyses of members of this group (S23, 522, S21, 517, S9A, S9B 

and 519) are given in table 6.1. Petrological summar·ies are given in table 

6.7, while modal analyses of representative examples are given in table 6.5. 

Lavas within this general group differ from one another largely in 

their relative proportion of phenocrysts or megacrysts of olivine and 

clinopyroxene and in the presence or absence of groundmass feldspar. S23 

and 522, for example, are porphyritic, with abundant (>30%) large olivine 

and clinopyroxene phenocrysts. On the other hand, S9A, 59B and Sl9 are 

nearly aphyri c with <5% olivine and clinopyroxene phenocrysts. Rocks S21, 

S17, S9A and S9B have significant proportions of feldspar in their ground

masses, but S19 is ent·irely fe'ldspar-free. 



Table 6. 7 

Sa!!'ple No. Phenocrysts 

A, Gunung Sangenges group A 1 a vas 

53 

523 

521 

522 

519 

517 

59 

cpx, ol 

cpx, ol 

cpx, mag 

cpx, ol 

cpx, ol 

cpx, mag 

cpx, (ol) 

B. Gunung Soromundi lavas 

Si 17 

Sil6 

Si6 

Si 13 

Si 11 

Sil4 

Sil2 

Si15 

Si3 

Sil 

519 

cpx, phl 

cpx, phl 

cpx, phl, ol 

cpx, (ol), phl 

cpx, amph. phl, rr.ag 

cpx, 1e 

cpx, ar.~ph, phl, mag 

cpx, 1e 

cpx, 1e 

cpx, le 

cpx, plag, phl 

Abbreviations: cpx - clinopyroxene 

ol -olivine 

rr.ag - magnetite. 

le - leudte 

Mi crophenocrys ts 

w.ag. 

cpx, ol 

ol, le 

mag, le 

cpx, o1 

ol 

le, mag 

ap, mag 

le, ne 

plag 

le 

le 

le 

Sumary of the Petrology of Highly Undersaturated Lavas from G. Sangenges and G. Soromundi 

Groundmass 

cpx, le, ne, mag, ol, ap. 

cpx, le, ne, mag, ol, ap, f.spar 

le, cpx, ol, mag, ap, ne ? 

le, cpx, ol, mag, ap, ne ? 

cpx, le, ne, mag, ol, ap 

cpx, 1e, mag, f.spar, ap 

cpx, le, ol, r:e, plag, san, ap, mag 

cpx, mag, le, ne, ap 

cpx, mag, le, ne, ap 

cpx, le, mag, f.spar, ap 

cpx, le, ol. mag, f.spar, ap, ne 

cpx, le, ne, p1ag, san, ap, mag 

cpx, le, ne, mag, plag, ~an, ap 

cpx, le, ne, mag, plag, san, ap 

cpx, le, ne, p1ag, san, mag, ap 

cpx, le, ne, p1ag, san, mag, ap 

cpx, le, ne, plag, san, mag, ap 

cpx, le, mag, f,spar, ap 

ne - nepheline 

plag- plagioclase 

f.spar - feldspar 

san - sanidi ne 

Mg/Mg + r Fe 

0.68 

0.65 

0.59 

0.57 

0.56 

0.55 

0.52 

0.65 

0.64 

0.61 

0.57 

0.54 

0.51 

0.05 

0.47 

0.45 

0.45 

0.41 

Co11111ents 

very abundant ol and cpx phenocrysts/megacrysts, rare g.mass f .spar 

g.mass f.spar {oligoclase, andesine and sanidine) rare 

olivine microphenocrysts iddingsitized 

nearly aphyric, ol resorbed, no mag phenocryst, no f.spar 

v. rare ol (carbonated), g.mass plag and san., reacted p1ag. xenocrysts 

large megacrysts of cpx, phl. oxide-rich g.mass 

large megacrysts of cpx, ph1. oxide-rich g.mass 

ol partly iddingsitized, rare g.mass f.spar 

ol megacryst reacting to cpx, g.mass san and andesine 

significant p1ag and san. in g.mass, microphenocrysts of ap 

very abundant le, ne microphenocrysts, very rare g.mass f.spar 

mi crophenocrysts of plag (andes ine-1 abradori te) 

relatively abundant groundmass f.spar 

relatively abur.dant groundrnass f.spar 

relatively abundant groundmass f.spar 

phenocrysts of p1ag (labradorite). g.mass v. 1e-rich 

phl - phlogopite 

amph - amphibole 

ap - apatite 

g.mass - groundmass 

Rock Type 

olivine 1eucitite 

o1 ivine leucitite 

olivine leucitite 

olivine leucitite 

leucitite - olivine leucitite 

leucitite - leucite tephrite 

madupite 

madupite 

leucite lamproite - 1eucite tephrite 

leucite lamproite -·leucite tephrite 

leucite lamproite - leucite tephrite 

leucitite 

leucite lamproite - leucite tephrite 

leucite tephrite 

1 euci te tephrite 

1eucite tephrite 

1eucite tephrite 



111 

The lavas are characterised by phenocrysts of clinopyroxene (tab.le 6.8) 

and less abundant olivine (table 6.9), set in a fine-grained groundmass of 

leucite, clinopyroxene, magnetite, generally olivine, sometimes nepheline 

and sometimes plagioclase (oligoclase-andesine) and sanidine. 

Leucite (table 6.10) often occurs as microphenocrysts (e.g. S22, S21), 

but is always smaller and later than the clinopyroxene and olivine phenocrysts. 

Magnetite also appears as microphenocrysts, though is generally rare in this 

role and often is completely absent (e.g. S23, S19). 

Large olivine phenocrysts (0.5-1.5cm) are often highly embayed and may 

have prominent iddingsite r·ims. Core compositions (table 6.9) are fairly 

magnesian (Fo 87- Fo 89). Some are deuterically replaced by carbonate, 

apparently during the ascent and eruption of the magma, as the rocks are 

otherwise fresh. Smaller rnicrophenocrysts of ol-ivine are often euhedral 

and may also be iddingsitized. Small groundmass olivine grains are generally 

fresh and relatively iron-rich (Fo 55 - Fo 60). 

In some instances olivine is rimmed by clinopyroxene apparently the 

result of a reaction relat·ionship between the liquid and olivine (cf. Schairer 

and Yoder, 1960). Olivine may also occur as inclusions within lal~ge clino

pyroxene megacrysts. 

The general impression is that olivine has been stable at some early 

stage in the evolution of these lavas, but has undergone degradation and 

reaction as they approached the surface, during eruption. 

Clinopyroxene is the most prominent phenocryst phase and is also abundant 

in the groundmasses. Some phenocrysts (megacrysts) are very large (up to 

2.5 em long) and these are often prominently zoned. Cores (table 6.8) are 

pale coloured, diopsidic (ca 47.5 Mg 47.5 Fe 5, 100 Mg/Mg+Fe = 90), with 

high Cr concentrations and ·low Ti and Al. These are mant.led by darker green 

rims (table 6.8) of more Al-, Ti-rich, Cr-poor augite/salite composition 

(Ca 48.2, Mg 38.2, Fe 13.6, 100 Mg/Mg+Fe = 74). 



Table 6.8 

Analysis No. 

Si02 

A1 2o3 

FeO 

t1g0 

CaO 

Na2o 

no2 

cr2o3 

MnO 

Total 

Si 

Al!V 

AlVI 

Fe 

~1g 

Ca 

Na 

Ti 

Cr 

~1n 

Total 

100Mg/t1g+Fe 

Ca/Ca+Mg 

Ca 

Mg 

Fe 

Represent<!_ti ve Ana lrre~_2_f_~roxene~

.frgm Sum~~ an Let!_C:_i_!;jJ; i c Lava~ 

M 

52.6 

1.5 

3.3 

17.4 

24.1 

0.4 

0.7 

100.0 

2 

~~ 

52.7 

1.8 

5.0 

16.2 

23.4 

0.4 

0.5 

100.0 

3 

P-C 

46.4 

8.3 

8.6 

11.8 

23.3 

1.4 

99.8 

4 

P-R 

47.8 

6.8 

9.2 

11.4 

23.6 

1.0 

99.8 

Number of Ions on the Basis of 6 oxygens 

1. 927 

0.065 

0.101 

0.950 

0.946 

0.011 

0.020 

4.019 

90.3 

0.499 

47.4 

47.6 

5.0 

1. 938 

0.062 

0.016 

0.154 

0.888 

0.922 

0.011 

0.014 

4.005 

85.2 

0.509 

46.9 

45.2 

8.9 

1. 74 7 

0.253 

0. 116 

0.271 

0.662 

0.940 

0.040 

4.029 

70.9 

0.587 

50.2 

35.4 

14.4 

1.803 

0.197 

0.105 

0. 290 

0. 641 

0.954 

0.028 

4.018 

68.8 

0.598 

50.6 

34.0 

15.4 

5 

G 

48.2 

6.2 

8.3 

13. 1 

22.9 

1.1 

99.8 

1. 807 

0.193 

0.081 

0.260 

0. 732 

0. 920 

0. 031 

6 

50.5 

3.9 

5.9 

14.7 

23.7 

0.8 

0.3 

99.8 

1.874 

0.126 

0.045 

0.183 

0.813 

0.942 

0.022 

0.009 

4.025 4.014 

73.8 81.6 

0.557 0.537 

48.1 48.6 

38.3 41.9 

13.6 9.5 

Notes: Analyses 1 and 2 are typical of those of large megacrysts occurring 

in Soromundi and G. Sangenges leucite-bearing lavas. Analyses 3 and 

4 are typical of phenocryst compositions from these same lavas and 

cpx ol. This same composition may rim the megacrysts. Analysis 6 

is of a cpx-reaction rim around olivine (anal. 1, table 6.9) from 

Soromundi lava Si 13. 

Abbreviations: M - megacryst, P - phenocryst, C - core, R - rim, G - gt·oundmass 
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This type of clinopyroxene zonation has been observed in a number of 

lavas from the suites described in this thesis. These include the ankaramites 

from Lombok (LB8) and the Sangeang Api potassic ne-trachybasalts and 

phonolitic tephrites (e.g. B43) and in the pyroxene of some clinopyroxenite 

xenoliths (e.g. B5, B22) from Sangeang Api. 

Central cores are sometimes resorbed or corroded, with corrosion pits 
' 

filled by glass or finely crystalline grouncbnass material. Smaller, euhedra·l 

phenocrysts and microphenocrysts have salite compositions similar to those 

of the outer zones of the larger megacrysts. They sometimes show hour-glass 

structure. Groundmass clinopyroxene has very low silica and high A1 and Ti 

content (table 6.8) and is of Ca-rich salite composit·ion (Ca 50 ~'19 35.5 Fe 14.! 
' 

100 Mg/Mg+Fe = 71). 

Leucite (table 6.10) occurs as small euhedral, icositetrahedral 

phenocrysts in a number of lavas (e.g. S22, S21). These show character·istic 

twinning on {110} and very weak, low 1st order birefr·ingence. All other 

lavas contain abundant, isotropic, anhedral, often sphericle, groundmass 

1 eucite. 

Compositionally, leucite is stoichiometric, with no substitution of Na 

(table 6.10), contains small amounts of Ca and little or no iron (cf. iron

rich leucites described by Carmichael, (1967) from a number of potassium

rich lavas, including those of Leucite Hills). 

Feldspar (table 6.10) occurs (with clinopyroxene and olivine) in the 

groundmasses of some of the more differentiated lavas (e.g. S9A), generally 

as fine laths, needles or small tabular grains, interstitial to the leucite 

and comprise plagioclase (oligoclase-andesine} and sanidine. This suggests 

a transition from olivine leucitite towards leucite tephrite or leucite 

basanite. 
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Nepheline occurs as fine interstitial grains in the groundmass of many 

lavas of this group. Apatite also occurs in the groundmass as a ubiquitous 

accessory. 

One lava (S17) contains large, subhedral phenocrysts (xenocrysts?) of 

bytownite plagioclase which is undergoing reaction to yield a uniaxial 

mineral of moderately high relief, tentatively identified as a member of 

the gehlenite-melilite-akermanite series.(?) 

In summary, the· highly undersaturated lavas of G. Sangenges are olivine 

leucitites and leucitites with phenocrysts of clinopyroxene and oliv·ine. 

Leucite is a ubiquitous mi crophenocryst/ groundmass phase. The 1 a vas show 

transition towards leucite tephrite or leucite basanite with appearance of 
' 

plagioclase and sanidine in the groundmass. 

Lava S3 (tables 6.1 and 6.5),· does not contain normative leucite. Howevet 

it may be a variant of the Z.c-normative lavas S23 and S22, with extremely 

abundant olivine and clinopyroxene, probably of accumulative origin. 

2. !ii9.bJLUndersaturated potassium-rich lavas from G. Soromundi. 

The petrographic characteristics of this group (samples Si17, Si16, Si13, 

Si14, SUO, Sill, Si12, Si15, Si3, Sil and Si9) are summarised in table 6.7. 

Their chemical analyses are given in table 6.4 and model analyses of 

representative examples in table 6.6. 

These lavas show geochenrical similarities to the group discussed in the 

previous section, from G. Sangenges. At the same time they differ in some 

important geochemical and petrographic characteristics. In contrast to the 

undersaturated lavas from G. Sangenges o"livine is a rare or absent phenocryst 

phase~ while amphibole and/or phlogopite occur frequently. 

The Soromundi lavas are porphyritic with clinopyroxene as their major 

phenocryst phase and with abundant groundmass cl i nopyroxena and l eucite. 
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Phenocryst assemblages include: cpx + phlogopite, cpx + phlogopite +olivine, 

cpx + amphibole + phlogopite +magnetite, cpx + leucite, cpx + plagioclase + 

phlogopite. 

The leucite-bearing lavas from Soromundi include more differentiated 

examples than those sampled from the G. Sangenges suite (with some lavas 

having Mg/Mg+Fe values <0.50). These contain significant groundmass feldspar 

(oligoclase-andesine and sanidine) and some (e.g. Si12, Si9) also contain 

phenocrysts or mi crophenocrysts of bytownite (table 6.10). 

The most mafic lavas (e.g. Si17, Si16) are spectacular, \'Jith a phenocryst 

assemblage of clinopyroxene and phlogopite, set in a fine groundmass of 

leucite, nephe~ine, magnetite, olivine, apatite and clinopyroxene. These 

bear a marked resemblance to the madupites described by Cross (1887) and 

Carmichael (1967) from Leucite Hills, Wyoming. 

The phenocrysts of clinopyroxene and phlogopite are very large (up to 

3cm ) . The clinopyroxene is zoned in the same way as that from the G. 

Sangenges lavas, with a pale green diopsidic cone (Ca 47.5, Mg 47.5, Fe 5, 

100 Mg/Mg+Fe = 90 to Ca 47, Mg 45, Fe 8, 100 Mg/Mg+Fe = 85; table 6.8) and 

a darker green outer zone of a Ca-rich augite-salite composition (Ca 48.6, 

Mg 42, Fe 9.4, 100 Mg/~1g+Fe = 81.6; table 6.8). Smal"ler phenocrysts are 

more A1- and Ti-rich (Cr-diopside cores have very low Al and Ti contents, 

averaging about 1.4% Al 2o3 and 0.3- 0.4% Ti02. The outer rims of phenocrysts 

and groundmass clinopyroxene may have up to 8.0% Al 2o3 and 1.4% TW 2; see 

table 6.8) and groundmass clinopyroxene even more so (table 6.8). 

In many rocks (e.g. Si16, Si17), very large phlogop·ite megacrysts are 

often almost entirely pseudomorphed, and replaced by fine mosaics of magnetite 

leucite and clinopyroxene. However, a few lavas do contain fresh phlogopite 

(e.g. Si13). In th·is example, phlogopite occurs both as individual phenocryst 

and as inclusions in olivine and clinopyroxene. Typ-ical analyses are given 

in table 6.12. The phlogopite included in olivine is slightly more magnesian 



Table 6.9 

Representative Analyses of Olivi~

from Sumbawan Leuci.!_i_tic Lav~ 

3 

f1 t1 G 

Si02 38.7 39.6 34.6 

FeO 10.6 11. 1 36.0 

MgO 49.3 48.0 26.3 

CaO 0.3 0.6 0.7 

Ti0 2 0.1 0.1 0.2 

MnO 2.0 

Total' 

Number of Ions on the Basis of 4 oxygens 

Si 0.966 0.985 0.980 

Fe 0.221 0.231 0.853 

Mg 1.834 1. 779 1.110 

Ca 0.008 0.016 0.021 

Ti 0.002 0.002 0.004 

Hn 0.048 

Total 3.031 3.013 3.016 

lOOMg/Mg+F e 89.2 88.5 56.6 

Abbreviations: M - megacryst, G - groundmass. 

Notes: Olivine No. 1 from Soromundi lava Sil3 is 

rimmed by cpx, ( anal. 6, table 6.8). 
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(lOOMg/t·1g+Fe = 79.45) than the phlogopite phenocrysts (lOOMg/Mg+Fe = 77. 72) 

arid is markedly more Ti-rich (4.6% Ti02 compared with 3.8- 2.9% Ti0 2 in 

the phenocrysts). 

Only two lavas contain olivine in their phenocryst/megacryst assemblages 

(Si6, Si13). In both these cases, the olivine is resorbed or embayed and 

often partly iddingsitized. They are magnesian and range from Fo 88.5 to 

Fo 89.2 (table 6.9). That of Si13 is mantled by a reaction rim of clino

pyroxene (lOOMg/Mg+Fe = 81.68, Ca 48.6, ~1g 42, Fe 9.4; table 6.8). Many 

of the 1 a vas however do contain groundmass o 1 i vine with a compos it·i on of 

Fo 55- Fo 60 (table 6.9). 

Amphibole is an important phenocryst phase in a number of these lavas 
J 

and like phlogopite, is often surrounded by a magnetite-rich reaction-rim. 

No microprobe analyses of this phase are available, but it is optically very 

similar to pargasitic hornblende analysed from the Sangeang Api xenoliths 

(optically +ve, large 2V "' 80°, extinction angle y:Z"' 25°, with pleochroic 

scheme: a pale brown, s straw coloured, and 6 more greenish or darker brovm. 

Some examples are apparently partly oxidised and in this case, the pleochroic 

scheme takes on a more reddish hue. 

All lavas contain leucite, either as subhedral or euhedral icositetrahedn 

with characteristic multiple twin lamellae, showing slight, low 1st order 

birefringence, or as anhedral, isotropic groundmass grains. Analyses are 

given in table 6.10. They are stoichiometric, with no detectable Na-·substitutior 

small amounts of Ca and very minor Fe substitution. Nepheline is a signif"ican1 

groundmass phase and in a few lavas (Si14), also occurs as small euhedral, 

hexagonal microphenocrysts. 

t~agnetite is a common mi crophenocrysti c constituent and is very abundant 

in the groundmass of all lavas, containing 20-30 mol.% ulvospinel. 

Apatite is a ubiquitous groundmass mineral and also occurs as a minor 

microphenocryst phase in some lavas (e.g. SiJ.l). 



Table 6.10 

~presentative Analyses of Grounctnass Leucite 

and Alkali Feldspar from Sui".bawan Leuc_i_tit~Lavas 

Si02 

Al 2o3 
FeO 

CaO 

K20 

Tota 1 

Si 

Al 

Fe 

Ca 

K 

Total 

G 

53.9 

22.6 

1.3 

22.2 

2 

G 

52.43 

21.7 

0.2 

1.2 

24.4 

Number of Ions on the 

baJis of 6 oxygens 

1. 980 

0.979 

0.051 

1.041 

4.050 

1.963 

0.958 

0.006 

0.048 

1.166 

4.140 

Si02 
Al 2o3 

FeO 

cao 

Na 2o 
K20 

Total 

Si 

Al 

Fe 

Ca 

Na 

K 

Total 

An 

mol%. Ab 

Or 

3 

G 

61.5 

23.9 

0.5 

2.7 

7.0 

4.0 

Ions on 8 

oxygen basis 

2.765 

1.267 

0.019 

0.130 

0.610 

0.229 

5.020 

13.4 

62.9 

23.7 

Notes_: Analyses 1 and 2 are typical 9roundmass leucite, 

Analysis 3 is of typical groundmass alkali feldspar. 

Some Soromundi and G. Sangenges leucitites also 

contain phenocrysts of plagioclase (An90-An70) and 

groundmass plagioclase (An60-An40). 

Abbreviation: G - groundmass. 

I 



Table 6.12 

Analyses of Phlo~~ from 

Soromundi Lavas 

2 3 

p p 

SiD2 35.D 36.3 35.2 

Al 2D3 16.7 15.9 16.9 

FeD 8.7 1D.1 11.8 

MgD 18.9 19.3 17.2 

CaD D.4 D.5 D.5 

Na2D 

K2D 10.8 1D.4 1D.D 

TiD2 4.6 2.9 3.8 

Total 95.1 95.4 95.4 

Number of Ions on the basis of 22 oxygens 

Si 5.160 5. 343 5.217 

Al 2.9D2 2.759 2.953 

Fe l.D73 1.243 1.463 

t1g 4.153 4.234 3.799 

Ca D.D63 D.D79 D.D79 

Na 

K 2.D32 1. 95 3 1.891 

Ti D.510 0. 321 0.424 

Total 15.893 15.932 15.827 

lDDMg/Mg+Fe 79.5 77.3 72.2 

Abb revi at ions: I - inclusion in olivine, 

p - phenocryst 
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6. 3 Pe·trology of the less Alkaline Suites from G. Sangenges. 

As already discussed~ G. Sangenges is a volcano that became inactive 

-in the Quaternary and its cone has become heavily dissected. Samples taken 

largely from boulder streams and young, actively eroding rivulets, high on 

the slopes of the remnant volcanic cone (now heavily vegetated), included 

not only members of the lc-mormative suite (Group A) already described, but 

also less alkaline ne-trachybasalts (Group B) like those already described 

from Tambora and Sangeang Api and Q-normative calcalkaline andesites (Group c: 
like those from Rindjani. While it is not possible to determine the actual 

temporal eruptive sequence of these three very different suites, the fact 

that they are f:l-11 being shed from high on the erod·ing cone of G. Sangenges, 

does suggest that this volcano must have erupted each of these three suites 

sometime during its period of activity. 

1. Petrology ~f potassic ne-trachybasalts (Group B) 

The ne-normative trachybasalts from G. Sangenges (samples S8, Sl6, S5, 

S28~ modal analysis of S5 given in table 6.5 and geochemical analyses given 

in table 6.2), like members of this group from Sangeang Api and Tambora~ 

are porphyritic lavas with large phenocrysts of cpx (augite), less abundant 

olivine and microphenocrysts of magnet·ite. Plagioclase is the most abundant 

phenocryst~ though is generally smaller and possibly later than cpx and 

olivine (some cpx and olivine is included in plagioclase). It occurs as 

zoned tabula!~ grains, some with the fami"liar, inclusion-rich, corroded, 

calcic-bytownite-anorthite cores and zoned out to rims of labradorite

andes; ne composition. Outermost r-ims are rnantl ed by sani dine. The 

phenocrysts are set in groundmasses which may be relatively coarse-gra·in(~d, 

comprising mainly plagioclase, with cpx, magnetite and olivine, set in a 

K-feldspar matrix. 

Apatite is a relatively common accessory, both as microphenocrysts and 

in the groundmass. 
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2. Petrology of the Andesites (Group C). 

The Q-normative (Group C) suite from G. Sangenges has geochemical 

and petrographic affinities with the Rindjani calcalkaline suite. Samples 

representing this suite are SlO, Sll, S15 and S7 (see table 6.3, which 

presents whole-rock analyses, and table 6.5, that gives a representative 

modal analysis). 

They are porphyritic, plagioclase-rich lavas, which do not contain 

oliv·ine. Plagioclase is the largest and most abundant phenocryst phase. 

It is complexly zoned, with cores of labradorite-bytownite, zoning out to 

rims of andesine. 

These andesites contain clinopyroxene phenocrysts and commonly amph ·i bo 1 e 

and/or orthopyroxene (hypersthene). Mi crophenocrysts of magnetite are also 

common. 

The phenocrysts are set in a very fine-grained groundmass, largely 

composed of plagioclase laths (oligoclase-andesine), which are themselves 

set in a matrix of brown glass. 

6.4 Geoahemistr1L.of the Lavas fFom Soromundi and G. Sangenges. 

Both these suites, as described in the preceding sections, are charac

terised by the presence of highly distinctive, feldspathoid-rich lavas, quite 

unlike the lavas typ·ical of most island arcs. These are not only petro

graphically unusual, but are also geochemically extreme. Lavas sampled 

from the eroded cone of G. Sangenges also contain members of two other 

recognisab ly di sti net series, one characterised by the presence of o 1 i vine 

and plagioclase phenocrysts and groundmass alka"Ji feldspar and the others 

still more plagiophyric, without olivine and commonly with hornblende 

phenocrysts. 

Although the feldspathoid-bearing lavas from both Soromundi and G. 

Sangenges are related in their leucite-bearing character, the two series are 

otherwise petrographically di st"i net and some differences are also apparent 

in their geochemical characteristics. 
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1. Soromundi La vas. 

Major- and trace-element whole-rock analyses of this group of lavas are 

given in table 6A, while their compositional variations are displayed as 

MgO-variation diagrams in figures 6.1 and 6.2. 

All lavas are highly undersaturated with 10-18% normative ne and most 

also contain normative Zc (up to 20%). 

All lavas are silica-poor (45-51% Si02) and many are relatively mafic 

with up to 10. 5% MgO and Mg/Mg+IFe va 1 ues of up to 0. 65. They range with 

increasing silica to relatively low MgO varieties (down to 3.38% MgO) with a 

Mg/Mg+rFe value .of 0.41. Lavas with lower MgO concentration (e.g. Si3, Sil, 

Si9; tables 6.4 and 6.6} are relatively aluminous and contain phenocrysts 

of plagioclase. Normative Zc is absent from lavas with <6.0% MgO, though 

they still contain leucite as microphenocrysts or in their groundmasses. 

High MgO lavas have low Al 2o3 (those with >10% MgD have <12% Al 2D3) 

and Al 2o3 increases with decreasing MgO to ca. 17.6% in the least magnesian 

members of the suite. 

The most mafic lavas are very calcium-rich (14% CaD) and there is a 

positive correlation between CaD and MgD (figure 6.1). Sc, Cr and Ni also 

show positive correlation with MgD. CaD shows a good positive correlation 

with Sc, the most mafic lavas having very h·igh Sc concentrations (45ppm) 

(figure 6.3). Al 2o3 also shows a marked negative correlation with CaO 

(figure 6.48) and these lavas plot on the same Ca0-Al 2o3 variation trend 

as the ankaramites from Lombok (figure 6.5). These variations suggest 

clinopyroxene-control, particularly in view of the positive correlation 

of CaO, Sc and Cr and the abundance of clinopyroxene phenocrysts. 

While the lavas have quite high MgD concentrations, their Ni concen~ 

trations are not exceptionally high (<50ppm). In this they seem to contrast 

with the much less magnesian high-Al basalts from Rindjani (for instance 

41632, with 5.63% MgO) which may nevertheless have higher Ni concentrations 

(e.g. 41632- 71ppm Ni, 41631- 77ppm Ni). 
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The most mafic lavas from Soromundi (e.g. Si17, Si16) have low Na 2o 

contents (ca. 2.3%) and Na 2o increases with decreasing MgO to about 4.8%. 

In contrast the lavas have very high K2o concentrations (3.07- 4.48%), 

which correlate very poorly with MgO. For instance Si3 with 4.0% MgO has 

3.52% K20, while Sil7 with 10.49% MgO has 3.16% K2o (figure 6.1). The 

most mafic lavas (e.g. Si17, Sil6) have very high K20/Na2o ratios (1.43) 

and there is a general decrease in this value with decreasing MgO or 

increasing Si02 to about 0.8 (figure 6.6). 

The suite is characterised by extremely high Rb concentrations (102-297 

ppm). These are 5-15 times higher than concentrations in Rindjani basaltic 

rocks and 2-4 times higher than in the Tambora or Sangeang Api trachybasalts. 

Like K2o, Rb shows rather poor correlation with MgO (figure 6.2) and many of 

the most mafic lavas are amongst the most Rb-rich. Sr concentrations are 

also very high (959 - 2401ppm) and this shows quite good negative correlation 

with ~1g0, the least mafic lavas hav·ing the highest Sr concentrations. 

The most mafic lavas have high Rb/Sr ratios (0.18) and there is general 

trend of decreasing Rb/Sr ratio with decreasing MgO (this trend is quite 

contrary to that shown by the Rindjani or Tambora Suites) and together 

with the Al 2o3-enrichment trend suggest plagioclase-fractionation has not 

occurred. Similarly the negative correlation of Sr and CaO (figure 6.4A) 

shown by this suite in contrast to that of the plagiophyric Rindjani and 

Tambora suites. 

The Soromundi lavas have low, but variable K/Rb ratios, ranging from 

125 to 309 (figure 6.7). Again the most mafic lavas tend to have the lowest 

.X/Rb ratiOS. 

While the Soromundi lavas have much higher concentrations of Rb, Sr 

and K20 than the basaltic lavas of the Rindjani suite, other incompatible 

trace elements are not similarly enriched. Nb and Zr concentrations in 

particular are only slightly enriched compared with concentrations in the 
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Rindjani calcalkaline basalts. Both of these elements show reasonably 

well developed negative correlation with MgO and respectively range from 

5 to 15ppm and 97 to 137ppm. 

Ti02 concentrations are similar or slightly lower than those of the 

Rindjani basalts, averaging about 1.0% and show no significant variation 

through the suite. Similarly r2o5 shows very little variation through the 

suite, generally falling in the range 0.45 - 0.6%, slightly enriched by 

comparison with the Rindjani lavas. 

Y shows a reasonable negative correlation with MgO and a relatively 

low concentration in the most-mafic lavas (15ppm). 

2. I~eochemistry of the feldspatboid-bearin~ lavas from G. Sa_~genBe~. 

These lavas are similar to those discussed above~ from Soromundi, 

though as discussed in the preceding petrography section, there are signif

icant contrasts. In particular the Soromundi series contain hydrous phases 

(phlogopHe and amphibole), absent from the G. Sangenges series. Similarly, 

though the groups resemble one another geochemically, there are certain 

differences. 

Major- and trace-element, whole-rock analyses of the G. Sangenges 

feldspathoidal series are given in table 6.1 (lavas S22, S21, Sl7, Sl9, 

S9A, S9B and S23) and compositional variations are summarised as MgO-variatior 

diagrams in figures 6.1 and 6.2. All these lavas are highly undersaturated 

vJith both ne (7.95-11.69%) and .lc (10.10-21.36%) in the norm (see appendix 1). 

All the lavas are silica-poor (43.65%-45.88%), Al 2o3-poor (11.09-13.31%) 

and are rather mafic. MgO ranges from 10.78% to 7.25% and Mg/Mg+EFe values 

from 0.52 to 0.66. Al 2o3, L:Fe, no2, Na 2o and Sr show trends of enrichment 

with decreasing MgO !figures 6.1 and 6.2). CaO, Sc, Ni and Cr on the other 

hand show positive correlation with MgO. Like the Soromundi lavas this 

group show trends of Al 2o3 and Sr-enrichment with CaO depletion (figures 

6.4A and B), while Sc and CaO show positive correlation (figure 6.3). 
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. Again, these variations suggest cpx removal (or accumulation) together with 

some olivine. Significantly however, K20, Rb, Nb, Zr, Y and r2o5 show very 

poorly defined trends with respect to MgO (figures 6.1 and 6.2) and it seems 

unlikely that their variation can be attributed to simple fractional 

crystallisation of the clinopyroxene-olivine phenocryst assemblage. These 

elements would be expected to be incompatible with respect to this assemblage 

and would be expected to show a simple negative correlation. For instance, 

S21 is one of the most mafic lavas of the group with 9.00% MgO. Comparing 

this lava with S9A, which has 7.25% MgO, S21 has considerably higher r2o5, 

K2o, Zr and Nb concentrations and very similar Rb. In view of this it 

would be unlikely that S21 yielded S9A by fractionation of its cpx and 
' 

olivine phenocrysts. 

These factors notwithstanding however, the group are certainly re 1 a ted 

and show certain common, and distinctive features. They are all K20-rich 

(3.03-4.61%), generally have ·low Na 2o (1.73-2.55%) and very high K20-Na2o 

ratios (1.23-2.20). Some G. Sangenges lavas have higher K20/Na 2o ratios 

than members of the Soromundi suite (figure 6.6}. 

Unlike the suites from the other volcanoes considered in this thesis, 

the K20/Na2b v s;o2 plot (figure 6.8) actually shows a steep negative trend. 

Similarly K2o also shows a negative correlation with Si02 (figure 6.9). 

Like the Soromundi suite, this also has very high (and variable) Rb 

concentrations (117-319ppm) and quite high Sr concentrations (691-902ppm). 

Rb/Sr ratios are very high(0.156-0.381), slightly higher than those of 

the Soromundi lavas and 10 times those of the Rindjani basalts. Zr 

concentrations are relatively low (80-194ppm), generally slightly higher 

than those of Soromundi lavas of equivalent MgO content. Zr concentrations 

are only of the order of 1-2 times those in the Rindjani basalts even 

though Rb concentrations are between 9 and 18 times those of the Rindjani 

group basalts. 
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r2o5 values are relatively high (0.31-0.88%), slightly higher than 

the Soromundi lavas, though again, relative to the Rindjani high-A1 basalts, 

they are much less r2o5-enriched than they are Rb-enriched. Ti02 concen

trations are very similar to thos.e of the Soromundi, Tambora and Sangeang 

Api suites (averaging 1.0%) and are marginally depleted in this moderately 

incompatible element by comparison with the Rindjani high-A1 basalts. 

Like the Soromundi lavas, in spite of their relatively high MgO 

concentrations, the G. Sangenges group have somewhat lower Ni and Cr con

centrations than many of the less mafic Rindjani high-Al basalts. Again, 

like the Soromundi lavas, this group have very high Sc concetrations (up 

to 58ppm). 

While MgO-variation trends are scattered, there are a few recognisable 

relationships which e~phasise slight distinctions with the Soromundi suite. 

In particular, Ti02 and FeO+Fe2o3 both show trends of slight enrichment 

with decreasing MgO, while the Soromundi lavas show rather constant values 

for these parameters at >5% with depletion at <5% MgO (figure 6.1). It is 

possible that these slight differences result from the crystallisation of 

amphibole and/or phlogopite in the Soromundi group, which are likely to be 

more Ti02- and Fe-rich than the cpx-olivine assemblage of the G. Sangenges 

group. 

In general, the similarities of the Soromundi and G. Sangenges leucite

bearing groups are marked and set them apart from all the other suites 

considered in this thesis. Briefly their most distinctive features are: 

very high K2o, Rb, Sr concentr'ations, high Rb/Sr ratios, high K20/Na2o ratios 

low K/Rb ratios, h·ighly undersaturated and low sil·ica character and the 

relatively high MgO concentrations and Mg/Mg+Fe ratios. 
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3. Geochemis~of the G. Sangenges trachybasalt 9!0U£ 

(S8, S16, S5, S28, Sl). 
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Whole-rock, major- and trace-element analyses of these lavas are given 

in table 6.2 and their compositional variations presented as MgO-variation 

diagrams in figures 6.1 and 6.2. Both petrographically and geochemically 

these lavas are equivalent to the trachybasalts from Tambora and some of 

this same group, from Sangeang Api. They are markedly less extreme in 

their geochemical composition than the feldspathoid-bearing groups from 

both G. Sangenges and Soromundi. 

They are characteristically only slightly undersaturated with <5% 

normative-ne. Compared with feldspathoidal groups, they are more silica-rich 

(48.5-52.6%), more aluminous (>17% Al 2o3), less K20-, Rb-, P2o5-, CaO-, 

MgO-, Ni-, Cr- and Sc-rich. They have markedly higher K/Rb ratios (mostly 

>300), lower Rb/Sr ratios (<0.075)and lower K20/Na 2o ratios (0.59-0.90). 

Rb concentrations are about half those of the leucitic lavas, Ti02, 

Zr and Nb concentrations are the same, or only slightly lower, and Y 

concentrations are slightly higher. 

Generally, both petrographically and mineralogically these lavas are 

like the trachybasalts from Tambora. For instance lava S28 from this group 

(table 6.2) is compositionally very like trachybasalt T9 (table 4.2) from 

Tambora. Both groups of trachybasa 1 ts form a suite generally intermediate 

between the high-Al basalts from Rindjani and the leucitic series from G. 

Sangenges and Soromundi. 

4. ~ochemis..:tr.L_of the G. Sangen\~~J:.?JcalkcD__i_IJ~.Javas (~Sll~ 

S26, Sl5, S7). 

This group are petrographically d·i sti ngui shed from the trachybasa lts 

by a genera·! absence of ol·iv·ine, by their relatively more plag·ioclase-rich 

charactel~, and the lack of either K-feldspar or feldspathoid, and by the 

occurrence of hornb 1 en de phenocrysts. 
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Geochemically they are distinctive in their Q-normative character and 

in their more silica-rich (52-60% Si02) nature as well as by the much 

greater range of silica values. They range from basaltic andesites (SlO, 

table 6.3) to relatively siliceous hornblende andesites (S7, table 6.3). 

In common with the basaltic andesites and andesites of the Rindjani 

calcalkaline series, these lavas are MgO-poor (<5%), aluminous (19.8-17.1% 

Al 2o3) and show trends of Si02-, K20-, Na2o-, Rb-, Nb- and Zr-enrichment 

with decreasing MgO (figures 6.1 and 6.2). 

In contrast to the leucitic and trachybasaltic series from G. Sangenges, 

Al 2o3 shows a negative correlation with MgO (figure 6.1) and a positive 

correlation wi~h CaO (figure 6.48), in this calcalkaline group. This suggest! 

plagioclase plays a more important role in the differentiation of this group. 

By comparison with the more alkaline members of the G. Sangenges' 

suite, this group have markedly lower K2o concentrations (1.45%-2.65%) and 

lower K20/Na2o ratios (<0.6). Basaltic andesites have markedly lower Rb 

concentrations (20-30ppm) than the alkaline basaltic lavas from the same 

suite and Rb increases with decreasing MgO and increasing Si02, to about 

85ppm in the most silica-rich andesites. The basaltic andesites (e.g. S10, 

Sll) have relatively low Rb/Sr ratios (ca. 0.05), markedly lower than those 

of the leucitic lavas (often >0.2) and slightly higher than those of the 

trachybasalts. Rb/Sr ratios increase to about 0.1 in the more s-ilica-rich 

andesites (e.g. S?). 

In contrast to the other two series from G. Sangenges, this group shows 

marked T"i0 2- and L:Fe-deplet·ion trends. They a·lso conta·in very markedly 

lower r2o5 concentrations (ca. 0.3%}. 

Like the Rindjani basaltic andesites and andesites, this group have 

very low Ni (<?ppm), Cr and Sc concentrations. 



Figure 6.9. 
Variation of K20 v. Si02 for all lavas analysed 

in this thesis from this sector of the Sunda Arc.Three series 
are illustrated in this figure and figure 6.8. 
1. The Calcalkaline Series 
2. The Ne-Normative Trachybasalt and Trachyandesite Series 
3. The Leucite-Bearing Series 
The symbols represent the following rock types/suites in this 
figure and figure 6.8: 

G- Calcalkaline basalts and andesites ,Agung Volcano, 
Bali 

0- Calcalkaline lavas from Rindjani Volcano,Lombok 

0- Basalts and Andes·ites of the Calcalkaline Series 

from G.Sangenges,Sumbawa 

X- Tambora Lavas,Sumbawa. 

11- Sangeang Api lavas,Sumbawa. 

A- Ne-trachybasalts and -trachyandesites,G.Sangenges 

Sumbawa. 

+- Leucitite Series lavas,G.Sangenges 

~- Leucitite lavas,Soromundi. 

Figure u_ 
Variation of K20;Na2o v. Si02 for all lavas analysed 

from this sector of the Sunda Arc,showing the same three series 
as in figure 6.9 . 
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5. Intrusive Rocks (Coars~-grained Xenoliths) 

Analyses of two xenoliths from the Soromundi and G. Sangenges suites 

are given in tables 6.3 and 6.4 (S12 from G~ Sangenges and Si18 from 

Soromundi). Both these are of possible cumulate origin and bear considerable 

mineralogical and geochemical resemblance to members of the Sangeang Api 

intrusive suite. In particular S12 from G. Sangenges is rich in plagioclase 

and amphibole with clinopyroxene, apatite and magnetite and is very like then 

amphibole-rich members of the hornblende-gabbro group from Sangeang Api 

(e.g. 824 or 88, tables 5.1and 5.4). It has low silica, high Al 2o3 (19.30%), 

is relatively zFe-, Ti02-, and CaO-rich, has high Sr, low Rb, very low Rb/Sr 

ratio and mod~rately high K20, Na 2o and r2o5. Ca and Ni concentrations 

are quite low, wh"ile Sc is quite high. 

Si18, from Soromundi, is plagioclase-free, compl'ising: cpx +amphibole 

apatite+ magnetite+ minor biotite (tables 6.4 and 6.6). It ·is very like 

the hornblende-clinopyroxenite 820 (table 5.1) from Sangeang Api, and is 

texturally similar to the olivine-clinopyroxenites. This xenolith has low 

Al 2o3 (8.3%) and is very L:Fe- and CaO-rich with quite high MgO (10.04%). 

It has relatively high K2o and Na 2o and a fairly high K20/Na2o ratio of 

about 0.7. The Ti0 2 concentration is also relatively high (1.40%) and 

the r2o5-content is very h·igh (1.82%). Compared with the Soromundi lavas, 

this xenolith has very low Rb (5ppm), somewhat lower Sr (504ppm), similar 

Cr and Ni concentrations and higher Sc andY concentrations. Zr (120ppm) 

is present at about the same concentration as in the lavas. The K/Rb ratio 

(ca. 1000) is much higher than that of the lavas, while the Rb/Sr ratio is 

much lower (ca. 0.009). 



GENERAL RESUME AND COMPARISON OF THE PETROLOGICAL 

FEATURES OF ALL THE VOLCANIC SUITES FROM THE LOMBOK

SUMBAWA SECTOR OF THE SUNDA ARC 

?.1 Introduction. 
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This chapter briefly reviews the petrological data presented in the 

preceding four chapters. The major mineralogical features of each group 

are summarised and the major differences and similarities between different 

suites are emphasised. 

The remaining chapters of the thesis then attempt to answer such 

questions as: ,What is the origin of the considerable compositional diversity 

of the suites from this part of the Sunda Arc? What is.the origin of the 

contrasting compositional variation trends shown by different suites? What 

the origin of the contrasting mineralogy of various petrographic groups? 

What is the nature and possible compositional variations of the ultimate 

source of the lavas? 

?.2 Petrologic~l Features. 

The suites of volcanic rocks described in the preceding four chapters 

from the five volcanoes on Lombok and Sumbawa islands (G. Rindjani, G. 

Sangenges, G. Tambora, G. Soromundi and Sangeang Api) display great 

composit·ional variety. They range from silica-rich Q-normative dacites of 

Rindjani volcano (such as 41639,table 3.1a to highly undersaturated, Lc

normative, very silica-poor, olivine leucitites (such as S21, table6.1) of 

G. Sangenges. Between these extremes lies a variety of ankaramites, high-Al 

basalts, quartz-normative andesites, undersaturated trachybasalts and 

trachyandesites. 

is 
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In summary, the lavas of all the volcanoes fall into three groups: 

1. A Calcalkaline series: this includes the lavas from Rindjani 

volcano and the quartz-normative group (C) from G. Sangenges. 

2. A series of potassic, ne-normative trachybasalts and trachyandesites 

("' 
11 Shoshonites 11

): this group includes the lavas of Tambora and 

Sangeang Api volcanoes and the feldspathoid-free, ne-normative 

series (B) from G. Sangenges. 

3. A highly undersaturated, feldspathoid-bearing (leucite) series: 

this group including the lavas from Soromundi and the feldspathoidal 

group (A) from G. Sangenges. 

In simple~t terms the transition through these series from group 1, 

through 2, to 3, represents one of the increasing alkalinity and increasing 

under-saturation. Some of the most mafic lavas of the Rindjani suite are 

slightly ne-normative, but all of the more silica-rich lavas (>53% Si02) 

are Q-normative. t~embers of series 2 are all sl-ightly ne-normative, whereas 

those of the third group are all normatively ne-rich (>10% in most cases) 

and in most cases also contain normative leucite. 

Petrographically, these transitions are marked by variations in ground

mass assemblages. The calcalkaline lavas have groundmass plagioclase, 

whereas the second (trachybasalt-trachyandesite) series is characterised 

by the presence of ubiquitous, groundmass K-feldspar (sanidine). In rare 

cases, a few of these lavas may also have occas·ional feldspathoid (either 

l eucite in some Tambora trachyandesi tes or mi crosommite group minerals 

in a few members of the Sangeang Api group of lavas). Lavas of the third 

series are often entirely plagioclase-free, contain groundmass leucite + 

nepheline and may also contain leucite microphenocrysts. 
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The individual petrographic groups represented in each volcano are 

summarised as follows: 

1. Ri ndjani 

A. Ankaramite: 

B. High-Al 

basalt: 

c. 

D. 

Andesite: 

Dacite and 

High-K 

andes·i te: 

The most mafic lavas of the Rindjani series. Relativel 

Al 203-poor, MgO- and CaO-rich. Phenocrysts dominated 

by cpx, with less important olivine. Plagioclase is 

rare or absent. Cpx is zoned with mafic, Cr-diopside 

cones and Al-augite rims. 

Lavas with <53% Si0 2, ne- to oZ-hy-normative, >17% 

Al 2o3 and <6% MgO. The most mafic individuals are 

phenocryst-poor and in these olivine is the main 

phenocryst with very minor, very Ca-rich plagioclase. 

Cpx only appears as rare corroded grains. Olivine 

compositions are very variable with some megacrysts, 

which may contain Cr-spinel inclusions, as magnesian 

as Fo90. Less mafic high-Al basalts are relatively 

phenocryst-rich with abundant p 1 agi oc 1 ase and with 

cpx, olivine and magnetite. 

Aluminous, (>18% Al 2o3), plagioclase-rich Q-normative 

lavas with low MgO and Ni. Olivine is rare or absent 

and phenocrysts comprise plagioclase + opx + cpx + 

magnet·ite, often set in glassy or very fine grained 

groundmass. Phenocrysts are zoned and comprise 

60-70% of the rock. 

These contain 2-3 times the K2o, Rb, Nb and Zr concen

trations of the andesites and are often less aluminous. 

They may be glassy and are often phenocryst-poor. 

Phenocrysts comprise p"lagioclase + opx + cpx + 

hornblende + magnetite. 
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2. Tambora (and P. Satonda). 

A. Trachybasalt: In some respects they are like the ne-normative 

high-Al basalts from Rindjani and are aluminous, 

re 1 ati ve ly MgO-· poor, phenocryst-rich, ne-normati ve 

lavas with assemblages dominated by plagioclase 

with abundant cpx and olivine. Groundmasses are 

composed of olivine, cpx, plagioclase, sanidine, 

magnetite and apatite. 
J ' 

B. Trachyandesite: These are relatively plagioclase-rich lavas but have 

decreasing phenoc1~st abundance towards the most 

silica-rich end members. The latter group are often 

3. Sang_?ang Al?l. 

A. Olivine 

megacryst-

bearing 

trachybasalt: 

glass-rich with biotite phenocrysts. Olivine is 

rare or absent as a phenocryst phase, but may occur· 

in the groundmasses. Unlike the Rindjani andesites, 

lavas of this group are all ne-normative and opx does 

not appear. Groundmasses are plagioclase and sanidine-

rich with cpx, olivine, magnetite and apatite, or 

glassy. 

These from mafic, Al-poor B43 which is plagioclase

phenocryst-free with large megacrysts/phenocrysts of 

cpx and olivine and ·is vet~ like the Rindjani ankara-
., 

mites, to more aluminous, less mafic, plagioclase 

phenocryst-bear·ing variet-ies which are like the 

Tambo1na trachybasa lts. These contain 1 a rge megacrysts 

of cpx and olivine as well as less mafic phenocrysts 

of these phases and also contain plagioclase and 

magnetite phenocrysts. Groundmasses are composed of 

plagioclase, cpx, olivine, magnetite, sanidine and 

apati tt~. 



B. Felsic 

trachybasa lt: 

4. Sorornundi. -----
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These are aluminous, MgO-poor (<A.5%), plagiophyric 

lavas with other phenocrysts or microphenocrysts of 

cpx, magnetite, occasionally olivine and apatite. 

They are di sti ngu·i shed from the previously described 

group in being less mafic, in the absence of olivine 

megacrysts and by the occurrence of reacting amphibole 

megacrysts. Cpx megacrysts compositionally similar 

to those in the gabbroic xenoliths are recognised 

and occasional large, anorthitic plagioclase also 

has the same composition as those in these xenoliths. 

Groundmasses are composed of plagioclase, cpx, oliv·ine, 

magnetite, sanidine, apatite and rare feldspathoid • 

Madupite, leucite These are K20-rich, Si02-, Al 2o3-poor, relatively 

1 amproite, 

1 eucite 

tephrite: 

A. Olivine 

leucitite, 

"leucitite, 

leucite 

tephrite: 

mafic volcanic rocks. Leucite occurs in the ground

mass and as microphenocrysts. Cpx is the main 

phenocryst phase, vdth phlogopHe and/or amphibole. 

Plagioclase appears in some of the least mafic 

varieties. Olivine occurs only rarely as xenocrysts, 

generally reacted, with occasional cpx-rims. 

K20-rich, Si02-, Al 2o3-poor, mostly without 

plagioclase phenocrysts. Leucite appears in the 

groun dmass and as sma 11 phenocrysts. Cpx is the 

major phenocryst and olivine is also generally 

present. 



B. Trachybasalt: 

C. Andesite and 

basaltic 

andesite: 
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These are aluminous, relatively MgO-poor (<7% MgO), 

plagiophyric rocks with cpx, olivine and magnetite 

phenocrysts and groundmasses of plagioclase, sanidine, 

cpx, olivine, magnetite and apatite. They are like 

the Tambora trachybasalts. 

These are Q-normative, aluminous, MgO-poor rocks, 

showing marked silica-enrichment. Phenocrysts are 

dominated by large zoned plagioclases with cpx, 

magnetites and hornb 1 en des. Groundmass ·j s very 

fine-grained, plagioclase-rich, with cpx and magnetite. 

? • 3 Min(}_ralogj_qal Feat-ures. 

A number of features are of interest. In the first place, the occurrenc1 

of extremely Ca-rich plagioclase (An85-An95) often as corroded grains, is 

very w·idespread. These occur in the Rindjani basalts and andesites as well 

as in many of the more alkaline suites. Secondly, cpx-dominated assemblages 

often with relatively minor olivine and little or no plagioclase are common. 

Thus there is marked petrographic similarity between the Rindjani ankaramites 

and some of the Sangeang Api lavas (B43). In both these instances cpx is 

zoned with Cr-diopside cores (which areAl- and Ti-poor) with very mafic 

compositions (Mg/Mg+l:Fe = 0.90) \'\lhich are mantled by less mafic more Al-

and Ti -rich augite. These "megacrysts" are commonly associ a ted w'ith o ·1 i vine 
I 

which is markedly .l.§:_ss_ mafic than the most mafic cpx compositions. This 

assemblage is rather like that of the very a"lka"line lavas, in particular 

those from G. Sangenges, with the exception that leucite also occurs. 

In the case of Soromundi s·inl"ilar cpx occurs, though olivine is very rare 

and when it is present, is markedly reacted. Amphibole and/or phlogopite 

appear instead of olivine. 



These assemblages are very like some represented in the Sangeang Api 

xenolith suite. The olivine clinopyroxenites have considerably more 

abundant cpx than olivine~ and olivine disappears in those where amphibole 

becomes an important phase (hornblende-cl inopyr·oxenites e.g. 820). 

The phenocryst assemblage; plagioclase + olivine + cpx ~ magnetite 

~apatite is also a recurrent one, common to many of the R·indjani, high-Al 

basalts and the trachybasalts from Tambora, Sangeang Api and G. Sangenges. 

The opx-bearing assemblage of the Rindjani andesites is probably a silica

oversaturated analogue of this. 

The olivine dominated assemblage of the more mafic Rindjani high-Al 

basalts is uni,que, both in the absence or scarcity of cpx and in the very 

magnesian character of some of these olivines (up to Fo 92). 

7. 4 Geochemical Fea·tu:Pes. 

Considering now the general geochemical features which characterise the 

differences between the three rna in d·i sti net petrographic groups previously 

defined (1. calcalkaline series, 2. ne-normative trachybasalt 11 shoshonite 11 

series, 3. alkaline "leucititic11 series). The transition through these 

series (from 1 to 3) are marked by increasing concentrations of K2o, Rb, 

Sr, Ba and increasing K20/Na2o and Rb/Sr ratios and decreasing K/Rb ratio. 

P2o5 and Nb increase slightly, while Zr, Ti02 and Na 2o maintain rather 

similar values in all the more mafic members of each of these groups. The 

distinction between the three groups are well illustrated in the K20/Na2o v 

s;o 2, K2o v s;o2 and Rb v MgO plots shown in figures 12.1 - 12.6. There 

is a marked decrease in the extent of silica variation from the Rindjani 

group through to the Soromundi or G. Sangenges feldspathoidal series. 

Differentiation in the Rindjani series largely proceeds with marked Si02-

enrichment while at the other extreme, the G. Sangenges leucitites show 

virtually no Si02 variation with variation of other parameters. 



133 

It is interesting to analyse the differences in the differentiation 

pa~hs of the different groups of lavas by looking in detail at the comparison 

between the two least dissimilar groups; those from Rindjani and Tambora. 

The general impression grained, in chapter 4, from a comparison of the 

aluminous basaltic lavas from Rindjani and Tambora, was that while most 

geochemical parameters were very similar, the latter suite appeared to have 

gained K2o, Rb and Sr. This conclusion is further reinforced when the more 

alkaline lavas from G. Sangenges and Soromundi are considered, and it is 

difficult to see how crystal-"liquid fractionation can relate these suites. 

This opens the possibility of a separate supply of these, and related 

elements. These problems are further discussed in chapters 9 and 12. 

Considering the differentiation of the more e~olved lavas of the Rindjan 

and Tambora suites, a number of important contrasts arise. Both suites show 

trends of Si o2-enri chment, though the most siliceous Tambora 1 a vas contain 

only 57% Sio2, wrdle the Rindjani suite extends to 68% Si02. In the Rindjani 

suite, this represents an approximately five-fold enrichment of Rb and a 

three-to-four fold enrichment of K20, compared with concentrations of these 

elements in the basalts. The most differentiated Tambora lavas on the 

other hand, contain about three times the basaltic K20 and Rb concentrations. 

The most evolved trachyandesites from Tambora (with 56-57% Si02), have 

similar CaO, t:Fe, MgO, Ti02, differentiation index1 (ca. 70-73) and normative 

feldspar composition (ca. An15) to the Rindjani dacites with Si02 contents 

in the range 64-64%. However, compared with these same dacites, the Tambora 

lavas have higher Al 2o3, higher K20/Na2o ratios, higher P2o5, Rb and Sr 

concentrations but lower Zr concentrations. 

1. Note: Differentiation Index (D.I.) is that of 'l'hornton and Tuttle 

(1960) • 
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These factors suggest that while the Rindjani suite is showing a 

characteristic calcalkaline differentiation trend, with extensive silica 

enrichment, accompanied by rather more gradual enrichment or depletion of 

other elements, the Tambora Suite is showing a tendency to approach the 

differentiation trends shown by the alkali basalt magma in differentiating 

towards a phonolit·ic or trachytic residual liquid (e.g. Coombs and Wilkinson, 

1969). 

This tendency is carried even further when the highlY undersaturated 

lavas from Soromundi and G. Sangenges are considered. These might show 

quite considerable variations in r.Fe, MgO, CaO, Al 2o3, Sr and Rb, yet Si02 
shows relatively minor variation. 

' 
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Chapter 8 

SR-ISOTOPE GEOCHEMISTRY AND ITS IMPLICATIONS 

8. 1 Introduction 

Sr-isotope data provide useful information to place constraints on 

.various petrogenetic models for the Sunda Arc lavas. In particular the 

Sr-data are used to: 

1. Evaluate postulated fractional crystallisation models, particularly 

those of the Ri ndj ani suite (basalt-andesite-dacite) and the Tarnbora 

suite (trachybasalt-trachyandesite). If such models are valid then 

postulated basaltic parents and dacitic or trachyandesitic 

differentiates should have similar 87sr; 86sr ratios. If such is 

the case, then it must be noted tl"ffat this can only be regarded as 

contributing evidence in favour of the proposed model and not 

definite proof. On the other hand dissimilar ratios provide strong 

discrediting evidence for simple fractional crystallisation 

mechanisms. 

2. To evaluate the Sr-isotope geochemistry of lavas of this segment 

of the Sunda Arc compared with regional trends described from the 

more westerly portions of the arc (\IJhitford, 1975) and from the 

Banda Arc to the east (Whitford et al ., 1977; Magaritz et al., 

1978). 

3. To evaluate source characteristics. 

4. To enable comparison with available world-wide Sr-isotope data from 

convergent-plate marginal volcanic suites as well as with that of 

volcan·ic rocks from other environments to be made. 

8. 2 A~ical Techniques_ 

Sr-isotope determinations were carried out by Dr. D.J. Whitford at 

the Carnegie Institution of Washington, Department of Terrestrial Magnetism. 



TABLE 8.1 

Sr-isotope analyses of East Sunda Arc Volcanics and Xenoliths. 

Si0 2 K20 Mg.No. Rb Sr Rb/Sr K/Rb 87SrJ8GSr ±2om 

Rindjani 

LB8 48.32 0.90 0.74 21 452 0.046 356 0.70388 ±5* 
41632 50.20 l. 21 0.52 20 452 0.044 502 0.70386 ±6 
41678 52.03 2.00 0.42 51 527 0.096 325 0.70398 ±5 
41634 52.90 1. 37 0.40 30 510 0.058 379 o. 70398 ±7 
41622 55.49 1 .60 0.42 35 433 0.080 379 0. 70398 ±6 

LB69 61.82 3.00 0.39 62 403 0.154 401 0. 70394 ±6 
41671 65.58 3.67 0.36 98 293 0.334 311 0.70402 ±6 

Tambora 

T17 48.78 2.47 0.52 189 1113 0.169 108 0.70385 ±6 

T13 51 .49 2.89 0.50 86 981 0.087 279 0. 70399 ±6 
T32 55.09 5.03 0.47 132 1036 0.127 316 0.70395 ±6 

T20 56.10 5,69 0.40 142 923 o. 154 332 0. 70389 ±6 

Sangeang A[li 

843 47.77 l. 85 0.64 73 850 0. 085 210 0.70500 ±5 
825 48.02 2.64 0.46 92 1135 0.081 238 0.70486 ±6 

835 50.43 2.75 0.44 84 943 0.089 272 0. 70460 ±6 

832 53.05 3.56 0.41 112 1010 0.111 264 0.70485 ±6 

Xeno 1 iths ----
823 45.41 0.10 0.81 5 68 0.073 166 0.70496 ±7 

84 50.19 0.05 0.81 5 121 0.041 83 0.70480 i? 
B25x 40.48 0. 28 0.54 6 221 0.027 387 0. 70477 ±.6 

88 38.31 0.42 0.47 3 1125 0.002 1162 0. 70466 ±5 

§_,__?_<1_Q£g_rj~ 

Sl9 44.71 4.42 0.56 319 836 0.381 115 0.70529 ±6 

$28 50.55 2. 21 0.49 61 724 0.084 301 0.70412 ±8 

Soromundi -----

Sil2 47.49 3.32 0.50 114 1511 0.075 242 0.70488 ±7 

Si9 49.24 4.00 0.41 144 2401 0.059 232 0.70527 i? 

----------· -------------

Notes: Mg. No. Atomic Mg/Mg + zFe *i.e. ±.00005 

All 87SrjB&sr ratios normalised to s&sr;sssr = 0.1194 and repeated relative to 
E +A SrC0 3 , 87SrjB6Sr = 0.70800. 

ANALYST: D.J. Whitford, Carnegie Institution of Washington. (Sr-isotope analyses) 
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Techniques used were those outlined by James et al. (1976) and Whitford 

and Jezek (1977). The analyses were normalized to 86sr;88sr = 0.1194 and 

reported relative to Eimer and Amend SrC0 3 
87s~;86sr = 0. 70800. 

8.3 Results of Sr-Isoto2e Analysis 

The results and some of the implications of the Sr-isotope geochemistry 

of these lavas have been discussed by Whitford, Faden and Varne (1978). 
87sr;86sr ratios were deten11ined on a number of representative samples from 

each of the main volcanoes considered in this thesis (Rindjani, Tambora, 

Sangeang Api, Soromundi and G. Sangenges). Most analyses were performed on 

rocks from the three active volcanoes, which have more clearly defined 

suites (Ri ndjani, Tambora and Sangeang Api). 
) 

A representative group of xenoliths from Sangeang Api were also 

analysed (olivine clinopyroxenite B23, olivine-poor clinopyroxenite 84, 

magnetite-clinopyroxenite B25 and cumulate hornblende gabbro B8), including 

a coexisting lava-xenolith pair (B25-B25x). 

Measured 87sr;86sr ratios are listed in table 8.1. Analyses of six 

lavas from the Rindjani calcalkaline suite, ranging from basalts through 

andesites to dacites, all show relatively low 87sr; 86 ratios that are 

isotopically almost indistinguishable from each other and range from 0.70386 

to 0. 70402 (table 8.1, figures 8.1 and 8.6). Simi"larly, the four ne-

normat·i ve trachybasa lts and trachyandes ites from Tambora vo 1 cano are also 

characterised by relatively constant and low ratios (0.70385-0.70399), 

indistinguishable from those of the Rindjani suite. On the other hand, 

geochemically similar, though not identical, lavas from Sangeang Api have 

both higher and more variable 87sr;86sr ratios, which also show some 

suggestion of a trend of decreasing ratios from the most mafic basalt (843) 

to the more differentiated lavas (f·igure 8.2). Analysed ratios range from 

0.70500 to 0.70469. 
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The leucite-bearing lavas from Soromundi and that from G. Sangenges 

(519) are also characterised by high and variable 87sr;86sr ratios 

(0.70488-0.70529), including the highest ratios determined in this study. 

The less potassic, ne-nonna ti ve trachybasa lt S28, from G. Sangenges, (from 

.the group B series discussed in chapter 6 as similar to the Tambora and 

SangeangApi suites) has a lower ratio (0.70412), but still higher than 

those of the Rindjani and Tambora series. Lavas from Soromundi, G. Sangenges 

and Sangeang Api show an inverse correlation between 87sr;86sr and the ratio 

K/Rb (figure 8. 6). 

87sr; 86sr ratios of the four xenoliths from Sangeang Api range from 

0.70466 to 0.70496. This range is almost identical to that shown by the 

associated lavas, and as in the case of the lavas, the most mafic xenoliths 

have the most radiogenic Sr (figure 8.2). Xenolith B25x and its host lava 

B25 have very similar 87sr;86sr ratios (figure 8.2). 

87sr; 86sr t'atios of the xenoliths show positive correlation with a 

number of geochemical variables, including MgO, 1/Sr and Rb/Sr (figures 8.2 -

8.4). The correlation between 87sr;86sr and Rb/Sr yields a pseudoisochron 

(Brooks et al., 1976) indicating an apparent ''age" of about 102 m.y. 

(\87 Rb = 1.42 x 10- 11yr- 1) (t~hHford, Faden and Varne, 1978). Because of 

the small number of samples, the limited dispersion in 87sr;86sr and 

uncertainties in Rb/Sr ratios, however, the 2o error in this "age" is 

41 m.y. Further the exact meaning of this "age" is uncertain 

and whether it represents the real age of the rocks or some sort of mixing 

event is open to conjecture. This problem is discussed more fully in the 

following sections. 

8. 4 Discussion q_f_j;he 8r-Isotopic Compositir;m of Vo}canic Rocks in 

General and its_ Implicatipn~ 

The Sr-isotope geochemistry ofNolcan-ic rocks in general and its bearing 

on the source and petrogenesis of these has been the subject of protracted 
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discussion. Hurley et al. (1967) and Faure and Hurley (1963) first applied 

Sr-isotopes to magma genesis. They suggested that as granitoid crustal 

rocks have high Rb/Sr ratios relative to likely upper mantle~ they are 

likely to become enriched in 87sr and that magmas resulting from crustal 

anatexsis or which have assi~ilated crustal material, will have higher 

initial 87sr; 86sr ratios than those of purely mantle origin. Thus 87sr;86sr 

ratios of young volcanic rocks from the islands and ridges of the ocean 

basins, where no sil·icic crust exists, should have relatively low values 

reflecting those of the source mantle. 

While the above is generally true, it is found that a considerable 

range of initial 87sr;86sr ratios occurs in oceanic lavas. In particular 

those of the ocean islands range from 0.703 to 0. 706 (e.g. Gast, 1967, 

Sun and Hanson, 1975). t~·id ocean ridge basalts (MORB) show low values with 

a generally more restricted range (ca. 0.702-0.703, Sun and Hanson, 1975), 

while Hart and Brooks (1977) quote a total 87sr;86sr range for oceanic 

basalts of 0.7023-0.7065. This tends to suggest that the mantle source 

region . is not be i sotopi ca lly homogeneous. 

The sou;ce and nature of these isotopic inhomogeneities have been 
J • 

discussed in a number of recent studies. In particular~ Sun and Hanson 

(1975), on the basis of oceanic Pb- and Sr-isotopic data, proposed that 

ocean island and mid-ocean ridge volcan·ism tap different mantle sources isolate 
' 

fronl .. e~~h ot!H~r"bi the convective ce 11 s. Apparent isochrons presented 

by Sr- and Pb-isotopic data then suggest that mantle heterogeneities are 

long-lived and possibly arose ca. 2,000 m.y. ago. A similar date for the 

origin of mantle heterogeneity was determined by Brooks et al. (1976) 

(1.6 b.y.~ 0.2 b.y. with an initial 87sr;86sr ratio of 0.7023) on the basis 

of Sr-data from ocean islands. Hart and Brooks (1977) then suggested that 

separate mantle reservo·irs originated at this time with l-imiting Rb/Sr ratios 

of <0.005 (to account for the low present-day 87sr;86sr ratios of MORBS 
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~0.702) and >0.05 (to account for the radiogenic Sr of some ocean islands 

with 87sr;86sr ratios up to 0.7065). Interestingly~ however Hart and Brooks 

(1976) pre-1.7 b.y. mantle Sr-growth curve extrapolates to a present-day 
87sr;86sr value of 0.7037 which is the average value of both ocean islands 

and island arcs. 

These factors notwithstanding, the available data suggests that for 

whatever reason, the present-day mantle is likely to have 87sr;86sr ratios 

which range from 0.702 to 0.706. Furthermore, Sr-isotope compositions of 

kimberlite and K20-rich mafic, undersaturated lavas of probable mantle origin, 

from so;ne continental areas are also very radiogenic (e.g. Bell and Povvell, 196 
0'\ 

These fact9rs tend to suggest that Sr-isotope geochemistry r,Jay in 

fact place only fairly loose constraints on the source of island arc 

volcanic rocks. This is particularly true where arc volcanic rocks have 

moderately high initial ratios (say >0.7040) allowing a variety of hypo-

thetical sources ranging fror.1 partial melting of oceanic crust with some 

admixture of alkaline oceanic island-, or oceanic sediment- or sea water-

component, through to mantle derived melts which are either initially 

radiogen·ic o-r are contaminated by sialic crustal material (Gill and Compston~ 

19 73). 

8.5 Comparison of the Sr-Isotopic Data from the Lombok-Sumbawa Sector 

£Lit:_~e Sunda Arc 11Ji th that from Other Is land Arcs 
' ' 87 86 

The range and mean values of Sr/ Sr rat·io data from convergent 

plate margin volcanic rocks, compiled from a number of sources, including 

the tabulations of Kay et al. (1978) and Whitford (1975) are presented in 

table 8.2. There is a marked recurrence of mean values in the range 87sr;86sr 

0.7036-0.7041. The isotopic composition of Sr from Rindjani and Tambora 

volcanoes both average 0. 7039 and fall very close to the quoted average 

\ ratio of both island arcs and ocean islands, of 0.7037 (e.g. Hart and Brooks, 

1976). 
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In general 87sr;86sr values from oceanic is·land arcs are relatively 

low~ but there is considerable overlap with values reported from continental 

marginal arcs. The Cascades province of western USA has produced so~:.e of 

the lowest values reported from any covergent plate volcanic suite (0.7026, 

Church and Tilton, 1973; Hed0e et al., 1970). Lavas from the Aleutian 

islands (Kay et al., 1978) also have very low 87sr; 86sr ratios (0.7028-

0.7037). 

Perhaps significantly, young, often tholeiite-dominated arcs, built 

entirely on oceanic crust, for instance, the South Sandwich islands (Gledhill 

and Baker, 1973) and the Marianas islands (Meijer, 1976), tend to show 

rather limited range of 87sr;86sr values and in both the cases cited above 
' 

average values are almost exactly those of the 0. 7037 average for all arc 

volcanics (South Sandwich mean= 0.7037, Marianas mean= 0.7038). 

On the basis of both Pb and Sr isotopic evidence, Meijer (1976) argued 

that contaminat·ion of melts derived from the subduction zone by melting of 

an oceanic sediment component, was unlikely. He suggested that his data 

\'/ere consistent Vlith melting of either altered subducted 1 ithosphere or 

of sub-arc mantle. However the general similal~ity of the ~1arianan lavas, 

in terms of gene1~a1 petrographic features, geochemistry and Sr-isotopic 

composition, to those of many suites which have erupted through continental 

crust, spggests that the involvement of crustal material ·is not a necessary 

factor iri the production of calcalkaline volcanic rocks. On the other 

hand, Kay et al. (1978) suggest on the basis of Pb and Sr isotopic data, 

that volcanic rocks of the Aleutian Arc may represent liquids derived from 

the sub-arc mantle or from subducted oceanic crust, which have been con-

taminated by melts derived from the fusion of small amounts of continent-

derived sediment in the subduction zone. 
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While it appears that relatively low 87sr;86sr ratios occur in volcanic 

rocks of both continental marginal- and island-arcs, high 87sr;86sr ratios 

(>0.7045) are generally confined to continental marginal suites (e.g. Andes; 

Klerkx et al., 1977, James et al., 1976, Noble et al., 1975, Mediterranean; 

Pe and Gledhill, 1975) or from island arcs with older, thick, or continental

type crust (e.g. New Zealand; Ewart and Stipp, 1968, Papua-New Guinea; 

Page and Johnson 1974). These factors suggest that crustal contamination 

may be a factor in some of those provinces where lavas are erupting through 

thick, old, sialic crust. 

It is also possible, as Brooks et al. (1976) suggest, that both isotopic 

variability and high initial ratios are inherited from heterogeneous mantle 

sources which have undergone 1 ong-term di fferenti ati on. In the case of 

older continental marginal arcs, such differentiation is suggested to have 

resulted by accretion of heterogeneous lithosphere, which may be of 

considerable age and whose melting will yield lavas with radiogen·ically 

enriched, but also variable, Sr-isotope ratios. 

In general, as suggested in the preceding section, the range of isotopic 

composition of mantle Sr is likely to be large (0.702-0.706). This factor 

makes confident identification of the source of Sr in convergent plate 

volcanic arc magmas impossible. However the indirect evidence provided by 

the frequent occurrence of ratios ·in the range 0.7035-0.7040 (ave. 0.7037), 

from arcs with quite var·ied tectonic settings, tends to argue against the 

contamination-type models, which would presumably yield variable ratios. 

The similarity of the average isotopic composition of Sr from ocean islands 

and island arcs also tends to support a mantle origin for the bulk of the 

Sr in arc lavas. 



Table 8.2 

Cor.;parison of Sr-Isot<:2ic Data froo Volcanic P.oc!<s 

2.!_C_9nverqent ?i~te ~argins 

A. Arcs Ovts.1Ge the !ndonesia:r• Pecior: 

h_ccat~ ?.7 s~1 s6~..r. ~!:!.9..:..2.!. Source Reference 

~ Value ~~~ 

Japan - Hokkaido (b,a,d) 0.7027-0.7059 0. 7038 45 Katsui et a1. (1974) 

Hedge & Knight { 1969) 

- Nort~ !lonshu 0. 7025-0.7058 0.7057 8 Hedge !. Knight ( 1969) 

Sal pan 0.7030-0.7043 a. 7036 4 Pushkar (1963) 

Ins Islands 0. 7032-0. 70~9 0. 7037 8 Pushkar (1958) 

Mar~ana Arc {b.a) o. 7037-0.7038 0. 7038 2 l>:eljer (i976) 

Tonga 0. 7038-0.7043 0.7040 8 Gill (, Co:r.pston (1973) 

Fiji 0. 7030-0.7043 0. 7038 58 Gill & Co:r:pston {1973) 

Gill {1972) in 

~'h1tford (1975) 

Ne~ Hebrides 0. 7034-0.7043 0. 7038 8 Gor!on ( 1974) 

Ne-.t Georgia (So1::xnon 0. 7030-0.7042 0. 7037 13 Gi 11 & Compston {1973) 

Isiand:i) {~.!!,d) 

South Sand'rtich Island 0. 7031-0.7041 0.7037 ll Gledhill & Saker (1973) 

(b,,,d) 

Bis::1arck. .t...rc 0. 7034-0.7040 0. 7035 33 Peterman et ~1. (1970) 

Page & ..:ohr.son (1974} 

Bouga.1n~ille 0. 7037-0.7839 o. 7038 4 Page & Joh11son (197~) 

E~s.tern Papua 0. 70~2-0. 7053 0. 7047 3 ?.lge & Johnson (1974} 

New Gui nca H f gh l.~nds 0. 7036-0.7044 0.7041 7 Page ~ Johnson {197~) 

Aleutian Is1anCs 0. 7028-0.7037 0. 7032 24 Kay et Z! 1. (1978) 

Alaskan P~nlnsula {b,a) 0. }030-C. 7034 0, 7031 3 1\rulus et al. {!977). 

Scho11 et al. (1975) 

Hedge (1966) 

New Zea!and- Tauoo 0, 7041-0.7043 0. 7042 • Ewart l. Stipp (1968) 

Region (b) 

New Zeal'and -

Taupo Region (a) 0. 7045-0.7062 0. 7055 12 

lesser Antilles ~ 

Monserrat St. Kitts 0, 7029-0.7035 0. 7032 2 

St. Lucia (b.a,d,r} a. 7035-o. 7092 0. 7053 10 

St. Vincent {b.a,d} 0. 7037-0.7043 0. 7040 14 

Cascades 0.7026-0.70~7 0. 7037 33 

Guatemala, E1 Salvador, 0. 7029-D. 704 7 0. 7039 13 

Ni car~gua 

Peru -

central (a,d) 0. 7042-0.7051 0.7046 4 

southern (Barroso} 0. 7054-0,7063 0. 7062 8 

southern (Aregv1pJ) 0. 7067-0.7079 0. 7074 16 

Chi1e -

cen!:ra1, southern (b.~) 0. 7038-0.7042 0.7040 6 

northern {~.d) 0. 7050-0.7070 0. 7050 12 

northem (r} 0. 7052-0.7104 a. 7oso 8 

Western Ita1y 0. 7068-0. 7114 0. 7092 22 

(h1gh-K hvas) 

Greece (Santcr1n1} (b.l!} 0.70,5-0.7057 0. 7050 6 

B. In.Conesill 

Svma tra-J/lva 0. 70407-0.70594 0. 704 76 62 

{ca1calkaHne and 

tho1e1tfc suites) 

Bali 0. 70384-0. 70<07 0. 70397 

Lombok (Rfndj•ni) (b,•,d) 0. 70380-0.70.:02 0. 70395 

Sumbawa (alkaline lavas) 0. 70385-0. :'0529 0.70455 

East Sut~da & Sanda Arcs 0. 7054"--0. 7C9CS 0. 70G51 

12 

20 

Ewart ~ Stipp (1958) 

Oonne11y et c1. (1971) 

PU':.~1kar et al. ( 1973} 

Pushk(lr et ~l. { 1973) 

!ledge et a1. {1970), 

Ch•Hch .!. Tilton (1973) 

P•Jshl.ar- ( 1960) 

Noble et al. (1975) 

James et al. {1976) 

James et a1. ( l?7Gj 

K1erkx et al. (1977 

K1erb et a 1. { 1977) 

Klerkx et a1. ( 1977) 

Hurley et al. (1965) 

Pe and Gledhill {1975) 

Uhl ~ford (19 75) 

lo.'httford {1975) 

This thesis 

This thes~s 

Whitford et al. (1977) 

Notes: Ail isotopic ratios nomalized to 0.70300 for 87sr; 86sr forE 

and A sreo 3 except those of Kay et al. (1978) and Whitford (1975} 

(NBS 987 • 0. 71022). 

Abbreviations: b- basalt. a -andesite. d- dacite, r- rhyo1tte. 
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8. 6 Comparison of Sr-Isotope Data from Lombok and Surribca.Ja Islands with 

that fro.m other parts of the Bunda and Banda Arcs. 

The ranges and mean values of the Sr-isotopic compositions of lavas 

from the western parts of the Sunda Arc, reported by Whitford (1975), from 

the far-eastern Sunda Arc and from the Banda Arc (Whitford et al., 1977) 

are given in the second part of table 8.2. Whitford (1975) recognised an 

eastward decrease in 87sr;86sr ratio from western Java towards Bali and 

Lombok islands. The data presented in this thesis from Lombok (Rindjani 

volcano) and from one Sumbawan volcano (Tambora), maintain this trend. 

Without exception, the 87sr;86sr ratios of the Rindjani and Tambora lavas 

(0. 70385-0. 70402) are lower than any reported by l~hitford from Javanese 
' 

or Sumatran volcanoes. Only values reported from Balinese volcanoes, 

immediately to the west of Lombok (G. Seraja, G. Agung and G. Batur) 

approach those of Rindjani and Tambora. While the Rindjani and Tambora 

Sr-isotope data extend Whitford•s trend, that from the more alkaline Sumbawan 

volcanoes, Sangeang Api, G. Sangenges and Soromundi is markedly more 

rad·iogenic and the possible implications of this feature are discussed in 

the following subsections. 

The easterly decrease in 87sr;~6 sr ratio is possibly significant in 

the light of the probable eastward change in crustal structure and age of 

the islands from Java to Lombok and Sumbawa. Java and Sumatra contain 

abundant volcanic and intrusive rocks of at least Mesozoic age (e.g. Van 

Bemmelen, 1949), while the islands of Lombok and Sumbawa have no rocks 

older than Miocene (see chapter 2 and Audley-Charles, 1975; Kat-ili, 1975). 

Further, the islands are located on the eastern edge of the Sunda Shelf, in 

a zone where crustal thickness is apparently rapidly diminishing from 

near-continental thickness and velocity beneath Java to thinner, transit·ional 

oceanic/continental crust beneath Lombok and Sumbawa (Curray et al., 1977). 
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This transition in crustal type is akin to that described by Kay et al. 

(1978) from the Aleutians, where that arc lies partly on thin oceanic crust 

of the Bering Sea and partly on thicker continental-type crust of the 

Bering Shelf. In this case however, no significant variat·ion in Sr-isotope 

composition was noted. Kay et al. (1978) interpreted their data to suggest 

that crustal type v~as not an ·important influence on Sr-isotope composition, 

whereas the data from the Sunda Arc does suggest that it may have some 

influence. 

Whitford et al. (1977) and Whitford and Jezek (1978) report extremely 

high 87sr;86sr ratios (0.7054-0.7091) from islands at the extreme eastern 

end of the Sunda Arc and from the Banda Arc. The Indonesian arc appears 

to be in collision with the Australian continental plate in this region 

(Carteret al., 1976) and the very high 87sr; 86sr ratios of erupted lavas 

may be due to melting of continentally derived sediments and/or continental 

crust in the subduction zone (Whitford et al., 1977). 

The Sr-isotope ratios of these lavas are generally much higher than 

even those of the relatively 87sr; 86sr-enriched alkaline lavas from Sumbawa. 

In contrast to the undersaturated alkaline lavas from Sumbawa, these 

radiogenic Sr-enriched lavas are silica-rich, oversaturated volcanic rocks. 

~ndesites and dacite~ from Ambon are cordierite-bearing and co

normat·ive, which together with their high 87sr;86sr are characteristics 

believed to typify the S-type granitoids. 

It is suggested that only in the Bali-Lombok-Surnbawa sector of the 

arc, flanked north and south by oceanic crust, are the Sr ratios likely 

to be man t 1 e de ri ve d. 

B.? Di§!J_}}Bsion___Q[_ the _§r-Isotope Data and its_ T!Jrplications 

The 87sr;86sr ratios of the lavas of the Rindjan-i calcalkal·ine suite 

are all relatively low and show no significant variability (0.70386-0.70402) 
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in rocks which range from mafic ankaramite (LB8) through andesite to quite 

siliceous dacite (41671). Thus the similarity of these Sr-isotopes ratios 

tends to support a corrunon source for all lavas of the Rindjani suite, 

unless coincidentally, different sources are involved which have the same 

Sr-isotopic composition. 

These factors then allow two possible interpretations (and perhaps 

others): Either the suite has inherited its compositional diversity from 

varied extent or condition of equilibrium fusion of an isotopically homo-

geneous source, or the compositional range is due to some sort of 

differentiation of a basalt·ic parent (perhaps fractional crystallisation). 

The viability of these alternatives are examined using major- and trace-

element data in chapter 9. 

These data also throw some light on the general problem of andesite 

genesis. Magnesian ankaramite LB8 and typi ca 1 andesite 41622 have very 

· ., 87s ; 86s t · · 1 · A d · d · h t s1m1 ar r r ra ·1os 1mp y1ng a common source. s 1scusse 1n c ap ·er 

9, it is very unl·ikely that the mafic basaltic lava LB8 could have resulted 

from partial melting of subducted oceanic lithosphere and in general such 

a mafic basaltic composition would imply the product of fusion of peridotitic 

mantle. As the ankaramite and the andesite are associated in the same suite 

and have very similar Sr-isotope compositions, this then is indirect 

evidence that the andesitic source may also be the sub-arc mantle. Of 

course it is possible that the basalts of the Rindjani suite resulted from 

mantle fusion and that the andesites originated by fusion of the downgoing 

slab, but in this case it would seem coincidental that their Sr-isotope 

ratios are so similar. 

The 87sr;86sr ratios of the Tambora ne-normative trachybasalts and 

trachyandesites also fall within a restricted range (0.70385-0.70399) and 

are virtually the same as those of the Rindjani suite. This then allows 
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the interpretation that all members of the suite are derived from the 

same ·i sotopi ca lly homogeneous source, and/or that the trachyandes ites may 

be differentiates of the associated trachybasalts. 

Apparently both Ri ndj ani and Tambora are tapping an i sotopi ca lly 

similar source, in spite of the fact that, as discussed in chapters 4 and 

12, the markedly higher K2o, Rb and Sr concentrations of the Tambora lavas 

suggest that other geochemical differences might between the sources of 

the two volcanoes. 

The fact that the 87sr;86sr ratios of the lavas of the other alkaline 

volcanoes from Sumbawa (Sangeang Api, G. Sangenges and Soromundi) are 

markedly higher (0. 70412-0. 70529) than those from Rindjani and Tambora 
' 

suggests that these alkaline volcanoes must be tapping at least some 

component of their liquids from a source which is dissimilar to that 

yielding the other two suites. This is particularly so for the Sangeang 

Api suite where the lavas are very young and part of a well defined suite 

and where the same ·isotopic variation is displayed by associated intrusive 

nodules. In view of the somewhat similar geochemistries of the Tambora 

and Sangeang Api suites, this contrast in their Sr-isotope geochemistries 

is problematic and suggests that the rather subtle compositional differ

ences between the two suites noted in chapter 5 (the Sangeang Api lavas 

have higher Rb/Sr ratios lower K/Rb ratios and slightly higher normative 

ne) may be significant. 

The most K20-rich, leucite-bearing lavas from Soromundi and G. Sangenges 

(Si9, S19) have the most radiogenic Sr (0.70527-0.70529) and there is a 

rough trend of increasing 87sr;86sr ratio with increasing K20 amongst the 

lavas of the Sangeang Api-Sorornund-G. Sangenges (figure 8.5). As the lavas 

of each of these volcanoes show significant ranges of 87sr;86sr ratios, it 

appears that s·irnple fractional crystallisation is unlikely to account for 
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the geochemical variation within each of these suites. The variability of 

Sr-isotope ratios suggests that there must be at least two distinct 

sources of Sr involved in these suites. 

Several models for magma generation which involve the variable 

incorporation of more than one component with isotopically dissimilar Sr 

may be envisaged. Mantle-derived melts may be contaminated by the incor

poration of variable amounts melt with more radiogenic Sr either from the 

subducted lithospheric slab or from the lower crust of the arc itself. 

The dehydration or partial fusion of the downgoing slab may yield water 

or small amounts of melt which could rise and react with the overlying 

peridotite resulting in the segregation of Rb/Sr-enriched heterogeneities 
I 

either in the form of melt-rich zones or of mica peridotite. If these 

heterogeneities had relatively high Rb/Sr ratios and if they existed for 

a significant period of time, then they would become relat-ive·ly enriched 

in radiogenic Sr. A subsequent melting event might incorporate variable 

proportions of melt derived from these heterogeneities and from unenriched 

mantle, thus yielding erupted liquids with a range of 87sr;86sr ratios. 

Several other poss·ibilities also exist. The source heter?geneities 
~. \ 

may be entirely of mantle origin. In this case liquids may be 

derived from different mantle regions, which have different Sr-isotope ratios. 

·Alteration of the immediate mant-le source by an alkaline, 87sr;86sr-

enriched component, with subsequent melting to yield eruptive lavas, 

or the alteration of the mantle source by a LIL-element enriched component 

which need not necessarily have a high 87sr; 86sr ratio, but which yields 

regions with high Rb/Sr ratios which become relatively enriched in radiogenic 

Sr with time, are other possible explanations. 

Apart from Rindjani, the amount of Sr-isotope data from the volcanoes 

of this sector of the Sunda Arc is limited and it is not possible to assess 
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the applicability of the above models precisely. However, as already 

discussed, the tectonics and geology of this sector of the arc suggest 

that contamination by old sialic, radiogenic Sr-enriched crust is unlikely. 

Furthermore, the Sr- isotopic val"i at ion of the Sangeang A pi 1 a vas, where 

the most mafic lava in the suite has also the most radiogenic Sr, also 

tends to discount crustal contamination, as the trend expected from this 

process would be opposite to that observed. 

Contamination by melts generated in the subduction zone also appears 

unlikely. There is a general trend of increasing Sr87 with increasing 

concentration of K, Rb, Sr, normative ne and lc. The first formed melts 

of olivine tholeiite-pelagic sediment mixtures in the subduction zone are 
' 

likely to be silica-rich and Q-normative (Stern and Wyllie, 1973; Green 

and Ringwood, 1972), and even for very small degrees of fusion are likely 

to be markedly less LIL-enriched than the Sumbawan leucitites. As a result 

it would seem unlikely that the supply of such a component to the mantle 

wedge (assuming that this melt is in fact 87sr;86sr rich~ due either to 

the effects of seawater alteration or pelagic sediment incorporation) 

would result in the Sr-isotope-compositional variations seen in the Sumbawan 

alkaline lavas (i.e. one would expect a trend of decreasing undersaturation 

'th · · 87s ; 86s t· ) Wl 1ncreas1ng r r ra 10 . 

It therefore seems likely that the 87sr;86sr variation seen within the 

suites from this sector of the Sunda Arc is of mantle origin. If this is 

the case then the variation may be due either to disequ"i"librium melting 

of a heterogeneous mantle, where these heterogeneities have existed for a 

significant period of time, or to mixing processes involving melts tapped 

from separate mantle domains. 

Data from Sangeang Api, Soromundi and G. Sangenges tend to suggest 

th t · · 87s 1 86s t · · · t d · th. · · t t · a 1ncreas·1ng r r ra 10 1s associ a ·e w1 1ncreas1ng concen -ra ,lons 

of K, Rb, Sr and decreasing K/Rb ratio (see figures 8.5 and.8.6). This tends 
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to support a two end member model in which a LIL element-enriched component 

with a high 87sr;86sr ratio is mixed either with a melt with lower 

concentrations of these elements and with less radiogenic Sr, or enriches 

the source of this component prior to melting. 

The main problem associated with these models is presented by the 

Tambora data. Here we have a suite which has some of the alkaline character 

of those mentioned above, but not the radiogenic Sr. This tends to suggest 

that the alkaline component is not initially enriched in radiogenic Sr, 

and hence the variation in Sr-isotopic composition within the group of 

more alkaline volcanoes, may not be simply due to mixing of two liqu-id 

components. I~ a separate liquid component is to be invoked, then it is 

required that this invade the upper mantle source region and yield Rb/Sr-

enriched heterogeneities. The life-span of these then determines the 
87sr; 86sr ratio of melts produced when fusion finally takes place. In 

this model, Tambora lavas would be required to have resulted from melting 

of short-lived heterogeneities, while the leucitites may have been derived 

from older ones. 

A simple mixing model is still a slight possibility. Figure 8.6 shows 

the variation of 87sr;86sr v K/Rb of lavas for which Sr isotope data is 

available. A curve is shown for the mixing of two hypothetical liquid 

components; A. an alkaline liquid with K2o = 8.43%, Rb == 350 ppm, K/Rb --

200, Sr = 1400 ppm and 87sr;86sr = 0.7055 B. an alkali-poor liquid with 

K20 = 0.87%, Rb = 12 ppm, K/Rb = 600, Sr = 500 ppm and 87sr; 86sr = 0.7038. 

The mixing curve produced by these end members shows reasonable adherence 

to the data trend, particularly if it is noted that most of the lavas 

plotted are not primary liquids and fractiona·l crystall-isation may have 

modified their K/Rb ratios. In this model, because, relative to the low 

alkali component B, the postulated contaminant A is much more enriched in 

Rb and K relative to Sr, mixing produces an initial trend from B of rapidly 
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increasing Rb and K and decreasing K/Rb with only slight increase in 87sr;86sr 

ratio. Thus if the Rindjani primary liquid was represented by component B, 

then the Tambora suite could be derived from a primary 1 i quid with up to 

10% of the hypothetical alkaline component A, while the other more alkaline 

suites would require between 20 and 60% of this component. 

Of course this is a very simplistic model and added complications are 

introduced by considering liquids derived from variable proportions of 

fusion of the same source, or if the mixing process took place as an 

alteration of the source prior to fusion. 

Imp Ucations 
' 

The association of lavas and coarse-grained intrusive rocks in the 

Sangeang Api suite are of particular interest. While the actual origin 

of the nodules ·is by no means clear, calculations and discussion presented 

in chapter 9 suggest that they are of appropr·iate mineralogy and geochemistry 

to represent cumulate precipitates from liquids like those of the Sangeang 

Api lavas and that the compositional variation of these lavas could result 

from fractionation of assemblages represented amongst the nodules. 

However, because those lavas for which Sr-isotope data are available 

have different 87sr;86sr ratios, this simple model is untenable. Further-
87 86 more the nodules show the same range of Sr/ Sr values and yield a 

pseudoisochron (fig. 8.4) with an apparent 11 age'' of 102 ~ 41 my. 

If the 11 age 11 of the xenoliths as indicated by the pseudoisochron 

is real, then why do the analysed lavas, some of which are <100 years old 

(B25 is from the 1911 flow) and none of wh·ich are older than Quaternary, 

also display an almost identical range of isotopic composition? As there 

is no poss·ibi'lity that the lavas are anything like 100 my old~ then for 

reasons discussed in the previous section, it is likely that they are 
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reflecting isotopic variability in the mantle source. The four lavas for 

which data are available, must either represent samples of four different 

batches of liquid, or different mixtures of two or more isotopically 

dissimilar components. 

If the nodules are really about 100 my. old, then they cannot possibly 

be cumulates of the Sangean9 Api magmas represented by the lavas. On the 

other hand, if they are as young as the lavas, then they may represent 

precipitates from an isotopically varied suite of liquids, liquids which 

display the same isotopic range as the associated lavas. Or, they may be 

recording a mixing or contamination event. 

The positiye correlation of 87sr;86sr and 1/Sr (figure 8.3) in the 

nodules lends some support to the last suggestion. The olivine clino

pyroxenites (823 and 84) have the most radiogenic Sr and have low Sr 

concentrations (68 and 148 ppm respectively), while the hornblende anorthite 

gabbro 88 has the least radiogenic Sr and much higher Sr concentration 

(1125 ppm). Thus a much smaller amount of a radiogenic Sr-enriched 

contaminant would have to be added to the mafic, Sr-poor olivine clino

pyroxenites to yield a significant increase in their 87sr;86sr ratio, than 

to the Sr-rich plagioclase-bearing rocks. In this case all the intrusive 

rocks may have precipitated from a liquid whose 87sr;86sr ratio may have 

been as low or lower than that of the xenolith with the lowest ratio 

(B8, 0.70466) and have then been modified by reaction with later, more 

radiogenic Sr-rich liquids. This contamination may have taken place by 

the introduction of the interstitial, and in some cases obviously secondary, 

phlogopite and amphibole found in some xenoliths. In this model, the 

liquids invoked, may or may not be represented in the young Sangeang Api 

1 ava suite. 
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8. 9 Cone Zus1:ons 

With respect to many of the suites considered in this study, the 

available Sr isotope data create more problems than it solves. The 

main conclusions that can be drawn are as follows: 

1. The bulk of the Sr in the lavas from this sector of the 

Sunda Arc is probably of mantle origin. 

2. All the lavas of the Rindjani calcalkaline suite may have 

a common source and the more silica-rich lavas may be the 

products of fractional crystallisation of the associated 

basalts. 

3. The layas of more alkaline volcanoes (Sangeang Api, Soromundi 

and G. Sangenges) have a more complex origin, their petro

genesis probably requiring processes which may include: 

mixing, source hetrogeneity and disequil ibr·ium melting and 

certainly require more than one source of Sr. 

4. The Sangeang Api lavas do not represent a single series of 

liquids, related by fractional crystallisation, similarly the 

associated intrusive rocks do not represent simple cumulate 

precipitates of any one batch of evolving magma. 

5. The Tambora lavas may all be derived from the same isotopically 

homogeneous source and isotopic data allows members of the 

suite to be related by fractional crystallisation. 
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Chapter 9 

FRACTIONAL CRYSTALLISATION AND I'l' S ROLE IN ~!'HE' ORIGIN 

AND DIFFERENTIATION OF THE' LAVAS FROM 'l'HE' LOMBOK-

S UMBA~IA S ECTOR OF THE S UNDA ARC 

9.1. Introduction 

This, and chapters 10, 11 and 12 are mainly concerned with the examination 

of the origin of the lavas under investigation and the sources of their compositi 1 

d·iversity. This chapter concentrates on the role of fractional crystallisation 

and the ability of this mechanism to account for compos H·i on a 1 var·i ati on within 

particular su·ites. The phase relat·ionships ·imp.lied by the conclusions drawn 

in this chapter are examined in the light of published experimental data in 

chapter 10 and are further tested by new experiments described in chapter 11. 

Chapter 12 examines those aspects of the compositional diversity, wHhin and 

between separate suites, which are not explicable in terms of fractional 

crystallisation models. 

9. 2 Modelling Procedures 

This chapter is mainly devoted to detailed examination of the geochemical 

variation of each suite and to attempts to model this variation. The general 

approach adopted has been used quite commonly in recent petrogenetic studies 

(e.g. Arculus, 1976 or Ewart, 1973). The process involves combination of the 

major element compositions of postulated parental compositions with the compositio1 

of mineral phases which may have crystallised from (or accumu·lated in) the parent, 

to yield a differentiate. A least-squares mixing program similar to that 

described by Bryan et al. (1969) is used to match observed and estimated 

compositions. For instance rock A, containing phenocrysts x, y and z, may be 

thought to be parental to rock B, rock B be·ing produced by crystallisation and 

removal of some proport-ion of rock A's phenocryst minerals, xX + yY + zl. To 

test this idea, a least squares approximation of rock A as a mixture of the 

compositions of phenocrysts x, y and z and postu·lated fractionated rock B 

(thought to represent the residual liquid) is calculated. Solutions to these 



Table 9.1 Distribution Coefficients Used in Modelling Calculations 

NUllt>er 

Phase 

Source Reference * 

La 

Ce 

Hd 

Sm 

Eu 

Gd 

Dy 

Ho 

Yb 

y (a) 

Ba 

Rb 

Sr 

Cs 

Pb 

Ir 

Hf 

Th 

Ni 

Cr 

Sc 

Cpx 

1,2 

0.1 

0.15 

0.35 

0.55 

0.60 

0.70 

o. 75 

o. 70 

0.62 

0. 70 

0.03 

0.02 4 

0.16 2/0.4' 

0.01 

0.02 

0.02 

0.02 

0.001 

0.001 

10 a 

Cpx 

0.35 

0.50 

1.11 

1.67 

!.56 

1.85 

1.93 

1.80 

1.58 

1.80 

0.03 

0.02 

0.3 

0.01 

0.02 

0.02 

0.02 

0.001 

0.001 

10 

Cpx 

0.35 

0.45 

0.65 

1.10 

1.15 

1.15 

1.10 

1.20 

0.95 

1.2 

0.13 

0.03 

0.50 

0.02 

0.03 

0.02 

0.02 

0.001 

0.001 

10 

Notes: {aJ Y values taken as the same as those for Ho. 

(?) estimated values. 

Opx 

0.03 

0.031 

0.034 

0.047 

0.06 

0.10 

0.15 

0.20 

0.45 

0.20 

0.01 

0.015 

0.01 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

4 7 

* Source References: 1 Lopez-Escobar~ L., Frey, F.A. and M. Vergara {1977). 

Opx 

0.05 

0.082 

0.120 

0.16 

0.093 

0.23 

0.33 

0.53 

0.73 

0.53 

0.003 

0.002 

0.008 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

4 7 

01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

0.001 

14 8 

0.5 

Plag. 

0.1 

0.1 

0.1 

0.1 

0.25 a 

0.1 

0.1 

0.1 

0.1 

0.1 

.4 •t.2 2 

0.07 

2.0 3 

0.05 (?) 

0.5 (?) 

0.001 

0.001 

0.001 

0.001 

0.01 

0.06 

0.03 

2 f..rth, J.G. {1976) (Cpx 2 has higher distribution coefficients, in equilibrium with 
dacitic-rhyo1 itic 1 iquids}. 

3 Sun, C.O., Wi11iams, R.J. and S.S. Sun (1974} {at 1120°C}. 

4 Frey, F.Aq Green, D.H. l!nd Roy, S.D. (in press~ 1978). 

5 Harris, K.L., Nicho11s, I.A. (in press. 1978) (anderitic values). 

& Arth (ibid.) (average rhyolitic value). 

1 Frey, F.A., Green, O.H. and Roy. S.D. (lbld.) {Opx average value}. 

Amp" 

0.2 

0.25 

0.45 

0.60 

0.70 

0.75 

0.80 

0.65 

0.40 

0.65 

0.50 

0.25 

0.50 

0.1 (?) 

0.1 (?) 

0.25 15 

0.1 

0.1 

0.1 

7 10 

5 1 

Garnet 

0.005 

0.007 

0.03 

0.25 

0.35 

0.97 

3.17 

5.00 

9.00 

1.4 4 

0.04 

0.03 

0.008 

0.02 

0.001 

0.001 

0.001 

0.001 

0.001 

0.7 

20 

10 

Magnetite 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.050 

0.02 

0.001 

0.0001 

0.0001 

0.0001 

0.001 

0.01 

0.01 

0.0001 

0.0001 

10 a 

1-150 a, 10 

2 8 

11 

Apatite 

10 

18 

18 

27.4 

29.3 

20.5 

27.2 

25.6 

19.0 

13.1 

19 

0.5 (?) 

0.1 

0.5 (?) 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.001 

0.001 

0.001 

12 

Apatite 

11 

34 

34.7 

57.1 

62.8 

30.4 

56.3 

so. 7 

37.0 

24.0 

37 

0.5 ( ?) 

0.1 

0.5 (?) 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.001 

0.001 

0.001 

13 

Apatite 

12 

52 

52 

81 

90 

50 

60 

69 

45 

37 

45 

0.5 (?) 

0.1 

0.5 (?) 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.001 

0.001 

0.001 

Murali, A.V., Leeman, W.Pq M.-s .• 1-'.a. and R.A. Schmitt {in press, 1978}. 

Gill, J.B. (1978). 

10 Arth, J.G. (ibid.) (1ow apatite value). 

11 Arth. J.G. (ibid.} (average apatite va1ue). 

12 Zielinski. and Frey, F.A. {1970). 

13 Arth~ J.G .• (ibid.) {basaltic value). 

14 Arth. J.G .• (ibid.) (rhyolitic rocks). 

15 Kesson, S. and Prke, R.C. (1972). 

14 

Ph1ogop1te 

" 
0.034 

0.034 

0.032 

0.031 

0.030 

0.030 

0.030 

0.034 

0.042 

0.034 

1.09 

3.06 

0.081 

13 • 

17 • 

15 

Biotite 

l4 

0.32 

0.32 

0.29 

0.26 

0.24 

0.28 

0.29 

0.35 

0.44 

0.35 

9. 7 

2.24 

13 • 

17 • 
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calculations supply estimates of the relative proportions of individual mineral 

phases cl~ystallised, as well as the proportion of liquid remaining (representing 

the derivative rock B). 

As an additional test, the trace element content of the postulated derivative 

lava (B) can then be calculated. Using the Rayleigh fractionation expression 

(e.g. Greenland 1970) and the relative proportion and total percentage of minerals 

crystallised, as calculated in the least-squares model, together wHh the 

appropriate mineral-liquid distribution - coefficients( 1) (table 9.1) and the 

concentration of the trace element in question in the parent lava (A), the 

likely concentration of this element in the fractionated lava (B) can be 

calculated. This can then be compared with the observed value. 

9. 3 Source and OrigJ:.!.]-.!l.l __ thq_ __ !li!!:fijani Calcall<aline Suite 

The source of the volcanic suites of island- and continental marginal-arcs 

is the subject of controversy. Some arcs, such as the Peruvian and Chilean 

Andes, are dominated by andesitic or basaltic-andesitic lavas (e.g. Noble et 

al., 1975; James et al., 1976; Klerkx et al ., 1977) thus much of the controversy 

is about the origin of andesite. Because andesite is unlike the differentiates 

produced by fraction a ·1 crys ta 11 i sa ti on of basalts, in provinces where those 

basalts are of undisputed mantle origin (e.g. ocean islands), many special 

theories for its origin have arisen. 

---------~---.. --·---------------
Note: O·i s tr·i buti on coefficients are in many cases poor·ly known and are in many 
cases a function of several variables (for instance, T, P, fO or liquid 
composition). Irving (1978) presents a comprehensive review 3t much of the 
available data for a wide range of minerals and trace elements and several recent 
articles (e.g. Frey et al., 1978) present several alternative sets of part·ition 
coefficient data which are each believed to apply to particular aspects of the 
models they present. Data pres~nted in table 9.1, and used in this thesis are 
culled from numerous sources and these sources are also quoted. In general values 
quoted are average or 11 accepted 11 numbers and generally chosen to apply to the 

specific rock-type in which they are used (e.g. basalt, andesite or dacite). 
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given in table 9.3). 
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Reviews of possible mechanisms for the origin of andesites have been 

published by a number of authors (e.g. Ringwood, 1974; Boettcher, 1973; 

Gill, 1978). Proposed mechanisms fall into two broad groups. One group suggests 

that quartz-normative liquids are primary products of melting in the source 

region; which may be hydrous, upper mantle peridot·ite (e.g. Green, 1973; 

Nicholls, 1974; Mysen and Boettcher, 1975), or subducted ocean floor tholeiitic 

basalt (amphibolite or eclogite). 

The other group of mechanisms call on various fractional crystallisation 

schemes to produce andesites, dacites and rhyolites from basalt parent magmas. 

These fractional crystallisation schemes var·iously emphasise the roles of: 

magnetite (e.g. Osborn, 1959, 1969), olivine (e.g. Nicholls and Ringwood, 1972, 

1973; Nicholls, 1974) and amphibole (e.g. Bowen, 1928; Ringwood, 1974; 

Sigurdsson et al., 1973; Allen et al., 1975; Allen and Boettcher, 1971, 

Holloway, 1973; Cawthorn and O'Hara, 1976; Cawthorn et al., 1973; Eggler, 1972) 

It is unlikely that the Rindjani calcalkaline suite has originated by 

partial melting of the basaltic portion of the downgoing slab. The Benioff zone 

is 170 km below Rindjani volcano and as the amphibolite-eclogite transition will 

occur between 80 and 100 km (e.g. Ringwood, 1974), the downgoing slab in this 

region is likely to be in the eclogite facies. 

As demonstrated by Stern (1974) and Stern and Wyllie (1973), compositions 

of primary liquids formed by partial melting of olivine thole·iite at 30 kbs do 

not match the observed calcalkaline trends. Further, the REE patterns of melts 

formed in equilibrium with eclogitic residue are likely to be highly fractionated 

with high La/Yb ratios, unlike the patterns from any of the lavas of this (see 

Chapter 12), or many other calcalkal·ine suites (e.g. Gill, 1974). Further, the 

concentrations of LIL elements (e.g. K, Rb, Sr, Ba) in both basalts and andesites 

are such that they could only be achieved by very small degrees of partial meltins) 

of a source composed of depleted ocean floor tholeiite. This is then in conflict 

with the relatively mafic character of many of the basaltic lavas from Rindjani, 

whose MgO, CaO, Cr, Ni and Sc concentrations would require large degrees of 

fusion of olivine tholeiite source. 



Table 9.3 

Sa.l!lple Ho. 

La 

Ce 

Pr 

'"' 
Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

lu (est.) 

l.REE 

rREE + Y 

la/Yb 

Eu/Eu 

la/Sm 

Sm/Eu 

Gd/Yb 

Th 

?b208 

?b207 

Pb206 

r?b 

Hf 

Pb207/206 

Pb208/206 

Th/U 

Bo 

Cs 

Zr/Hf 

la/Rb 

La/Zr 

K/Ba 

41632 

ppm 

22.87 

48.88 

6.14 

24.00 

4.59 

1.41 

4.01 

0.82 

0.80 

2.45 

0.33 

2.37 

0.369 

123.5 

20 

143.5 

9.64 

1.0 

4.98 

3.25 

1.69 

2.17 

6.63 

4.00 

3.14 

896 

0.23 

m.5 
1.14 

0.28 

11.2 

1.87 

4.74 

0.50 

1.78 

0.26 

0.14 

0.39 

0.07 

0.04 

0.21 

0.02 

0.15 

0.21 

0. 76 

0.12 

;]3 

ppm/cond. 

n.n 
~u 

H.M 

~m 

2L~ 

~H 

e.u 
u.n 

10.% 

11.50 

11.03 

11.42 

10 

6.35 

3.03 

1.22 

1.35 

216.88 

184.54 

21.06 

0.85 

351>.4 

1.18 

. . 
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41678 

ppm 

17.42 

39.10 

5.06 

21.48 

4.34 

1.26 

0.73 

4.57 

0.93 

2.60 

0.33 

2.48 

0.385 

104.9 

30 

134.9 

7.02 

1.0 

4.01 

3.44 

1.40 

6.19 

4.29 

2.02 

2.25 

8.56 

3.48 

0.818 

2.047 

4.42 

428 

0.96 

49.7 

0.34 

0.10 

38.8 

l.M 

5.05 

0.66 

1.68 

0.34 

0.08 

0.03 

0.31 

0.04 

0.17 

0.02 

0.11 

0.08 

0.20 

0.34 

0.15 

0.5 

0.15 

0.019 

0.079 

' 67 

ppm/cond. 

55.31 

48.09 

43.66 

35.98 

22.63 

17.56 

14.82 

14.07 

12.73 

12.22 

10.98 

11.92 

15 

4.64 

2.44 

1.29 

140.19 

167.27 

2.39 

3.37 

3.75 

18.35 

1.19 

171.4 

5.33 

41634 

ppm 

12.08 

26.62 

3.29 

14.42 

3.28 

1.05 

3.60 

0.67 

4.05 

0.89 

2.48 

0.33 

2.31 

0.359 

75.4 

28 

103.4 

5.22 

1.0 

3.68 

3.12 

!.56 

0.66 

2.54 

3.86 

1.99 

2.12 

7.96 

2.62 

0.846 

2.046 

3.85 

376 

0.51 

40.8 

0.40 

0.11 

30.1 

0.47 

0.34 

0.08 

0.67 

0.14 

0.03 

0.05 

0.02 

0.20 

0.05 

0.12 

0.02 

0.05 

0.03 

0.06 

0.34 

0.13 

0.17 

0.038 

0.078 

22 

ppm/cond. 

38.35 

32.73 

28.39 

24.16 

17.10 

14.62 

13.90 

13.60 

12.47 

12.20 

11.63 

11.12 

11.11 

14 

3.45 

2.24 

1.17 

1.25 

66.39 

68.69 

2.14 

3.32 

3.53 

13.79 

1.03 

151.26 

2.83 

41622 

ppm 

12.84 

27.46 

4.24 

16.90 

4.09 

1.24 

4.12 

0.66 

4.13 

0.90 

2.65 

0.35 

2.69 

0.418 

82.7 

30 

112.7 

4.77 

0.93 

3.14 

3.30 

!.53 

C.M 

L17 

3.30 

1~ 

l.n 
6.D 

3m 
~00 

2.~ 

3.D 

m 
O.M 

U.6 

~D 

~w 
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1.07 

1.99 

0.12 

1.73 

0.23 

0.07 

0.30 

0.03 

0.30 

0.05 

0.17 

0.03 

0.12 

0.03 

0.22 

0.43 

0.13 

0.12 

0.22 

0.035 

0.056 

28 

ppm/cond. 

40.77 

33.78 

36.51 

28.32 

21.30 

17.19 

15.92 

13.54 

12.69 

12.62 

12.46 

11.68 

12.92 

15 

3.16 

1.91 

1.24 

1.23 

M.l6 

65.59 

1.83 

2.80 

2.92 

16.20 

0.90 

149.5 

41671 

ppm 

2L98 

66.U 

~32 

~" 
4.98 

I.U 

4.% 

0~ 

4.H 

1.10 

3.22 

0.43 

3.23 

1.88 

140.5 

41 

181.5 

8.04 

0.77 

5.21 

3.95 

1.54 

2.96 

10.89 

8.55 

4.32 

4.59 

17.46 

5.85 

0.941 

1.862 

3.68 

629 

2.97 

45.1 

0.27 

0.!0 

36.7 

1.24 

2.62 

0.26 

1.01 

0.13 

0.04 

0.27 

0.03 

0.20 

0.03 

0.09 

0.01 

0.09 

0.06 

0.09 

0.41 

0.28 

0.16 

n.11 

0.21 

19 

0.13 

ppm/cond. 

82.48 

69.52 

54.52 

42.03 

25.95 

17.37 

19.16 

16.53 

14.63 

15.10 

15.11 

14.39 

15.55 

20.5 

5.30 

0.77 

3.18 

!.49, 

1.23 

296.04 

294.36 

4.75 

7.19 

7.64 

30.80 

0.99 

331.6 

16.5 
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If partial melting of the downgoing slab is eliminated then the mantle 

wedge and the crust remain as potential dominant sources. A crustal origin is 

unlikely both because of the thinness of the crust in this segment of the arc 

and because the Rindjani suite has abundant relatively mafic basaltic rocks and 

to produce these in the crust would require extremely high geothermal gradients. 

At the same time 87sr; 86sr ratios for basalts, andesites and dacites are uniform 

and amongst the least radiogenic of any determined from the Sunda Arc (Whitford, 

Faden and Varne, 1979), which suggests a similar source for basalts and andesites 

and tends to discount contamination by sialic crustal material. 

This then points to a mantle origin for the entire suite. Experimental 

studies of Nicholls (1974) and Green (1976) suggest that quartz normative liquids 

with >55% Si02 are not potential mantle peridotite melts, and while water 

saturated melting of peridotite can yield oversaturated melts with >55% Si02 at 

<10 kbs these are still constrained to have Ni contents and Mg/Mg+Fe values 

compatible with equilibrium with mantle olivine. The Rindjani andesites have 

very low Ni concentrat·ions and low Mg/Mg+Fe values and are unlikely to be primary 

melts of mantle peridotite. These factors suggest that though the Rindjani 

suite is of mantle origin, all the andesites and dacites as well as many of the 

basalts have probably been modified by fractional crys ta 11 i sati on processes. 

Two possible options then exist for the origin of the Rindjani andesites: 

1. either the andesites are fractionated liquids derived from basaltic parents, 

perhaps some the high-Al basalts actually sampled, or 2. the andesites are 

fractionated liquids derived from more mafic 11 primary andesite 11 parents, not 

represented in the sampled Rindjani suite. However, the fact that the andesites 

have consistently lower concentrations of Ni, Cr, Sc and Mg than most of the 

fractionated basaltic lavas, suggests that they are more fractionated than these. 

This tends to support the fractionation of the andesites and low MgO, high-Al 

basalts from similar parents. If a hypothetical primary andes·ite did exist it 

would seem coincidental that this always reached the surface in a more fractionate, 

state than basaHs der·ived from the primary high-Al basalt parent. 
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In fact as demonstrated in the following section, simple crystallisation 

and removal of the phenocrysts of the sampled high-Al basalts failed to produce 

resultant differentiates like the sampled Rindjani andesites. This may indicate 

that the mechanism is wrong, or that the parent magmas used were inappropriate. 

If the former situation is true, then alternative explanations can be sought, 

and this is the course of action adopted in this thesis. 

9. 4 Fractionq_l ;;n:ys tq:}Us ation and the d.if1erentiat~ the RindJani suite 

1. Ankaramites: 

Qualitatively, their geochemical variations are consistent with removal 

(or addition) of the clinopyroxene-dominated phenocryst assemblage, to produce 

sympathetic variation of Cr, Ni, Sc, MgO, CaD and Mg/Mg+Fe and antipathetic 

variation of these parameters with Al 2D3, K2D, Na 2o, Rb, Sr, Zr, Nb and Y 

(figures 3.7-- 3.1D). They plot on a well defined trend of CaD depletion 

and Al 2o3 enrichment, quite distinct from that shown by the other members of 

the Rindjani suite (figure 9.2). This trend is very like that shown by many 

of the clinopyroxene-rich alkaline lavas from Sumbawa (figure 6.5). 

The combined least-squares mixing and trace-element modelling technique 

described earlier was used to reproduce the observed trend within the ankaramite 

group, by fraction a t·i ng the cpx-o l i v·i ne phenocryst assemb 1 age. Thus one of the 

more mafic ankaramites (LB7, table 9.5) was modelled as a combination of one of 

the most differentiated examples (LBl, table 9.5) and analysed olivine and 

clinopyroxene phenocrysts. As described in chapter 3, the clinopyroxene 

phenocrysts of the ankaramites are zoned with Cr-diopside cores and Al-augite 

rims, so that the mixing calculation used both these compositions. The calculated 

approximation to LB7 (table 9.5), was a very close match to the observed 

composition of this lava and the calculation suggests that LBl could result from 

removal from LB7 of 15% of an assemblage of 26.4% olivine, 15.4% Cr-diopside and 

58.2% Al-augite. The calculated trace-element variations on the basis of these 

mineral proportions (table 9.6A) give a close approximation to the values found 

in LBl. In part·icular, the trace elements 11 incompatible'' in terms of this nrinera·l 

assemblage, Rb, Sr and Zr, very closely match the observed values. 



Table 9,5 Least-squares Mixing Computations to Model Possible Fractional Crystallisatiort Processes 

in the Rindjani calcalkaline suite 

A. Approximation of ankaramite LB7 in terms of its phenocryst and postulated derivative lava, LB1 (ankaramite). 

Lava 

Sample No. 

Si02 

Al 20 3 

FeOT 

MgO 

CaO 

Na 20 

KzO 

Ti02 

PzOs 

MnO 

AK 

LB7 

obs. 

47.95 

13.78 

10.10 

10.61 

13.14 

1. 78 

1.20 

0.83 

0.21 

0.17 

AK 

LB7 

est. 

48.08 

13.48 

10.22 

10.45 

12.96 

2.06 

1.10 

0.86 

0.24 

0.18 

AK 

LSI 

48.33 

15.34 

10.30 

8.39 

12.30 

2.42 

1.29 

0.91 

0.28 

0.20 

Cumulate Mode 
Component Wt. FractiQ!l_L\il_,_I!_actJ_ 

Olivine 

Cpx A 

Cpx B 

0.0389 

0.0228 

0.0862 

0.2630 

0.1542 

0.5828 

Lava L81 0.8513 

ankaramite LB7 (est.) 

0.2717 

Si02 

Al 203 

FeOT 

MgO 

CaO 

Na 20 

K20 

Ti02 

P20s 

t1n0 

100 Mg/ 

Cumulate 
Composition 

46.93 

2.82 

9.85 

22.38 

16.56 

0.00 

0.59 

0.06 

Mg + l:Fe 80.19 

B. Approximation of ankaramite LB!l in terms of possible derivative lava, alkali olivine basalt 41621 and phenocrysts. 

Lava 

Sample No. 

Si02 

Al 203 

FeOT 

11g0 

CaO 

Na 20 

K20 

Ti02 

PzOs 

MnO 

AK 

LB!l 

obs. 

49.27 

14.26 

10.20 

8.35 

12.58 

2.49 

1.19 

0.99 

0.27 

0.18 

AK 

LB!l 

est. 

49.27 

14.26 

10.17 

8.36 

12.57 

2.54 

1.06 

1.23 

0.23 

0.15 . 

AOB 

41621 

Cumulate Mode 
49.97 Component \'t. Fraction (!·!t. Fract.) 

17.42 Olivine 0.0201 0.0698 

10.20 Cpx 0.2288 0.7944 

5.78 Plag. 0.0262 0.0910 

9.62 ~1ag. 0.0129 0.0448 

3.50 Lava 41621 0.7132 

1.49 

1.26 

o. 32 rR2 

0.19 

ankaramite LB11 (est.) 

0. 0775 

SiC2 

Al 203 

FeOT 

MgO 

CaO 

Na 20 

KzO 

Ti02 

PzOs 

MnO 

100 Mg/ 

Cumulate 
Composition 

47.31 

6.38 

10.04 

14.72 

19.82 

0.14 

0.01 

1.13 

0.04 

Mg + l:Fe 72.32 

C. Approximation of ankaramite LBll in forms of its phenocrysts (+amphibole) and possible derivative lava LB28 
(high K20, high Sr andesite). 

Lava 

Sample No. 

·sioz 

Al 2 03 

FeOT 

MgO 

CaO 

AK 

LBll 

obs. 

49.27 

14.26 

10.20 

8. 35 

12.58 

2.49 

1.19 

0.98 

0,27 

0.18 

AK 

LB11 

est. 

49.28 

14.26 

10.21 

8.35 

12.56 

2.39 

1.16 

1. 16 

l1,1h 

0.24 

HKSA 

LB28 

Cumulate Mode 
55 , 91 fQ!nj'O ne p.!__v.Jl,_F_r:.a~_!_ i_<l!l_lli0_!_i!_C_~ 

19.54 Olivine 

6.28 Cpx 

2.55 Amph. 

7.49 Plag. 

4.07 Mag. 

0.0160 

0.2718 

0.1677 

0.0842 

0.0301 

2.39 Lava LB28 0.4342 

0.0281 

0. 4770 

0.2943 

0.1478 

0.0528 

0. 70 ankaramite LBll (est.) 

0.20 

Si02 

Al 203 

FeOT 

MgO 

CaO 

MnO 

100 Mg/ 

Cumulate 
Composition 

43.89 

10.14 

12.84 

12.70 

16.33 

1. 10 

0.23 

1. 50 

0.26 

Mg + l:Fe 63.80 

-------------------------~-----------------·---------·--·---·-------------------

Abbreviations: AK" ankaramite, AOB" alkali olivine basalt, HKSA" high K7 0, high Sr andesite, obs. "observed 
composition, est. "calculated composition. 

Notes: FeOT " tota 1 Fe as FeO. 

Refer to Table 9.17for the locality of mineral compositions used in these calculations. 



Table 9.6 

Sample t\o. 

'i' crystallisation 

Minerals 
crystallised 

Sample No. 

Ni 

Sc 

Rb 

Sr 

Zr 

Nb 

% crystal Hsation 

M~nera~s: 

crystallised 

Ni 

Sc 

Rb 

Sr 

Zr 

Nb 

Ankarawite LB7 - Ankaramite LBl 

A. 
% 

co c
1 

(est) c
1 

(obs) Discrep. 

LB7 LB1 

14.87 

F. 

125 

36 

31 

556 

49 

16 

57 

29 

36 

632 

57 

17 

57 

39 

38 

61! 

57 

26 

0 

-25.6 

5.2 

3.4 

34.6 

01 i vine, augite, Cr-d iopside 

01 ivine basalt LB67 - andesite 
41687 

co 
LB67 

c1 (est) c
1 

(obs) Discrep. 

41587 

41.12 

23 

31 

18 

522 

43 

18 

26 

29 

492 

70 

26 

3.4 

21 

33 

432 

82 

43 

+33. 3 

+23.8 

12.1 

+13.9 

14.6 

39.5 

15.0 

Olivine, cpx, amph, p1ag, magnetite 

Ni 

Sc 

Rb 

Sr 

Zr 

Nb 

Ni 

Sc 

Rb 

s" 
Zr 

Nb 

Calculated Trace Element Variation Trends for Rindjani Lavas 

B. 

Ankaramite LBll - alkali o1 ivine 
basalt 41621 

co 

LBI1 

28.68 

c
1 

(est) c
1 

(obs) Discrep. 

41621 

G. 

92 

43 

21 

563 

64 

26 

36 

26 

29 

711 

89 

30 

43 

33 

22 

520 

99 

23 

-16.3 

2!.2 

+31..8 

+ 
36.7 

10.1 

+30.4 

Olivine, cpx, p1ag, magnetite 

Basaltic andesite 41637- high 
K20 andesite 41672 

co 
41637 

c
1 

(est) c
1 

(obs) Dis~rep. 
41672 

48.71 

23 

38 

442 

124 

28 

27 

72 

336 

233 

48 

15 

73 

397 

252 

40 

Olivine, cpx, plag, mag 

+80.0 

1.4 

15.4 

7.5 

+20.0 

Ni 

Sc 

Rb 

Sr 

Zr 

Nb 

Ni 

Sc 

Rb 

Sr 

Zr 

Nb 

c. 

Ankaramite LBll to high Sr, 
high K20 andesite LB28 

% 

co c1 (est) c1 (obs) ti1screp. 

LBII LB28 

56.58 

H. 

92 

43 

21 

563 

64 

26 

13 

44 

840 

136 

38 

15 

40 

761 

143 

31 

+150.0 

13.3 

+10.0 

+10.4 

4.9 

+22.6 

Olivine, cpx, amph, p1ag, magnetite 

Andesite 41622- dacite LB3 

% 
co 

41622 

c
1 

(est) c
1 

(obs) Discrep. 

L83 

51. 33 

18 

35 

433 

134 

30 

20 

69 

323 

275 

53 

19 

69 

405 

244 

45 

Opx, cpx, plag, IM9 

+ 5.2 

20.2 

+12. 7 

+17 .8 

Ni 

Sc 

Rb 

Sr 

Zr 

Nb 

Ni 

Sc 

Rb 

Sr 

Zr 

Nb 

Notes: Calculations assume Rayleigh Fractionation and use the mineral proportions and% crysta11isat1on calculated in the least-squares mixing routine. {tables 9.5,9.7 & 9.10} 

Distribution coefficients are given in Tab1e9.1in the fo11owing columns: cpx 1, cpx 2 & 3 (andesite-dacite), opx 4, p1a9 7, amph, 8, mag 10, apatite 11, biotite 15. 

Alkali olivine basalt 41632 
-alkali olivine basalt 41626 

D. 

co 

41632 

10.96 

71 

33 

20 

452 

82 

20 

% 
c1 (est) c1 (obs) Discrep. 

46 

36 

22 

438 

92 

22 

4.4 

41626 

34 

36 

29 

491 

106 

25 

+ 
35.3 

-24.1 

10.8 

13.2 

11.2 

+10.0 

Ni 

Sc 

Rb 

Sr 

Zr 

Nb 

Olivine basalt 41676 -andesite 
41622 

E. 

co 

41676 

44.15 

23 

35 

19 

469 

56 

19 

% 
c1 (est) c1 obs) Oiscrep. 

19 

31 

491 

92 

26 

41622 

18 

35 

433 

134 

30 

0 

+ 5.6 

11.4 

+13.4 

-31.3 

13.3 

Olivine, cpx, plag, amph, cpx, plag, mag, apatite 

I. 

Andesite 41622 to dacite 41671 

co 
41622 

c
1 

(est) c
1 

(obs) Discrep. 

'1"71 

62.06 

18 

35 

433 

134 

30 

23 

88 

296 

352 

57 

5.3 

98 

293 

264 

41 

11 

Opx, cpx~ p1ag, mag 

+187 .5 

10.2 

10.2 

+ 33.3 

+ 
39.0 

51.8 
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In many respects, the ankararnites would appear to represent logical 

parental compositions to the high-Al basalt group. However some inconsistencies 

ex·ist; the rnineralogies of the two groups are different: the ankaramites 

are clinopyroxene-rich and the high-Al basalts olivine-rich. Furthermore, 

the ankaramites appear to be slightly more alkaline than the high-Al basalts. 

Consider for instance, the least mafic ankaramites (e.g. LB2, LBlO, table 3.12): 

These have MgO contents that are markedly higher (ca. 8% MgO) than even the 

most mafic high-Al basalts (e.g. 41632, 41621, LB67, 41676 tables 3.12 and 3.13) 

yet these ankaramites have slightly higher P 05 concentrations, similar or 
2 

slightly higher K2o and Rb and quite markedly higher Sr concentrations 

(figures 3.7 and 3.8). Thus if an assemblage clinopyroxene+ oliv"ir1e ~some 

plagioclase, were removed from an ankaramite to yield a high-Al basalt-like 

differentiate, this differentiate would be likely to have quite markedly 

higher concentrations of the incompatible elements mentioned above. Sr 

variations in particular are not easily explained by this mechanism, because 

the least mafic ankaramite, has only ca. 15% Al 2o3, but >600ppm Sr, whereas 

mafic high-Al basalts have >17% Al 2o3 and ca. 500ppm Sr. Fractionation of 

the dominantly clinopyroxene-olivine mineral assemblage of the ankar'amites 

would result in both Al 2o3 and Sr-enrichment, in the fractionates. It seems 

unlikely that enough plagioclase could be incorporated in the fractionated 

cumulate to allow the necessary Al 2o3-enrichment, while sufficiently depleting 

the Sr content of the liquid. 

The above hypothesis was tested using the least-square mixing and trace 

element calculations previously outlined. Ankaramite LBll (table 9.58) was 

estimated as a combination of its phenocrysts; clinopyroxene, olivine, 

plagioclase and magnetite (cl·inopyroxene +olivine are dominant) and high-Al 

basalt 41621 (table 9.58). The results of this model are given in table 9.58 

and table 9.68. The major element content of the estimate of ankaramite LBll 

is quite close to the observed values, except that, as discussed above, the 

K2o and r2o5 concentrations of the ankaramite are slightly too high to yield 



Figure ~.2 

CaO v Al 2o3 variation of the Rindjani calcalkaline lavas. 

X- ankaramites~ 0- ne-normative high-Al basalts, 

oZ.-hy-normati ve hi gh·-Al basalts, 6. - andesites, 

e- high-K, high-Sr andesites, []- dacites and high-K 

andesites. 

Line A-A illustrates the variation of the ankaramites 

and a few high-Al basalts, involving Ca-depletion and Al

enrichment. The ankaramites have ma·inly cpx phenocrysts 

and little H any phenocrystic plagioclase and trend A-A is 

probably cpx-dominated fractionation (at least within the 

ankaramite group). Trend B then illustrates the increasing 

importance of plagioclase removal in the transition from 

the high-Al basalts to the andesites and dacites as indicated 

by the change to a trend of both J\1- and Ca-depletion. 
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those of the high-Al basalt. The Ti02 concentration would also appear· to be 

slightly too low in the ankaramite. Considering the trace-element calculations, 

(table 9.68) the calculations based on the Rb and Sr contents of the initial 

~nkaramite yield calculated estimates of these in the high-Al basalt that 

are about 30% too high. 

These calculations suggest that the ankaramites are not good parental 

candidates for the high-Al basalt group. 

2. Hi[b_-Al basalts and andesites: 

If the andes·ites are products of fractional crystallisation of basaltic 

parents, then the high-Al basalt group represent candidates for this role. 

Compositional variations (figures 3.7-3.10), show that at least some of the 

members of the general high-Al basalt group lie on extensions of the andesite's 

trend. However several factors indicate that such a connection is not simply 

the result of fractionation of the observed phenocryst assemblages. 

Even the most mafic members of the high-Al basalt group (e.g. 41632 or 

LB67, tables 3.12 and 3.13) have Mg/Mg+Fe2+ values <0.6 and <80 ppm Ni and are 

therefore unl·ikely to represent primary mantle-derived melts capable of 

coexisting with olivine of about Fo90. The increasing importance of olivine 

and the presence of magnesian olivine xenocrysts in the more magnesian high-Al 

basalts, together with initial trends of rapid Ni depletion with decreasing 

MgO suggests that olivine fractionation may have played an impOl~tant role 

prior to the precipitat-ion of the common plagioclase-clinopyroxene--olivine 

phenocryst assemblage. 

As olivine becomes the major near-liquidus phase in the more magnesian 

members of the ne-normative aluminous basalt group, with less important 

clinopyroxene, Faden and Varne (1980) calculated a possible primary liquid 

capable of coexisting with a possible mantle olivine (ca. Fo89) by the 

addition of olivine and clinopyroxene (see table 9.8). 

Many of the high-Al basalts are ne-normat·ive with Fe 2+ "' 0.85t.:Fe and even 

with much lower Fe 2+;Fe3+ ratios still remain critically undersaturated. 



Table 9. 7 Least-squares Mixing Computations to ~1odel Possible Fractional Crystallisation Processes 
in the Rindjani Calcalkaline Suite 

D. Approximation of alkali olivine basalt 41632 in terms of postulated derivative basalt 41626 and its phenocrysts. 

Lava 

Sample No. 

Si02 

Alz03 

FeOT 

MgO 

CaO 

AOB 

41632 

obs. 

50.28 

18.13 

9.75 

5.64 

9. 72 

3.68 

1.21 

1.13 

0.25 

0.18 

AOB 

41632 

est. 

50.24 

18.15 

9.81 

5.65 

9. 77 

3.72 

1.32 

1.13 

0.28 

0.18 

AOB 

41626 

50.78 

17.74 

10.18 

4.50 

9.45 

4.06 

1.48 

1.26 

0.31 

0.19 

Cumulote Mode 
Compo_nent ___ !Jt. Fraction (Wt. Fract.) 

Olivine 

Cpx 

Plag. 

0.0365 

0.0052 

0.0702 

0.3262 

0.0465 

0.6273 

Lava 41626 0.8904 

= alkali olivine basalt 41632 

0.0234 

Si02 

Alz03 

FeOT 

MgO 

CaO 

100 Mg/ 

Cumulate 
Composition 

44.91 

21.05 

6.65 

14.65 

12.11 

0.97 

0.05 

0.05 

0.10 

Mg + rFe 79.69 

E. Approximation of olivine basalt 41676 in terms of andesite 41622 and possible mineral assemblage prior to eruption. 

Lava 

Sample No. 

SiOz 

Alz03 

FeOT 

MgO 

CaO 

Na 20 

K20 

Ti02 

PzOs 

MnO 

OB 

41676 

cbs. , 

50.02 

18.20 

10.10 

5.84 

9.92 

3.24 

1.01 

0.99 

0.23 

0.20 

OB 

41676 

est. 

50.04 

18.16 

10.05 

5.74 

9.97 

3.13 

1.10 

1.44 

0.17 

0.10 

A 

41622 

55.49 

18.45 

8.32 

3.10 

7.46 

4.09 

1. 59 

0.91 

0.27 

0.16 

Cumulate Mode 
£~anent Wt. Fraction J!i!_,_~ 

Amph. 

Cpx 

Plag. 

Mag. 

Apat. 

0.2601 

0.0299 

0.1383 

0.0268 

0.0004 

0.5825 

0.0468 

0.3097 

0.0600 

0.0009 

Lava 41622 0.5585 

olivine basalt 41676 

0.2499 

Si02 

A1 203 

FeOT 

MgO 

CaD 

MnO 

100 Mg/ 

Cumulate 
Composition 

42.64 

17.53 

12.09 

8.98 

12.99 

1.89 

0.47 

2.08 

0.04 

0.03 

Mg + !:Fe 56.96 

F. Approximation of olivine basalt LB67 in terms of possible andesite derivative (41687) and a possible pre-eruptive 
m i nera 1 assemb 1 age. 

Lava 

Sample No. 

Si02 

Alz03 

FeOT 

MgO 

CaO 

P20s 

MnO 

AOB 

LB67 

obs. 

49.43 

18.85 

9.50 

5.92 

10.14 

3.60 

0.99 

1.00 

0.20 

0.18 

AOB 

LB67 

est. 

49.45 

18.85 

9.46 

5.92 

10.11 

3.40 

1. 06 

1.25 

0.16 

0.14 

A 

41687 

55.24 

17.50 

8.08 

3.62 

7.78 

4.52 

1.63 

1.03 

0.28 

0.19 

Cumulate Mode 
~omponent Wt. Fraction -~_racLL_ 

Olivine 

Cpx 

Amph. 

Plag. 

Mag. 

0.0306 

0.0349 

0.1235 

0. 1963 

0.0296 

0.0738 

0.0841 

0.2977 

0.4731 

0.0713 

Lava 41687 0.5888 

alkali olivine basalt LB67 

0.1146 

Abbreviations: AOB =alkali olivine basalt, OB ~olivine basalt, A= andesite 

Notes: FeOT = total Fe as FeO, obs. =observed composition, est. = estimated composition. 

Refer to Table9.17for locality of mineral compositions used in these computations. 

Si02 

Alz03 

FeOT 

~lgO 

CaO 

MnO 

100 Mg/ 

Cumulate 
Composition 

40.86 

20.61 

11.37 

9.12 

13.34 

1. 78 

0.25 

1.56 

0.06 

Mg + 1:Fe 58.84 
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Due to the existence of a low-pressure thermal divide (e.g. Yoder and Tilley, 

1962), fractionation of a plagioclase-cl-inopyroxene-olivine assemblage will 

not yield Q-normative residual liquid. Some of the high-Al 11 basalts 11 

(e.g, 41678, table 3.14) are differentiated, with low MgO and Ni contents 

and with higher K2o contents than most andesites, yet have <53% Si02 and 

are sti 11 ne-normati ve. These are perhaps most properly termed 11 hawa i ites 11
• 

fvJany of the high-Al basalts, particularly those which are undersaturated, 

fall on a trend of marked K20-enrichment with limited silica-enrichment, 

wh·ich is divergent from that produced by the extrapolation of the andesite 

trend to low silica values (figure 9.3). 

Tables 9.6 and 9.7 show the results of mixing and trace element model 
J 

calculations which suggest that the low MgO, high-Al basalt 41626 (table 3.14) 

can be derived from 41632, (one of the more mafic members of the group) by 

removal of 11% of an assemblage comprising 62.8% plagioclase, 32.6% olivine 

and 4.6% cl-inopyroxene, an assemblage very like the actual phenocryst assemblage 

of 41632 and 41626. This trend is one of marked K20- and limited Si02-enrichmen 

and does not yield the andesites (see figure 9.3). 

On the basis of th·is plagioclase-clinopyroxene-olivine phenocryst trend, 

it is possible to demonstrate that to produce the Rindjani andesites with 

about 55% Si02, would require a high-Al basaltic parent to have about 0.7% 

K2o (with 50% Si02 and 5.8% MgO). In fact of those analysed, no high-Al 

basalts from Rindjani had less than 0.9% K2o and those with <1.0% K2o are 

very rare (2 out of 40) and are affected by cl-inopyroxene and plagioclase 

accumulation. Thus while it may be possible to produce andesites by low

pressure olivine/clinopyroxene/plagioclase/magnetite fractionation of high-Al 

basalt parents, no such potential parents were found from Rindjani, in spite 

of extensive sampling. 

The andes"ites have lovver K/Rb rat·ios than the high-Al basaHs (figure 3.14) 

and as the phenocryst assemblage of the latter group is essentially K20-free, 

both K and Rb are nearly incompatible. Fractionation of the high-Al basalts 1 



Table 9.8 

Si02 

Al 2o3 

FeOT 

~lgO 

CaO 

Na 2o 
K20 

Ti02 

P205 

A possible Primary L~j_uid Calculated from Ri_!l_c~!lj_ 

Hi_gh-AlJlasa lt_ Comp9 red _1'1_ith __ a__f'9ss i b lc Prima rJ~ ... Y.:[s_tori an 

Alkali Olivj_n_Lll_i!_?ill 

A xchond. 

48.47 

14.63 

10.75 

12.15 

8.65 

2.94 

0.97 16.8 

0.92 8.85 

0. 20 1.11 

B xchond. 

48.00 

13.91 

10.92 

11.39 

8.35 

A. A possible primary 

liquid calculated from 

Rindjani alkali olivine 

basalt 41632 by the 

addition of 20% of an 

3.23 assemblage of olivine (80%) 

1.18 20.45 and clinopyroxene (20%). 

2.14 20.6 B. A possible near--primary 

0.51 2.85 lherzolite-bearing alkali 

M~ O.W 0.16 

68.62 

87.94 

olivine basalt from Mt. 
2+ ( 1) 100Mg/Mg+Fe 70. 32 

(2) l00Mg/Mg+Fe3+ 88.76 

La 

Ce 

Nd 

Sm 

Eu 

Gd 

Dy 

HO 

Yb 

y 

u 

Th 

Hf 

Ba 

Cs 

Rb 

Sr 

Zr 

Ni 

Cr 

Sc 

olivine 

18.41 58.44 23 73.0 

39.43 48.50 49 60.3 

19.54 32.73 23 38.5 

3.77 19.63 5.53 28.8 

1.16 16.11 2.02 28.0 

3.31 12.77 

3.09 9.51 

0.66 

1.95 

16.5 

1. 73 

5.46 

3. 31 

717.2 

0.18 

16 

365 

67 

553 

327 

33 

9.04 0.98 

9.37 1.77 

B. 25 27 

1.1 

2.9 

3.9 

350 

24 

543 

152 

364 

388 

23 

13.42 

8.51 

13.5 

Frazer, W. Victoria 

(69-1036) (Frey et al., 

1978). 

Notes: 1. calculated as 

Fe2+ ~ 0.85 r.Fe. 

2. equilibrium olivine 

calculated on the basis 

, (Fe/Hg) _ 
of K0 (Ol/liq) - 0.30 

(Roeder and Emslie, 1970). 

Trace element concentrations 

in col. A calculated from 

the values for high-A1 

basalt 41632 given in 

tables 3.13 and 9.3 using 

the Rayleigh Fractionation 

modr!l (Cl/Ci " F(D-1)) 

K05 used are given in 

table 9.1. 
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plagioclase-clinopyroxene-olivine assemblage will not produce appreciable 

changes in the K/Rb ratio of the liquid. It appears that while compositional 

variation within the high-Al basalt field is explicable in terms of 

fractionation of phenocryst assemblages, such a mechanism is unlikely to 

yield the andesites. Yet some of the less K20-rich, more mafic, ol-hy-normative 

high-Al basalts (e.g. 41676, table 3.12) do fall on extensions of the andesite 

trend (figure 9.3) and may represent parents to the andesites, a model 

discussed below. 

Evaluating low-K2o, high-Al basalt 41676 (table 9,9) as a possible andes·ite 

parent: if Rb was a 11 perfectly 11 incompatible element, then its enrichment 

from 19 ppm in the basaH to 35 ppm ·in typical andesite 41622 (table 9.9) would 
' represent a minimum of 46% fractional crystan·isation. On this basis the 

major and trace-element composition of the necessary cumulate can be calculated 

(table 9.9). Because of its high K2o content (0.3%), this postulated 

fractionate cannot represent any combination of the phenocryst phases 

represented in the basalt or andesite (plagioclase, olivine, clinopyroxene, 

orthopyroxene, magnetite). The only phenocryst phase with any K2o is 

plagioclase and this contains <0.3%. 

This then suggests the possibil-ity of amphibole fractionation, perhaps 

component supported by the occurrence of scarce, Ca-rich amphibole relicts 

in some Rindjani basalts and andesites. 

Amph·ibole may have lower Mg/Mg+Fe value than coexisting olivine and 

clinopyroxene (e.g. Green et al., 1974, Heltz, 1973), if such is the case then 

its removal will produce less marked iron enrichment than the removal of 

ol-ivine or clinopyroxene. However, amphibole is still likely to have a 

markedly higher Mg/Mg+Fe value than the coexisting liquid (see chapter 11). 

The low Mg/Mg+Fe value of the calculated cumulate (table 9.9) (0.56) is much 

lower than that of any olivine, clinopyroxene or amphibo-le phenocrysts or 

xenocrysts ·in the R·indjani basalts or andesites (total range 0.92 ·· 0.65) 

and suggests the additional presence of magnetite. 



The Derivation of Rindjani Andesite by Fractional 

Crystallisation of Basaltic Parent 

Basalt Andesite Cumulate l 

41676 41622 
---~-·¥ ___ ---------
Si02 50,02 55.49 43.53 

A1 203 18.2 18.4 17.90 

FeO 10.1 8.3 12.4 

MgO 5.8 3. 1 9.1 

CaO 9.9 7.5 12.8 

Na 20 3.2 4.1 2.2 -------------------·--·--
2 Apparent bulk distribution K20 l. 01 1.60 0.3 coefficients for trace 

Ti02 0.99 0.91 1.1 elements 

--·------------·-~-.,. -----
PzOs 0.23 0. 28 0.17 A B 

t1n0 0. 20 0.16 0.25 Surface Tot a 1 
equilibrium equilibrium 

Ni 23 2 48 ~.99 23.9 

Sc 35 18 55 2.09 3.06 

Rb 19 35 0 0 0 

Sr 469 433 512 1.13 ]. 18 

Zr 56 134 ·-36 < 0 < 0 

19 30 6 ' 0. 25 0.20 

Mg/Mg+Fe 0.52 0.42 0.56 

Notes: 1 Cumulate calculated on the basis that Rb is assumed to he 
completely incompatible and its enrichment from 19 ppm in 
the basalt to 35 ppn: in the ilndesite repr('sents ca. 46% 
crystallisation. 

2 Crystal-1 iquid distribution coefficients calculated for 
true fractional crystallisation (Rayleigh fractionation) (A) 
and equilibrium crystallisation (B), assuming DRb" 0. 
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The calculated bulk Sr distribution coefficient of 1.13 (table 9.9) also 

suggests that plagioclase is probably involved, as most other minerals are 

likely to have Sr distribution coefficients considerably <1. Finally, the 

presence of small amounts of P2o5 (0.17%) in the cumulate suggests that 

accessory amounts of apatite may also be extracted. These arguments suggest 

that if the andesites are fractional crystallisation products of parent 

magmas represented by Rindjani high-Al basalts, then the cumu·late may be 

dominated by amphibole and plagioclase, with significant magnetite and some 

apatite, perhaps with minor olivine or clinopyroxene. 

This conclusion was tested using the least-squares mixing and trace 

element modelling techniques used previously and the results of this 

calculation are given in tables 9.6 and 9.10. Thus these calculations suggest 

that basalt 41676 may yield andesite 41622 by crys tall i sa ti on of 44.15% of an 

assemblage with ca. 58% amphibole, 4.5% clinopyroxene, 31% plagioclase, 6% 

magnetite and minor apatite. This model allows reasonable matching of most 

major- and trace-element trends and in particular the moderate rate of 

enrichment of K2o with increasing Si02, (figure 9.~, though there is some 

discrepancy in Ti02 and Zr. 

3. li_i_g_b-K and~d ~j_te: 

The dacites are phenocryst .. poor and have much higher K20/Na 2o and Rb/Sr 

ratios, but only slightly lower K/Rb ratios than the andesites. They show 

trends of Sr- and Al 2o3-depletion and have negative Eu-anomalies (figure 9.1, 

table 9.3). These features are consistent with plagioclase fractionation. 

Concentrations of incompatible elements including K, Rb, Nb and Zr are all· 

2-3 times greater than those of the andesites. 

As already discussed, the andesites are very phenocryst-rich (50-70%) 

and their assemblages are plagioclase-dominated. It should be noted that, 

though ver·y phenocryst-, and particular-ly plagioclase-rich, the andesites do 

not show evidence of crystal accumu"lat·ion (plagioclase). They have higher 

Rb/Sr ratios than the basalts and show slight negative Eu-anomalies, both 



Table 9.10 Least-squares Mixing Computations to Model Possible Fractional Crystallisation Processes 

in the Rindjani calcalkaline suite. 

G. Approximation of basaltic andesite 41637 in terms of its phenocrysts and postulated derivative lava 41672 
(high K20 andesite). 

lava 

Sample No. 

Si02 

Al 203 

FeOT 

MgO 

CaO 

Na 20 

K20 

Ti02 

PzOs 

MnO 

fill 

41637 

obs. 

52.97 

19.35 

9.01 

2.90 

8.47 

4.05 

1.68 

0.96 

0.24 

0.18 

AB 

41637 

est. 

52.97 

19.38 

8.98 

2.92 

8.47 

3.87 

1.81 

1.14 

0.18 

0.12 

HKA 

41672 

59.99 

17.68 

5.58 

2.13 

4.98 

4.74 

3.37 

0.90 

0.37 

0.18 

Cumulate Mode 
Component Wt. Fraction (Wt. F~ 

Olivine 

Cpx 

Plag. 

Mag. 

0.0158 

0.0775 

0.3408 

0.0577 

0.0321 

0.1576 

0.6930 

0.1173 

Lava 41672 0.5129 

basaltic andesite 41637 

0.0878 

Si02 

A1 203 

FeOT 

MgO 

CaO 

Na 20 

K20 

TiOz 

PzOs 

MnO 

100 Mg/ 

Cumulate 
Composition 

45.46 

21.06 

11.97 

3.73 

12.05 

2.95 

0.18 

1. 38 

0.06 

Mg + l:Fe 35.70 

H. Approximation of andesite 41622 in terms of its phenocrysts and postulated derivative lava, dacite LB3. 

Lava 

Sample No. 

Si02 

Al 203 

FeOT 

MgO 

CaO 

Na 20 

KzO 

Ti02 

PzOs 

MnO 

A 

41622 

obs. 

5~.49 

18.45 

8.32 

3.10 

7.46 

4.09 

1. 59 

0.91 

0.27 

0.16 

A 

>41622 

est. 

S5.4f1 

18.44 

8.30 

3.13 

7.46 

4.20 

1.59 

1.03 

0.23 

0.11 

D 

LB3 

16.85 

5. 75 

1.90 

4.42 

4.82 

3.00 

0.86 

0.47 

0.17 

Cumu 1 ate Mode 
\or!'ronent '·'t. Fraction (~·'t. Fra~L 

Opx 0. 0486 0. 0944 

Cpx 0.0599 0.1163 

Plag. 0.3569 0.6930 

Mag. 0.0496 0.0963 

Lava LB3 0.4867 

andesite 41622 

0.0332 

Si02 

Al 203 

Feo1 

MgO 

CaO 

MnO 

100 ~lg/ 

Cumulate 
Composition 

47.01 

15.88 

10.70 

4.27 

10.31 

3.60 

0.25 

1.19 

0.44 

Mg + l:Fe 41.56 

I. Approximation of andesite 41622 in terms of its phenocrysts and postulated derivative lava, dacite 41671. 

lava 

Sample No. 

Si02 

Al 203 

FeOT 

MgO 

CaO 

A 

41622 

obs. 

54.26 

18.04 

8.17 

3.03 

7.30 

4.00 

1.56 

0.89 

0.16 

A 

41622 

est. 

54.26 

18.04 

8.15 

3.04 

7.30 

4.01 

1.53 

1.02 

0.08 

0 

41671 

65.14 

16.54 

4.00 

1.11 

3.07 

4.92 

3.65 

0.65 

0.13 

Cumulate Mode 
fo_l12flonent Wt. Fraction (Wt. Frac!_J__ 

Opx 

Cpx 

Plag. 

Mag. 

0.0594 

0.0690 

0.4118 

0.0592 

Lava 41671 0.3794 

andesite 41622 

ER2 ~ 0.0262 

0.0991 

0.1151 

0. 6870 

0.0987 

Si02 

Al203 

FeOT 

MgO 

CaO 

NazO 

K20 

Ti02 

MnO 

jf\f) "of 

Cumulate 
Composition 

49.30 

19.62 

11.06 

4.37 

10.22 

3.57 

0.25 

1.30 

0.04 

Mg + rFe 41.32 
··----------------------· .. ·------· 

Abbreviations: AB =basaltic andesite, HKA = high-K 20 andesite, A= andesite, D = dacite, obs. = observed composition, 
est. = estimated composition. 

Notes: Fe01 = total Fe as FeO. 

See Table 9.17{or locality of mineral compositions used in calculations. 



162. 

features suggesting plagioclase removal rather than accumulation. It is 

very likely therefore, that the andesite 1 s residual liquid, now groundmass 

or glass, will have precisely those geochemi ca 1 features shown by the dacites 

and high-K andesites. In other words, the high-K andesites and dacites, which 

are glassy, crystal-poor rocks, whose bulk compositions are essentially the 

same as the liquid at eruption, may have formed in equilibrium with the 

plagioclase-dominated andesite phenocryst assemblage. This is a"lso suggested 

by the similarity of the andesite 1 s interstitial glass and the bulk dacite 

composition (table 3.19). 

The results of least-squares mixing and trace element modelling calculation~ 

shown in table 8 further bear-out the same hypothesis. The mineral proportions 
' yielded by this calculation are the same as those of the actual andesite and 

hence the composition of the cumulate (point 5, figure 9.3) is close to that 

of the bulk phenocryst assemblage. 

These calculations suggest that the compositional variation within the 

basaltic andesite-andesite group (e.g. trend A, figure 9.3) cannot result from 

phenocryst fractionation as this produces much more marked K2o enrichment. 

This is i 11 ustrated by the trends produced by the segregation of the cumulates 

4 and 5 from the basaltic andesite 41637 and andesite 41622 resp~ctively, in figL 

9.3. The d·iscontinuity between the andesite and dacite fields (trends A and D, 

figure 9.3) suggests a change in the differentiation process from that producing 

the andesite trend to that yielding the dacites. 

As the high-K andesite-dacite group are liquid-dominated on eruption, and 

the basaltic andesite-andesite group 50·-70% crystalline, so the connection 

between the subparallel andesite (A) and dacite (D) trends in figure 9.3 is 

essentially a liquid--crystal distribution coeff·icient relat·ionship. The 

separation of the two fields in figure 9.3 is the result of segregation of small 

amounts of the liquid component of magmas of the andesite group from their 

phenocr·ysts. The dacite 11 trend 11 in figure 9.3 is essentially the locus of the 

composit·ions of residual liquids after 50-70% crystal"l"isation of the andesite 1 s 
phenocryst assemblage. Samples wh·i ch fa 11 between the two trends 9 A and D 



Figure 9. 3 

Upper diagram shows the K20 v. Si02 variation of the Rindjani suite. 

x- ankaramites, O-ne-nonnative high-Al basalts, +- ol--hy-nonnative high-Al basalts 

/:::,.-andesites, Ell- high-K, high-Sr andesites, 0- high-K andesites and dacites. 

The approximate trends of the main groups of lavas are marked. HAB- high-Al basalt, 

A - andesite, D - high-K andesite and dacite. This illustrates the divergent nature 

of the basalt and andesite trends and the sub-parallel nature of the andesite and 

high-K andesite-dacite trends. 

The lower diagram illustrates the differentiation models discussed in this chapter. 

Trends HAB, A and D are the same as those in the upper diagram. A- high-Al basalts, 

8- andesites and basaltic andesites, 0-· high-K andesite and dacite. The points 

numbered 1 to 5 are the ca 1 cul a ted cumulates. 

Point PI~ is the calculated primary liquid which con yield basalt 41632 by removal 

' of 20% of an olivine-cpx asse~rblage represented by point 1 (see table 9.8). The trend 

produced by this process is shown as a dotted line (PM .... 41632). Point 2 is the 

composition of basalt 41632's phenocryst assemblage, the subtraction of which yields 

basalt 41626 (see mixing model 0, table 9.7) and illustrates that removul of the 

basalt's phenocrysts does not yield the andesite trend (A). Point 3 is the amphibole

bearing cumulate asser.lblage calculated to yield andesite 41622 from basalt 41676 

(see model E, table 9. 7). Points 4 and 5 are the compositions of the phenocryst 

assemblages of basaltic andesite 41637 and andesite 41622 respectively. The trends 

shown illustrate mixing models G and I (table 9.10) and show that the removal of the 

andesite's phenocryst assemblages produce trends markedly diver·gent from that shown 

by the andesite group itself (trend A). 
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in figure 9.3 represent the result of imperfect segregation, with varying 

proportions of phenocryst and liquid components. 

9. 5 Summa!Jj_ of. Various Fractional G_!.lL!!.JaUis atio_n Process EB that mq]J__ have 

occur.red in the RinrJ.J ani __ Suite 

The main conclusions drawn from the calculations and discussion in the 

preceding sections are: 

1. Compositional variation within the ankaramite group is explicable in 

terms of fractional crystallisation or accumulation of the phenocryst 

assemblages. These assemblages are dominated by cpx and olivine and 

the calculations suggest that approximately 7.2 wt.% removal in the 

proportions: cpx, 74% and olivine, 26% assemblage yields a variation of 

1% in the whole-rock MgO content. 

2. It seems unlikely that the high-Al basalts are derived from the 

ankaramites by fractionation of phenocryst assemblages of either suite. 

3. Some variation within the general high-Al basalt group can be accounted 

for by removal of the observed plagioclase + ol + cpx phenocryst 

assemblages. Their fractionation could yield low magnesian, relatively 

alkali-enriched 11 hawaiite 11 -like derivatives, but would not yield andesites, 

4. For the most mafic high-Al basalts to have been derived from melts in 

equilibrium \'lith mantle olivine, they must have undergone, before e1Auption, 

approximately 20% fractionation of an assemblage of about 80% olivine, 

20% cpx! minor Cr-spinel. 

5. The andesites can represent derivatives of the high-Al basalts only if 

amphibole + plagioclase + magnetite (! ol ! cpx) or some other undiscovered 

assemblage has cr·ystall·ised and been fractionated. 

6. Fractionat·ion of the erupted phenocryst assemblages of the andesites may 

yield high-K andesite-dacite derivatives, but would not reproduce the 

trends within the low-K andesite group. It thus appears that the 

compositional diversity of the andesites may be primary or, if the 

andes·ites are derived from high-Al basalts my amphibo.le-dorninated 
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fractionation as suggested in point 5, then by differing amounts of 

crystal fractionation. 

9. 6 Fractional C:gjs talUs ation and the Dif[!!.!entiation of the 

Tambora Suite 

The petrographic features and compositional variation trends of the 

Tambora lava suite were described in chapter 4 (including the lavas from 

Tambora•s parasitic cone, P. Satonda). In General compositional variation 

is consistent with differentiation by crystal fractionation, with MgO, Ni, Sc, 

Cr and CaO consistently decreasing and K20, Rb, Si02, Zr, Nb and Na 2o concen

trations increasing through the suite. Furthermore, the compositional 

variation from the low-MgO trachybasalts (such as T5 or T30) to the most 

Si02-rich MgO-poor trachyandesites ·is characterised by depletion of CaO, Sr, 

Al 2o3 and a steady increase in the Rb/Sr and K2o;Na 2o ratios, features 

suggestive of fractionation of an assemblage dominated by plag·ioclase. 

The changes in slope, in some cases very pronounced, of MgO-variation 

diagrams between 3 and 4% MgO, suggest that lavas with >4% t~gO, H differentiati 

occurred as a result of crys ta 1- l i qu·i d fracti ona ti on, were differentia ted by 

fractionation of a slightly different assemblage than those with <3% MgO. 

The flatter slopes of trends of incompatible elements (K2o, Rb, Zr and NbO 

(figures 4.4 and 4.5), with respect to MgO variation in lavas with >4% MgO, 

suggests that these lavas were crystallis·ing a bulk assemblage with a higher 

MgO concentration than those lavas with <3% MgO (i.e. any given percentage MgO 

variation in those lavas with >4% MgO represents a smaller proportion of 

crystallisation than does that same proportion of MgO variation in those lavas 

with <3% MgO). 

This observation then concurs with the observed phenocryst assemblages, 

where the trachybasalts with >4% MgO are relat·ively more cpx-· and oliv·ine-rich. 

The K and Rb concentrations of the Tambora lavas lie on a well defined 

linear trend (figure 4.9), the K/Rb ratio remaining relatively constant, in 
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contrast to their behaviour in the high-Al basalts and andesites of the Rindjani 

suite. This suggests that both these elements maintain similar (low) 

di stri buti on coefficients with respect to the crys ta 11 ising mineral assemb 1 age 

through the sequence from trachybasalt to trachyandesite. This is consistent 

with the crystall-isation of the plagioclase-~ clinopyroxene-, olivine-dominated 

phenocryst assemblages observed in most of the Tambora trachybasalts and some 

trachyandesites (only the mast silicic are biotite-bearing). In contrast, 

an explanation of the transition from the Rindjani high-Al basalts to the 

andesites requires that a K20-bearing phase (interpreted as amphibole) 

be fractionated, th·is absent from the eruptive phenocryst assemblage of 

these rocks. 

The discontinuity in the MgO variation trend between 4 and 3% MgO is in 

some ways akin to that in the Rindjani suite between the andesites and dacites. 

In both cases, glass-rich, more phenocryst--poor lavas are common amongst the 

lavas on the more differentiated side of the gap, but are rare among the more 

magnesian lavas. However, unl-ike the relationship between the Rindjani dacites 

and andesites, the highly Al 2o3- and Sr-enriched character of the Tambora lavas 

on the low-MgO side of this gap (e.g. T30, T5) suggests that the main 

plagioclase-crysta-llisation event occurred after the event which lead to the 

cJ·iscontinuity. 

If the discontinuity in the MgO-variat·ion trend is interpreted in the 

sarne general way as that betvJeen the Ri ndj ani andesites and dacites, then it 

cou"ld be due to the segregation of a liquid in equilibrium with the phenocryst 

assemblage of the trachybasaHs. Once segregated, this l·iquid must then have 

crystallised Hs plagioclase-rich phenocryst assemblage. 

At about 2% MgO, or 55% Si02, there are also marked inflections in the 

r2o5 v MgO (figure 4.4) and K2o and K20/Na 2o v Si02 (figures 4.10 and 4.11) 

variation diagrams, r2o5, K2o and K2o;Na 2o variations all changing from 

increasing to decreasing trends. These inflections correspond with the 

appearance of abundant biotite and an increase in the relative abundance of 

apatite in these lavas. 



Figure 9.5 

CaO v Sr variation of Tambora (and P. Satonda) lavas 

and intrusives and Sangeang Api lavasl. 

0- P. Satonda lavas,·+·- Tambora lavas (ne-trachybasalts 

and ne-trachyandesites) ~- Tambora intrusives,~- olivine 

megacryst bearing lavas from Sangeang Api, D- amphibole 

bearing lavas from Sangeang Api. 

Two trends are illustrated. A-A is that of Ca-depletion, 

Sr-enrichment where plagioclase is thought to be a less 

important fractionating phase and trend B, involving the 

Tambora ne-trachyandesites where both Ca and Sr are showing 

depletion trends and plagioclase is assumed to be an important 

fractionating phase. 
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Thus, throughout the Tambora suite, there is a consistent correlation 

between the phenocryst assemnlages of the lavas and their compositional 

variation. Fractional crystallisation of the existing phenocryst assemblage 

could account for the differentiation of the Tambora lavas. 

A least-squares mixing approach, the same as that used in developing the 

~indjani models, was used to test the proposal that the derivation of various 

stages of the Tambora suite may have resulted from fractionation of observed 

phenocryst assemblages. This idea was tested in three stages. 

1. The derivation of the low MgO, very A"l 2o3-rich trachybasalts (T30) 

from the more mafic trachybasalts (T12). 

2. The derivation of the trachyandesites (T32) from the low-MgO, 

Al 2o3-rich irachybasalts (T30). 

3. The derivation of the most differentiated (siliceous) trachyandesites (T20) 

from the slightly less silica-rich trachyandesites (T32). 

The results of these three models are given in table 9.11. They show 

some discrepancies between observed and es t·imated compositions, but are in 

general accord with the conclusions based on the geochemic~l variations already 

discussed. In particular, the changes in the relative proportions of the 

mineral phases (in wt.%) though the three stages are in accord with the 

observed variations in modal phenocryst abundances. The proportions of the 

crys ta 1 extract ca ·1 cul a ted to account for the transition from trachybasa lt T12 

to T30, for instance, is markedly more clinopyroxene+ olivine-rich relative 

to plagioclase, compared with that calculated to effect the transition from 

trachybasalt T30 to trachyandesite T32. 

Apatite was not included in the models, though the consistently, 

slightly low 11 est"imated 11 values for P2o5 (about 0.1% low), ·jn comparison vJith th 

11 0bserved 11 values, suggc-:sts that a small amount of apatite could have been 

involved in each stage. 

Trace element calculations were also performed in the same way as in the 

previous Rindjani example. Results are given in table 9.12. These model the 



Table 9.11 Least-squares f~ixing Computations to Model Possible Fractional Crystallisation Processes 
in the Tambora Alkaline Suite 

A. Approximation of trachybasalt T12 in terms of its phenocrysts and postulated derivative - trachybasalt T30. 

Lava 

Sample No. 

Si02 

Al203 

FeOT 

MgO 

CaO 

.Na20 

K20 

Ti02 

P20s 

MnO 

TB 

T12 

obs. 

48.26 

17.95 

10.12 

5.27 

10.46 

3.50 

2.67 

0.97 

0.42 

0.21 

T8 

Tl2 

est. 

48.31 

17.91 

10.12 

5.21 

10.38 

3.45 

2.48 

1.00 

0.33 

0.16 

TB 

T30 

51.39 

20.56 

6.52 

3.25 

8.89 

4.42 

3.56 

0.68 

0.49 

0.15 

Cumulate f:ode 
_Component Wt. Fracti_o_n_(Wt. Fraq_j_ 

Cpx 

Olivine 

Plag. 

Mag. 

0.1338. 

0.0335 

0.1090 

0.0460 

Lava T30 0.6751 

0.4151 

0.1039 

0.3382 

0.1427 

= potassic ne-trachybasalt T12 

0.0654 

Si02 

Al 203 

Fe01 

MgO 

CaD 

Na;,O 

K20 

Ti02 

P20s 

MnO 

100Mg/ 

Cumulate 
Composition 

42.24 

12.49 

17.74 

9.37 

13.58 

1.45 

0.22 
1. 69 

0.19 

Mg + l:Fe 48.49 

B. Approximation of trachybasalt T30 in tenns of its phenocrysts and postulated derivative lava, -trachyandesite T32 

Lava 

Sample No. 

Si02 

Al203 

FeOT 

MgO 

CaO 

TB 

T30 

obs.' 

51.39 

20.56 

6.52 

3.25 

8.89 

4.42 

3.56 

0.68 

0.49 

0.15 

TB 

T30 

est. 

51.53 

20.51 

6.52 

3.11 

8.67 

3.37 

3.54 

0.73 

0.38 

0.15 

TA 

T32 

55.09 

19.66 

5.96 

2.71 

5.47 

4.56 

5.03 

0.69 

0.54 

0.18 

Cumulate Mode 
_{:_Q.Illponent Wt. Fraction (Wt. Fract.) 

Cpx 

Olivine 

Plag. 

Mag. 

0.0798 

0.0029 

0.1872 

0.0185 

Lava T32 0.6994 

0.2767 

0.0100 

0.6491 

0.0641 

= potassic ne-trachybasalt T30 

1.2052 

Si02 

Al203 

FeOT 

MgO 

CaD 

Na 20 

K20 

Ti02 

P20o 

MnO 

10DMg/ 

Cumulate 
Col1'position 

45.07 

23.43 

8.16 

4.22 

16.62 

0.63 

0.09 

0.84 

0.10 

Mg + cFe 47.96 

C. Approximation of trachyandesite T32 in terms of its phenocrysts and postulated derivative lava T20. 

Lava 

Sample No. 

Si02 

Al 203 

Fe01 
MgO 

CaO 

TA 

T32 

obs. 

55.09 

19.66 

5.96 

2.71 

5.47 

4.56 

5.03 

0.69 

0.54 

0.18 

TA 

T32 

est. 

54.96 

19.68 

5.94 

2.68 

5.73 

5.19 

5.38 

0.86 

0.40 

0.16 

TA 

T20 

56.10 

19.49 

5.26 

1.85 

4.50 

5.79 

5.69 

0.61 

0.45 

0.18 

Cumulate Mode 
Componen!_..VJ_I:_,_£_r_act ion _frl!:_£_r_a_0cJ_ 

Cpx 

Biotite 

Plag. 

flag. 

0.0390 

0.0333 

0.0503 

0.0076 

Lava T2D 0.8824 

0.2995 

0.2557 

0.3863 

0.0584 

= trachyandesite T32 

0.6644 

Si02 

Al 203 

FeOT 

MgO 

CaD 

Na 20 

K20 

Ti02 

P20s 

MnO 

100Mg/ 

Cumulate 
Composition 

41.96 

19.05 

10.00 

8.01 

13.55 

0.65 

2. 77 

2.51 

0.03 

Mg + 1:Fe 58.80 

-----------------------------------
Abbreviations: TB - potassic ne-trachybasalt, TA- potassic ne-trachyandesite, obs. =observed composition, 

est. = calculated composition. 

Notes: FeOT ~ total Fe as FeO. 

Refer to Table 9.17 for locality of mineral compositions used in calculat:ions. 



Table 9.12 Calculated Trace Element Variation Trends for Tambora Lavas 

Tl2---- T30 130---- T32 

A. B. 
% % 

co c1 (est) c1 (obs) Disc rep. co c1 (est) cl (obs) Disc rep. 

Sample No. Tl2 T30 T30 T32 

%crystallisation 32.49 30.06 

Ni 11 3.2 12 -73.3 Ni 12 9 3 +200.0 

Sc 33 26 13 +100.0 Sc 13 13 10 + 30.0 

Rb 77 112 97 + 15.5 Rb 97 136 132 + 3.0 

Sr 1192 1318 1352 2.5 Sr 1352 1196 1036 + 15.4 

Zr 120 177 89 + 98.9 Zr 89 127 145 12.4 

y 18 23 12 +91. 7 y 12 16 26 38.5 

Nb Nb 3 4.3 

Mi nera 1 s Cpx, olivine, plag, magnetite Cpx, olivine, plag, magnetite 
crystallised 

T32 T20 

c. Notes: Calculations based on a Rayleigh 
Fractionation model 

% c 
co c1 (est) c1 (obs) Di screp. ( i- " F ( D-1) ) . 

0 
Sample No. T32 T20 

Distribution coefficients are given 
% crystallisation 11.76 in Table 9.1 in the following columns: 

Cpx 1 (and 2 for T32 -- T20), 01 6, 

+80.0 
plag 7, magnetite 10, apatite 11, 

Ni 3 1.8 biotite 15. 

Sc 10 9 8 +12.5 Mineral proportions and % crystallisations 
are taken from previously tabulated 

Rb 132 135 142 .. 4.9 least-squares mixing computations, table 

Sr 1036 1047 923 +13.4 9 .11. 

Zr 145 163 194 15.9 

y 26 28 25 +12.0 

Nb 

Minerals Cpx, biotite, plag, magnetite 
crys ta 11 i sed 
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variation of Rb and Sr well throughout the series, but some of the other 

elements do not behave as might be expected (for instance, why does low MgO 

trachybasalt, T30, have a lower Zr concentration than the more mafic Tl2?). 

9.? The DifterentiatioY!...21 the 'l'ambora Suite;_ Conclusion 

The general conclusion is that the compositional variation of the Tambora 

suite can be accounted for by simple fractional crystallisation of plausible 

assemblages of observed phenocrysts. These phenocryst assemblages are 

plagioclase-bearing, with the role of plagioclase assuming greater importance 

with advancing differentiation, and may be attributable to a low-pressure 

regime. 

The assemblage whose crystallisation is responsible for the compositional 

variat·ion within 'the trachybasalt group (clinopyroxene+ o"liv·ine + plagioclase+ 

magnetite) resembles that previously calculated as responsible for the 

compositional variations in the high-Al basalt group from Rindjani, yielding 

low-·MgO,high-A'I basalts or "hawaiites" as differentiates, but is richer in 

clinopyroxene and poorer in olivine. 

Two questions arise: 

1. The inflection, representing the change from A1 2o3- and Sr-enrichment 

trends to those of depletion, with respect to decreasing MgO, is 

apparently caused by the increase in the proportion of crystallisation 

2. 

of plagioclase relative to the ferromagnesian phases. Is this effect 

controlled by the composition of the liqu·id? Or does it result from some 

change in physical conditions, for instance a drop in temperature or pressu l 

or a loss of v~ater vapour, wh·ich m·ight in turn affect the relat·ive 

positions of the 'liquidus and liquidus of 'incom·i ng of p-lagioc·lase? 

What ·is the origin of the gap in the MgO variation between 3 and 4% MgO, 

where the transition ~the more plagioclase-enriched assemblage occurs? 

McBirney (1969) describes such d·iscont·inuit'ies in the composit·ional 

variation of lavas from a number of calcalkaline volcanoes. 
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Some aspects of the above problems are discussed further in chapter 9, 

though the general conclusion is that rapid onset of plagioclase 

crystallisation and compositional discontinuity may both be results of 

sudden pressure-release, possibly attendant on exsolution of water vapour. 

Sangeang Api is unusual amongst the volcanoes of this sector of the arc 

in having erupted a diverse suite of coarse-grained mafic and ultramafic 

intrusive rocks both as inclusions in lavas and as loose blocks in 

tephra deposits. This association of lavas and intrusive rocks has the 

potential to provide additional insight into the petrogenetic processes 

involved in the Sangeang Api volcano and may have applicability to problems 

' of arc petrogenesis in general. 

The coarse~grained xenolith suite could have been formed by several 

different processes: 

1. Accidental or cognate samples of the upper mantle and/or lower crust? 

or ••• 

2. Cumulates derived from the crystallisation of liquids of broadly 

basaltic composition, like the lavas with which they were erupted? 

or ••. 

3. Products of some other process or the products of multistage processes, 

combining two or more of the above mechanisms? 

Consideration of the data presented in chapter 5 allows some of these 

options to be evaluated and places some constraints on likely processes. 

Textures are clearly primarily igneous in origin, though the effects of 

at least some later deformation, such as polygonitisation, sub-grain 

formation and cataclasis are vvidespread. 
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Bulk chemical compositions of the intrusive rocks are very different 

to those of the lavas and hence it is clear they are not simply intrusive 

equivalents of the same magma(s). 

The xenol"iths bear a marked resemblance to rock-types represented in the 

Alaskan-type, zoned ultramafic complexes, a similarity which is further 

reinforced by the almost identical compositions of their component minerals. 

Further the Sangeang Api 1 a vas are' very like the Bridget Cove group which 

Irvine (1973) considered could potentially have precipitated the Alaskan

type assemb-lages, as cumulates. 

Even the most mafic members of the Sangeang Api xenolith-suite are 

unlike upper mantle material from the peridotitic upper mantle generally 

believed to under1ie oceanic and continental provinces. Thus if any of the 

xenoliths are of mantle origin the mantle beneath the arc must be relatively 

iron-rich, Ti-poor, essentially of little-deformed igneous character and 

lacking opx and garnet in contrast to the mo~e commonly accepted spinel-

or garnet-lherzolite mantle believed to exist beneath other igneous 

provinces. 

Of course the upper mantle of some non-arc provinces has also been 

shovm to have an ·igneous component (for instance Frey and Prinz, 1978; 

Wilshire and Shervais, 1975) which yields the so-·called Al-augite type 

ultramafic nodules (e.g. Frey and Prinz, 1978; Irving, 1974). Though as 

already shown in chapter 5, the cpx from these are significantly different 

from those of the Sangeang Api nodules. However if a completely different 

mantle is proposed, then this compositional difference is not surprising. 

Thus a mantle origin for at least some of the Sangeang Api nodules cannot 

be completely dismissed, though the large differences between such an upper 

mantle and the more traditional upper mantle concept would have far-reaching 

consequences for magma generation. 
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Attempts to model such a process are difficult. If the mantle source

region is not dominated by olivine with a composition of about Fo90, or Ni 

concentrations of the order of 20DO ppm, then any constraints which we may 

like to assume normally exist to allow the recognition of "primar·y liquids", 

no longer apply. If we have no way of selecting a "primary" magma, then we 

have no means of assessing the extent to which lavas may have changed in 

composition s i nee the magmas first segregated from the source rocks. 

2. The intrusive rocks are unlikely to have been derived by fractional 

crystallisation of a single intrusive, differentiated maf·ic or ultramafic 

magma. For instance, the range of bulk compositions is quite extreme; MgO 

ranges from 24.4%, to 6.D%, Al 2D3 from 3.12 to 19.55% although all are very 

Ca-rich, and with relatively constant CaD contents (22.5 - 15.3% CaD, with 

the exception of one alkali pyroxenite with only 1D.3% CaO). It is 

difficult to envisage a differentiation mechanism which would yield a 

six-fold variation in Al 2D3 concentration and yet maintain a consistently 

high CaO content when so many of the crystall-ising phases are themselves 

so Ca-rich. 

The variation of some trace elements is even more extreme. Rb varies 

from <1 ppm to 26D ppm and Sr from 68 to 129D ppm. Furthermore if depletion 

in MgD concentration or decreasing Mg/Mg+Fe value are taken as indicators of 

advancing differentiation then it might be expected that those rocks in 

which these parameters are low might have the highest Rb, Zr and other 

incompatible element concentrations, but this is not the case. The rocks 

with highest Rb concentrations are those with most phlogopite and in no case 

does phlogopite appear to be a primary phase, but seems to be e·ither a 

replacement mineral or a late-stage interstitial phase. Similar'ly, rocks 

with the highest Sr concentrations are those with the largest proportion 

of plagioclase and those with the highest K20 have the highest proportions 
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of amphibole and/or phlogopite. Thus as discussed in chapter 5 the composit

ional variation shown by the intrusive rocks is more likely to be a function 

of their mineralogy than the reverse. This conclusion is more consistent 

with a cumulate origin than one of differentiating magmatic intrusion. 

Although on mineralogical and geochemical grounds, the xenoliths could 

represent accumulations of phases crystallised by liquids l"ike the erupted 

lavas, the series of lavas and xenoliths probably do not represent the 

s·imultaneous crystallisation products and differentiating liquid of one 

parent magma. The Sr-isotope results for instance (chapter 8), clearly 

indicate this. 

The deformation of some of the xenoliths also suggests they have had a 

more complex history and implies that they must have been part of a solid 

rock mass prior to their entrainment in the lava which transported them to 

the surface. Such being the case it is unlikely that they represent 

cumulates of the lava which enclosed them. Similarly, the occurrence of 

olivine clinopyroxenite fragments in possibly cumulate, gabbroic assemblages, 

the inclusion of reacted alkali pyroxenite in gabbroic xenoliths some vdth 

veins of gabbroic material and the apparent origin of the alkali pyroxenites 

themselves as reaction products of olivine clinopyroxenite, all indicate that 

many of the intrusive rocks have had a complex history. 

On the other hand, some xenoliths are very friable and are undeformed 

and may represent the crystallisation products of lavas with which they 

erupted. Similarly megacrysts wh·ich are compositionally equivalent to 

phases in the intrusive rocks may also represent components of recently 

formed cumulate assemblages. 

Thus while the intrusive rocks from Sangeang Api may have an origin as 

cumulates from lavas like those wHh vJhich they were erupted, it is probable 

that they record the passage of many erupting magmas throughout the history 

of this volcano. 
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9. 9 frac#ona l crusta ll is Cftf:on 

This section attempts to use the same least-squares mixing and trace 

element modelling techniques described previously to demonstrate whether or 

not: 

1. The major element compositional variation trend of the lavas can 

be reproduced by fractionation of the assemblages present in the 

xenoliths. 

2. The relative proportions of minerals thus implied are similar to 

those in the xenoliths. 

3. The trace element variations seen in the actual lavas are appropriate 

to the defined models? 

In general, the xenoliths have mineral assemblages which are likely to 

crystallise relatively close to the liqu·idus in somewhat alkaline, broadly 

basaltic systems at pressures <10 kbars (see chapters 10 and 11). Furthermore, 

if the sequence of crystallisat·ion of individua·l xenoliths, together with 

evidence prov·i ded by the a 1 ka 1 i pyroxeni tes and a 1 so the megacrys t and 

phenocryst assemblages of the lavas are al·l taken into account, then a 

paragenetic sequence is implied. This is illustrated in figure 9.6. The 

main features are: 1. an early olivine-clinopyroxene stage, 2. a later 

amphibole-clinopyroxene-magnetite ~ plagioclase stage, and 3. a plagioclase

cl i nopyroxene-o 1 i vine-magnetite eruptive stage. As discussed in chapter 10, 

the transition from stage 1 to 2 can result from decreasing temperature in the 

<10 kbar region. Amphibole and/or phlogopite may appear at the expense of 

olivine, though it does seem more likely that the olivne-out curve lies at 

higher temperatures than the amphibole liquidus and in fact amphibole may be 

appearing at the expense of clinopyroxene. The transition from the olivine

absent, amphibole-bearing xenolith assemblages to the olivine-bearing 



FIGURE 9.6 

1 3 4 
lol-+Ol+CPX-+CPX+CPX+}Q@]tlcPX+l-'.AG+ PLAG.:!:. minor AY.PH I lPLAG+CPX+Ol+MAG +APATITE.t,F.SPATHOIDj 

t X 

I ANl'H+CPX+~iAG AMP!l+CPX+H.!J..G+PLAG+APATITE! 

2 

A POSSIBLE CRYSTALLISATION SE'.~UENCE FOH Tilli SAIWEANG API ~GNAS AS IHPLIED 

BY T!IE MINEI<AL ASS&lDLAGES A.t'\D Pi!,'TIWGRAl'iiTC l<'K\TURSS OF THE XENOLITHS AND 

LAVAS.,ASS~IBLAGE 1 IS THAT OF' THE OLIVINE CLINO:PYI~OXE!';ITES,CLINOPYROXENITES 

,'u"W HAGNETITE CLIKOPYHOXU.:ITloS AND LAlZKS 'filE DISAPPEAlVu\fCE OF OLIVINE ru'ID 

TEE Al'I'EA;Vu\CE Ol' K\GNETITE A.'W PROVIDES NEGACRYSTS 4ITCH OCCUH IN TEE MOST 

H.4.FIC LAVAS (eG l34J),ASSL?t.DLAG!DS FOHJ.JED Di TliTS FIELD HAY llliACT IN FIELD 2 TO 

YIELD ALKALI CLINOPYHOXENITI':S.THE SB(.{UBNCE ~~ .. l~'-'fER F'It:LD 1 ~iAY TAKE ONE OF' T'WO 

PATHS; FIELD J IS THAT OF It\CREASIXGLY I}ti..PORTA1'.JT PLAGIOCLASE CRYST.1\.LLISATION 

A.i.\D REPH.ES~NTS ASSJi:r,!.JL.\G~;s SHO\<;'".N BY THE I~CREASINGLY l)LAGIOCLASE-RICH 

HA.GNETTTE CLI~Ol)YH.OXB_:.:"ITLS { eG D2il) tf'ILLD 2 IS THE F'IELD OF PIU~1l' .. RY fu.V.PHIBOLE 

CRYSTALLISATIO:,~ .4.1\D SliO~·.'S PH.OGHESSIO~~ li'HO:.! PL.AGIOCL.J.\ .. S.E-F'REE r_rv0 PLAGIOCLASi~ 

DEi\HING ASS.t.:l'-1DLA .. GES • THIS IS THE FIELD OF CRYSTALLISATIO~ 01" THE GADDROIC 

x.c;NOLIT11S AND l'HOYID..GS TEE ~-1EGACHYSTS OF· THB LESS NAF'IC LAVAS (THOSE SHOW'ING 

Ti-,Fo-DEPL:GTION) .t~.1:0 IS THE Filli....D OF i\.LTEH.ATIOI'-! O.F' OLIVINE CLI;-.;OPYHOXl!;NITE 

rro ALK/LLI CLINOPYHOX.t:t<ITt:., CHYST.ALLISATION H.li..Y PICOGHE;SS OUT O.F' 'l'!IB i\}1PHil>OL.:.:; 

FIELD SO 'DIAT i\l'·'ll'IIIl:OLE BECOJ'.!l~S AN Il';TEHCUI'-~ULA'l'E PHASE NAHXI~G A PHOGlU::SSION 

TO YI i';L,D 3 .~1...\JD A::)~lQ-1LlL/~-.GES S:JCH ;\.S TllUSE SllO ~-!N JJY GADlJH.O Ui 0. F'IELJJ 4 IS 'DiA'.f' 

OF THB CHY.S'Li..LLISATIOi~ 01:"' TH1~ FllE~JOCH.YSTS A~\ID {;HOU~DHA.SS HINElU1..LS OF rTiiB LAVAS 

AND HAEJ(() TIIi~ 1V~AY1-'£AlU\:~Ct; OF' OLIVI:l"\I•; AI~D 'DII<~ DIS;\..PP.GAlU\.NC~ OF' AJvU>IUBOLE 
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phenocryst assemblages may be due to decreasing pressure in the low-pressure 

region (<ca. 3 kbar), in view of the rapid retreat of the amphibole liquidus 

to low temperatures at low pressures (see chapter 10). This reaction is also 

apparently illustrated by the breakdown of amphibole in some xenoliths to 

glass + plagioclase+ clinopyroxene + olivine. 

A magma may therefore in·itially precipitate an olivine-clinopyroxene 

assemblage, followed by amphibole-bearing assemblages which contain 

increasing amounts of plagioclase through this interval. The magma may 

then erupt to the surface, during which stage any amph·ibole still carried 

will undergo reaction and resorbtion, plagioclase will crystallise abundantly 

and olivine will reappear. The composition of the liquid would constantly 

change as crysta 11 i sati on proceeded and the geochemi ca 1 variat-ion trends 

would show inflections at points where transition from one assemblage to 

another took place. 

This is an idealised scheme and as discussed in the previous section 

any single batch of liquid may not necessarily take this entire differen

tiation course, nor do the individual intrusive rocks representing the 

crystallisation products of the liquid at various points in its evolut·ion, 

necessarily represent the products of the particular lava with which they 

were erupted. 

Considering the compositional variation of the xenoliths and lavas 

shown as MgO-variation diagrams in figures 5.18 and 5.19, or in diagrammatic 

form -in figure 5.25, the cornposit·ional relationship of the magma differen

tiation to the xenoliths, is consistent with the above model. In particular, 

the xenoliths either fall on extrapolations of the linear parts of the liquid 

trend, or where this trend is curved, on tangents, Further, the change from 

the relatively, Fe-, Ti-poor, MgO-rich olivine-clinopyroxenite to the markedly 

more Fe- and Ti-rich, amphibole-, magnetite-rich xenoliths correlates well 
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with the reversal of the trends involving these elements in the lavas. Other 

less marked inflections in trends involving other elements also occur at this 

point. 

In order to test the hypotheses; 1. that the xenoliths are cumulates 

having crystallised from liquids like the Sangeang Api lavas, 2. that the 

compositional variation of the lavas actually results from the precipitation 

and segregation of these cumulate phases, and 3. that the inflections in the 

geochemical variation trends of the entire lava suite result from changes in 

the mineral assemblages crystall-ised by the liquids and that these changes 

are embodied in the changing mineralogies of the intrusive rocks, a least

squares mixing te~hnique like that used in previous sections of this chapter 

was used. 

For the sake of these calculations, the differentiation of the lavas 

have been considered in terms of the two distinct trends previously described 

i.e. the Fe-, Ti-enrichment and depletion trends. The more mafic lavas fall 

on the first of these and this trend extrapolates to the olivine-clinopyroxenite 

xenolith compositions (e.g. 85, 84 and 823; tables 5.4 and 5.1), while the 

second of these trends involves the less mafic lavas (<4.5% MgO) and 

extrapolates to the compositions of the more amphibole-rich gabbroic 

xenoliths (e.g. 824, tables 5.4 and 5.1} (see figure 5.25). Lavas comprising 

these two trends have megacryst assemblages equivalent to the mineralogy of 

the xenoliths to which they respectively extrapolate. The most mafic lavas 

in each of these two sequences are 843 (see table 5.3) and 825 (see table 5.3) 

respectively. Thus the mixing calculations whose results are presented in 

tables 9.13 and 9.14, attempt to match the compositions of these rocks by 

combining the compositions of more differentiated members of the trend in 

question, with mineral assemblages present as megacrysts in the lavas and 

presc-:nt ·in the xenoliths which fall on the extrapolation of the trends, as 



Table 9.13 Least-squares Mixing Computations to Model Sangeang Api Fractional Crystallisation Processes 

A. Approximation of possible parental lava (843) in terms of olivine clinopyroxenite 85 and possible derivative 
lava 844. 

lava 

Sample No. 

CaO 

Na 20 

K2 0 

Ti02 

PzOs 

MnO 

PT 

843 

obs. 

47.77 

13.05 

9.41 

8.65 

13.90 

3. 79 

1.85 

0.81 

0.44 

0.17 

PT 

843 

est. 

47.94 

13.03 

9.37 

8.58 

13.59 

3.01 

1. 68 

0.82 

0.26 

0.18 

T8 

844 

48.68 

16.01 

9.92 

5.96 

11.67 

3.93 

2.22 

0.91 

0.34 

0.20 

Xenolith 85 1 0.2342 1.000 

Lava 844 0.7519 

potassic ne-phonolitic tephrite 
B43 

0.8110 

Si02 

Al203 

FeOT 

MgO 

CaO 

100 Mg/ 

Composition 
of Cumulate 
(xenolith 
85 1 ) 

48.42 

4.24 

8.16 

17.50 

20.55 

0.22 

0.04 

0.59 

0.01 

0.14 

Mg + He 79.26 

B. Approximation of possible parental lava 843 in terms of olivine clinopyroxenite xenolith 85 and possible 
derivative lava 838. 

lava 

Sample No. 

Si02 

Al203 

FeOT 

~lgO 

CaO 

Na 20 

K20 

Ti02 

P20s 

MnO 

PT 

643 

obs., 

47.77 

13.05 

9.41 

8.65 

13.90 

3.79 

1.85 

0.81 

0.44 

0.17 

PT 

843 

est. 

48.04 

12.96 

9.33 

8.60 

13.37 

2.26 

1. 75 

0.84 

0.25 

0.18 

TB 

838 

49.45 

17.12 

10.14 

5.07 

10.74 

3. 21 

2.54 

0.97 

0.36 

0.21 

~-omponen_t Wt. Fraction Cumulate Mode I 

1 
Xenolith 85 0.2928 

0.6848 

1. 000 

Lava 838 

potassic ne-phonolitic tephrite 
843 

2.7482 

Si02 

Al203 

FeOT 

MgO 

CaO 

Na 20 

K20 

Ti02 

PzOs 

MnO 

100 Mg/ 

Composition 
of Cumulate 
(xenolith 
85 1) 

48.42 

4.24 

8.16 

17.50 

20.55 

0.22 

0.04 

0. 59 

0.01 

0.14 

Mg + rFe 79.26 

C. Approximation of possible parental lava 843 in terms of its phenocrysts and megacrysts and possible derivative 
lava 838. 

Lava 

Sample No. 

Si02 

Alz03 

FeOT 

MgO 

CaO 

PT 

843 

obs. 

47.77 

13.05 

9.41 

8.65 

13.90 

3. 79 

1.85 

0.81 

0.44 

0.17 

PT 

843 

est. 

48.02 

12.95 

9.42 

8.44 

13.49 

2.18 

1.72 

0.91 

0.24 

0.14 

TB 

838 

49.45 

17.12 

10.14 

5.07 

10.74 

3.21 

2.54 

0.97 

0.36 

0.21 

Cumulate Mode 
~one_n_t:_Ji_t_,__£rac_!_iQ~.Uih._irac u_ 
01 i vine 

Cpx 

Plag. 

Mag. 

0.0203 

0.2452 

0.0209 

0.0184 

Lava B38 0.6745 

0.0666 

0.8044 

0.0685 

0.0604 

---------

= potassic phonolitic tephrite 843 

2.9372 

Si02 

Al 20 3 

FeOT 

MgO 

CaO 

NazO 

K20 

TiOz 

PzOs 

MnO 

100 Mg/ 

Cumulate 
Composition 

48.13 

4.59 

8.47 

16.46 

20.50 

0.06 

0.01 

0.83 

f~g + l:Fe 77.59 

Abbreviations: PT • potassic phonolitic te.phrite, TB = potassic ne-trachybasalt, obs. =observed composition, 
est. = calculated composition. 

Notes: FeOT = total iron as FeO. 

1 See Table of modal analyses fo1· the mineralogy of xenolith 85. (table 5.1) 

See table 9.17 for locality of mineral compositions used in calculations. 



Table 9.14 

Sample No. 

%crystallisation 

Ni 

Sc 

Rb 

Sr 

Zr 

y 

Nb 

Minerals 
crys tall i sed 

Sample No. 

%crystallisation 

Minerals 
crystallised 

Ni 

Sc 

Rb 

Sr 

Zr 

y 

Nb 

Calculated Trace Element Variation Trends for Sangeang Api Lavas 

Fractionation of ol. clinopyroxenite 
85 from 843 to yield 844 

A. 

co 
843 

24.81 

48 

39 

73 

850 

95 

20 

5 

% 
c1 (est) c1 (obs) Discrep. 

36 

16 

97 

1093 

121 

23 

xenolith B5 

844 

21 

28 

69 

872 

88 

25 

5 

42.8 

+40.6 

+25.3 

+37.5 

8.0 

+40.0 

Fractionation of ol. clinopyroxenite 
85 from 843 to yield 838 

B. 

co 
843 

31.52 

48 

39 

73 

850 

95 

20 

5 

% 
c1 (est) c1 (obs) 1iscrep. 

32 

8 

107 

1190 

132 

24 

7 

xenolith B5 

838 

17 

29 

76 

856 

100 

24 

4 

72.4 

+40.8 

+39.0 

+32.0 

Ni 

Sc 

Rb 

Sr 

Zr 

y 

Nb 

Ni 

Sc 

Rb 

Sr 

Zr 

y 

Nb 

Fractionation of mineral assembly 
of xenolith 85 (modal analysis) 
from B43 to yield 844 

A2. 
% 

co 
843 

c1 (est) c1 (obs) Discrep. 

24.81 

48 

39 

73 

850 

95 

20 

5 

18 

24 

95 

1080 

125 

22 

B44 

21 

28 

69 

872 

88 

25 

5 

14.3 

14.3 

+37.7 

+23.8 

+42.0 

12.0 

Olivine, Cpx, amph, mag= xenolith B5 

843--- B38 

c. 
% 

co 
843 

c1 (est) c1 (obs) Discrep. 

32.55 

48 

39 

73 

850 

95 

20 

5 

15 

21 

107 

1135 

139 

24 

7 

01 ivi ne, Cpx, pl ag., mag. 

838 

17 

29 

76 

856 

100 

24 

4 

11. 7 

27.6 

+40.8 

+32.6 

+39.0 

Notes: Calculations based on a Rayleigh Fractionation model Cl (D-1) 
(~ = F )" 

Distribution coefficients are given in Table 9.1 in the following columns: 
magnetite 10, apatite 11. 

Cpx 1, 01 6, Plag. 7, Amph 8, 

Mineral proportions and% crystallisation are taken from previously tabulated least-squares mixing calculations, 

.Models A and C simply remove the analysed composition of xenolith B5 (olivine clinopyroxenite) from lava B43. 

(Jable 9.13)· 
Mo el 8 uses the model analysis of the xenolith and theoretical distribution coefficients. 
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described above (also see figure 5.25). In addition to individual mineral 

compositions, whole-rock xenolith compositions were also used. Thus the 

less mafic trachybasalts, 844 and 838 which fall on the same Fe-, Ti-enrichment 

trend as the most mafic rock of the suite, 843, were used to approximate 843 

using both the bulk composition of olivine-clinopyroxenite xenolith 85 

(tables 5.4 and 5.1) and also the compositions of individual megacrysts. 

The results of these models are presented in table 9.13A-C. In general 

the models yield a satisfactory approximation to 843, the assumed parent 

magma, though this approximation is not perfect. The best models are those 

which utilize the bulk composition of the xenolith (in this case 85) rather 

than the megacrys~/phenocryst assemblage, as in the case of model C (table 

9.13). Signif·icantly however, the bulk composition of the calculated cumulate 

where individual minerals are used ·is very similar to the composition of the 

xenolith 85. Furthennore, essentially the same cumulate composition allow 

843 to be modelled as a combination of trachybasalt 844 or the slightly less 

mafic, 838 (table 9.13). This suggests that a similar cumulate assemblage 

was fractionating throughout the course of differentiation of this segment 

of the liquid trend. 

The most persistent discrepancy in these calculations, between the 

observed ~omposition of 843 and the one calculated is in the K20 and r2o5 
concentrations, which are markedly lower in the calculated version. This 

then suggests that the mafic lava, 843 is in fact too K20 and r2o5 rich to 

yield the differentiated lavas here modelled. 

Table 9.14 presents calculated trace element contents of trachybasalts 

844 and 838 based on the mixing calculations in table9.13 and us·ing the 

trace element content of postulated parental lava 843 as the starting 

concentrations. In these calculations models A, B and C are based on the 

equivalently lettered models ·in table 9.13. tiodels Al and B simply subtract 

the concentrations of trace elements as analysed in xenolith 85 (table 9.14) 



Least-squares Mixing Computations to ~1odel Poss1ble Fractional Crystallisation Processes 
in the Sangeang Api Suite 

D. Approximation of possible parental lava 825 in terms of its phenocrysts and possible derivative lava 828. 

Lava 

Sample No. 

CaO 

Na 20 

K20 

Ti02 

PzOs 

MgO 

TB 

825 

obs. 

48.02 

18.88 

9.60 

4.33 

10.59 

4.27 

2.64 

0. 91 

0.47 

0.12 

TB 

B25 

est. 

48.11 

18.89 

9.59 

4.38 

10.38 

3.74 

2.40 

1.02 

0. 74 

0.19 

T8 

828 

51.19 

19.19 

8.30 

3.45 

9.30 

4.30 

2.67 

0.80 

0.43 

0.23 

Cumulate Mode 
Component Wt. Fraction (Wt. Fract.L 

Cpx 0.0055 0.0298 

Amph 0.1091 0.5907 

Plag. 0.0431 0.2333 

Mag. 0.0174 0.0942 

Apatite 0.0096 0.0519 

Lava 828 0.8135 

= · potassic ne-trachybasalt 825 

0.4869 

Si02 

Al 203 

FeOT 

MgO 

CaO 

Na 20 

K20 

Ti02 

P20s 

MgO 

100Mg/ 

Cumulate 
Composition 

35.01 

17.74 

15.39 

8.51 

15.22 

1. 31 

1. 24 

2.01 

2.13 

0.04 

Mg + EFe 49.63 

E. Approximation of possible parental lava 825 in terms of its phenocrysts and possible derivative lava 832. 

Lava 

Sample No. 

Na 20 

K20 

Ti02 

P20s 

MnO 

T8 

825 

obs. 

48.02 

18.88 

9.60 

4.33 

10.59 

4.27 

2.64 

0.91 

0.47 

0.12 

TB 

825 

est. 

48.10 

18.88 

9.59 

4.35 

10.42 

3.57 

2.77 

1.03 

0.69 

0.16 

TA 

832 

53.05 

19.21 

7.33 

2.69 

8.05 

4.69 

3.56 

0.69 

0.40 

0.22 

C:umulnt.<> Merle 
Compon_§'~_Wt. Fraction (VIt. Fract.) 

Cpx 

Amph 

Plag. 

Mag. 

Apatite 

0.0370 

0.1440 

0.0878 

0.0293 

0.0101 

Lava 832 0.6916 

0.1200 

0.4672 

0.2849 

0.0957 

0.0327 

potassic ne-trachybasalt 825 

0.6034 

Al 203 

FeOT 

t·1g0 

CaO 

Na 20 

K2 0 

Ti02 

P20s 

MnO 

100Mg/ 

Cumulate 
Composition 

37.00 

18.15 

14.67 

8.07 

15.73 

1.07 

0.99 

1.78 

1.34 

0.04 

Mg + l:Fe 49.50 

F. Approximation of possible parental lava 825 in terms of xenolith 824 1 and possible derivative lava 832. 

Lava 

Sample No. 

Si02 

Na 20 

K20 

Ti02 

P20s 

MnO 

TB 

825 

obs. 

48.02 

18.88 

9.60 

4.33 

10.59 

4.27 

2.64 

0.91 

0.47 

0.12 

TB 

825 

est. 

48.23 

18.51 

9.24 

4.48 

10.69 

3.59 

2.73 

0.95 

0.91 

0.20 

TA 

832 

53.05 

19.21 

7.33 

2.69 

8.05 

4.69 

3.56 

0.69 

0.40 

0.22 

Cumulate Mode 
~_(lD_E!~t_,_f!action_ (Wt. Fract.) 

Xenolith 
824 1 0.3010 1.000 

Lava 832 0.6958 

potassic ne-trachybasalt 825 

1.0138 

FeOT 

MgO 

CaO 

Na 20 

K20 

Ti02 

P20s 

f1n0 

100Mg/ 

Cumulate 
Composition 
(xenolith 

824 1 ) 

34.60 

17.09 

13.76 

8.66 

16.91 

1.08 

0.85 

1.56 

2.09 

0.16 

Mg'+ l:Fe 52.86 

Abbreviations: T8 = potassic ne-trachybasalt, TA • potassic ne-trachyandesite, obs. observed composition, 
est. • calculated composition. 

Notes: FeOT = total Fe as FcO. 

See Table of modal analyses for the mineralogy of xenolith 824. (table 5.1) 

See Table 9.17for locality of mineral compositions used in calculations. 



·Table 9.16 

Sample No. 

%crystallisation 

Ni 

Sc 

Rb 

Sr 

Zr 

y 

Nb 

Minerals 
crys ta 11 i sed 

Sample No. 

%crystallisation 

Ni 

Sc 

Rb 

Sr 

Zr 

y 

Nb 

Mi nera 1 s 
crys ta 11 i sed 

Calculated Trace Element Variation Trends for Sangeang Api Lavas 

825 B28 

D. 
% 

co c1 (est) c1 (obs) Disc rep. 

825 828 

18.65 

10 4 7 42.8 

22 18 21 14.3 

92 109 95 +14.7 

1135 1184 984 +20.3 

133 158 114 +38.6 

19 17.4 25 -30.4 

5 6 4 +50.0 

Cpx, amph, plag, mag, apatite 

Removal of xenolith 824 from lava 
825 to yield 832 

F. 
% 

co c1 (est) c1 ( obs) Di screp. 

825 832 

30.42 

10 10 5 +100.0 

22 11 11 0 

92 129 112 +15.2 

1135 1072 1010 + 6.1 

133 173 134 +29 .. 1 

19 17 27 37.0 

4 

xenolith 824 

Ni 

Sc 

Rb 

Sr 

Zr 

y 

Nb 

825 832 

E. 
% 

co c1 (est) c1 (obs) Disc rep. 

825 832 

30.84 

10 3 5 -40.0 

22 15 11 +36.0 

92 126 112 +12.5 

1135 1204 1010 +19.2 

133 184 134 +37.3 

19 19 27 -29.6 

5 7 4 +75.0 

Cpx, amph, pl ag, mag, apatite 

Notes: Calculations based on Rayleigh 
Fractionation equation 

( _<} = F ( D-1)) • 
co 

Distribution coefficients used are the 
same as previous Table. (9.14) 

Hineral proportions and% crystallisation 
are taken from previously tabulated 
least-squares mixing calculations~table 9.15) 

~1odel G is a simple removal of the 
analysed xenolith 824. 
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in the proportions calculated in the mixing model (table 9.13)~ from the 

B43 trace element concentrations. Model A2 uses the point counted modal 

proportion of minerals in B5 (table 5.1) and the appropriate distribution 

coefficients (table 9.1) and the Rayleigh fractionation expression. Model 

C uses the calculated mineral proportion, the published distribution 

coefficients and again the Rayleigh expression. In oeneral the models 

using the mineral proportions and distribution coefficients yield better 

results, particularly in the case of those elements which have distribution 

coefficients >1 in terms of the dominantly _clinopyroxene-olivine assemblage (Sc 

and Ni). The most important problem with these trace element calculations, as~ t 

case of K20 and r2o5 in the major element calculations already discussed, 

are the consistently high estimates of Rb, Sr and Zr concentrations yielded 

using the concentrat-ions of these elements from 843 to model the less mafic 

differentiates. This again suggests that the mafic lava 843 has a higher 

concentration of incompatible elements than a hypothetical parent magma 

which might yield the trachybasalts 844 and 838, even though the major element 

concentration of such a parent were probably similar. 

In a similar fashion to the cases described above, the Fe-, Ti-depletion 

trends were modelled. Thus the most mafic trachybasalt of this segment of 

the Sangeang Api variation trend, 825, was calculated as a combination of each 

of two of the more differentiated trachybasalts (828 and 832) and the minerals 

from the more amphibole-rich gabbroic xenoliths. The results of these mixing 

calculations are given in table 9.15. The proposed models yield fairly 

satisfactory results and proportions of minerals so yielded are in fact very 

similar proportions in the xenolith 824 (table 5.1). The actual bulk 

composition of xenolith 824 was used in model F and this also yielded a 

reasonably good approximation of lava 825, as 69.6% differentiated trachy-

basalt 832 and 30.1% xenolith 824 (which is composed of 15% clino~yroxene, 49~ 

amphibole, 8% magnetite, 24% plagioclase and 3% apatite). Trace element calcula1 
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based on these models are presented in table 9.16, and are again reasonably 

consistent with the proposed model. 

In general, these calculations do suggest that the Sangeang Api intrusive 

rocks can be cumulates of the Sangeang Api lavas and that the differentiation 

trends of which may result from initial precipitation of magnesian, 

clinopyroxene-rich, olivine-clinopyroxenite assemblages, while the later 

part of the trend might result from crystallisation of relatively more 

Fe-rich, amphibole-magnetite-cpx-plagioclase-apatite-assemblages. However, 

some inconsistencies occur, and the problem was further examined using REE 

data. 

9.10 Petrogenetic Implications of the Ijare Earth EZemen_t Geochemistr1:1. 

Q[_the Sangeang Api Lavas 

REE patterns for three representative lavas from the Sangeang Api suite 

are presented in figure 9.7. 843 is the most mafic lava analysed from the 

suite. 825 is a less mafic trachybasalt and B32 is the most silica-rich, 

MgO-poor trachybasalt/andesite. These REE patterns present some interesting 

features: 

1. As discussed earlier in this chapter, 843 has large megacrysts of 

Cr-diopside (Mg/Mg+Fe = 0.90) and olivine (~Fo85), which may represent 

accumulated debris. However, if this were the case then such an 

accumulat·ion of megacrysts would be expected to dilute the incompatible 

trace element content of the lavas. Yet this lava has a higher LREE 

content than the more differentiated trachybasalt 825. This same problem 

was encountered with respect to K20, Rb and P2o5 levels earlier in this 

chapter and suggests that LIL- and incompatible element levels in 843 

are too high to yield liquids like the more differentiated trachybasalts 

(e.g. 825), purely by the removal of the megacrysts. Furthermore, 843 

has the highest 87sr;86sr rat"io. (As discussed in chapter 8 the 

var-iab·ility of the isotopic composit-ion of Sr amongst the Sangeang Api 
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FIGURE 9.7 

Chondrite-normalised REE patterns of Sangeang Api lavas .(see also table 9.4). 

843 -most mafic lava of the Sangeang Api suite ,phonolitic tephrite,B25 and G32 

nr-trachybesalts (C32 is the ~1ost silica-rict1,MgO-poor lava of tl1e Sangeang Api suite). 
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lavas indicates the possibility that a geochemically heterogeneous 

source is being tapped by this volcano.) 

Although the LREE content of 843 is very similar to that of the 

two more MgO-poor Lavas (825, 832), it has a significantly lower HREE 

content and is unique amongst all the Sunda Arc lavas analysed for REE 

in th·i s study, ·in having a markedly fractionated pattern VJithout the 

flat HREE character (figure 9.7). Consequently, 843 has a La/Yb ratio 

(27) higher than those of lavas from Rindjani and Tambora as well as 

the other lavas from Sangeang Api. 

2. The trachybasalt (825) and trachybasalt/andesite (832) have almost 

identical RE~ patterns, though 832 has significantly higher Rb, K2o 

and Rb/Sr ratio, lower Sc, Ni, Cr and Mg/Mg+zFe ratio, suggesting it 

could be a more fractionated lava. Both these lavas have fractionated 

LREE and flat HREE patterns, with Yb slightly enriched relative to the 

elements Dy-Tm. 

Three basic conclusions may be drawn from the data presented above: 

(1) Because of its markedly higher La/Yb ratio, the mafic phonolitic 

tephrite is unlikely to yield more differentiated trachybasalts such 

as 825 by fractional crystall·isation of any of the obseJ~ved phenocryst 

assemb 1 ages, or of any other m·i nera 1 assemb 1 ages found amongst the 

xenoliths. Such a situation would require bulk fractionates to have 

LREE distribution coefficients which were larger than those for the 

HREE. In view of the abundance of c"linopyroxene and amphibole in the 

cumulate xenoliths and the preference of these phases for the heavier 

REE's, such a situation is unlikely. 

(2) If a homogeneous source, with a chondritic, relative REE pattern was 

envisaged, then the high La/Yb ratio of 843 would suggest that garnet 

may be involved, either as a fractionating phase or as a residual 
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mineral after partial melting. The markedly lower La/Yb ratios of the 

other lavas for which REE data are available would then suggest this 

phase may not be involved in the evolution of the other lavas. However 

if a heterogeneous source is envisaged, such a conclusion is invalid as 

the patterns may be just reflecting source REE variation. 

(3) The almost identical REE patterns for lavas 825 and the more differen

tiated 832, suggests that if the latter has differentiated fr'om 825 by 

a fractional crystallisation process, then the bulk distribution. 

coefficient for all REE's must be close to 1. 

A model for point 3, above, was developed earlier in this chapter. In 

this least-square~ mixing calculation, the mineral compositions from xenolith 

824 (cpx, amphibole, plagioclase, magnetite, apatite) were used and yielded a 

satisfactory solution (table 9.15). The proportions of minerals required by 

th·is model are in fact very close to those of xenolith 824 (table 5.1). Thus, 

removal of 30.8% of an assemblage of 12% cpx, 46.7% amphibole, 28.5% plagio

clase, 9.5% magnetite and 3.2% apatite, from trachybasalt 825, can yield a 

satisfactory approximation to 832. 

The REE content predicted for trachybasalt/andesite 832, based on parent 

trachybasalt 825, was calculated using the model described above. Using the 

REE distribution coefficients given in table 9.1 (cpx- column 1, apatite

column 11), the resultant predicted REE trend calculated for the modelled 

832 (figure 9.8) is very close to that observed. This then tends to lend 

support to the proposed fractional crysta1lisation scheme. 

The relationship between the mafic phonolitic tephr-ite 843 and the 

less maf·ic lavas of the Sangeang J\pi ser·ies remains a problem. As already 

discussed, the higher 87sr;86sr ratios of this lava, the relatively high Rb, 

P2o5, Zr and La concentration and lower K/Rb ratio, compared with markedly 

less mafic lavas (e.g. B44, 838; table 5.4), which have lower Sc, Cr and Ni, 



FIGURE 9. 8 

I ooor: Calculated REE pattern of Sangeang Api ne-trachybasalt 832 compared with the REE pattern 
of 832 as analysed, using 825 as the parent liquid,based on the mixing model E,table 9.15 
where trachybasa;t 832 = 31% crystallisation of an assemblage ; Cpx 0.12,Amph 0.47,P1ag 0.28,Mag 0.10, 

, Aoatite 0.03 from trachybasalt B25.Ca1cu1ation of the REE pattern of B32 (est.) used the above 

l mineral proportions,the Rayleigh fractionation expression (~~ = F(D-l) ) and the REE distribution 

~ JOO~oeffioieo" ic toblc 9.1. 
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all suggest that there is not a direct fractional crystallisation relationship 

between 843 and many of the more differentiated Sangeang Api lavas. In 

addition, the highly fractionated REE pattern of 843, compared with that of 

the differentiated trachybasalt 825, also suggests that a connection by any 

fractional crystallisation process involving minerals present in either the 

lavas or xenoliths, is unlikely. 

Island arc calcalkaline and high-K volcanic rocks typically have 

patterns resembling those from the Rindjani suite (i.e. with LREE's showing 

varying degrees of enrichment and rather flat middle-heavy REE chondrite

normalized patterns), but some volcanic rocks are reported with more 

fractionated REE patterns and high La/Yb ratios, for instance from basanitoids 
' . 

from Grenada in the Lesser Antilles (Shimazu and Arculus, 1973), from some 

andesites from the Southern Chilean Andes (Tupungato andesite, Lopez-Escobar 

et al., 1976) and from basaltic andesites, andesites and dacites from the 

Northern Chilean Andes and Peru (Thorpe et al., 1976; Noble et al., 1975). 

In each of these instances, melting of garnet peridotite is invoked as the 

ultimate source of the fractionated REE pattern with its high La/Yb ratio. 

The difference between the REE pattern of the mafic phonolitic tephrite 

843 and that of the less magnesium trachybasalt 825, is reminiscent of the 

difference betv1een the REE patterns of alkali olivine basalts or basanites 

and tholeiites from the Tertiary-Quaternary basalts of S.E. Austral·ia (e.g. 

Frey et al., 1978) or the Hawaiian nephelinite and alkali basalts or 

tholeiites (e.g. Schilling and Winchester, 1969; Sun and Hanson, 1975; 

Kay and Gast, 1973; Phil potts et al., 1971). 

In these suites it has been suggested that the mantle source may have a 

similar composition, but that the different geochemistries of the erupted 

lavas is the result of varying degrees of melting and of var-iations in the 

residual mineral assemblages (e.g. Frey et al., 1978; Sun and Hanson, 1975; 

Kay and Gast, 1973). In the Sangeang Api suite however, the marked contrasts 
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in the REE patterns of different lavas, together with the variation in 
87sr;86sr ratios of both the lavas and xenoliths, suggests that this 

source is also geochemically heterogeneous. 

9. 11 The Petrogenesis of the Sangeang Api Lava-Infru_;}iVe Suite: Conclusions 

In short it is concluded that while the Sangeang Api lavas could have 

differentiated by fractionat·ion of mineral assemblages represented in the 

mafic and ultramafic xenoliths and that these rocks could therefore represent 

cumulates, it is also likely that more than one pr·imary magma was ·involved. 

Thus while the range of rock-types in the xenolith suite, from olivine 

clinopyroxenite, through amphibole-rich gabbro to amphibole-poor gabbro, 

and thence to the phenocryst assemblage of the lavas, does represent an 

idealised crystallisation sequence of a single magma batch, as a consequence 

of falling pressure and temperature, the actual suite of xenoliths erupted 

probably crystal"lised from several maglila batches and as such are probably a 

composite group having recorded the eruption and passage of numerous 

injections of magma. 

9. 12 Differentiation of the IHd!:!lJj__lJ.nder§_q_turated~ !i..p,O-rich Suite_s from 

Soromundi an~ G._Sange?:!fl_es 

The question of how this group as a whole acquired their marked enrich

ment in K20 and related elements is cons·idered of great importance to the 

general problem of island arc petrogenesis and to the problems of the origin 

of potassium-rich suites elsewhere. These problems are dealt with in 

chapter 12. 

As discussed in chapter 6, there are significant differences in the 

mineralogy of members of the leucitite suite from G. Sangenges and Soromundi. 

The latter contains abundant hydrous minerals (amphibole and phlogopite), 

while the former has mainly phenocrysts of olivine and clinopyroxene. 

Similarly, while the members of these suites from both volcanoes, have the 
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same general geochemical characteristics (high K~ Rb, Sr contents, low 

K/Rb ratios and high K20/Na 2o ratios and relatively high 87sr;86sr ratios), 

they do have certain contrasting features. In particular, the G. Sangenges 

suite shows marked Ti- and total Fe-enrichment with decreasing MgO, a trend 

not observed in the Soromundi suite. This difference may relate to the 

fractionation of assemblages including amphibole, phlogopite and magnetite, 

from the Soromundi liquids, while those of G. Sangenges may largely comprise 

olivine and clinopyroxene. 

The most abundant phenocryst/megacryst phase in all the lavas is 

clinopyroxene and the leucitite lavas from both volcanoes show trends of 

simultaneous depl,etion of CaO, Sc, N·i and Cr with decreasing MgO and of 

Al 203 and Sr-enrichment with decreasing CaO, all features suggestive of clinopyn 

ene fractionation. They plot on the same Al 2o3-Ca0 trend as the cpx-rich 

ankaramites from Rindjani (figure 6.5) which as already discussed, possibly diffE 

entiated by fractionation of a cl-inopyroxene--dominated, olivine-clinopyroxene 

assemblage. Although all of these lavas contain leucite either as phenocrysts, 

microphenocrysts or in the groundmass, there is no K20-depletion.trend which is 

attributable to fractionation of this phase. This suggests that leucite 

crystallised late in the sequence after the lavas had acquired their 

compositional diversity. 

Even though the lavas show some characteristics suggestive of some 

crystal fractionation, it is also apparent that much of their geochemical 

divers·ity is not attributable to this mechanism. Thus in the G. Sangenges 

leucitite suite, where olivine, clinopyroxene and, occasionally, magnetite are tl 

sole phenocryst phases, incompatible elements such as K, Rb, Nb, Zr and P 

might be expected to show simple, negative covariation with t~gO, for instance. 

Th·is is not the case and the variation of these elements is often poorly 

correlated w'ith those of other major elements. In both the Soromundi and 
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G. Sangenges suites, the situation exists where more mafic members of the 

suite may have higher concentrations of K20, P2o5, Rb, Zr and Nb than some 

less mafic and presumably more differentiated .lavas of the same suite. 

This type of compositional diversity possibly arises from processes similar 

to those in the Sangeang Api suite where at least two primary magmas may 

have been involved, and even more strongly underlined by the contrast in 

composition between lavas of different volcanoes of this sector of the 

Sunda Arc. Aspects of this compos-itional diversity are discussed in detail 

in chapter 12. 

9. 13 Cone lus iors - -

The general conclusion of this chapter is that while fractional 
., 

crystallisation is probably an important mechanism, and accounts for a 

large amount of the compositional diversity of lavas from individual 

volcanoes, ft cannot account for all variation, either within single suites, 

or between suites from different volcanoes. This then implies that there 

are sign"if·icant variations in the compos-itions of primary melts generated 

beneath this sector of the Sunda Arc. 

The ramifications of the last conclusions are considered to be 

particularly important in the understanding of island-arc petrogenesis 

and are discussed in detail in chapter 12. 



Table 9.17 

1; Model A, table 9.5, 

LB7 ..,. LBl 

CPXA CPXB OL 

s;o2 53.16 49.35 37.91 

1203 1.44 4.46 

FeO 3.27 8.53 16.63 

MgO 

CaO 

Na2o 
K20 

P205 

MnO 

17.46 13.90 44.07 

23.59 22.56 

0.33 Ti02 --+---
0.93 

0.31 

0.23 

4. Model D, table 9.7, 

41632 .... 41626 ' 

OL CPX PLAG 

Si02 38.87 48.66 47.78 

A1 203 6.18 33.10 

2. Model B, table 9.5, 

LBll -• 41621 

OL CPX PLAG OL 

3. Ho de 1 C , tab 1 e 9 . 5 , 

LBll + LB28 

At-1PH PLAG MAG 

38.87 50.67 47.78 38.63 51.21 38.97 46.70 0.10 

3.95 33.20 4.93 1.59 14.59 33.86 1.69 

17.82 6.64 0.71 77.23 14.77 9.74 11.81 0.53 79.97 

42.81 14.56 3.66 46.21 15.09 13.87 0.52 1.00 

0.23 22.90 17.71 

1.60 

0.08 

0.28 

0.87 

0.41 

9.89 

5. ModelE, table 9.7 

41676 -· 41622 

AMPH CPX PLAG 

44.22 51.76 46.70 

11.49 2.27 33.86 

HAG 

4. 93 

0.27 21.20 12.94 16.25 

APAT 

0.53 

0.42 

2.70 

0. 74 

2.37 

2.08 

0.07 

6. Hodel F, table 9.7, 

LB67 ·• 41687 

OL CPX AMPH 

0.28 

11.51 

PLAG 

38.63 51.21 38.97 46.70 

1.59 14.59 33.86 

flAG 

0.10 

1. 69 

FeO 17.82 8.41 0.71 

0.07 

11.83 8. 71 0.53 77.23 

3.66 

0.20 14.77 9. 74 11.81 0.53 79.97 

42.81 13.89 13.81 15.39 46.21 15.09 13.87 0.52 MgO 

CaO 

Na2o 
K20 

0.23 20.05 17.71 11.95 20.21 16.25 52.40 0.27 21.20 12.94 16.25 

P205 

MnO 0.28 

0.42 

0.15 

1.04 

1. 52 

0.08 

7. Model G, table 9.10, 

41637 + 41672 

OL CPX PLAG flAG 

2.12 

0.77 

2.54 

0. 34 

0 

0.04 

0.17 

2.08 

0.07 

0.41 

9.89 

8. Model H, table 9.10, 

41622 _,_ LB3 

OPX CPX PLAG ~lAG 

40.98 

0.52 

0. 42 

2.70 

0. 74 

2.37 

9. t·lodel !, table 9.10, 

41622 ·> 41671 

OPX CPX PLAG ~lAG 

Si02 36.87 51.76 52.11 0.10 52.94 51.76 55.43 0.10 52.94 51.76 55.43 0.13 

A1
2
03 2.27 29.59 1.69 1.63 2.27 27.86 1.69 1.63 2.27 27.86 0.61 

FeO 26.42 8.71 0.54 79.97 17.51 8.71 0.49 79.97 17.51 8.71 0.49 80.93 

MgO 35.79 15.39 0.06 1.00 24.96 15.39 0.05 1.00 24.96 15.39 0.05 0.95 

CaO 0.22 20.21 12.79 

0.67 

0.34 

0.04 

0.17 

4.18 

0. 26 

0.28 

11.51 

1.53 20.21 11.28 

0.05 

0.18 

0.07 

0.34 5.14 

0.36 

0. 28 

0.17 0.09 11.51 

1.53 20.21 11.28 

0.05 

0.18 

0.07 

0. 3~ 

0.17 

5.14 

0.36 

0.23 

0.09 12.23 

2.08 

0.07 

1.00 

0.28 

11.51 





Chapter 10 

NE'AR LIQUIDU§ _PHASE RELA'l'IONSHIPS IN BASALTI_C AND ANDESITIC 

SYSTEMS AND THE D1FFERE'NT1ATION OF ISLAND ARC MAGMAS 

10 .1 Introduc-tion 

184. 

This chapter is an introductory examination of the phase relationships 

imp 1 i ed by the results of the mode 11 i ng procedures presented in chapter 9. 

These relationships are examined in the light of published experimental data, 

largely based on natural basaltic or andesitic systems, both saturated and 

undersaturated with water. The discussion~ presented have formed the basis 

for more detailed discussion in chapter 11, where the results of new 

experimental wor~ are presented. 

The calculations and discussions presented in chapter 9, together with 

information provided in chapters 3 to 7, suggest several fractionat·ing 

assemblages are likely to be important. These either represented in the 

lavas as megacryst or phenocryst phases or inferred to have been present 

at depth, prior to eruption: 

1. Clinopyroxene+ olivine, where cl-inopyroxene »oliv·ine (Rindjani: ankaranri 

some Sangeang Api lavas and olivine-·clinopyroxen"ite xenoliths, leucitic 

lavas from Soromundi and G. Sangenges). 

2. O"livine +clinopyroxene (olivine» clinopyroxene) (most mafic high-Al 

basalts from Rindjani). This assemblage shows gradation to assemblage 3 

as does assemblage 1. 

3. r·lagioclase + cl"ir1opyroxene +olivine~ magnetite~ apatite (more 

differentiated Rindjani high-Al basalts, silica poor basaltic andesites, 

trachybasalts from Tambora and Sangeang Api). 

4. Amphibole+ plagioclase+ magnetite~ clinopyroxene! olivine~ apatite 

(some Sangeang Api trachybasalts, Sangeang Api gabbroic intrusives a~d 

inferred to have crystallised from R·indjani h·igh-Al basaHs to yield 

andesitic residual liquids). 
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5. Plagioclase+ clinopyroxene + orthopyroxene+ magnetite+ apatite 

(eruptive assemblage of Rindjani andesites, coexisting liquid being 

dacitic in composition). 

Undersaturated parental basaltic liqu·ids crystallising assemblages 

1, 2 and 3 VJill yield undersaturated residual liquids of low MgO-trachybasalt, 

high-Al basalt, basaltic andes·ite, trachyandesite or hawaiite or mugearite--like 

composition. Only assemblage 4 may crystallise from an undersaturated parent 

melt and yield a Q-normative, differentiated, residual liquid. Assemblage 5 

will only crystallise in a Q-normative bulk composition. 

In the Rindjani suite, the transitions between different stable mineral 

assemblages, in particular, between the olivine+ clinopyroxene~ plagioclase 

assemblages of many lavas with <53% Si02 and the hypothetical amphibole + 

magnetite~ plagioclase~ clinopyroxene~ olivine postulated to give rise 

to andesitic residual liquids and between this assemblage and the plagioclase+ 

clinopyroxene+ orthopyroxene +magnetite assemblage of the erupted andesites, 

has resulted in marked discontinuity and divergence in the liquid line of 

descent. Similarly the transition in the Tambora suite between the more 

plagioclase-poor trachybasalts with >4.5% MgO and the more plagioclase-rich 

trachybasa 1 t-trachyandes i tes and a 1 so between the o ·1 i vine-phenocryst bearing 

and amphibole-bearing lavas of the Sangeang Api suite, all represent a similar 

type of d·iscontinuity. This type of discontinuous evolution has been noted 

in a number of island-arc and continental marginal calcalkaline suites 

(e.g. f~cl3irney, 1969; amongst lavas of Central Amer·ican volcanoes. Gorton, 

1977; amongst suites from the New Hebrides.). 

The contrasting inferred assemblages leading to the divergent evolution 

of the Rindjani basaltic lavas are reminiscent of those proposed by Green et 

al., (1974) in the derivation of an alkali olivine basalt-hawaiite-benmoreite 

series at low pressure (amphibole absent) and an associated series of hawaiites. 

mugearites and benmoreites derived at Pload >8 kbars, where amphibole is a 

postulated fractionate. 
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10.2 'lh~/T ~t:Ji Limi_ts of Arrzr;hil;ole i_n Basaltic-Andesitic Liqu~ 

A number of experimental studies have been undertaken in order to determine 

the stability field of amphibole in basaltic to andesitic systems and in 

particular to determine the conditions under which it achieves its highest 

thermal stability. Andesites appear to have erupted at relatively high 

temperatures (1020°-1110°C, for basaltic andesites from Paracutin; Zies, 1946; 

Wilcox, 1956) and it would appear therefore that amphibole should be stable 

to between 1020° and 1100°C to be an effective fractionating phase. 

The stability of amphibole is likely to be affected by: 1. load pressure, 

2. water vapour pressure 3. bulk composition of the system and possibly oxygen 

fugacity (Allen et al., 1975). In a study of the system pargasite +H 2o+ 

co2 at pressures <8 kbars, Hol"loway (1973) found that at pressures <4 kbars, 

the upper stability temperature of amphibole decr·eased as the mole fraction of 

H2o in the fluid phase decreased. At load pressures <4 kbars, there was a 

marked ·increase in the stability of amphibole as the mole fract·ion of H2o 

in the fluid phase was decreased, reaching a maximum and then decreasing with 

further decrease in mole fraction H2o. His results suggest that amphibole may 

be stable at quite high temperatures (up to 1090°C) at relatively low pressures, 

in relatively water poor systems. Holloway (1973) also showed that above 1-2 

kbars pargasite disappeared by ·incongruently melting to olivine+ clinopyroxene 

spinel + liqu·id, while at very low pressure it ct·isappeared by a dehydrat·ion 

reaction to yield olivine+ clinopyroxene+ nepheline+ anorthite+ spinel + 

fluid. 

Experimental studies on natural basaltic and andesitic compositions, under 

water saturated conditions, occasionally show amphibole to be on the liquidus, 

for instance: in the Hualalai alkali basalt at 1090°C, and 13 kbars and the 

t~t. Hood andes·ite over a wide pressure range at 950°C (Allen et al,, 1975). 

More often, however, the appearance of amphibole is preceded at higher temperatu 

by an ·interva·l of olivine and c"linopyroxene crystal.lisation, between the 

liquidus and the amphibole-out curve (e.g. Irvine, 1972; Yoder, 1969). Early 
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olivine and clinopyroxene may then disappear by reaction once the amphibole 

stability field is reached (e.g. Holloway and Burnham, 1972). Plagioclase 

may also precede amphibole at very low pressures (<2.5 kbars) (e.g. Holloway 

and Burnham, 1972, Yoder, 1969). 

A number of studies have demonstrated that in a basaltic composition, the 

residual liquid in equilibrium with amphibole, may be andesitic in composition. 

Cawthorn et al. (1973) demonstrated that amphibole appears in the hypersolidus 

assemblage of a series of undersaturated and oversaturated compositions from 

the Lesser Antilles, under water saturated conditions at 5 kbars, in the 

temperature range 1050-1025°C. They showed that residual liqu·ids trended 

towards the more silica-rich members of the series. This also demonstrates 

that fractionation of ne-normative amphibole from ne-normative liquids may 

result in the production of Q-normati ve differentiates. Ho 11 away and Burnham 

(1972) achieved similar results on an olivine tholeiite composition in the 

range 5-10 kbars, with PH
20 

= Ptotal to PH
20 

= 0.6 Ptotal, suggesting that high-J 

basalt liquid will coexist with ol·ivine and clinopyroxene above the amphibole-au 

temperature (ca. 1050°C), andesitic to dacitic liquids coexist with amphibole+ 

clinopyroxene +magnetite between 1000°C and 1050°C, and dacitic to rhyolitic 

liquid could coexist with amphibole + plagioclase + clinopyroxene + magnetite 

between 800°C and 900°C. In both these studies, olivine+ clinopyroxene persist~ 

above the amp hi bo 1 e-out curve. The upper temperature stability limit of 

amphibole ·is likely to decrease with increasing silica activity of the melt 

(e.g. Allen et al., 1975, Green and Ringwood, 1968, Cawthorn et al. 1973), and 

is also likely to be partly dependent on the alkali content of the liquid 

(Cawthorn, 1976). The outlined studies suggest that amphibole is a potential 

fractionating phase in broadly basaltic to andesitic systems above about 4 kbars 

As the amphibole-out curve has a positive slope at low pressures, (e.g. Eggler 

and Burnham, 1973), an isothermal decrease in pressure will result in its 

breakdown, and subsequent re-equi 1 ibrat·ion of the 1 iqui d to an anhydrous 

plagioclase-·pyroxene-·magnetite assemb.lage, l·ike that of the Rindjani andesites, 

is possib.le. 
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10 • 3 Plagioc lO:f! e C!J:! s ta llis ation in _ lftJ. drouf:!.__,Sip t.e!!? 

In addition to its effect on the stability of amphibole, water has a 

major effect on the stability of plagioclase relative to ferromagnesian 

phases in general. In the Mt. Hood andesite for instance, Eggler and 

Burnham (1973) found plagioclase on the anhydrous liquidus at 1250°C and 

5 kbars, 100°C above the orthopyroxene-out curve, while under water-saturated 

conditions at the same pressure, orthopyroxene and plagioclase appear 

together on the liquidus at 950°C and at higher pressures plagioclase retreats 

well below the liquidus. Similarly in a range of compositions from basanitoid 

to andesite at 5 kbars, with PH 0 = Ptotal' Cawthorn et al. (1973) found that 
2 

plagioclase crystall·ised at about 925-950°C, well below the liquidus \vhich 

ranged from 1125dC to 1050°C. Yoder (1969) also demonstrated the effective 

depression of the plagioclase liquidus temperature under conditions of 

increasing water pressure and interpreted these results to indicate a resultant 

shift in plagioclase composition towards more anorthitic compositions. This 

mechanism may account for the occurrence of extremely anorthite-rich p"lagioclase 

phenocrysts (xenocrysts?) ·in some Rindjani basalts and andesites as well as in 

the lavas of all other suites considered in this thesis as well as the 

Sangeang Api intrusive rocks. Such An-rich plagioclase ·j s also noted from a 

number of other ·island arc lava suites (e.g. Aleutians, r~arsh' 1976) as \'ie 11 

as the plutonic blocks from the Lesser Ant·illes (Lewis, 1973). However, 

Yoder•s (ibid) results in fact do not really demonstrate a change in the 

composition of the Jj_g_~jdus plag·ioclase for any given l·iquid composition, 

merely a shift of the plagioclase liquidus to lower temperatures with 

increasing PH 0. It may well be that PH 0 does result in the precipitation of 
2 2 

increasingly An-rich liquidus plagioclase, but this proposed behaviour has 

not as yet been convincingly demonstrated. 

The suppression of the plagioclase liquidus at moderate pressures in 

water-bearing systems and the increased interval of amphibole, olivine and 

clinopyroxene crysta"llisat·ion above the plagioclase liquidus, is likely to 
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account for many characteristic features of calcalkaline suites in general. 
! 

Particularly their high Al and normative plagioclase contents and low MgO, 

Ni and Cr. Because even in water saturated systems, the plagioclase liquidus 

rapidly approaches the high-Al basalt-andesite liquidus at pressures <3 kbars 

(e.g. Yoder and Tilley, 1967, Eggler and Burnham, 1973), hydrous liquids of 

these compositions will precipitate plagioclase at shallow depths. At these 

low pressures, the amphibole-out curve rapidly retreats to low temperatures 

(e.g. Yoder and Tilley, 1962) and it would be unstable at the eruptive 

temperatures of the andesites. 

10 • 4 Maif!!.eti te Cr !j_ s t!}l l:_;_~satio_!!:..._ 

As discussed, the relatively low Mg/Mg+Fe value of the calculated extract 
' necessary to y·ield Rindjani andes·ites from postulated basaltic parents suggests 

that unless the amphibole has unusually high Fe content, then magnetite must 

also be a fractionated component. Experimental studies on the likely stability 

of magnetite in the andesitic compositions are in some conflict with this 

conclusion. Eggler and Burnham, (1973), for instance, found that at the QFM 

buffer, magnetite was not a l·iqu·idus phase in the Mt. Hood andes·ite under 

water saturated or under-saturated conditions at low pressures. Under water 

saturated conditions its stabil"ity field was rapidly diminished with increasing 

pressure, though with decrease in PH 0, its upper stability temperature 
2 

increased above that at PH
2
0 = Ptotal' At higher f02 values than the QFM 

buffer ilmenite appeared at higher temperatures than magnetite, a phase absent 

from natural andesites. Holloway and Burnham (1972), on the other hand, 

found magnetite in equilibrium with amphibole and clinopyroxene and andesitic 

liquid in an olivine tholeiite system at 1000-1050°C, at the NNO buffer 

(log f02 ~ -10), suggesting that magnetite may be a potential fractionating 

phase at slightly higher f02 than those used by Eggler and Burnham, with 

PH 0 <Ptotal' Osborn (1969) calculated that f02 values may reach 10- 5b at 
2 

1 kbar v1ater pressure in shallow magma chambers, al"low·ing magnetite fractionatio 

to yield calcalkaline c!Hferent"iation trends. Wh-ile Fudali (1965) a.nd Eggler 
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and Burnham (1973) provide evidence disputing the likely existence of such high 

f02 values, the existence of magnetite in the St. Vincent cumulate nodules, 

suggests that it is in fact a stable phase. Powell (1978) calculates fo2 
values between the NNO and HMN buffers (ca. log f02 ~ -7.0 to -7.5 at 1100°C). 

It appear·s from the evidence provided by these nodules as vJell as the experiment~ 

of Holloway and Burnham (1973) and Eggler and Burnham (1973) that, as with the 

coexistence of plagioclase and amphibole, that magnetite stability is likely to 

be favoured by relatively low partial pressures of H2o at 5-8 kbars, with f02 
values slightly higher than the NNO buffer. 

Three factors are of major importance in the derivation of dacites from 

andesites: 

1. The marked effect of pressure on the solubility of water in silicate 

melts (e.g. Burnham and Davis, 1974). 

2. The inter-related effects of 'dater concentrat·ion and load pressure 

on the liquidus temperature and composition of plagioclase. 

3. The effect of water in reducing liquidus temperatures at moderate 

pressure. 

The major effect of the pressure-dependence of water solubility in andesiti 

or basaltic liquids is on the slope and temperature of the liquidus. At a 

given concentration of water, a water-undersaturated composition has a 

positive "liqu·idus slope (in terms ofT and P). Howeve1A because the solubility 

of water decreases exponentially at pressures less than about 2 kbars (e.g. 

Burnham and Davis, 1974) and is very low at pressu1Aes approaching 1 atmosphere, 

the liquidi of systems with even small amounts of water quickly intersect the 

water saturated liquidus as they rise. Any further rise than results in 

exsolution of-.qater vapour and a consequent negative-sloped~ curving liquidus 

path tending towards the near-anhydrous, 1 atmosphere liquidus temperature. 

The Mt. Hood andesite, (Eggler and Burnham, 1973) has a 1 atmosphere 

·l-iquidus temperature of nearly 1250°C, wh·i"le with 4.7% H2o, the water under
a saturated liquidus at 10 kbars was about 1025 C. 
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In addition, increasing water concentration has a dramatic effect in 

suppressing the liquidus temperature of plagioclase at moderate pressures 

(e.g. Yoder, 1969). At low pressures however, irrespective of whether the 

liquid is water saturated or not, plagioclase becomes the liquidus phase. 

Andesitic liquids may segregate from an amphibole-gabbro residue at 

7-10 kbars., close to both the amphibole- and plagioclase-out curves (see 

chapter 11). Under these conditions plagioclase will be An-rich (e.g. Yoder, 

1969). Crystallisation under these conditions will yield trend "A 11 on figul~e 

9.3. On eruption to the low pressure region (<2 kbars.), amphibole will break 

down and the P-T course of the rising magma will take it into the region where 

the plagioclase-out curve moves to the liquidus and rapidly increasing 

temperatures and hence to a region of rapidly ·increasing crystall·inity. Under 

these conditions the andesite liquid will precipitate abundant plagioclase, 

which will be more Ab-rich than that crystallised earlier. The rap·id movement 

of andesitic liquids into this low pressure, water saturated field, where 

plagioclase is the liquidus phase and where the liquidus has a negative slope, 

is responsible for the re-equilibration of the residual liquid trend from 

that producing the less K20-enriched andesites, to that producing the high-K 

andesites and dacites (figure 9.3). This is a pressure-dependent "quenching" 

and is responsible for the discontinuity between the andesite and dacite 

fields. 

An added complication may be considered, where the andesitic liquid 

(with 2-3% H20) is erupted to a shallow magma chamber, perhaps only 1·-2 kms fron 

the surface. In trl'is case the "liquid would become oversaturated with water. 

Very sudden vapour-pressure release is then to be expected on final eruption 

of the lava. The abrupt change in the plagioclase composition in the Rindjani 

andesites (An85-95 to An75-55) is then possibly a function of this sudden low 

of water pressure. Rapid growth of plagioclase during this violent degassing 

(boiling) is likely to result in the complex zonation of plagioclase observed, 

as well as the abrupt re-equil·ibration of the residual "liquid to dacitic 

compos it ·ion. 
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Fudali and Melson (1972), on the grounds of velocities of debris expelled 

during volcanic eruption, suggest that water vapour pressures as high as 5 

kbars may be achieved in shallow magma chambers. Thus this rapid degassing 

of the system may be responsible for the discontinuous nature of the low-K20 

andesite and h·igh K2o andesite/dacite f-ields (cf. the 11 divergent type" volcanoe~ 

of McBirney, 1969). 

The Rindjani dacites contain small needles of amphibole as microlites in 

the groundmass glass, apparently formed immediately before quenching. These 

suggest that the dacites were not completely dry on eruption. Eggler and 

Burnham's (1973) experiments suggest that under water saturated conditions, 

amp hibole is stable at about 950°C at 1 kbar, wh·i 1 e the water saturated 

solidus at this temperature lies at 0.5 kbars. Using the plagioclase gee

thermometer of Mathez (1976) and by considering coexisting groundmass 

plagioclase/coexisting glass equilibria, approximations of quench temperatures 

were obtained, both for a dry and 1 kbar water pressure-system (table 3.11). 

Temperatures so obtained are higher than 1000°C for a dry system and genetally 

less than 900°C for 1.0 kbars PH 
0

. Temperatures calculated using coexisting 
2 

groundmass opx--cpx pairs (Woods and Banno, 1973) (table 3.11), yield results 

in the tange 900-l000°C, between the plagioclase values quoted above. This 

suggests that 0.5 kbars may be the approximate PH 0 value from which the 
2 

dacites were quenched at about 925°C. Under these conditions, according to 

the curves of Eggler and Burnham (1973), the lava may be expected to contain 

approximately 2.0% 1-1 20 at eruption, which is close to that measured for the 

Paracutin andesite (Eggler, 1972). 

1 0. 6 [Jwmnq-F.Ji.. 

1. It is possible that andesitic residual liquids differentiate from 

basaltic parents by fractionating amph·ibole + plagioclase 2- clinopyroxene 

olivine+ magnetite assemblages. This assemblage could crystallise from 

water undersaturated liquids at relatively low pressures (3-10 kbars). 
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Liquids were probably water undersaturated at least at >3 kbars. 

Temperatures were probably in the range 1000°C- 1080°C while oxygen 

fugacities were more oxidising than those of the NNO buffer. 

2. Dacites result from there-equilibration of andesitic magmas to low

pressure, plagioclase dominated phenocryst assemblages. 

3. At depth, at temperatures above the amp hibole-out temperature, basaltic 

parent liquids fractionate clinopyroxene and/or olivine: plagioclase 

(at lower pressures or lower water contents) to yield low magnesian, 

relatively l ov.; silica high-A 1 basalts, trachybasa lts or tl~achyandesites. 
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Chapter 11 

EXPERIMENTAL MELTING OF HIGH-Al BASALT 

11.1 Introduction 

In the preceding sections (chapters 9 and 10) it was concluded that 

Q:...normative andesites of Rindjani are unlikely to represent primary melts 

of peridotHe, but may be derived by fractional crystallisation from the 

ne- to oZ-hy-normative high-A1 basalts. 

Ar0ued on the basis of trace element, K2o and Mg/Mg+Fe variations, it 

was concluded that if the andesites are derived by fractional crystallisation 

of high-Al basalts, then it is necessary that amphibole, plagioclase and 

magnetite have cr_Ysta n ·i sed from the basalts, poss i b "ly accompanied by 

olivine and/or clinopyroxene. 

As discussed in chapter 10, the optimum conditions for the crystall

isation of these phases at, or close to, the liquidus of a basaltic parent 

magma, occurs within the relatively low pressure field (3-10 kbars). Liquids 

were probab"ly water-undersatur·ated for most of their evolutionary course, 

at least at pressures >3 kbars. Temperatures were probably in the range 

1000°C- 1080°C and oxygen fugacity was probably more oxidising than those 

of the NNO buffer (probably between the NNO and H~1N buffer, and possibly 

closer to the latter). 

It was also suggested that the crystallisation of d·ifferent near-liquidus 

assemblages, one anhydrous and the other hydrous fr·om high-Al basa·ltic magmas, 

could yield different liquid lines of descent if they were fractionated. 

These producing on the one hand hy--to ne-norrnat:i ve 11 hawa·i i te 11 di ffen~nti ates 

with high K2o, low MgO and relatively low Si02, and on the other, andesite 

differentiates, of quartz-normative character, showing limited K20 enrichment. 
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It is suggested that the more alkali-enriched trend, with less silica-

enrichment, is the result of fractionation of an olivine-clinopyroxene-· 

plagioclase (anhydrous) assemblage, while the less alkali-, more silica

enriched trend results from re~oval of an amphibole-bearing (hydrous) 

assemblage. 

It was inferred that the anhydrous assemblage may ba ve crysta 11 i sed 

at pressures less than ca. 3 kbars (i.e. where the amphibole-out curve 

retreats rapidly to low temperatures, figure 1.1.9) (cf. Green et al., 1974), 

and possibly at higher temperatures and/or lower PH 0 conditions, where the 
2 

temperature interval of ~livine-c·l·inopyroxene-plagioclase crystallisation betv:eer 

the liquidus and ,the amphibole--out curve v:ould be larger . 

. 11. 2 Objec·tives 

It was decided that if the models inferred from other petrological 

features, in particular, geochemical variations, were correct; (i.e. 

(1) li"igh·-Al basalt= low ~1g0, hi9h-Al basalt ( 11 hawaiite 11
) liquid+ 

olivine+ plagioclase+ _clinopyroxene~ magnetite 

and 

(2) High-Al basalt= andesite liquid+ amphibole+ plagioclase+ clinopyroxene 

magnetite~ olivine~ apatite 

- then "it would be informative to invest·igate the 1 iquidus phase relationships 

of such a possible parental basalt in the low to moderate pressure range 

(3-10 kbars), with small amounts of water present. 

This would then allow the definition of the stability fields of principal 

hypersolidus, mineral phases as a function ofT, P and %H2o. It would allow 

the determination of the compositions of the synthesised minerals and the 

comparison of these with those of the phenocrysts of the natural rocks, the 

determ·ination of l-ikely derivative l·iqu·id trends and the definit·ion of the 

amph·ibole stabi"lity field. 



Table 11.1 Summary of Experimental Run Conditions and Products. 

Run Number Temperature Pressure % H20 Capsule Time Run Products Comments 
•c (Kbars) (mins) 

T82 1000 5 2 A9so Pdso 40 Cpx, 01. Pl, Gl , QCpx 

T71 1040 5 2 A97sPdzs 30 Cpx. 01, Pl, G1, Q Amph, QCpx 

T70 1100 5 2 A97sPd2s 30 Cpx, 01, P1, G1, Q Amph, QCpx 

T78 1110 5 2 A9soPdso 30 01, G1 

T76 1120 5 2 A9so Pdso 30 Gl above liquidus 

T75 1140 5 2 A9soPdso 30 Gl above liquidus 

T85 1000 10 2 A9soPdso 40 Am ph, P1 , CrSp, Cpx?, Gl , quench-rich, very fine 
Q Arnph, QCpx grained 

T84 ]060 10 2 A9soPdso 30 Cpx, P1, Sp, G1,QCpx, quench-rich, very fine 
Q Am ph grained 

T83 1100 10 2 A9soPdso 30 Cpx, Pl, G1, Q Arnph, 
QCpx 

T86 1140 10 2 AgsoPdso 30 Cpx, Gl 

T87 1160 10 2 A9soPdso 30 Cpx, G1 very close to liquidus 

Tl50 980 5 5 A9soPdso 30 Am ph, Gl 

Tl51 990 5 5 A9so Pds o 30 01, Amph, G1 

Tl31 1020 5 5 A9soPdso 30 01' G1, Q Amph? 
T122 1060 5 5 A9soPdso 01, G1, Q Amph 

T127 1075 5 ' 5 A9soPdso 30 01' G1 very close to liquidus 
T125 1090 5 5 A95oPdso 30 Gl above liqvidus 
T159 1030 10 5 A9soPdso 30 Amph, G1, QCpx? 
T175 1065 10 5 A9soPdso 30 Cpx, G1, Q? An~ph quench-rich 
T152 1070 10 5 A9soPdso 30 Cpx, Gl, Q Arnph 
Tl53 1090 10 5 A9soPdso 30 Cpx, CrSp, Gl close to liquidus 
1170 1050 7.5 8 A9soPdso 30 Cpx, 01' CrSp, Gl 
Tl72 1070 7.5 8 A9soPdso 30 Gl above liquidus 
T177 1020 3 5 A9so Pdso 30 01, Cpx, Pl, CrSp, 

Q Amph, Gl 
T174 1050 3 5 A9soPdso 30 01, G1, V Near vapour saturated 

liquidus amphibole 
quench on olivine 

Tl73 1070 3 5 A9soPdso 30 Gl,. V water satu1·ated, above 
liquidus 

Notes: All runs performed with 15 mg charges 

Abbreviv.tions: Cpx-clinopyroxene, 01-olivine, Pl-plagioclase, Sp-sp·inel, CrSp-Cr-spinel, Amph-amphibole, 
Gl-glass (quenched liquid), QCpx-Quench clinopyroxene, Q 1\rnph-Quench amphibole, V-vapour. 
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The experiments were carried out on alkali-olivine basalt 41632 

(analysis given in table 3.13) which is a relatively Ni- and Cr-rich 

(71 and 219 ppm respectively) basalt with an Mg/Mg+~Fe value of 0.52 

(Mg/Mg+Fe2+ = 0.60, or Mg/Mg + 0.85Fe = 0.55). The natural rock contains 

phenocrysts of olivine (Fo 82.5 to Fo 73), rare, relatively A1-rich, Cr-rich 

augite (Ca 44.9 Mg 42.0 Fe 13.1) and plagioclase (An 75 to An 92). 

11.3 §~erimental Methods 

Methods used are essentially those of Green and Ringwood (1967) 

(and others), utilizing Boyd-England-type, piston-cylinder apparatus. Capsules 

employed were of Ag50 Pd50 and Ag 75 Pd50 (table 11.1). 15 mg of sample were 

used with water added using a micro-syringe. The starting composition was 

prepared by fusing the natural rock and quenching it to glass, which was 

then finely ground under acetone. Details of experimental techniques are 

given in the appendix. 

11. 4 Experimental Resu:J.ts 

Experimental runs were carried out between 3 and 10 kbars, with 2-8% 

H20. The run conditions and phases synthesised are summarised in table 11.1 

and the phase relationships are summarised in figure 11.1. 

The major features of these experiments may be summarised as follows: 

(1) For both 2 and 5% H20, olivine is the liquidus phase at 5 kbars, 

with cpx only a few degrees below the liquidus with 2% H2o, but 

many degrees below with 5% H20. 

(2) With 2% H20 at 5 kbars and 5% H2o at 3 kbars (vapour saturated 

at the l-iquidus) ol-ivine, cpx and pla~:rioclase crystallise together 

close to the liquidus. 

(3) With both 2 and 5% H2o, at 10 kbars, cpx is the liquidus phase 

and olivine does not appear at all at this pressure. 

(4) At 7.5 kbars with 8% H2o, olivine and cpx both appear near the 

liqu·idus. 
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A summary of the main features of the 

experimental runs as described in figure 11.1. 

In particular, the relative positions of the 

liquidi are shown, illustrating theit• movement 

with variation in water content. 

A-A' = liquidus with 2% H2o 

B-B' 

C-C' 

The amphibole and plagioclase liquidi are also 

shown for 2 and 5% H20 runs. 

Solid lines are experimentally determined 

phase boundaries, while dashed sections are 

projected extrapolations. 
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(5) Plagioclase stability is markedly affected by water content. 

With 2% H2o at 5 kbars it appears ca. 15°C below the liquidus 

and is probably on the liquidus at 3 kbars. At 10 kbars (2% H20), 

plagioclase is still only ca. 90°C below the liquidus. At higher 

water contents the plagioclase liquidus retreats rapidly below 

the liquidus with increasing pressure. At 3 kbars with 5% H2o 

(vapour saturated at the liquidus) it appears ca. 30°C below 

the liquidus, while at 5 kbars it appears at >100°C below the 

liquidus. 

(6) Amph·ibole must appear at considerably less than 1000°C with 2% 

H2o a~ 5 kbars (ca. 950°C?). The amphibole-out curve has a 

positive 6P/6T slope and is stable at ca. 1000°C at 10 kbars 

(with 2% H20). Under these conditions it coexists with plagioclase 

and possibly cpx, though these runs are very quench-rich and the 

cpx may not be an equilibrium phase. 

(7) With 5% H2o by comparison with 2% H20, the fie.ld of amphibole 

expands (to higher temperatures) and is also brought closer to 

the liquidus by the suppression of liquidus temperatures 

(figure 11.2). Amphibole crystallises at 1030°C at 10 kbars 

{with 5% H20), replaced by cpx and Cr-spinel at higher temper

atures. At 5 kbars it is present alone at 980°C and with olivine 

at 990°C. The amphibole-out temperature at this pressure and 

water content (5%) is probably about J.000°C and possibly about 

1040°C at 10 kbars. The absence of amphibole at 7.5 kbars, with 

8% H20 at 1050°C suggests that the upper stability temperature 

of amphibole is not a linear function of% H20 and temperature 

at a given pressure, but may have a maximum with respect to% H2o, 

as shown diagrammatically in figure 11.3. This behaviour is 

equivalent to that determined by Ho"lloway (1973) as a function of 

mol. fraction of H20 in the vapour phase. 
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f_i_gure 11. 3 
A representation of the amphibole-out curve and liquidus 

at 7.5 kb. as a function of temperature and water contcnt.The spots 

represent the liquidus temperatures at 2 and 5% H20 (projected from 
5 and 10 kb. runs) and that with 3% H2o ( determined at 7.5kb.).The 
large squares similarly represent the projected amphibole liquidi 
with 2 and 5% H20 .If the upper stability temperature of amphibole 

increased linearly with incruasing water content, then it should 
be stable on the liquidus with J~ H20 at 1060°C (dashed line). 
Ho~1ever runs at 7. 5 kb. with :..;~; 1;20 reveal 01 and Cpx to be 

liquidus phases,not amphibole , and in fact 01 and Cpx are present 
to temperatures markedly below the liquidus,suggesting that the rate 

of increase in the amphibole liquidus temperature decreases markedly 
with increasing water content above 5% at these pressures. 
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(8) All runs are undersaturated with respect to H2o with 2% H2o added 

and for 5 and 10 kbars runs with 5% H2o. The runs with 5% H20 

have a vapour phase present at 3 kbars at and below the liquidus 

(1050°C). The runs at 7.5 kbars with 8% H2o are also under

saturated with respect to H2o. 

(9) The liquidi all have positive 6P/6T slopes in the pressure range 

covered by the runs made (figure 11.2). There is a regular 

decrease in the liquidus temperature in the pressure interval 

5-10 kbars of about 15°C/1% H20 between 2 and 8% H20. 

(10) Magnetite was not observed in any of the runs, in contrast to the 

experiments of Ho 11 oway and Burnharil (1972) on the 1921 Kil uea 

tholeiite where magnetite was reported within 25°C of the liquidus. 

As d·iscussed previously, magnetite was a necessary component ·in 

the evolution of the andesites from basaltic parents and its absence 

in these runs could be taken as possible evidence of higher f0 2 con

ditions in natural calcalkaline magmas. These runs are buffered 

by the furnace assemblage at f0 2 <NNO (Green, 1976), while Holloway 

and Burnham's (ibid) runs were buffered at the HMN buffer. 

11.5 Mine~al_f~emistru 

Microprobe analyses of representative mineral phases from the exper

imental runs are given in tables 11.2 - 11.6. The composition run in these 

experiments seemed very prone to rapid nucleation and growth of quench 

products on cooling, particularly in those runs at 10 kbars and at temper

atures >100°C below the liquidus. The quench products were generally of 

Al-r-ich cpx of poor sto·ichiometry (table 11.7). The reported analyses (of 

ferromagnesian minerals) are those with the highest Mg/Mg+Fe values and best 

stoichiometr~y obtained from any given run. l11g/~·1g+Fe values of amphibole, 

cpx and olivine are plotted against temperature in figure 11.4 and show 

regular decrease with decreasing temperature. 



Tab1e11·2 

Run No. 

Temperature (°C) 

Pressure (kb) 

'.t H20 

Si02 

A1 2 0 3 

FeO 

MgO 

CaO 

Na:O 

K:O 

Ti0 2 

MnO 

Cr 20 3 

Total 

lCO Mg/~ +Fe (mol.) 

Si 

Al 

Al 

Fe 

Mg 

Ca 

Na X + Y 

Ti 

Mn 

Cr 

X + y 

Ca 

Mg 

Fe 

CalC.:!. + Mg (mol.) 

Alv1/Al fv 

T82 

1000 

49.5 

6.7 

9.3 

13.4 

19.0 

0.1 

!.5 

0.3 

99.8 

72.1 

1.836 

0.164 

0.129 

0.288 

0. 744 

0. 756 

0.007 

0.041 

0.010 

2.00 

!.98 

42.3 

41.6 

16.1 

0.504 

0.78 

T82 

1000 

49.8 

7.2 

9.3 

13.5 

18.2 

0.2 

!.4 

0.4 

99.9 

72.2 

!.842 

0.158 

0.152 

0.287 

0.745 

0.719 

0.009 

0.039 

0.012 

2.00 

1. 97 

41.1 

42.5 

16.4 

0.491 

0.951 

T71 

1040 

49.7 

8.3 

8.6 

14.5 

16.8 

0.5 

0.1 

!.0 

0.3 

99.8 

75.2 

1.824 

0.176 

0.185 

0.263 

0.794 

0.663 

0.036 

0.006 

0.028 

0.009 

2.00 

!.98 

38.5 

46.2 

15.3 

0.455 

1.05 

Electron Microprobe Analyses of Experimental Phases- Clinopyroxene 

T70 

1!00 

50.5 

6.3 

7.2 

16.2 

18.1 

0.4 

0.8 

0.4 

99.9 

80.0 

!.848 

0.152 

0.120 

0.222 

0.886 

0.7!0 

0.031 

0.023 

0.01! 

2.00 

2.00 

39.1 

48.7 

12.2 

0.445 

0. 79 

T84 

1060 

10 

48.0 

9.8 

10.6 

13.0 

16.7 

0.4 

0.1 

1.1 

0.2 

99.9 

68.7 

T83 

l!OO 

10 

48.9 

10.3 

9.1 

12.9 

17.0 

0.1 

!.3 

0.2 

99.8 

7!. 7 

T86 

1!40 

10 

49.4 

9.2 

6.7 

14.6 

18.3 

0.4 

0.1 

0.7 

0.5 

99.9 

79.6 

Number of Ions on the Basis of 6 Oxygens 

!.779 

0.221 

0.206 

0.328 

o. 721 

0.663 

0.030 

0.004 

0.031 

0.006 

2.00 

!. 99 

38.7 

42.1 

19.2 

0.479 

0.93 

1.792 

0.208 

0.241 

0.279 

0.708 

0.668 

0.006 

0.036 

0.007 

2.00 

1.95 

40.3 

42.8 

16.9 

0.485 

1.16 

!.804 

0.106 

0.201 

0.205 

0.797 

0.716 

0.025 

0.004 

0.019 

0.016 

2.00 

1.98 

Mo1. Proportions 

4!.7 

46.4 

!1.9 

0.473 

!.03 

T87 

1160 

10 

5!.6 

6.3 

7.4 

16.5 

li .2 

0.6 

0.5 

100.1 

79.8 

1.877 

0.123 

0.148 

0.226 

0.892 

0.669 

0.016 

0.014 

2.00 

!.97 

37.5 

49.9 

12.6 

0.428 

!.21 

T!59 

1030 

10 

46.4 

11.6 

9.6 

15.0 

14.4 

0.7 

0.4 

!.5 

0.2 

99.8 

73.6 

!.711 

0.289 

0.214 

0.296 

0.827 

0.571 

0.050 

0.020 

0.041 

0.008 

2.00 

2.02 

33.7 

48.8 

17.5 

0.408 

0.74 

T!75 

1065 

10 

48.7 

9.8 

6.6 

13.7 

18.8 

0.6 

!.1 

0.5 

99.8 

78.9 

1.783 

0.217 

0.205 

0.201 

0.756 

0.736 

0.044 

0.029 

0.015 

2.00 

!.99 

43.5 

44.7 

1!.8 

0.493 

0.94 

i153 

1090 

10 

52.1 

4.9 

6.7 

17.3 

17.9 

0.5 

0.6 

100.0 

82.0 

!.897 

0.103 

0.105 

0.205 

0.936 

0.697 

0.014 

0.019 

2.00 

!.98 

37.9 

50.9 

11.2 

0.427 

!.01 

T!53 

1090 

10 

5!.5 

5.4 

6.4 

16.4 

19.1 

0.6 

0.6 

100.0 

82.1 

!.880 

0.120 

0.1!1 

0.195 

0.890 

0.747 

0.0!7 

0.019 

2.00 

!.98 

40.8 

48.6 

10.6 

0.456 

0.93 

Tl70 

1050 

7.5 

49.4 

7.3 

5.9 

14.5 

20.9 

0.4 

0.9 

0.8 

100.1 

8!.5 

!.817 

0.183 

0.132 

0.181 

0.795 

0.821 

0.025 

0.025 

0.023 

2.00 

2.00 

45.7 

44.2 

10.1 

0.508 

0.72 

T!70 

1050 

7.5 

50.4 

6.9 

6.1 

14.8 

20.0 

0.4 

0.7 

0.8 

100.1 

8!.3 

!.845 

0.155 

0.142 

0.185 

0.805 

0.786 

0.028 

0.019 

0.024 

2.00 

!.99 

44.3 

45.3 

10.4 

0.494 

0.92 

Tl77 

1020 

49.5 

7 .o 

8.2 

!3.4 

19.9 

0.6 

!.2 

0.3 

100.1 

74.3 

!.831 

0.169 

0.137 

0.254 

0.736 

0. 787 

0.039 

0.031 

0.009 

2.00 

!.99 

44.3 

41.4 

14.3 

0.517 

0.81 
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Clinopyroxene~ olivine and amphibole are plotted in figure 11.5~ 

together with olivine and clinopyroxene compositions from the original lava 

41632 and the field of reacted Ca~rich amphiboles from Rindjani andesites. 

The liquidus olivine and cpx both have Mg/Mg+Fe values of about D.81-

0.82 and in the case of olivine, this value is similar to that of more 

magnesian phenocrysts in the natural lava. 

1. _c 1 i n Q.P-YIQ.~ en~-

The analysed clinopyroxenes (table 11.2, figures 11.4, 11.5) are some-

what aluminous augites,·with Mg/Mg+Fe values ranging from 0.69 to 0.82. 

CaO content is slightly lower than those of the natural basalt (figure 11.5 

and table 3.3), though those from runs with higher water content (run T153, 

10 kbar- 5% H2o, Tl70, 7.5 kbars- 8% H2o and T177, 3 kbars -· 5% H20) do 

have similar compositions to analysed cpx from the starting basalt 41632 

(e.g. compare with analyses 11 and 12, table 3.3). Ti02 concentrations are 

in the range 0.5 - 1.5% and are generally in the range of the natural 

pyroxenes. Ti02 shows a positive correlat·ion with Al 203 and both Al 2o3 
and Ti02 show generalised trends of depletion with increasing temperature 

at any given water content and pressure. 

2. 01 ivine 

Analysed ol'ivines (tab"le 11.3, figure 11.5) range from Fo 81.9 to Fa 

71.7 and fall well within the range of natural olivines from basalt 41632 

(figure 11.5, table 3.6). The olivines have moderately high CaO concentrations 

and have MnO values in the range 0.2 to 0.4%. Assuming a K0 of 0.3 

(K
0 

= (Fe/Mg) 01 ;(Fe/Mg)liq), the liquids in equilibrium with olivine have 

Mg/Mg+Fe2+ values ranging from 0.57 to 0.43. K
0 

values for coexisting 

olivine-cpx pairs (K
0 

= (Fe/Mg) 01 ;(Fe/~1g)cpx) are c·lose to 1 (table11.8). 

3. f\mphiE.Q.k 

Synthesised amphibole is of calcium-rich hornblende/pargasite composition. 

Analyses are given in table 11.4 and plotted in 11.5. The compositions are 



Table 11.3 
Expcrimentrrl Phases - Olivine 

Run No. T82 T71 T70 T78 T151 T131 T122 T127 Tl70 Tl77 T174 

Temperature (°C) 1000 1040 1100 1110 990 1020 1060 1075 1050 1020 1050 
------------ -------

Pressure ( f.'.b) 5 5 5 5 5 5 5 5 7.5 3 3 

% H20 2 2 2 2 5 5 5 5 8 5 5 

Si02 36.9 38.2 37.9 38.6 37.4 38.2 38.3 38.7 37.9 40.4 39.3 

FeO 25.7 23.8 19.1 17.3 22.7 20.6 19.1 18.5 20.3 19.5 16.9 
MgO 36.6 38.2 42.2 43.3 39.1 40.3 41.8 41.9 41.1 38.4 43.1 

CaO 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4· 0.3 1.2 0.3 

Ti02 0.3 0.1 0.1 0.1 0.2 0.1 0.1 

MnO 0.4 0.2 0.3 0.3 0.2 0.2 0.3 0.4 0.3 0.3 

TOTAL 100.2 100.7 99.8 100.0 100.1 99.9 99.8 99.9 100.0 99.9 99.9 
--------

100 fig _ _l~I)J) 71.73 74.14 79.77 81.70 75.38 77.70 79.61 80.19 78.24 77.80 81.92 
~ig + Fe 

Number of ions on the basis of 4 oxygens 

Si 0.978 0.994 0.976 0.983 0. 978 0.988 0.985 0.991 0.980 1 .035 0.998 

Fe 0.569 0.518 0.412 0.369 0.497 0.446 0.411 0.396 0.439 0.418 0.359 
Mg 1. 445 1. 481 1.620 1 .643 1. 524 1.554 1.603 1. 599 1.584 1. 467 1.631 
Ca 0.008 0.011 0.011 0.011 0.011 0.011 0.011 0.011 0.008 0.033 0.003 
Ti 0.006 0.002 0.002 0.002 0.004 0.002 0.002 
Mn 0.009 0.004 0.006 0.006 0.004 0.004 0.006 0.009 0.006 o.ocs 

---------~-

TOTAL 3.016 3.004 3.023 3.014 3.019 3.007 3.014 3.006 3.019 2. 962 3.002 

100 Mg/t~g+F c"- + 

of equilibrium 43.2 46.2 54.2 57.3 47.9 51.1 53.9 54.8 51.9 51.2 57.6 liquids assuming 
01/liq K0*~0.3 
-----------· 

*KD = {Fe/Mg) 01 I {Fe/Mg) 1iq = 0.3 (Roeder & Emslie, 1971). 



Table 11.4 

Experimental Phases - Amphibole 

Run No. 
Temperature °C 

T85 
1000 

-----------
Pressure (Kb) 

XH20 

Si~ 

A12 03 

FeO 
Fe2 03 

MgO 
MnO 

10 

2 

42.3 

14.4 

13.4 

10.7 

T85 

1000 

10 

2 

41.1 

15.7 

13.8 

10.6 

Ti02 2.4 2.7 

CaO 11.4 10.5 

Na2 0 1.5 1.9 

K20 0.9 1.1 

Tl50 

980 

5 

5 

40.7 

15.5 

9.4 

0.3 

14.0 

2.3 

11.0 

1.9 

0.9 
·--------,-----------------

TOTAL 97.0 97.4 

Tetrahedral Cations (230) 

Si 

Aliv 

TOTAL 

6.280 

1. 720 

8.000 

6.093 
1. 907 

8.000 

96.0 

6.013 
l. 987 

8.000 

Tl50 

980 

5 

5 

40.8 

15.7 

8.6 

1.7 

13.9 

2.5 

11.4 

1.6 

0.9 

97.1 

5.968 

2.032 

8.000 

Tl51 

999 

5 

5 

42.6 

15.3 

8.6 

13.9 

2.6 

11.5 

1.8 

0.9 

97.2 

6.174 
1.826 

8.000 

Tl59 
1030 

10 
5 

42.5 

15.3 

9 • .4 

13.9 

2.2 

11.6 

1.6 
0.8 

97.3 

6.156 

1.844 

8.000 
----------------

Octahedral Cations (320) 

A1'1i 

FeZ+ 
Fe3+ 

Mg 
Mn 
Ti 

TOTAL 

M4 Site (230) 

Excess Oct. 
Ca 
Na 

TOTAL 

A Site (230) 
Na 

K 

TOTAL 

0.791 

1. 661 

2. 361 

0.268 

5.081 

0.081 

1.817 
0.102 

2.000 

0.321 
0.174 

0.495 

15.495 

0.827 

1.709 

2.348 

0.305 

5.189 

0.189 

1. 674 

0.137 

2.000 

0.394 

0.21?. 

0.606 

0.717 

1.163 

0.029 

3.090 

0.256 

5.255 

0.255 
l .745 

0.000 

2.000 

0.556 

0.175 

0.731 

15.606 15.731 
---··------------------

Ca 
Mg 
EFe 

100 l~g/t~g+~:Fe 

100 Mg/Mgf·Fe 2+ 

31.11 

40.44 

28.45 

58.70 

29.21 

40.97 

29.82 

57.87 

28.95 

51.27 

19.78 

72.16 

72.65 

0.680 

1.056 

0.184 

3.020 

0.272 

5. 211 

0.211 

1. 789 

0.000 

2.000 

0.442 

0.183 

0.625 

0.787 

l. 038 

3.009 

0.278 

5.112 

0.] 12 

1.794 
0.094 

2.000 

0.420 
0.157 

0.577 

0. 775 

1 .144 

3.000 

0.238 

5.157 

0.157 

l .800 

0.043 

2.000 

0.419 

0.147 

0.566 
------------

15.625 

29.57 

49.92 

20.50 

70.89 

74.09 

15.577 

30.71 

51.52 

17.77 

74.35 

15.566 

30.28 

50.47. 

19.25 

72.4 

·-------·-·-------·--·--------------------·-----------
BEST NAHE Parg. Parg. Parg. Parg. Parg. Parg. 

Notes: All analyses by electron microprobe. Low totals are due to unanalysed 
OH (+ F, C"l). 1\na·lysos recal,~:J1;::~c;rJ ucr:ording to the ror.1tine of Papike 
et~.l. (1974), with Fe?!- esti 1:1at<•d by this me'choc.: 

Nomenclature (f'arg. - pargasite) (Pa;>i'<e -~-L· .Ql., ibid)· 
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Figure 11.5 

Compositional variation in synthesised Cpx,Olivine and Amphibole 

in terms of mol. proportion of Ca-,Mg- and Fe end members.Coexisting phases 

are connected by tie-lines. The symbols distinguish phases crystallised 

under the following conditions: 11!1 - 5kb./2%H2o, ® -10kb./27;H
2
0, t:. -lOkb./57~11 20 

, 1:(. -Skb./5%1120, 1>. -7.5kb./8%H20, ¥-3kb./5%H2o. For comparHive purposes, the 

compositions of phenocrysts from Rindjani basalt 41632 are also included. 

0- Cpx, olivine phenocrysts occupy the range indicated on the ~lg-Fe axis, 

field R is that occupied by the reacted a1;1phiboles from Hindjani andesites. 
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similar to those of the partially reacted calcic hornblendes from 

some of the andesite (table 3.10), and have high Al 2o3 contents and low Si02. 

Mg/Mg+Fe values range from 0.74 to 0.58. The amphibole from run Tl51 

(5 kbars, 5% H20, 990°C) has an Mg/Mg+Fe va·l ue of 0. 74, very close to that 

of the coexisting olivine (Mg/Mg+Fe = 0.75). 

The amphiboles have Na 2o concentrations ranging from 1.5 to 1.9% and 

K20 from 0.8 to 1.1%. K20/Na2o ratios are between ca. 0.5 to 0.6. Calculated 

coexisting liquids have slightly lower K20/Na2o ratios (e.g. run T150, 980°C, 

5 kbars and 5% H2o, T159, 1030°C, 10 kbars and 5% H2o, table 11.9). The 

ratio (Na 2o) liquid/(Na2o) amphibole ~2 and (K20) liquid/(K20) amphibole is 

<2 (ca. 1.5- 1.7). Green (1976, 1973) also suggests that (Na2o) liquid/ 

(Na 2o) amphibole ~2, but that (K20) liquid/(K20) amphibole is >2. The 

amphiboles also contain quite high concentrations of Ti02 (2.2- 2.7%) 

and suggest a (Ti0 2) liquid/(Ti0 2) amphibole factor of about 0.3. 

4. Plagioclase 

Plagioclase appears in those runs with 2% H20 and at 3 kbars with 5% 

H20. The analysed plagioclases tend to show considerable variation within 

·a single charge, particularly those at 10 kbars (table 11.5). In particular 

T84 (1060°C, 10 kbars, 2% H20) had plagioclase ranging from An 64.4 to An 

88.7 (table 11.5) and those from run T85 (1000°C, 10 kbars, 2% H20) ranged 

from An 60.5 to An 93.8. 

Synthesised plagioclase also often tends to show rather poor stoi

chiometry with cation totals (on the basis of 8 oxygens) generally falling 

in the range 4.958 to 4.986. 

Anorthite content was calculated in three ways: 1. as mol. Ca/1, 

2. as total mol. (Al t Fe 3+)-1 and 3. as mol. Ca/Ca+Na+K. In most instances 

the latter method yielded a considerably higher An content, suggesting that 

the analyses areNa-deficient. This may either be due to analytical error 



Table 11.5 Analyses of Plagioclase Synthesised in Experimental Runs 

Run No. 

Temp. 

Pressure - k.bars 

%H2o 

Si02 

A1 2o3 

FeO 

~I gO 

CaO 

Na 2o 

KzO 

Fe2o3 

STRUCT. 

Si 

A1 

Fe 2+ 

Fe 3+ 

~~g 

Ca 

Na 

K 

TOT.i\L 

An (Ca/1 basis) 

An (A1+Fe3+-l basis) 

An (Ca/Na+Ca+K basis) 

Or . 

T70 T70 T71 T82 T82 T83 T84 T84 T85 T85 T177 

1100 1100 1040 1000 1000 1100 1060 1060 1000 1000 1020 

5 5 5 5 5 10 10 10 10 10 3 

2 2 2 2 2 2 2 2 2 2 5 

47.08 47.38 49.17 48.24 49.40 47.17 52.00 46.88 46.19 54.38 48.92 

33.31 33.37 31.76 32.48 31.14 33.63 29.51 33.62 34.33 28.86 28.43 

0.50 0.36 0.33 0.33 0.83 0.0 0.51 2.89 

17.36 17.10 15.57 16.05 14.63 16.99 12.63 17.17 18.00 11.30 13.12 

0.88 0.94 2.10 1.66 2.31 1.13 3.59 1.12 0.65 3.56 2.91 

0.07 0.10 0.16 0.22 0.24 0.17 0.41 0.14 0.0 0.78 0.34 

0.87 0.69 0.76 1.01 1.64 0.90 1.08 1.06 0.83 1.11 3.38 

2.1610 2.1736 2.2519 2.2116 2.2579 2.1658 2.3711 2.1556 2.1243 2.4564 2.2578 

1.8007 1.8030 1.7131 1.7537 1.6763 1.8186 1.5848 1.8206 1.8596 1.5353 1.5453 

0.0300 0.0238 0.0261 0.03481 0.0563 0.0310 0.0370 0.03664 0.0287 0.0377 0.1173 

0.0342 0.0246 0.0225 0.02254 0.0565 0.0346 0 0 0. 1988 

0.8538 0.8406 0.7641 0.7884 0.7165 0.8359 0.6171 0.8459 0.8870 0.5469 0.6488 

0.0783 0.0836 0.1865 0.1475 0.2047 0.1006 0.3174 0.0998 0.0579 0.3118 0.2604 

0.0041 0.0058 0.0093 0.0128 0.0140 0.0100 0.0238 0.0082 0 0.0449 0.0200 

4.962 4.955 4.9737 4.9716 4.9824 4.962 4.9860 4.9669 4.9576 4.9331 5.0485 

85.4 84.06 76.41 78.84 71.65 83.59 61.71 84.59 88.70 54.69 64.88 

83.07 82.68 73.92 78.85 73.26 82.17 62.18 85.67 88.83 57.30 66.26 

91.19 90.38 79.60 83.10 76.61 88.31 64.39 88.68 93.87 60.52 69.82 

.~3 .G? .97 1.35 1.49 1.05 2.48 O.H6 0.0 ft.97 2.15 



201 

(volatilisation of Na by the electron beam for instance) or may represent a 

real deficiency in the synthesised plagioclases. 

These problems notwithstanding however, the analyses do suggest that 

the first crystallised plagioclase at both 5 and 10 kbars with 2% H20 

(1100°C)are very Ca-rich (calcic bytownite-anorthite), which is in good 

agreement with the composition of plagioclase occurring as partially 

resorbed phenocrysts in the natural basalt 41632 (as well as in other 

basalts and andesites from this suite). 

5. i~ 

Spinel is the only other phase recognised in the runs. One run contained 

aluminous spinel (T84, 1060°C, 10 kbars, 2% H2o table 11.6), a phase not 

recognised in any lavas of the Rindjani suite. Cr-spinel occurred in several 

runs at >5 kbars and compositions (table 11.6) are quite like those of somE; 

of the Cr-spinel inclusions in magnesium olivine phenocrysts/megacrysts 

from alkali olivine basalts (e.g. 41631, 41621, 41626, table 3.9). 

1.1. 6 !_.;jguid Cor.IP.Q_si tions and Chemistry 

Determination of the composition of the equilibrium l·iquid coexisting 

with the crystallised phases in experimental runs is difficult (e.g. Green 

1976, Nicholls and Ringwood, 1974; Cawthorn et al., 1973). 

The direct analysis of interstitial glass is probably often unlike any 

liqu·id that may have been ·in equilibrium with near-liquidus crystals at 

the particular run conditions. This is largely due to the modification of 

the liquid by rapidly grow·ing quench pr·oducts during the cooling of the 

charge. These quench minerals were generally cl":inopyroxene or amph·ibole. 

Quenched cpx has lower CaO, higher Al 2o3 and is more Fe-rich than the 

equilibrium cpx. Quenched amphibole is generally more silica-rich and more 

Fe-rich than equilibrium amphibole (also see Green, 1976). Analyses of 

typical quench cpx and amphibole are ~riven ·in tab"le 11.7. 



Table 11.6 Electron Microprobe Analyses of Experimental Run 

Products - Spinels 

Run No. T84 

Temperature (°C) 1060 

Pressure (kb) 10 

Si02 

Ti02 0.35 

Al203 63.47 

Cr203 0.97 

Fe203 
1 0.71 

FeO 19.39 

MnO 

MgO 14.83 

CaO 0.26 

Total 99.98 

T85 

1000 

10 

2 

0.48 

17.97 

39.90 

11.57 

20.29 

9.64 

0.13 

99.98 

T153 

1090 

10 

5 

0.37 

19.22 

45.12 

5.19 

19.95 

9.90 

0.23 

99.98 

Number of ions on the basis of 32(0) 

Si 

Al 

Ti 

Mg 

Mn 

Ca 

Total 

Mg/t~g + Fe 2+ 

Cr/Cr + Al 

Fe 3+ /Cr+Al +Fe3+· 

Mol % U.Sp. 

15.600 

0.160 

0.112 

0.056 

4.613 ·.· 

3.385 

0.058 

23.984 

0.577 

0.010 

0.007 

1.04 ... 

5.447 

8.108 

2.238 

0.093 

3.698 

4.366 

0.036 

23.986 

0.459 

0.598 

0.142 

1.62 

5.767 

9.078 

0.994 

0.070 

3.760 

4.252 

0.065 

23.986 

0.469 

0.612 

0.063 

1.27 

Notes: Calculated by the method of Carmichael (1967). 

T170 

1050 

7.5 

8 

0.37 

13.42 

47.53 

11.56 

13.12 

13.49 

0.48 

99.97 

4.036 

9.584 

2.219 

0.073 

5.136 

2.803 

0.134 

23.985 

0.640 

0.704 

0.142 

0.90 
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Analyses Q_f typical _guench-products from exper·imental runs 

Phase 

Run No. 

Temperature °C 

Pressure ( kba rs) 

%H 20 

Si02 

A·1
2
0

3 

FeO 

~1g0 

cao 
Na2o 

K20 

Ti0 2 

TOTAL 

Mg/~·1g+zFe 

Amphibole 

T175 

1065 

10 

5 

49.05 

19.8 

10.1 

6.73 

8.95 

1. 59 

1.12 

1.62 

98.97 

54.3 

Clinopyroxene 

T83 

1100 

10 

2 

49.01 

11.24 

10.92 

12.15 

15.06 

0.23 

1.18 

99.79 

66.48 

The liquid compositions in the experiments were determined by two 

methods: 

1. By direct microprobe analysis of glass from those charges in which 

there is relatively minor quench growth (generally those at low 

pressures and close to the l·iquidus) (table 11.10). 

2. By calculation, in the case of runs which contain only one phase, 

based on the microprobe determination of the composition of that 

phase and the composition of the starting glass (table 11.9). The 

proport·ion of crystallisation was determ·ined as follows: In the case 

of runs with olivine as the sole phase in equilibrium with the liqui·d, 
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the olivine-liquid K0 value of 0.3 (Roeder and Emslie, 1970) was 

assumed. The Fe 2+;Fe2+ + Fe 3+ ratio of the liquid at the liquidus 

was then calculated, knowing the MgO and total Fe content of the liquid 

(starting glass, table 11.9) and the liquidus olivine composition 

(Fo 82), by applying Roeder and Emslie's (ibid) K0 = (Fe 2+;Mg)ol/ 

(Fe2+;Mg) liquid= 0.3). This also assumed that the liquidus olivine 

(Fo 82} constituted a negligible component of the charge very close to 

the liquidus and that the liquid in this case closely approximated the 

composition of the starting glass. 

At temperatures below the liquidus where olivine was the sole phase, 

the% crys~allisation was then determined by calculating the amount of 

the equilibrium olivine composition stable at that temperature which 

had to have crystallised from the starting composition to yield an 

equilibrium liquid FeO/MgO ratio such that the olivine/liquid K0 value 

of 0.3 was achieved. 

For those runs with cpx or amphibole as the sole phase, the K0 

cpx-liqu·id and K0 amphibole-liquid values were determined indirectly 

by first determin·ing thei1~ equilibrium with olivine (whose 1<0 olivine

liquid is assumed to be 0.3) and from these inferr·ing the cpx-·liquid 

and amphibole-liquid Mg-Fe distributions relative to the olivine-liquid 

( XM 0 l ) ( X Fe c p x) 
va·lues for the olivine-cpx I< (K = _'l.9___ ----

0 D X Fe o l ) ( XM g c p x) 

( I< ::: ( .0_f:ig 0 ~) ( X Fe~~. ) ) 
and olivine-amphibole K0 . 0 (XFeol) (XMgamph.) 

are given in table 11.8. The average ol-cpx K0 is close to 1, so it 

·was assumed that the cpx-liquid K0 is the same as that for olivine 

(0.3). The olivine-amphibole K0 was slightly >1 and an accordingly 

higher amphibole-liquid K0 of 0.35 was adopted. 
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On the basis of these K0 values, the% crystallisation of those runs 

with only one of the phases, cpx, olivine or amphibole was calculated 

(tab 1 e 11. 9) . 

Tab"le 11.8 

Olivine-·cpx and olivine:-amphibl~0 values for co-existi_n_g_ 

phases for experimental runs at 5 kbars 

Run No. Pressure (kb) Co-existing 
Phases 

T70 

T71 

T82 

T151 

1100 

1040 

1000 

990 

5 

5 

5 

5 

2 

2 

2 

5 

01-cpx 

01-cpx 

01-cpx 

. 01-amph 

0. 99 

0.95 

0.98 

1.06 

As the above method can only be applied in the situation where only 

one phase coexists with the liquid, the composition of liquids from charges 

where a number of phases coexist had to be inferred from electron microprobe 

analyses of glass (table 11.10). The proportion of crystallisation in these 

runs was then calculated on the basis of the enrichment of K2o, assuming 

this component to be entirely resident in the melt (when amphibole is absent). 

The proportion of crystallisation of two run series at particular pressures 

and with particular water contents is plotted as a function of temperature 

in figure 11.6. The mast significant factor is the rapid increase in the 

degree of crystallinity on the appearance of amphibole. This is a similar 

phenomenon to that illustrated by Hollaway and Burnham (1972) in their 

experiments on an olivine thole·iite composition (compare figurel1.6 with 

figure 6 from Holloway and Burnham 1972). 

The large increase in the volume of liquid on the disappearance of 

amphibole suggests that amphibole is melting incongruently to yield liquid 

and either cpx (at 10 kbars) or olivine (5 kbars). 



Table 11.9 Calculated Equilibrium Liquids in Some Experimental Cha1·gcs 

--------------- ---- --------
Run No. 

Temperature (°C) 

Starting 1 

Composition 
3 T78 

1110 

Tl27 

1075 

T122 

1060 

Tl31 4 T87 

1020 1160 

T86 

1140 

T195 5 T150 

1065 980 

Pressure (kb) 
% H20 

Si02 

Al 203 

Fe?0 3 

FeO 

MgO 

CaO 

PzOs 

MnO 

Mg/Mg + Fe2+ 

50.00 

17·85 

1.22 2 

8.48 

6.49 

10.46 

2.73 

1.27 

1.13 

0.18 

0.18 

0.5769 

5 

2 

5 
5 

5 
5 

5 
5 

10 
2 

10 
2 

10 
5 

5 

5 

50.04 50.29 50.42 50.67 49.87 50.06 50.17 53.37 

17.92 18.30 18.50 18.86 18.81 18.74 18.96 18.69 

1.22 1.2? 1.26 1.29 1.32 1.34 1.39 1.66 

8.44 8.22 8.09 7.79 8.57 8.66 8.74 8.06 

6.34 5.59 5.21 4.57 5.66 5.64 5.47 3.75 

10.50 10.72 10.82 11.03 9.90 9.64 9.31 9.92 

2.74 2.80 2.83 2.83 2.96 2.98 3.02 3.01 

1.28 1.30 1.32 1.34 1.37 1.40 1.44 1.39 

1.13 1.15 1.17 1.18 1.17 1.17 1.14 0.71 

0.18 0.17 0.18 0.18 0.19 0.20 0.20 0.24 

0.18 0.17 0.18 0.18 0.19 0.20 0.20 0.24 

0.5723 0.5477 0.5391 0.5110 0.5423 0.5388 0.5289 0.4534 

Coexisting phase 01 01 01 01 CPX CPX CPX Amph 

Mg/~lg + Fe 0.8170 0.8019 0.7961 0.7770 0.798 0.7956 0.7892 0.7218 

% crystallisation 0.40 2.48 3.50 5.36 7.7 9.4 12.15 26.62 

Q 

c 

or 

ab 

an 

ne 

di 

hy 

ol 

mt 

il 

ap 

Notes: 

2 

7.51 

23.10 

32.70 

14.26 

6.37 

11.58 

1.77 

2.14 

0.32 

7.56 

23.18 

32.82 

14.33 

6.36 

11.24 

1.77 

2.15 

0.32 

7.68 

23.69 

33.53 

14.63 

6. 71 

9.15 

1.81 

2.18 

0.33 

X.R.F. analysis of starting glass 

C.I.P.W. Norm 

7.80 

23.95 

33.89 

14.77 

6.82 

8.13 

1.83 

2.22 

0.33 

7.92 

24.37 

34.58 

15.05 

7.25 

6.11 

1.87 

2.24 

0.34 

8.10 

25.04 

34.00 

10.85 

. 4. 78 

12.51 

1. 91 

2.22 

0.34 

8.27 

25.21 

33.63 

10.04 

6.35 

11.74 

1.94 

2.22 

0.35 

8.51 

25.55 

33.93 

8.40 

7.64 

11.20 

2.02 

2.17 

0.36 

1.86 

8.21 

25.47 

33.39 

11.15 

16.46 

2.41 

1. 35 

0.43 
------------

Fe2 03/Fe0 ratio calculated on the basis of olivine-liquid K0 = 0.3 for the nearest liquidus 
olivine composition (Run Tl74, 01 Fo 81.92) 

Liquid conrosition culculated by calculc1tin9 the~£ crystallisation necessary to modify the 
starting composition t-1g f;o, to that in equilibrium VJit.l1 the eo~ilibriurn olivin~ (K0 = 0.3). 
{Those runs with ol ivir.e as the sole hyper·sol idus rhase, T78, Tl27, 1122, T131J 

11 Equil ibriu:n 1 iq~ids of runs vlith clinopyroxene as the sole crystallising phase {T87, T86, 
T175) calculated in the sam'! VJay as 3 , assuming c\ CPX--liq f:0 of 0.3. 

Liquid in equilibrium with amphibole as the sole liquidus phase (see text). 



Table 11. 10 Electron Microprobe Analyses of Glass from Experimental Runs 1 

-----
Run No. T78 T70 T71 T87 T85 T127 T131 T170 

Temperature (DC) 1110 1100 1040 1160 1000 1075 1020 1050 

Pressure (kb) 5 5 5 10 10 5 5 7.5 

% HzO 2 2 2 2 2 5 5 8 

Si02 49.84 50.01 50.23 50.39 55.53 49.97 51.03 51.24 

A1 203 18.55 19.41 20.00 19.25 22.64 18.41 19.75 20.21 

Fe203 0.07 1'.13 2.64 1.56 0.33 1.82 1.57 

FeO 8.95 8.00 7.56 8.23 6.82 8.91 7.46 8.17 

MgO 6.73 5.31 3.65 5.48 1.66 6.07 4.38 4.95 

CaO 10.10 9.71 8.47 9.66 8.03 10.23 9.65 9.04 

Na 20 2.82 3.20 3. 74 ' 2.37 2.59 2.86 2.90 2.60 

K20 1.28 1.45 1. 93 1.43 1.87 1.45 1. 33 1. 36 

Ti02 1. 20 1.40 1.56 1. 32 0.85 1. 31 1.44 0.94 

MnO 0.13: 

Mg/Mg+J:Fe .5712 .1522 .3961 0.5031 0.3024 0.5452 0.4620 0.4790 

t~g/Mg+Fe 2+ .5730 .5419 .4525 .5426 .5483 .5113 .5191 

Coexisting phases 01 Ol,Cpx,Pl Ol,Cpx,Pl Cpx Amph,Cpx?, 01 01 Cpx,Ol,Crsp. 
Pl,Crsp. 

C.I.P.W. Norm 

Q 9.25 0.02 0.10 

c 2.48 

or 7.56 8.57 11.40 8.45 11.05 8.57 7.86 8.03 

ab 23.86 27.07 31.74 20.05 21.92 24.20 24.54 22.00 

an 34.18 34.32 32.09 37.67 37.87 33.12 36.95 39.47 

nc 0.27 

di 11.50 9.80 6.60 6.83 12.94 7.39 2.83 

by 3.30 1. 99 20.16 15.59 2.38 17.41 23.32 

ol 16.53 13.35 11.26 1.54 15.15 

mt 0.10 1. 64 3.83 2.26 0.48 2.64 2.27 

i1 2.28 2.66 2.96 2.51 1. 61 2.49 2.73 1. 78 

ap 

-------------·-·----------------------------------
Notes: Due to a number of factors discussed in the text calculated liquid compositions (table 

are regarded as more reliable than analysed ones. 
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Compositions of both calculated and analysed liquids are given in 

tables 11.9 and 11.10, together with C.I.P.W. norms. These compositions 

are plotted in the normative ne-ol-di-hy-Q-diagran1 (figure 11.7) together 

with the fields of the various groups of Rindjani lavas. 

A number of features are of significance: 

1. Those liquids which are in equilibrium with one or more minerals of 

the group: olivine, clinopyroxene, plagioclase, do not show very 

significant Si02-enrichment relative to the starting composition. 

They have compos-itions that are generally within the ol-hy-di-normative 

field (figure 11.7) with differentiation indices and normative 

plagioclase compositions somewhat like those of hawaiite (e.g. Coombs 

and Wilk·inson, 1969) and resemble the more d·ifferentiated Rindjani 

(low MgO) high-Al basalts. 

2. The fused glass used as the starting composition for all these exper

iments (analysis given in table 11.9) has lower Na2o than the original 

rock from which this glass was prepared (41632) (2.73% Na2o vs. 3.67% 

Na 2o). Apparently sodium must have been lost during the fusion process. 

Thus the starting composition (figure 11. 7) is hy-normati ve whereas the 

natural lava is slightly ne-·normative. If the starting composition 

were to have its higher Na2o restored, its normative composition 

would then shift across the low pressure divide (Yoder and Tilley, 1962) 

and runs which crysta"llised combinations of clinopyroxene, olivine and 

plagioclase, v!ould probably have retained liquid composit-ions vJithin the 

ne-normative field. 

For this reason, the experiments are more directly applicable to 

the differentiation of those R·i ndj ani basalts which are hy-normati ve 

(figure 11.7), like olivine basalt 41676 (table 3.12). This lava has 

a similar composition to 41632, but has slightly lower Na2o content. 



fi.g_ure 11. -~ 

The calculated proportion of crystal"lisation of run series 

at specifietl temperatures. 

In the case of those runs where equilibrium liquids were 

calculated (table 11.9), the proportions of crystallisation so 

yielded were used. In the other cases, (i.e. where analysed 

liquids had to be used), then the% crystallisation was 

determined by calculating the enrichment of incompatible or 

reasonably incompatible elements (K20, Ti02, Na2o) relative 

to their concentrations in the starting composition. The silica 

content of the most crystalline runs in. each sedes is indicated. 

Particularly notable is the marked increase ·in crystallinHy 

when amphibole appears. 
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3. In general the compositional variation of the liquid from amphibole

absent runs (i.e. 5 kbars with 2% H2o 10 kbars with 2% H2o at> ca. 

1010°C, 5 kbars with 5% H2o at > ca. 1000°C and at 3 kbars with 5% (H 2) is 

tov:ards Al 2o3 enrichment, ~1g0 and i'-1g/t1g+Fe depletion and CaO depletion or 
(' 

enrichment depending on ~t 1 hether clinopyroxene or olivine is crystallising. 

4. Runs in which amphibole occurs as an equilibrium phase have a greater 

degree of crystallinity and have liquids that are Si02-enriched, both 

relative to the starting composition and also to those runs where 

amphibole is absent. This applies both to the analysed interstitial 

glass compositions and to the calculated liquid compositions (tables 

11.9 and 11.10). 
' 

Some of the liquids are Q-normative and resemble basaltic or 

low-silica andesites (e.g. T150, T159, table 11.9), or andesites 

(T85, table 11.10). 

These liquids have inferred Mg/Mg+Fe2+ values <0.5 and lower MgO, 

slightly lower CaO and markedly lower Ti02 than the starting basalt 

composition. 

The composition of liquids in equilibrium with amphibole in these 

runs tends to support the proposal that andesit·ic liquids may be 

derived by amphibole fractionation from basaltic parents, and support 

findings of s·imilal~ studies by Cawthorn et al. (1973) and Holloway 

and Burnham (1972). 

11. ? piscussio!I. ___ czJ' the Resu l·ts of the Exp__e.rimental...!.:.c;_tudy 

The key factors in the differentiation of hydrous liqu·ids at moderate 

pressures, illustrated by these experiments on the Rindjani basalt, are: 

1. The marked suppression of liquidus temperatures by the addition of 

relatively small amounts of water. 



Normative ne-di-oZ.-hy-·Q diagram. Showing the normative compositions of calculated 

and analysed experimentally derived liquids, together with the fields of the various 

Rindjani lava groups. 

The numbered fields repn?sent the areas occupied by the following Rindjani lavas: 

1. ne-nonnative, high-Al basalts and ankaramites. 

2. mJ-normative, high-A1 basalts and basaltic andesites. 

3. andesites. 

4. dacites. 

Point A (star) is the nomative composition of the starting glass (table 11.9). 

Point B is the composition of the original rock, basalt 41632. Triangular syriilols are 

calculated liquids, ~1hile squares represent analysed glasses. Open symbols (i.e. nos. 

8 and 13) are from ar1phibole-bearing runs. 

The nurnbet'ed points represent liquids, either calculated Ot' analysed, ft·om the 

fol )owing runs. 
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2. The rapid decrease in the liquidus temperatures of plagioclase with 

small increases in water content~ a feature also discussed by Yoder 

(1969). With 2% H2o the plagioclase-out curve has a steep positive 

slope, lying at 1100°C at 5 kbars and ca. 1110°C at 10 kbars. With 

5% H2o the plagioclase-out curve has a relatively shallow negative 

~P/~T slope and retreats rapidly to lower temperatures with increasing 

pressure. It approaches the water saturated liquidus at slightly less 

than 3 kbars (ca. 1050°C)~ but lies at <980°C at 5 kbars. 

3. The liquidus temperature of both cpx and olivine is much less markedly 

depressed by the addition of water than is that of plagioclase. This 

results in a much larger temperature interval of olivine (and/or cpx) 

crystallisation before the appearance of plagioclase (see figure 11.10). 

This factor alone is likely to have a marked effect on the nature of 

the differentiation path of hydrous liquids by comparison with that 

of anhydrous analogues. It is probab-ly an important factor in the 

development of the geochemical character of calcalkaline suites. In 

particular this factor will lead to the product·ion of normative-

plagioclase enriched liquids with high Al 2o3 and CaO, but with low MgO. 

4. These experiments, on a high-Al basalt, also suggest that the field of 

cpx expands at the expense of olivine, with increasing pressure. This 

is a feature of most experimental studies of basaltic composition 

(e.g. Green and Ringwood, 1967, Thompson, 1977). In the case of this 

Rindjani basalt, olivine is alone on the liquidus at 5 kbars, coexists 

with cpx at 7.5 kbars and is absent at 10 kbars. The relatively 

aluminous, slightly ne-normative basalts from Rindjani appear to have 

fractionated olivine (for instance lava 41621 is nearly aphyric and has 

olivine as the main phenocryst phase) and then olivine-plag·ioclase-clino··· 

pyroxene, I'Jhich is the crysta"llisation sequence at 5 kbars with 2% H20 

or 3 kbars with 5% H2o. 
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The ankaramite lavas from west Lombok have clinopyroxene as an import 

phenocryst phase (>olivine). This may suggest that they have differ-

entiated at and erupted from, greater depths than the olivine-dominated 

h·igh-Al basalts. This behaviour may also be important to the differ-

entiation of the Sangeang Api lavas with their cpx-rich cumulates. 

5. The almost simultaneous appearance of olivine, clinopyroxene and 

plagioclase close to the liquidus at 5 kbars/2% H2o and 3 kbars/5% H2o 
is suggestive of a four-phase, low pressure cotectic (ol-cpx-plag

liquid). Under these conditions the existence of the low pressure 

divide (Yoder & Tilley, 1962) prevents the evolution of hy- or Q-

normative differentiates from ne-normative parents (or visa versa). 

This assemblage closely matches the eruptive mineralogy of the Rindjani 
r 

high-Al, basaltic lavas and basaltic andesites, as well as that of 

the trachybasalts from Tambora volcano. 

11.8 ~hi~oZe CrystqZZisation 

The upper temperature stability limit of amphibole as a function of 

water content and pressure is obv·iously a quest·ion of vital inter'est if 

this phase is considered the key to the differentiation of andesites from 

basaltic parents. 

The highest temperatures at wh·ich amphibole crystallised in these 

experiments was 1030°C at 10 kbars, with 5% H2o. Amphibole was absent at 

1065°C (cpx) at the same pressure and its breakdown temperature is presumably 

in the range 1030-1065°C. At 5 kbars with 5% H20, amphibole coexisted with 

olivine at 990°C and was present alone at 980°C, whereas olivine was present 

alone at 1020°C. Therefore the temperature of amphibole breakdown is likely 

to be about 1000°C. 



Higher amp hibole stability temperatures have been found in other 

basaltic compositions. Irving (1971), for instance, found amphibole at 

1100°C at 13.5 kbars with 2% H2o in a mugearite composition and Holloway 

and Ford (1975) synthesised fluoro-hydroxy pargasite at temperatures in 

excess of 1200°C in a vapour-absent system. Furthermore amphibole stability 

is also probably partly compositionally dependent. For instance, Cawthorn 

et al. (1973) found that amphibole crystallised at progressively higher 

temperatures from increasingly more mafic liquids, while Cawthorn (1976) 

also suggested that Na 2o concentration of the liquid may also have an effect 

on the initial crystallisation temperature of amph·ibole. 

The main factor determining the feasib·ility of amphibole fract"ionation 
' 

as a means of deriving andesites from basaltic parents is the maximum 

temperature at wh·ich amphibole is likely to be a stable hypersolidus phase. 

Temperatures at wh·i ch andesites equi 1 i bra ted with their phenocrysts are in 

some doubt, though they may be fairly high. Wilcox (1956) found, by direct 

measurement, that the maximum vent temperature of the erupting Paracut·in 

andesite was 1070°C. This temperature is slightly higher than the exper-

imentally determined maximum stability temperature of amphibole in this 

study. On the other hand, Gill and Till (1978), on the basis of coexisting 

oxide, plagioclase and pyroxene geothermometers, suggest that the Fijian, 

Namosi andesite was equilibrated at between 1000 and 1050°C which are in 

general agreement with temperatures yielded by coexisting pyroxenes and by 

plagioclase microphenocryst-glass pairs from Rindjani andesites (chapter 3). 

These factors suggest that andesite temperatures may be less than the maximum 

amphibole stability temperatures determined in th·is study and in any case 

there may be gn;unds for suggesting that amph·ibole may be stable to slightly 

higher temperatures than those found in these experiments on this particular 

basalt composition. 
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Flow chart summarising the crystallisation history of Sunda Arc lavas.As discussed in the text,the trend from 
1eft to right ,from ·stage 1 to 4 ,is one of decreasing temperature and/or pressure. The sequence from A to C is one of 

decreasing temperature and /or increasing water content.As discussed in chapter 12,the primary liquids yielding the range 

of lavas in this sector of the Sunda Arc show considerable compositional variation ,particularly in terms of their alkalinity. 
Thus initial parent melt composition will also affect the differentiation path. 

Liquids in equilibrium with assemblage 4! will be somewhat alkaline,relatively MgO-poor,high-Al basalts,trachybasalts 

,trachyandesites,leucitites,leucite tephrites,hawaiites or mugearites.The bulk compositions represented by assemblage 
41! will andesitic,with residual liquid of dacitic composition. 

In the P/T diagram figure ll.IO,fields marked 1 to 4 are equivalent to those similarly marked in this flow 

chart.In figure 11.10 (A-D), trends a-b are equivalent to that represented by A in this diagram,while trend a-p-i 
is equivalent to trend 1-2-C-4 in this figure. 
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11.9 Crystal Usation Sequences and the Fractionation of Sunda Arc Magmas 

The flow chart presented in figure 11.8 summarises possible generalised 

evolutionary paths of magmas from this sector of the Sunda Arc as suggested 

by petrographic and geochem·ical data as well as modelling calculations 

presented earlier in this thesis. 

Thus field 1 is that of the primary "liquids, which as will be discussed 

in chapter 12, must encompass considerable diversity, ranging from the o"l-

hy-normative, relatively low K2o parents of the least alkaline high-Al 

basalts from Rindjani, through the highly alkaline. undersaturated, "lc-

nonnative Soromundi and G. Sangenges leucitites. Field 2 is that of _olivine, 

c 1 i no pyroxene or o 1 i vine + c 1 i nopyroxene-crysta 11 i sati on, pre sumab·ly c 1 ose to thE 
' 

liquidus and is represented by ol- and or cpx-rich, feldspar- or feldspathoid-po( 

lavas represented in most of the suites described in this thesi~. This may also 

represent the field of crystallisation of the Sangeang /~pi oliv·ine

clinopyroxenite nodules. 

Lavas may erupt d·irectly with the olivine-clinopyroxene assemblage, 

or may take path A and crystallise a feldspar- or feldspathoid-bearing 

assemblage (4). In chapter 9 it was suggested that such a mechanism yielded 

the relatively K20-enriched, low MgO high-A1 basalts from the Rindjani 

suite and possibly much of the variation within the Tambora suite. 

As an alternative to A, path C passes through the field of amphibole 

crystallisation, inc·luding both plagioclase-bearing and plagioclase-free 

assemblages. In chapter 9 it was suggested that some of the Sangeang J\pi 

lavas had evolved along such a path and that the associated amphibole-rich 

xenol Hhs may have resulted fr·om accumulation of assemblages so-crystallised. 

Furthermore if the calcalkaline andesites from Rindjan·i are the result of 

fractional crystall·isation of high-Al basalts, then this path "is critical 

to the evolution of andesite liquids. 
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If the primary liquid involved is markedly undersaturated, then 

assemblages crystallised in field 3 w·ill give rise to those of field 4I as 

magmas approach eruption, while marginally undersaturated or ol-hy-normat i ve 

parents may yield the Q-normative assemblage 4II following crystallisat·ion 

of the amphibole-bearing assemblages. 

The remainder of this chapter is concerned with the discussion of the 

relationship of ·idealised crystallisation sequences just outlined to the 

experimentally determined phase relationships. 

11.10 Phase Re~c_xtionships and Crystallisation S~uences 

The main elements of the phase relationships determined ·in this study 

are summarised in figure 11.9 (A-D). The %H 20-dependent positions of the 

liquidus and the plagioclase- and amphibole-liquidi have been extrapolated 

from the available 2 and 5% H2o data to create a series of four P/T diagrams 

each representing a 1% H20 increment from 2-5% H20. The low pressure portion 

of the diagrams, together with the water-saturated liquidus is partly based 

on the 3 kb data from this study as \!Jell as the phase relationships of Yoder 

(1969) with additional data from Cawthorn et al. (1973) and Eggler and 

Bur·nham (1972). 

Using the above series of diagrams those shown in figure 11.10 (A-D) 

were constructed, where the fields of crysta 11 i sati on of those assemb 1 ages 

outlined in the flow chart (figure 11.8) are distinguished (1-4). A minimum 

temperature of 1000°C is taken as a cut-off for these diagrams as for reasons 

already outlined, it is considered that andesites erupted at or above this 

temperature. The amphibole stability fie'ld is divided into two assemb.la~Jes; 

a plagioclase-free assemblage (3I) and a plagioclase-bearing assemblage (3II), 

the latter is interpreted as the critical assemblage in the derivation of 

andesitic residual liquids, as well bein9 equivalent to the assemblages in 

h S A . bb . 1' h (e.g. 824. plate r~o). t e angeang p1 ga ro1c xeno 1t s . ~ 
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The results of these experiments carried out with 2 and 

5% H20 have been extrapolated to yield phase diagrams with 1% 

H2o increments from 2% to 5% H20. Relationships at low 

pressures are partly inferred, partly indicated by the 

relationships in the 3kbar/5% H20 runs and partly taken 

from relat{onships indicated by experiments of Yoder (1969), 

Eggler and Burnham (1973) and others. 

Line A-B-0 is the liquidus. Point C represents the 

intersection of the water-saturated liquidus. 

Line F-D is the water saturated plagioclase liquidus. 

Line E-C-0 is the water saturated liquidus. 

Olivine and/or clinopyroxene are on the liquidus 

over the interval A-B. 

Plagioclase becomes the liquidus phase at B. 

Point X represents the highest temperature of 

amphibole-plagioclase coexistance. 
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As discussed with respect to the flow chart shown in figure 11.8, 

there are two main pathways by which basaltic parental l'"'iquids may differ

entiate. Those following path A do not pass through the amphibole stability 

field and initially crystallise cpx and/or olivine-bearing assemblages. 

These magmas may erupt directly with this assemblage or may pass into the 

plagioclase stability field and crystallise a plagioclase-cpx-olivine 

assemblage prior to eruption. Such a path is shown by the trend a-b on 

figures 11.10 A-D. The increase in water content represented by these four· 

diagrams (from 2% to 5%) expands the field in which cpx and/or oliv·ine may 

fractionate, relative to the plagiophyric assemblages, thus compared with 

the 2% H20 case, the system with 5% H2o is more likely to differentiate more 

aluminous, normative plagioclase-enriched residual liquids. 

On figure 11.10, the relative extent of the individual cpx and olivine 

fields are not differentiated, though data presented earlier in this chapter 

suggests that the olivine-cpx field (2) tends to be dominated by olivine at 

pressures <7.5 kbars and by cpx at higher pressures. In these experiments 

there is some suggestion that there may be a thin and dim·in·ishing field of 

olivine alone on the liquidus, perhaps up to 8 or 9 kbars. Over this pressure 

range there will also be a diminishing field where cpx and olivine coexist 

at temperatures slightly below the liquidus and at least in the upper pressure 

range of this region~ at still lower temperatures, olivine disappears, 

apparently by reaction with the liquid. This field then being occupied by 

cpx alone, expanding to the liquidus at higher pressures (>9 kbars}. 

These conclusions are also supported by the experimental finding of 

Presnall (1966) on the join forsterite-diopside-iron oxide. Holloway and 

Burnham's (1972) experiments on the Kilauea thole·iite also show the same 

behaviour. Their determinations of modal proportion of olivine and cpx close 

to the liquidus (fig. 6, Ho"lloway and Burnham,, op. cit.) show ol·ivine to be 
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modally dominant very close to the liquidus at 5 kbars, but at 50°C below 

this the proportion of olivine diminishes to a very minor role, in favour 

of cpx. At 8 kbars, olivine is never more than a minor constituent. 

These details have a number of important implications with respect to 

the Sunda Arc lavas and mafic-ultramafic nodules. In the first place, the 

mafic, cpx-dominated assemblages, with minor olivine, of a number of lavas 

from several volcanoes (e.g. the ankaramites from Lombok), probably frac

tionated close to the liquidus at higher pressures than the olivine-dominated, 

high-Al basalts from Rindjani. If these cpx-rich lavas followed a cooling 

path, close- and subparallel to the liquidus, from about 10 kbars, then 

they may crystallise cpx first and then a cpx-dominated ol-cpx assemblage 

later, at slightly lower T and P. This would then account for the more 

magnesian composit·i on of some Cr-diopsi de megacrysts compared with associated 

oliv·ine. 

Furthermore, ·if a relatively rapid cooling path from the liquidus at 

about 9 kbars is followed, then an initially relatively olivine-rich, 

olivine-cpx assemblage would crystallise, but would rapidly become more 

cpx-rich with cooling, until olivine disappeared altogether. The assemblage 

along this path would represent a series of increasingly olivine-poor 

olivine-clinopyroxenite cumulates analogous to some of those present in 

the Sangeang Api nodule su·ite. Petrographic evidence from the Sangeang Api 

xenoliths suggests that the disappearance of olivine is marked by the 

appearance of magnetite, yielding the magnetite clinopyroxenites. As 

already discussed, these exper·iments were buffered at f0 2 conditions sl-ightly 

more reducing than those at the NNO buffer and no magnetite crystallised. 

Previous calculations suggested that andesite generation required magnetite 

precipitation, which then suggests that natural f0 2 values are more oxidising 

than those of these experiments (perhaps between the NNO and HMN buffers) 

which is in accord with calculations of Gill and Till (1978) and Powell 

(1978). Somewhat similar experiments of Holloway and Burnham (1972) yielded 
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magnetite within 50°C of the liquidus of the Kilauea tholeiite at the NNO 

buffer 'at 5 and 8 kbars and in view of this a hypothetical magnetite liquidus 

has been added to figure11.10Basapredicted result of higher f0 2 values. 

In the flow chart (figure 11.8) the major alternative to the crystall

isation sequence discussed above (path A) is the path leading to the 

precipitation of amphibole-bearing assemblages (path C) between the 

oliv·ine/clinopyroxene and low pressure plagiophyric assemblages. It is 

this path which is considered to be the key factor in the fractionation 

of andesitic differentiates and also in the generation of the Sangeang Api 

amphibole bearing cumulates. 

Of partic~lar importance to andesite generation in view of the 

calculations presented in chapter 9 is the field of amphibole+ plagioclase 

crystallisation (field 3II in figure 11.10). Because of the opposite slopes 

of the plagioclase and amphibole liquidi and the rapid variation in the 

slope of the plagioclase liquidus with varying water content (figure 11.9 

A-D), there is a marked maximum in the temperature of amphibole-plagioclase 

coexistence at any particular water content. With increasing water content 

above 3%, there is a steady decrease in this maximum temperature which also 

occurs at progressively lower pressures (figures 11.9, 11.10). By far the 

maximum extent of this field above 1000°C occurs in the system with 3% H20 

(figure 11.10B) where it extends to the highest temperatures between 9 and 

10 kbars. 

The above results have important implications for andesite generation. 

In particular they suggest that even though the amphibole-plagioclase.field 

does extend to reasonably high temperatures, this field is still well below 

the liquidus, This suggests that a basaltic liquid cooling from its liquidus 

at about 10 kbars will crystall-ise olivine and clinopyroxene over a consider

able temperature interval before it reaches the amphibole-plagioclase field. 

Furthermore such a path (e.g. path a-p, figure 11.108) requires marked 

cooling at the 7-10 kbar pressure range. This suggests that to enter the 



Figure 11.1Q 

The major crystallisation fields from figure 11.9 are 

distinguished. Numbered fields are also equivalent to those 

in the flow chart, figure 11.8. 1 = liquid, 2 = olivine and/or 

cpx, 3I =amphibole~ olivine+ cpx without plagioclase, 

3II =amphibole+ plagioclase+ olivine~ cpx, 4 =plagioclase 

bearing assemblages without amphibole. 1000°C is considered 

as the minimum temperature at which broadly basaltic-andesitic 

liquids are likely to evolve. The trends indicated are 

discussed in the text. 



2°h H20 __ _ 
l- ' -. a 

- 1 

c 
:::;, c ._ 
a :::;, 

- 0 
4 ._, ...., 

c 

1-

900 
·----o-----r--
00 1100 1200 1000 

--,-------
1100 1200 

TEMP. 



215 

amphibole-plagioclase field and hence differentiate an andesitic residual 

liquid a basaltic parent magna must be samehow impeded in its ascent and 

allowed to cool markedly in the 20-30 km depth range. The resultant 

residual liquid (andesite) must then be tapped and rise rapidly to the 

surface crystallising an increas·ingly plagioclase-r·ich phenocryst assemblage 

with a dacitic residual liquid. This path is illustrated on figure 11.108 

(path a-p-i). 

11.11 Conclusions 

The main conclusions arisino from these phase relationships~ particul-

arly considering the origin of andesite are: 

1. Liquids are hydrous, but relatively water-poor. Conditions which 
' 

optimise the extent of crystallisation of the critical amphibole-

plagioclase field in P/T space occur with about 3% H2o. 
2. The amphibole-plagioclase field is of fairly restricted extent even 

at these most optimum conditions and temperatures >l000°C and lies 

between 5 and 10 kb , with its highest temperature at about 8 kbars. 

These pressure conditions imply a depth in the range 20 to 30 km . , 

with maximum extent at about 25 km In this part of the Sunda Arc, 

these depths approximate the depth to the base of the crust (Moho) 

(on seismic evidence, e.g. Curray et al., 1977). 

The last conclusion may have major importance in the origin of andesites, 

considering the requirement that in order to enter the critical amphibole

plagioclase fie.ld to gE::nerate andesitic res·idual liquids, basaltic parent 

liquids must cool considerably below their liquidi at this depth (ca. 20 km .) . 

Thus it is possible that the base of the crust-mantle interface may 

represent a point where l·iquids r·ising from the mantle are in some way 

impeded in their ascent. In this way they may then be allowed to cool 

until the,y start to crystallise the amph-ibole-bearing assemblage. The 
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density contrast between the mantle and the lower crust is one factor which 

is likely to result in a marked decrease in the ascent-rate of basaltic 

magmas, originating in the mantle, once the less dense crust is reached. 

Other anisotropies present at the mantle/crust i~terface (e.g. phase 

trans·itions, temperature differences, compositional differences) may also 

markedly impede the ascending basaltic magma. 

As pointed out earlier in this chapter, there is a dramatic increase 

in the proportion of crystallisation with cooling once the amphibole-field 

is reached. Similarly, calculations presented in chapter 9, suggest that 

the andesitic liquids are produced by about 40% crystallisation of this 

assemblage from.a basaltic parent. Thus it is likely that any given vol~ne 

of andesite erupted at the surface has also left behind an almost equivalent 

volume of amphibole-rich gabbro at the base of the crust. Thus the crust 

in ,island arcs may h1 fact be growing simultaneously both from the base 

downvJa rds and the surface upwards. 

This amounts to an underplating hypothesis and such models have been 

proposed in slightly different context, for instance by ~~hite (1979). 

Several ramifications of this are likely to be important: 

1. In young island arcs, where the crust is very thin (.~15 km .) , amphibole 

crystallisation at its base, may only occur at temperatures <l000°C. 

Thus the production of andesitic liquids may be less common in these 

aYes. Such in fact is observed in such primitive arcs as the South 

Sandw·i ch. Conversely, in those situat·ions where the sub-arc crust 

is very thick, the opportunity for basaltic masjlllas to cool sign-ificantly 

at pressures in the range 7-10 kb and thus intersect the amphibole-

plagioclase field, is probably enhanced. Thus in continental margins 

such as the Andean margin of South America, where the crustal base is 

at considerable depth, the relative abundance of andesitic lavas is 

considerably greater than in many oceanic arcs built on this oceanic 

crust. 
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2. As discussed previously, in order to reach the amphibole field, 

basaltic liquids must also cool through an interval of clinopyroxene and 

olivine crystallisation, from the liquidus. However, once the 

amphibole-field is reached, if these phases are carried with the 

liquid, they will react to yield amphibole (as illustrated by the 

a 1 ka l i pyroxenites from Sangeang Api). Conversely however, the 

reverse pt'ocess is possible, as illustrated by the partially fused 

amphibole-rich xenoliths from Sangeang Api (e.g. 87, plate 48,0 , 

table 5. 4). 

If the amphibole-rich layer at the base of the crust, (formed 

by fractionation and accumulation from preceding basaltic magmas) 

is punctured, a new intrusion of high temperature magma, at least 

localised incongruent melting of the amphibole may occur. This may 

yield an olivine-clinopyroxene assemblage alkali-rich liquid. Such melt 

would occur in a high temperature, column-like core, marking the 

intrusion of the new basaltic liquid. Grading out from this core, 

the temperature would decrease to lower temperature, amphibole-bearing 

assemblages in the flanks. In this way diap·iric intrusions may be 

mobilized with the high temperature olivine-clinopyroxenite core, 

marking the passage of the newly intruded column of basaltic liquid. 

This core would carry with "it a lower temperature 11 mant"le 11 of amphibole-

rich rocks. This situation would then reproduce that observed in the 

Alaskan Zoned Ultramafic complexes .. As already discussed the rock 

types represented in these have almost exact analogues amongst the 

nodules of Sangeang Api volcano. 

3. The possibility that later high temperature basalt intrusions may 

produce localised incongruent melting of the postulated amphibole

rich zone (which may exist at the base of the crust after an arc has 
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had an extended previous history of andesitic eruptive activity) also 

has important implications for the genesis of alkaline lavas in island 

arcs. 

Analyses of glass representing the product of incongruent melting 

of amphibole in some Sangeang Api xenoliths (chapter 5) indicate that 

partial melts of amph·ibole may be very alkaline in character, with 

high Na 2o and K2o. Glasses analysed in chapter 5, are leucite- or 

even kalsilite-normative. Thus the possibility exists that some of 

the alkaline island arc lavas are in fact products of mixing of 

liquid formed by the incongruent melting of amphibole-rich residual 

material ,at the base of the crust, with mantle derived primary 

basalts. 
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Chapter 12 

VARIATIONS IN PRIMARY MELT AND SOURCE COMPOSITIONS 

AND GENERAL MODELS FOR ISLAND ARC MAGMA GENERATION 

12.1 Introduction 

In chapter 9 it was argued that although a great deal of the compositional 

diversity found in the volcanic suites from the Lombok-Sumbavva sector of the 

Sunda Arc can be accounted for by fractional crystallisation, such an exp·lan

ation is incapable of explaining all compositional variation. Thus, specific 

suites are in some cases composed of several groups of rocks not easily 

linked by any fractional crystallisation scheme. Furthermore, the gross 

compositional var1at·ions between adjacent volcanoes along the arc, is also 

not easily attributable to any fractional crystallisation scheme. This 

chapter therefore, examines the nature and origin of this 'residual' 

compositional diversity. 

Included are: (a) consideration of the time-space relat·ions commonly 

recognised in many arcs, (b) discussion of factors likely to result in 

compositional diversity and differences in primary magma composition, 

including variation in degree of partial melting of the source, and source 

heterogeneity, and (c) discussion of problems relating to the origin of 

alkaline lava suites in convergent plate reg·imes. 

12.2 The Geochemical ~atu~~f Between-Suite and Within-Suite Vari0tion~ 

A ttributab Ze to DjJferences in Primary Mqg_ma Composition. 

(a) Within-suite variation 

In chapter 9 it was found that individual lavas or groups of lavas 

within sevet"al suites from single volcano-complexes could not be modelled 

as components of any simple fractional crystallisation trend that might 

have related them to other lavas from the same suite. For example, the 
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ankaramite group from the Rindjani suite was found to be relatively too Sr-

rich and in some cases, also K20- and Rb-rich to yield the slightly less 

mafic high-Al basalts. Furthermore, the high-Al basalt group encompassed 

a variety of lavas with varying K2o ~ncl Rb concentrations, ranging from 

ne- to oZ-., hy-normati ve types. It was found that the more mafic of the 

ol-hy-lavas of this group could possibly yield andesitic differentiates. 

Yet other, equally mafic, more undersaturated members of the group (e.g. 

41632, table 3.13), actually had higher K20 and LREE concentrations than 

many andesites and even if amphibole fractionation did occur, as postulated, 

these basalts could not represent liquids potentially parental to the 

andesites. Thus ,there appears to be some primary variation in liquids 

represented by the general high-Al basalt group from Rindjani, though some 

of the variation could also be due to fractional crystall-isation of phases 

similar to analysed phenocryst assemblages. 

The Sangeang Api group of lavas, with their significantly variable 

Sr-isotopic composition, provide even more marked evidence that more than 

one primary l"iquid was involved in the erupted ·lava suite. Thus, the most 

mafic lava of the suite (843) has markedly more radiogenic Sr than many of 

the other less mafic lavas. It was also found that this rock had K20-, Rb-, 

Sr-, P2o5- and possibly Na20-concentrations which were up to 30% higher than 

would be predicted by extrapolation of the variation trends shown by slightly 

less mafic trachybasalts of the same suite. B43 also has a markedly different 

REE pattern than other lavas of the suite, with a LREE-enriched and HREE

depleted character, and the less fractionated REE patterns of the other 

lavas, which have markedly lower La/Yb ratios, could not be derived from 

this rock, by fractionation of any m·ineral assemblage represented either in 

the Sangeang A pi xeno 1 iths or as phenocrysts. 



221 

Finally, the very alkaline, undersaturated, leucite-bearing lavas from 

Soromundi and G. Sangenges, wh·ile showing some features consistent with 

differentiation by fractional crystallisation, particularly of cpx-dominated 

assemblages, also show var·iation in many of the LIL elements of a much 

greater magnitude than would result merely from the above mechanism. 

It is suggested therefore that there is a significant component of 

geochemical variability amongst magmas erupted from i ndi vidual volcanoes 

that existed before fractional crystallisation caused even ful~ther differ-

entiation. The extent of this variab·ility, however, is small compared with 

the variation between different volcanoes along the arc. 

(b) Between-suite variation 

In chapter 7, the volcanic rocks from the volcanoes studied from this 

sector of the Sunda Arc, were shown to fall into three groups. These 

groupings are justified both on petrographic and geochemical grounds. 

1. A calcalkaline series: including the lavas from Rindjani volcano 

and the Q-normati ve group ( 3) from G. Sangenges. 

2. A ser·ies of potassic, ne-normative trachybasal ts and trachyandesites 

(
11 shoshonites''): th·is group including the lavas of Tambora and 

Sangeang A pi volcanoes as well as the fel dspa thoi d-free, ne-normati ve 

series (2) from G. Sangenges. 

3. A highly undersaturated, feldspathoid-bearing (leuciteL alkal-ine 

series: this composed of the Soromundi lavas and the feldspathoidal 

group (1) from G. Sangenges. 

Geochemically these three groups are distinguished by variation in LIL

element concentrations, particularly K20 and related trace elements. In terms 

of these elements, the sequence through the above groupings, from calcal-

ka 1 i ne, through the ne-normati ve trachybasa H-·trachyandes ite C' shoshonite'') 

group to the alkaline, feldspathoid-bearing one, is one of continuous 

enrichment. In this sense, variation between these groups is systematic. 



K20 v. Si02 variation of all lavas analysed in this 

thesis from the Lombok-Sumbawa sector of the Sunda arc 

(also including some basalt·ic andesites and andesites 

from Agung volcano on Bali). 

The same symbols are used in all the variation diagrams 

in this chapter. 

Group 1 - oalcalkaline lavas 

e- Agung volcano, Bali 

0- R·indjani volcano, Lombok. 

D- Q-normat·ive basaltic andesites and andesites 

from G. Sangenges, Sumbawa. 

Gro~.£- potassic, sl·ightly undersaturated lavas, with 

groundmass K-feldspar, but only rare feldspathoid. 

X- Tambora (+ P. Satonda). 

II- Sangeang Api. 

A- ne-trachybasalts from G. Sangenges. 

Gr~ - highly undersaturated, 1 euci te-beari ng 1 a vas. 

!:::.. -· Soromundi. 

-t - G. Sangenges. 

This diagram illustrates the marked distinction between the 

three groups of lavas and in particular the marked increase 

in slope of the K20-Si02 variation from the calcalkaline 

series to the feldspathoidal series. 



-
-
-
-
-
-
·
-
·
-
-

0 
0 

0 
&

 0 

0 

_
_

_
 _

l
_

_
_

 
__L.......___l. _

_
 L 

(D
 

Ln 
«:;j" 

(I) 
(
\j 

,.....; 

02>1 
%

1M
 

(S
) 

co 
(
\j 

0 ·r
l 

(J) 

Ln 
N

 
Ln 

I--
3 



222 

The compositional differences between these three series are illustrated 

by reference to the variation diagrams displayed in figures 12.1- 12.5. By 

comparison with the calcalkaline group, the two more alkaline suites are 

distinguished by high concentrations of K20 (figures 12.1 and 12.5A), Sr 

(800-2000 ppm) (figure 12.5B) and Rb (figure 12.2), lower, but variable K/Rb 

ratios and higher K20/Na2o ratios, ranging from 0.5 to 2.0 (figures 12.3 and 

12.4). Many of the leucite-bearing, very alkaline lavas are mafic with 

Mg/Mg+rFe values >0.6, as are some members of the second group, (for instance 

the phonolitic tephrite B43 from Sangeang Api). These mafic lavas are 

characterised by low Al 203 (<15%), high Ca and Sc and moderately high Ni 

and Cr. In gener?l, the members of the calcalkaline and trachybasalt

trachyandesite series have h·igher concentrations of Al 2o3, are often more 

silica-rich or are components of trends which lead to more silica enrichment, 

have lower ~1g0 and CaO and lovJer Mg/Mg+Fe values, by comparison with lavas 

of the very alkaline group. HovJever, they also have lower Rb, Sr and higher 

K/Rb ratios. 

Compared with the basaltic lavas of the calcalkaline series, the lavas 

of the two more alkaline series, in spite of their frequently higher MgO and 

Mg/Mg+Fe values, may have slightly lower Ni and Cr concentrations. Even 

though the lavas of the two alkaline groups have K20, Rb and Sr (and probably 

Ba) concentrations which are 3-10 times those of the calcalkaline group 

lavas, concentrations of Ti02, r2o5, Zr and Nb are similar in members of 

all three series. 

The most interestin9 geochemical feature is the progressive increase in 

the concentration of K20, Rb and Sr through the three suites, from the 

calcalkaline group to the highly alkaline group. Thus in the MgO-variation 

diagrams (figure 12.5 A, B, C) a series of echelon trends for K2o. Rb and 

Sr result each suite showing overlapping MgO values, but with different 



Rb v. Si02 variation of all lavas analysed from this 

sector of the Sunda arc. Symbols are the same as those 

in figure 12.1 

The variation in Rb-concentration between the three 

series; 1. calcalkaline, 2. ne-tl~achybasalts and 

-trachyandesites and 3. leucite-bearing lavas, is illustrated 

and shows a similar pattern to the K2o v Si02 variation in 

figure 12.1, with markedly increasing slope from f"ield 1 to 3. 
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levels of enrichment of K2o, Rb and Sr. Significantly, Zr, even though this 

is also usually considered as an "incompatible" element, does not show the 

same discriminat·ion between the three series (figure 12.50). The trachy

basalts from Tambora, Sangeang Api and G. Sangenges for instance have about 

three times the Rb concentration of the calcalkaline basalts with similar 

MgO concentrations, yet have similar Zr concentrations. 

This systemmatic variation through the three series outlined, is also 

i 11 us trated by the progressive change in s 1 ope of the K20-S"i0 2 and K20/Na 2o

Si02 variations (figures 12.1 and 12.3). 

While each of the three suites show distinctive levels of enrichment of 

LIL elements, as ~iscussed in chapter 8, they also each exhibit trends 

suggestive of fractional crysta ll·i sati on. Thus genera 1 within-suite trends 

consist of K2o, Rb, Zr, Nb and Na 2o enrichment with MgO depletion, while 

CaO, Fe, Ni, Cr and Sc all decrease. Sr and Al 2o3 tend to show trends of 

continuous enric~nent in the leucite-bearing suites, while in the calcal

kaline and trachybasalt-trachyandesite suites, these elements are enriched 

until MgO diminishes to about 4% and then they start to decrease, as a 

consequence of the onset of plag·ioclase crystall-isation (figure 12.58). 

The fact that many major elements tend to show overlapping ranges for 

each suite, as well as similar variation trends, suggests that there is no 

simple fractional crystallisation mechanism relating the calcalkaline and 

more alkaline suites. This also suggests that the levels of enrichment of 

K20, Sr and Rb were inherited prior to the differentiation of the more 

evolved lavas of each suite. 

Sr-isotopic data and REE geochemistry also provide further distinctions 

between the lavas of the three defined suites. Some aspects of the Sr-isotope 

geochemistl~y of the lavas from th·is sector of the Sunda Arc have been 

d·iscussed in chapter 7 and also by liJhitford et al., (1979) and by Foden and 



Figure 12·3 

Variation of K20/Na2o v. Si02 for all lavas analysed 

from this sector of the Sunda arc. 

The symbols represent the same sample-groups as in 

figure 12.1, as do the three groups (1, 2 and 3). This 

plot illustrates the same pattern of variation as did the 

K20- and Rb-Si02 plots in figure 12.1 and 2 and illustrates 

the distinction between the three series and the relative 

increase in end chment of K compared to Na through the 

series from Calcalkaline to Leucititic. 
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\\I.'' 

Varne (1980). The calcalkaline suite from Rindjani as well as the members 

of the trachybasalt-trachyandesite suite from Tambora, are characterised 

by relat·ively low, constant 87sr;86sr ratios, averaging 0. 7039. Other 

members of the ne-normati ve, trachybasalt su"ite and members of the very 

alkaline, leucite-bearing suite, have higher and more variable 87sr;86sr 

ratios. The most mafic leucitites have the highest Sr-isotopic ratios 

( 0. 7053). 

REE data are available for a few rocks from this sector of the arc 

(table 9.3 and 9.4, figures 9.1, 9.4 and 9.7). It appears that the lavas 

of the two more alkaline suites are LREE-enriched, as well as having higher 

total REE concentrations than the lavas of the cal calkal ine suite. Analysed 

members of the calcalkaline suite have La/Yb ratios less than 10, while the 

more alkaline groups have ratios between 11 and 27. REE patterns are not 

available for any of the very alkaline, leucite-bearing lavas, though 

limited XRF data suggest that these have very high La concentrat·ions 

(37-99 ppm) and may well have La/Yb ratios even higher than those lavas 

for which full REE patterns are available. 

Many of the above features suggest that compositional variety embodied 

in the differences between the three groups defined, must relate to primary 

differences in the compositions of the magmas supplying each series. In 

this sense, the tendency for Sr' to become increasingly radiogen-ic in the 

more alkaline lavas and for the 87sr;86sr ratios to become more variable in 

the undersaturated, potassic suites compared to the calcalkaline suites, is 

likely to be of particular importance. 

In general it can possibly be argued that the geochemical variability 

seen within suites for instance between the ankaramites and high-A1 basalts 

from Rindjani, is similar in character and perhaps in cause, to the much more 

obvious variability between different suites. 
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Variation of K/Rb ratio v. MgO and s;o2 for all lavas 

analysed from this sector of the Sunda arc. The symbols 

represent the same sample-groups as in figure 12.1. The 

figures illustrate the gradual decrease in K/Rb ratio from 

the cal ca 1 ka line ser·ies (1) to the ne-trachybasa·l t

trachyandesite series (2) to the leucitite series (3}. 
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Figure 12.5 

The variation of K2o, Rb, Sr and Zr v. ~1g0 for all lavas 

analysed from the Lombok-Sumbawa sector of the Sunda arc. 

Symbols represent the same sample groups as in figure 12.1. 

The variation of K20, Rb and Sr as shown in diagrams A, 

Band C exhibit similar patterns, as illustrated by the inset 

in figure B. There is a systematic enrichment of each of these 

LIL elements over the entire MgO range, from the calcalkaline 

series (1) to the ne-trachybasalt-trachyandesite series (2) 

to the leucitite series (3). The implication of the inter

pretation of the variation of these elements shown in the 

inset in B, is that the parental liquids to each series 

reflected the range of enrichment of these elements initially 

and that the subsequent fractionation of these maintained 

this distinction, with decreasing !~gO (trend B). By contrast 

the Zr concentrations (fig. D) of each of these series is very 

similar and there does not appear to have been the enrichment 

of this incompatible element that is shown by the LIL group 

of the incompatible elements. 
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Figure 12.6 

This figure illustrates the variation of the ratio of 

~mall, highly charged, incompatible or nearly incompatible 

trace elements or minor elements of the group, Ti, P, Zr 

and Nb over LIL-type incompatible elements (K or Rb). 

The symbols are the same as those in figure 12.1. The 

diagrams distinguish two fields; CA- calcalkaline (and is 

the same as series 1 in the previous diagrams in this chapter) 

and A= alkaline (which includes both series 2 and 3 of the 

previous figures in this chapter leucitites and ne-

trachybasalts and -trachyandesites). 

The calcalkaline lavas all have higher ratios than the 

alkaline lavas suggesting that the process which led to the 

enrichment of the K-type LIL incompatible elements did not 

result in the same degree of enrichment of Ti, Zr, P and 

Nb. This suggests that either in this arc environment the 

elements of the Ti, Zr, P, Nb group are not incompatible 

with respect to source mineralogies, or that differences 

between the sources of the alkaline and calcalkaline series 

require rea 1 geochemi ca 1 hetel"ogeneity. 
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12.3 Compositional Affinities of. the Volcanic Associations of Lombok 

and Sumbawa 
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Volcanic rock series of broadly potassic character, with low to inter

me.di ate s i 1 i ca content, which range from strongly undersaturated types to 

slightly oversaturated varieties, have been described from a number of 

localities. These may be from within continental plates as described by 

Holmes and Harwood (1937), Bell and Powell (1969) and Ferguson and Cundari 

(1975) from the Birunga Province, by Nicholls and Carmichael (1969) from 

North America or from the Rh·ine Rift. They also occur in convergent plate 

volcanic arcs, as described from New Ireland, by Johnson et al. (1976), from 

Papua (Johnson e~ al., 1978), from Indonesia as described in this thesis 

and by Idcl·ings and Morley ( 1915) and Brouwer ( 1938, 1943), from the 

Mediterranean (Keller, 1974; Appleton, 1972) and in the Andes, as described 

by James ( 1977). An important question then arises as to whether all these 

suites, from contrasting tectonic environments, have similar origins. 

Joplin (1968) considered the potassic volcanic associations, ascribing 

mildly potassic varieties (K2o - Na 2o), of oversaturated or mildly under

saturated character, to a shoshonitic association. These she considered 

characteristic of recently stabilised orogenic areas, also noting that 

members of the shoshonitic association often occurred in conjunction with 

more undersaturated leucitic lavas. On the basis of Joplin's original 

definition, the potassic ne-trachybasalts and trachyandesites from Tambora, 

Sangeang Api and G. Sangenges would be considered as shoshonites. More 

recently the term shoshonite has been restricted to potassic lavas from 

continental rna rg·i n- and is 1 and-arcs. r~any rocks so-termed are markedly 1 ess 

potassic and less undersaturated than the Sumbawan examples. 
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Jakes and White (1972), Gill (1970) and others, have discussed the 

shoshonites in terms of the spatial structure and temporal evolution of 

arcs and considered that this suite occurred at the greatest distance from 

the trench and late in the eruptive history of the arc. 

The potassic volcanic associations of Indonesia have been frequently 

compared to two better-known volcanic areas: the Roman Region and the 

Birunga Province (Iddings and Morley (1915); Joplin, 1968). In an three 

areas there are volcanic associations that are closely associated in space 

and time, yet range in normative character fr·om Q-_, and hy-bearing tone-

bearing with K20/Na2o ratios varying from >2 to 0.5 or less. The compar·ison 

between the suit~s of these three regions have also been discussed by Faden 

and Varne (1979). 

The Roman Region (Washington, 1917) includes a group of highly potassic 

ne- and Zc-nonnative, leucite-bearing lavas as well as less potassic suites 

including basalt, trachybasalt and latite (Joplin, 1968; Appleton, 1972; 

Cundari and Le Maitre, 1970). These two groups may be equivalent to the 

leucitite- and potassic ne-trachybasalt - ne-trachyandesite suites from 

Sumbawa. In both areas, enrichment in K is accompanied by enrichment in 

Sr and Rb. In both areas there is also a tendency for increasing K in the 

mafic rocks from the different associat·ions to be accompanied by increase 

in initial 87sr;86sr ratios (Cox et al., 1976), although ratios from the 

Roman Region are generally higher than those from the Lesser Sunda Islands. 

In the Birunga Province, on the other hand, ·initial 87sr; 86sr ratios in the 

more potassic mafic feldspathoidal lavas are lower (rv0.705) than in the less 

potassic mafic feldspar-bearing lavas (0.707) and are even higher (0.711) 

in the rare Q- and hy-normative samples (Bell and Powell, 1969). With these 

suites as in the case of those from Lombok and Sumbawa, it seems obvious that 
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any petrogenetic scheme invoking only partial melting of homogeneous 

peridotite upper mantle followed by crystal-liquid fractionation must 

encounter fatal difficulties when confronted by the evidence for isotop-ic 

va ri ab i 1 ity. 

In the volcanic associations of Lombok and Sumbawa it is plain that 

enrichment in K is accompanied by enrichment in Sr and Rb but not by enrich

ment in Ti or in Zr (figures 12.5 and 12.6). Similarly, neither Nb nor P 

show enrichment of the order of that shown by Rb (figure 12. 6). In this 

respect there appears to be an uncoupling of the elements normally classed 

as "incompatible": the group of relatively small and highly charged ions 

tends not to be epri ched whereas the LI L group in its enrichment pattern 

behaves as it does in the widely-distributed sadie-alkaline provinces. 

The behaviour of Ti, Zr, Nb and to a lesser extent P, in this Indonesian 

suite are in marked contrast to that in the Birunga Province lavas. Typical 

analyses of some representative lavas from the Birunga province are given in 
·1 

·,, table 12)': In particular it can be seen from these that Nb and Zr concen-
1\ 

trations in the Sumbawa alkaline rocks are very low by comparison. In fact 

Nb concentrations in the Indonesian examples are two orders of magnitude 

lower than the African examples and Zr concentrations are three to four times 

1 ower. 

Ti and Zr are of course key elements in geochemical classifications of 

vol can·i c rocks according to tectonic sett·i ng. It has a 1 ready been noted 

that trachybasa lts from the Sumbawa potassic ne- trachybasa lt - ne- trachy

andesite association and basalts from the Rindjani basalt-andesite-dacite 

association are rich in Al 2o3 (~18 wt.%) but poor in Ti02 C~l wt.%), 

compositional characteristics that typ·ify volcanic rocks from island arcs 

and similar circumoceanic settings (Chayes, 1965). The Sumbavva leucitites 

also possess similar Ti0 2 contents, although they are poorer in Al 2o3. 
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Thus even the potassic associations from Sumbawa retain the island arc 

imprint. Potassic volcanic rocks from New Ireland, Papua New Guinea, are 

similarly rich in Al 2o3 and poor in Ti0 2, but unlike the Lesser Sunda Islands, 

are not associated with a Benioff zone although some centres were active 

as recently as the Pleistocene (Johnson et al., 1976). In contrast, Ti0 2 
contents of Bi runga Pro vi nee rocks are commonly greater than 3 wt.% (Bell 

and Powell, 1969; Holmes and Harwood, 1937). These observations add support 

to suspicions that the Roman Region vulcanicity is in some way related to an 

island arc or converging plate boundary setting (N·inkovich and Hays, 1973; 

Thompson, 1977). 

It is noted,, however, that Birunga rocks are generally more mafic than 

Roman rocks (Cundari and Le Maitre, 1970), and that leucitites from Nyiragongo, 

with MgO contents comparable with many Roman rocks, have Ti02 contents that 

range down to 2 wt.% and tephrites down to 1.6 wt.% (Bell and Powell, 1969). 

Conversely a Roman Region clinopyroxene leucitite, selected as representative 

and interpreted on experimental grounds to be an upper mantle melt, is 

strikingly similar to Nyiragongo olivine leucitites and has 3.25% wt.% Ti0 2, 

(Thompson, 1977). It is also noted that the Sumbawa potassic associations 

have K20/Na2o ratios that range only up to 2, like the Birunga Province, 

whereas Roman Region leucite-bearing volcanics from Roccamonfina have K2o; 
Na2o ratios in the 2-4 range. 

12. 4 Vo Zcanic Composition-Space- time Re Zajion~___i!}:_f!!!!__];o!!!flok::Swrib((};)a 

Arc Sect9r., an_q_lJ:!..(_! __ !l!!_r;_eraZized Island Arc Sche-t:na 

Twenty-five years ago Rittman (1953) recognised that for any cross

section across the Indonesian orogenic belt, the calcalkaline character of 

magmas from active volcanoes decreased from the foredeep towal~ds the hintel~

land. Further he also recognised that the calcalkaline character of lavas 
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of any single volcano decreased with time. Since then, the Sunda Arc system 

has come to be regarded as one of the classic examples of an arc showing 

well-.defined correlation between the composition of erupted lavas (particularly 

of K2o content) and the depth to the underlying Benioff Seismic Zone (e.g. 

Hutchison, 1975, 1976; Hatherton and Dickinson, 1969; Whitford and Nicholls, 

1976; Nielson and Stoiber, 1973). More recently however Faden and Varne 

(1980) have pointed out that, at least in the Lombok-Sumbawa sector of the 

arc, such a relationship is not defined by the compositions of lavas from 

the volcanoes of Quaternary and Recent ages. 

In the last decade, the island arc concept that has developed within the 

plate tectonic model assigns the volcanic rocks to three magmatic associations: 

a tholeiite association, a calcalkali association, and an alkali association 

(e.g. Kuno, 1950; Jakes and t~hite, 1969; Ringwood, 1974). 

The tholeiite association is dominantly basalt and basaltic andesite, 

silica-rich volcanic rocks are rare, and it displays an iron-enrichment trend. 

Arcs where most of the volcanic activity has been assigned to this association, 

like Tonga and South Sandwich, are believed to represent an early stage of 
/ l 

arc evolution (Baker, 1968) characterized by fast subduction rates (M.iashiro, 

1972). whereas the calc-alkali association, dominated by andesite and with 

a silica-enrichment trend, is believed to typify more evolved arcs like the 

Lesser Antilles, the Aleutians and the Sunda Arc, where subduction rates 

may be slower. 

The alkali association is not well defined: it includes both silica-

oversaturated and undersaturated su-ites, some of them peralka"line. In the 

volcanic island arc schema the alkali association is the culmination of two 

magmatic evo 1 uti onary sequences, one tempera 1 and the other spatia 1 , just 

as R·ittman ( 1953) first argued for the Sunda Arc. 
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In the temporal magmatic sequence of the arc schema, the tholeiite 

association is considered to develop early, followed by the calc-alkali 

association, and later (finally?) by the alkali association. 

The spatial magmatic sequence of the arc schema places the tholeiite 

association near the trench where the Benioff zone is shallow, the calc

alkali association over intermediate Benioff zone depths (100-200km) farther 

from the trench, and the alkali association farthest from the trench where 

the Benioff zone earthquakes are deepest. 

This concept of three volcanic island arc magmatic associations that 

increase in alkalinity away from the trench is "still the cornerstone of 

generalized sche~es for the spatial compositional variation of island arc 

magmas", although it is currently being shown to be inadequate (Arculus and 

Johnson, 1978), and is commonly expressed as a "k-h" relationship O~hitford 

and Nicholls, 1976; Ninkovich and Hays, 1972; Nielson and Stoiber, 1973; 

Hatherton and Dickinson, 1969), where the content of K20 at some specified 

Si02 content in a volcanic series is taken as a measure of alkalinity (f), 

and correlated with depth to underlying Benioff zone (.Q). Not only are K 

and related trace elements like Rb, Ba, Sr, Pb and Cs supposed to increase 

with increasing~' but so also are Th, U, the light REE, Th/U, K/Na, Rb/Sr, 

La/Yb and possibly also Ti and Zr (Arculus and Johnson, 1978). 

The Sunda Arc is one of the type localities for this volcanic composition

space variation. Hutchison (1975, 1976) recently used multiple linear 

regression analysis to relate the K, Sr and Rb contents of Sunda arc 

volcanics to their Si02 contents and depths to Benioff zone. Two solutions 

to Hutchison's K20-Si02-h expression for the Sunda Arc as a whole are plotted 

for comparison with our data for R·indjani, Tambora and Sangeang Api (figure 

12.7). It is plain that the Rindjani basalt-andesite-dacite suite (h = 165 km) 

conforms quite well with volcanic composition-space relationship of the whole 
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Sunda Arc. Equally plainly, the Tambora suite (~ = 180 km) and the Sangeang 

Api suite (~ = 190 km) are far more potassic than would be predicted. 

Whitford and Nicholls (1976) derived K55 values from a similar set of data, 

and also compiled earlier interpretations of Sunda Arc volcanic composition-

space relationships: Rindjani, and also the Balinese centres to the west, 

again behave as would be predicted by the schema but Tambora and Sangeang 

Api do not. 

The failure of the volcanic island arc schema to explain the volcanic 

composition-space relationships in the Bali-Lombok-Sumbawa sector of the 

Sunda Arc seems to extend to the temporal sequence. Although the volcanic 

stratigraphy is not well known, it is evident that the highly potassic and 
' 

undersaturated leucitite association was erupted from centres that became 

extinct in the early Quaternary and that the present-day activity in th·is 

arc sector is less potassic. 

While it is not disputed that there is tendency for potassium-dch 

volcanoes to be located over deep parts of the Benioff zone: Batu Tara 

(Brouwer, 1938) is one good example from the Sunda Arc. However it is 

emphasized that the active potassic centres of Sumbawa are flanked to the 

west by active volcanoes of the basalt-andesite-dacite association, and that 

all the volcanoes are underlain by Benioff zone depths in the range 150-190 

km . Hutch·ison (1976) and Nielson and Stoiber (1973) both comment that even 

if the potassium content of the magmas is determined by the depth at which 

melt·ing occurs, by inference the Benioff zone, then some other factor or 

factors must also play an important role in controlling magmatic compositions. 

One of these additional factors may perhaps be the age of onset of volcanism 

(Carm:ichae·l et al., 1974) the relatively potassium-poor Isu-Bonin arc was 

initiated 25-50 m.y. ago, whereas the relatively potassium-rich Java sector 

of the Sunda Arc was initiated 150-175 m.y. ago. However, the Lombok-Sumbawa 

sector of the Sunda Arc is young, yet potassic. 



f_-igure 12.7 

K20 v Si02 variation of all lavas analysed in this thesis 

from the Lombok-Sumbawa sector of the Sunda arc. Symbols 

represent the same sample groups as in figure 12.1. 

The 200 and 165 kilometer lines represent solutions to 

Hutchison's (1976) regression relating K20-Si02 and Benioff 

Zone depth (h) based on all Sunda arc data available to him. 

This f.igure illustrates that while the Rindjani suite 

(h =165-170 km) does conform to the general K20-Benioff 

Zone depth relationship and has K2o concentrations appropriate 

to its height above the Benioff Zone, Tambora (h = 180 km) and 

Sangeang Api (h = 190 km) are markedly more potassic than 

predicted from the Sunda arc data in general. The leucitic 

suite are even more potassic and while Soromundi and G. 

Sangenges volcanoes presently are situated less than 200 km 

above the Benioff Zone, they are now inact-ive, having become 

dormant in the late Quaternary, so that it ·is not possible to 

be absolutely sure of their h values during their period 

of act·ivity, though it does seem unl i.ke-ly that they were 

above a very much deeper Benioff Zone. 
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It is concluded that there is no compelling tectonic evidence for 

suggesting that the richness in potassium of the Sumbawa volcanics results 

from partial melting at much greater pressures of the same source material 

that yields the Rindjani basalt-andesite-dacite association to the west. 

Similarly, the Benioff zone relationships in the arc sector offer little 

support for zone refining and mantle scavenging potassium-enrichment 

mechanisms that rely solely on path-length of mantle traversed by ascending 

melt (e.g. Ninkovich and Hays, 1972; Harris, 1957; Best, 1975). It is 

noted, however, that Hamilton's (1974) Benioff zone contours suggest a 

fairly abrupt steepening in dip of the Benioff zone beneath Sumbav1a at 

depths of about ~00-300 km, and that although deep-focus earthquakes (=600 km) 

occur north of Sumba\>Ja there is an apparent gap in seismic activity in the 

300-500 km depth range (Cardwell and Isacks, 1978). 

It has also been suggested that alkaline rocks in island arcs may be 

sited on fracture zones that provide pathways for melts to rise from-mantle 

regions that are normal·ly not tapped (Delong et al., 1975). The examples 

cited are apparently sodic alkaline rocks, but the notion could apply to the 

Sumbawa situation: Audley-Charles' (1975) postulated Sumba fracture system 

could provide such pathways. 

12. 5 The Variation in Prima.ry MeJ-t Geochemi?..JI..1f_ 

As the Benioff Zone lies at a similar depth beneath all the volcanoes 

of this section of the arc, then it appears that compositional differences 

between the lavas of these adjacent volcanoes cannot be attributed to 

differences in pressure- (depth) dependent phase re 1 ati onshi ps in the down

going slab, or in the overlying mantle. Neither can these differences be 

attributed to mantle scavenging or zone refining models (e.g. Ninkovich and 

Hays, 1972; Best, 1975), which depend on the length of mantle traversed, 

the thickness of the mantle-wedge being the same for each volcano. 
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In considering the origin of both island arc and continental potassic 

suites~ models must account for three particular features common to both 

these groups: 

• 

1. The extreme enrichment of LIL elements in mafic, apparently 11 primary" 

leucititic lavas. 

2. The variation in the levels of concentrations of these LIL elements 

in coeval suites of lavas, often erupted from closely adjacent 

volcanoes . 

3. The vari abi 1 ity of Sr isotopic composition and the genera 1 more 

radiogenic Sr of potassium-rich suites in general (e.g. Bell and 

Powe 11 , 1969) . 

These factors suggest at least two stages in the evolution of composit

ional diversity amongst erupted suites in this sector of the Sunda Arc, as 

well as in similar suites from non-arc regions cited previously. The first 

of these causes enrichment of K, Rb, Sr and related elements in the pr·imary 

melts supplying each series and possibly reflects variation in the source. 

The second results in the compositional variation within each series, and 

is probably one of fractional crystallisat·ion that results in the depletion 

of MgO, CaO, Fe, Cr, Ni and Sc, enrichment of K20, Na2o, Rb, Zr, and Nb 

trends of initial enrichment fo"llowed, in suites, by depletion of Al 2o3, 

Ti02, P2o5 and Sr. These two trends are illustrated as insets in figures 

12.58 and 12.7 (trends A and B). This type of behav·iour is analogous to 

that described by Appleton (1972) from suites showing differing levels 

of potassium enrichment from the Roman Province of Italy. 

The key to the origin of the potassium-rich lavas and the diversity 

of suites from these provinces, would appear to be the nature of this first 

stage (A). In general this variation must either reflect variations in 

conditions of fusion of a source, or compositional variations in that source. 

If the latter is the case, then it implies at its simplest that hetero

geneities have either developed by differentiation within the same general 
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source, or by the enrichment of this source by addition of components from a 

separate reservoir. Models which lead to differentiation of a single source 

include; the formation and segregation of small amounts of partia·l melt 

or various type of zone refining or mantle scavenging, whi"le models requiring 

separate sources amount to mixing hypotheses. It is felt that evidence from 

the lavas from the Lombok-Sumbawa sector of the Sunda Arc supports the 

latter situation, the necessity for a two (at least) source mechanism 

resting on two factors: 

1. The variat-ion inSr-isotopic composition between the calcalkaline 

and alkal·ine suites and the isotopic variability within the alka·l·ine 

group itsel ~· 

2. The differences in the degree of enrichment of differen~ incompatible 

elements between the various suites and between the calcalkaline and 

alkaline suites in particular. 

Sr isotopic evidence either allows the alkaline leucitites to have 

originated from a source with Sr of mixed origin, the separate initial 

sources hav·ing Sr of different 87sr; 86sr ratio, or by disequilibrium partial 

melting of a source with heterogeneous segregations of high Rb/Sr ratio 

and of significant and variable age (possibly phlogopite). 

The relative behaviour of different incompatible elements however 

lends further insight to this problem of source character. The systematic 

enrichment of K, Rb and Sr (figure 12.5A-C), increas·ing Rb/Sr and K/Sr ratios 

and decreasing K/Rb ratios from the calcalkaline suite through the ne

trachybasalts and -trachyandesites, to the leucitites, suggests that the 

leucitites are enriched in these elements in the order Rb>K>Sr relative to 

the calcalkaline suite and that the ne-trachybasalt-trachyandesite group 

are i ntermed·i ate between these two extremes. 

\·Jhile it is conceivable that these variations may be due to some 

combination of varying partial melting in the presence or absence of 

phlogopite and/or amphibole, the behaviour of incompatible elements of the 
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group Ti, P, Zr and Nb (figure 12.50 and figure 12.6) are more problematic. 

Bulk distribution coefficients of these elements with the possible except-ion 

of Ti are likely to be less than 1 for any combination of likely mantle 

minerals (ol, cpx, opx, garnet, amphibole, phlogopite, spinel). Therefore, 

if the high K20, Rb, Sr and LREE contents of the leucitites relative to the 

calcalkaline basalts, is the result of either small degrees of partial 

melting, mantle scavenging, zone refining, or remelting of segregations of 

early melts, then P, Zr and Nb should also show similar orders of enrichment. 

In fact, as illustrated by figures 12.50 and 12.6 the calcalkaline suite 

has markedly higher ratios of Ti, P, Nb and Zr to Rb and K (and Sr) than 

the alkaline lav~s. This suggests that the source yielding the alkaline 

lavas has been supplied with additional K, Rb and Sr from a separate source, 

compared with its counterpart for the calcalkaline lavas and that the 

progressive enrichment through the three series described from this sector 

of the arc suggest a variable or progressive source enrichment. 

This is further illustrated by the Rb-·Zr variations shown ·in figure 

12.8. As both these elements are incompatible, they are likely to show 

linear covariation dur·ing fractional crystallisation, plotting as lines 

which tend to extrapolate through the origin, with positive slopes, the 

magnitude of which depends on the initial Rb/Zr ratio of the parental liquid 

(except in the case of mica crystall·isation, in which case the Rb/Sr 

ratios would be expected to decrease). In figure 12.8, the calcalkaline 

lavas from the Rindjani and the trachybasalts and trachyandesites from 

Tambora and Sangeang Api, show reasonable straight-line variations which 

would extrapolate through the or·ig·in, the former group hav·ing lower Rb/Zr 

ratios and hence a steeper s 1 ope. The l euci t-ic 1 a vas however, show very 

large variations in Rb content with relatively small Zr variation. As many 



Fi gu~ 12. 8_ 

Variation of Zr v. Rb for all lavas analysed in this thesis 

from the Lombok-Sumbawa sector of the Sunda Arc. 

Trend A-B illustrates the variation in Rb-Zr in the most 

magnesian members of each suite (symbols refer to the same 

samples as in figure 12.1) and show that while there is a very 

large variation (increase) in the concentration of Rb from the 

most mafic calcalkaline lavas (near A) to the most undersaturated 

leucitites .(near B), this trend is accompanied by only very 

slight increase in Zr. Trends X, Y and Z show the variation 

of Rb and Zr within the more differentiated members of each 

suite (differentiation which is at least partly attributable 
• to fractional crystallisation) and which shows that less mafic 

lavas from any single volcano tend to have similar Rb/Zr ratios 

to their most mafic members (parents?). This suggests that at 

least during fractionation, Rb and Zr had similar and low, 

distribution coefficients. 

This then suggests that the variation of Rb/Zr ratio 

between the mafic members of each suite (·increasing from the 

calcalkaline lavas to the leucitites) either reflects marked 

differences in the distribution coefficients for Rb and Zr in 

the sources of the calcalkaline and leucitite suites, or that 

the leucitite source must have been relatively Rb-enriched 

. compared to the calcalkaline source. 
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of the leucitites have high Mg/Mg+Fe values (often >0.6), it seems likely 

they are relatively unfractionated. This then suggests that the variation 

in Rb/Zr ratio amongst many of the leucitic lavas is a primary feature and 

reflects variation in the source. This suggests a heterogeneous source, 

with a large variation in Rb content. The Rb-Zr variation trend of the 

leucitites extrapolates through the more mafic (low Rb, Zr) members of the 

other alkaline and calcalkaline suites and it may be suggested that this 

trend represents the variat·ion of these elements in the primary liquids 

formed by partial melting of a source variably enriched in a Rb-rich component. 

Melting of a slightly enriched source yields calcalkaline liquids in the 

region of A in fi,gure 12.8, while highly enriched source yields leucititic 

liquids in the region of B. Intermediate degrees of enrichment yields the 

less alkaline suites. Fractional crystallisation of primary liquids formed 

along this line A-8, would then show variation along lines passing through 

this 1 ine and the or·igin (as shown by the suites from Rindjani, Tambora 

and Sangeang Api). 

These factors are compatible with models for the generation of 

potassium-rich lavas proposed by Lloy4 and Bailey (1975), Appleton (1972) and 

Cox et al. (1977). They suggest that these lavas result from the partial 

fusion of mantle altered or metasomatised, by alkali-, LREE-, Sr87-rich 

fluids or liquids. Lloyd and Bailey (1975) further amplified this general 

concept, by suggesting that the very potassic lavas resulted from partial 

melting of mantle metasomatised within the P/T field of phlogopite stabilHy 

and more sod·ic variet·ies from regions of amphibole stability. 

12.6 'l'he Com.2.9...EJi-tion of Sources Yield~ng the Lavas from ·the Lombol<.-SumbCIJ.;)a 

§ector of the Bunda ;'{rc_ 

In chapter 9 it was argued that the lavas, and in particular, the more 

mafic lavas, from this sector of the Sunda Arc, had a number of geochemical, 
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and some mineralogical features which were inconsistent with derivation by 

partial melting of either subducted oceanic lithosphere, or the oldest, 

Miocene crust of this region. Thus partly by process of elim·ination, this 

line of argument in fact only leaves the mantle wedge between the Benioff 

Zone and the base of the crust, beneath the arc,-as the source for the 

liquids erupted as lavas in this sector of the arc. This was implied to be 

a peridotite source region, though there ·is no 11 Concrete 11 evidence for this 

(for instance, no lherzolite nodules erupted.by calcalkaline volcanoes from 

island arcs, have ever been reported). 

Thus the situation is, that while it is strongly suspected that the 

primary magmas s~pplying the island arc volcanoes, at least in this sector 

of the Sunda Arc, are of mantle origin, there is no real evidence as to 

mantle mineralogy or geochemistry. If this mantle is not of the commonly 

accepted spinel or garnet lherzolite with olivine about Fo90, which represents 

the source for many intraplate, basalt-dominated volcanic provinces, then 

any constraints which might exist for the recognition of primary magmas are 

weakened. This in turn means that arguments about the extent to which 

fractional crystallisation must have been ·involved in the production of more 

different·iated lavas, may also be faulty. For instance, if the mantle was not 

as magnesian or as olivine-rich as generally assumed, then andesites with 

low ~1g/Mg+Fe may indeed be poten·Ual direct mantle derivatives. With 

presently available data such a model is difficult to evaluate because of 

the very fact that if the composition of the mantle is unknown, then the 

composition of the liquids it can produce must be equally unknown. Nicholls' 

(1974) and others' model of a mantle modified by the ·intrusion of pyroxenite 

diapirs, themselves produced by melting above the Ben·ioff Zone, which may 

provide silicic melts and water, is perhaps an example of the type of process 
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which can profoundly modify the typical lherzolitic mantle. The precise 

geochemical character of liquids fonned by later stage melting of these 

diapirs would be very difficult to predict with any confidence. 

Perhaps the best approach is to assume the lavas have fractionated 

from primary melts derived from a "typical'' olivine-rich peridotite mantle 

and on this basis: (a) take, for instance, one of the more mafic high-Al 

basalts from the Rindjani calcalkaline suite and reverse the assumed 

fractional cl~ystallisation scheme to yield a composition which, on the grounds 
• ++ of Mg/Mg+Fe ratio and Ni content, might be a potential primary melt for 

a peridotite mantle source; (b) calculate the trace element content of 

such a hypotheti~al melt; (c) assume a simple peridotite source mineralogy 

and a "reasonable" degree of melting and on this basis calculate the trace 

element content of such a source. How reasonable this model is could be 

judged by comparison with sources calculated for suites from non-arc environ-

ments. It would then be possible to use this source to evaluate whether or 

not the leucitites could be derived from a similar source. While such a 

series of assumptions, arguments and calculations are unlikely to prove 

whether or not the lavas of this sector of the arc are derivatives of 

peridotite mantle, they will allow some estimation of the geochemical 

composition and compositional variation of such a source, if indeed it is 

the correct one. 

In chapter 9 (sect·ion 9.6-2) i.t was shown that the ne-normative, h·igh-

AI basalts from Rindjani are not unlike alkali-olivine basalt-hawaiite lavas 

from many intraplate basalt provinces. Also, while these Rindjani lavas are 

not likely to be primary mantle meHs, there ·is evidence that olivine-· 

dominated fractionation has occurred. Thus a close approximation to Frey, 

Green and Roy's (1978), lherzolite-·bear·ing, primary alkali olivine basalt, 



Table 12.2 

Calculated Trace Element Concentration of a Possible 

Peridotite Source to Rindjani Basalt 41632 Compared with 

that Capable of Yielding a Victorian Alkali Basalt 

A x chond .. B 

2.43 

5.12 

2.75 

0.80 

0.29 

x chond. 

La 

Ce 

Nd 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Yb 

y 

u 
Th 

Hf 

Ba 

Cs 

Rb 

Sv 

Zr 

2.60 8.26 

5.76 7.08 

3.22 5.39 

0.69 3.64 

0.223 3.10 

0.697 2.69 

0.699 2.15 

0.153 2.10 

0.547 2.63 

3.84 

0.21 

0.66 

0.46 

102 

0.02 

2.01 

50.0 

8.49 

1. 92 

Ni 4363 

Sc 29. 5 

% K2o 0.129 

% P2o5 0.027 

% Ti02 0.18 

0.056 

0.14 

0.19 

0.57 

5.25 

0.13 

0.34 

0. 36 

41.4 

3 

74 

18 

1603 

23.5 

0.129 

0.3-0.4 

7.7 

6.3 

4.6 

4.2 

4.1 

2.95 

2.65 

2.75 

2.62 

A. A potential peridotite 

source capable of yielding 

the calculated primary melt 

whose composition is given 

in table 9.8 (41632 + 20% 

(.8 01 + .2 cpx)) by 12% 

partial melting. 

Mantle mode: .15 cpx, .25 

opx, .60 01. 

Melt proportions: 0.5 cpx, 

.25 opx, .25 ol. 

B. A peridotite source which 

yields Frey et al's (1978) 

primary alkali basalt 

(69-1036) (table 9.8) by 

their 11% partial melt 

model leaving a residue of 

63% olivine, 22.5% Opx, 

9.5% Cpx, 5% Garnet. 

Notes: Composition A was calculated using the trace element concentr'ations 

of Col. A, table 9.8 and utilizing equation 15 of Shaw (1970) 

("batch melting") - Cl = 1 
To 1Jo + FTf.:-p; 

Distribution coefficients are 

given in table 9.1 (cpx col. 1, opx col. 4, ol col. 6). K
2
o 1~as 

calculated using the same K0 as Rb, while P2o5 was calculated using 

those of Sr. Tio2 was calculated using the same distribut-ion coefficients 

as for the HREE. 
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69-1036, from ~1t. Frazer, Victoria, was achieved by addition of 20% of an 

assemblage of 80% olivine and 20% cpx. The major and trace element 

composition of this calculated possible primary liquid were given in table 

9.8, together with values from the Victorian example and the REE patterns are 

plotted in figure 12.9. 

The similarity of the calculated primary liquid and the lherzolite-

bearing, Victorian example are possible empirical evidence that the Rindjani 

basaH may have originated by melting of a relatively typical peridotite 

source. 

The most significant differences between the two compositions are the 

markedly lower T·i,o 2, P2o5 and Zr concentrat·ions in the composition calculated 

from the island arc basalt, these being less than half the concentrations 

in the Victorian basalt. In addition Ba is twice as abundant in the 

composition calculated from the island arc basalt. Ba enrichment relative 

to the LREE is apparently a characteristic feature of island arc lavas (e.g. 

Sun and Hanson, 1976), as are the low Ti, Zr and P concentrations. 

Taking this calculated 11 primary melt 11 composition, assuming a simple 

mantle assemblage (60% olivine, 25% opx and 15% cpx) and using Shaw 1 s (1970) 

11 batch melting 11 equation, the trace element composition of a possible 

peridotite mantle which could yield the trace element concentrations of 

the hypothetical parent magma to basalt 41632, by 12% partial melting, was 

calculated. It was assumed that the phases contributed to the liquid in 

the proportions; cpx 50%, olivine 25% and opx 25%. Distribution coefficients 

used in this calculation are given in tablE: 12.2' and 9.1 and the resultant 

trace element concentrations are given in table 12.2 together with the ,, 

concentl~ations of the same e·lements required to yield Frey et al. 1 S (1978) 

alkali olivine basalt 69-1036, by their preferr·ed 11% part·ial melt model. 
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REE patterns of Rindjani ne-nonnative rligh-/\1 basalt 41632 ( 11-), the possible primut·y 1 iquid 

calculated from this ( 0 ) by the addition of 205; (0.8 01 0.2 Cpx, see table 9.8) and one of Frey et al 

(1978) possible primary alkali olivine basalts (69-1036) from Mt.Frazer \J.Victoria ( Ill ). 

Also shown are possible (calculated) peridotite sources v1hich may yield the above basalt liquids 

and the Ross Island basanitoids (Sun and Hanson,l975) .. The possible source to the Rindjani basalt ( 0 ) 
v1as calculated from the calculated primary liquid above assuming 12j~ partial melting,a mantle assemo1age 

comprising 0.15 cpx,0.25 opx and 0.6 ol,melting in the proportions 0.5 cpx,0.25 opx, 0.25 o1,usin() Sha1v's 

(1970) "batch melting" equation (15) and the distribution coefficients in table 9.1 (see table 12.2). 

Frey et al 's(l978) source was calculated using an 11% partial melt of a mantle leavino a residue 

composed of 63% olivine,22.5% opx,9.5S cpx and 5% 0arnet. 
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The REE patterns (figure 12.9) for both these sources are very similar, in 

both cases having about 8x chondritic LREE and 2-3 x chondritic HREE 

concentrations. Such a mantle REE pattern has also been proposed by Sun 

and Hanson (1975) as a source for the Ross Island basanitoids and their 

calculated pattern is also included ·in figure 12.9. This type of relatively 

11 fertile'' mantle is also impl·ied by Varne and Graham's (1971) data on the 

hornblende lherzolite nodule from Ataq. 

There ·is reasonable similarity between the calculated mantle trace 

element contents of this hypothetical island arc source and that for the 

Victorian basalt. In particular, K20, Rb, Sr, REE and Sc concentrations 

are very similar., Again, however, Ti02, Zr and P2o5 concentrations are 

much lower. Ti was calculated using distribution coefficients similar to 

those of the HREE, following the suggestion of Sun and Hanson (1975), and 

the resultant source has 0.18% Ti02, which is half that calculated to be 

present in the source to the Victorian basalts. Perhaps significantly, 

Frey et al. (1978) point out that the 0.3-0.4% Ti0 2 required to yield the 

Victorian basalts is markedly less than the 0.7% required to yield the 

Hawaiian basalts. Zr distribution coefficients are not well known though 

this element is generally taken to be incompatible with respect to olivine, 

pyroxenes, p·lagioclase, garnet and spine·!. Frey et al. (1978) suggest that 

Zr has a bulk distribution coefficient of about 0.05 with respect to their 

mantle mineralogies. McCallum and Charette (1978) determined D(Zr) cpx/liq,= 

0.05-0.22, which is consistent with the bulk distribution factor quoted 

above, and this figure was used to calculate the Zr concentration in table 

12.2. However even if the Zr distribution coefficient for cpx/liquid was 

taken to be as high as that of the HREE, ~0.7, then this would still only 

y·ie"ld a mantle with about 13 ppm Zr us·ing t!Yis model, which is stin very 

markedly less than the 18 ppm required to yield the Victorian basaH. 
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In view of this it would appear, assuming a peridotite mantle source is 

correct, unless some unknown phase which has a Zr distribution coefficient 

considerably >l is residual after melting, that the source yielding island 

arc lavas must be Zr-deficient relative to source regions supplying 

intraplate volcanoes. The same may also apply to Ti, P and Nb. 

The main conclusion from these calculations, apart from the reservations 

mentioned above, is that they do allow a relatively typical peridotite-type 

mantle to yield arc basalts of the type represented by 41632. This approach 

was extended a step further by considering the capacity of such a mantle 

as that just calculated, to yield the very alkaline leucite-bearing volcanics 

from Sumbawa. 

Factors discussed in section 12.5 suggested that: 

1. either the source for the leucitites is enriched ·in Rb, K and Sr 

but not in Zr, Ti, Nb or P, relative to that of the calcalkaline 

lavas, or 

2. that the bulk distribution coefficients must be markedly different 

during the fusion and segregation of the leucitite melts from their 

source compared with the situation for the calcalkaline melts (i.e. the 

Ti, Zr, Nb and P group of elements must be retained in the leucitite 

source to a much greater extent than the calcalkaline source and the 

relative enrichment of K, Rb and Sr in the former group then being due 

to smaller degrees of partial fusion). This in turn implies that the 

source is mineralogically heterogeneous, while the first suggestion 

implied geochemical heterogeneity. Perhaps the most reasonable 

suggestion would be a combination of both of the above. 

An approximate estimate of the parental melt to the leucitite series 

was achieved by averaging the compositions of all members of this series 

from Soromundi and G. Sangenges which had Mg/Mg+Fe values >0.61. The 



242 

concentration of Rb, Sr, Zr, K2o, Ti0 2 and P2o5 in this average composition 

is given in table 12.3~ togetht::r with the concentrat-ions of these elements 

calculated for the hypothetical parent magma to the Rindjani calcalkaline 

basalt 41632. The ratios of these elements (leucitite/calcalkaline parent) 

are also given and indicate an order of enrichment Rb>K20>Sr>P205>Zr>Ti0 2, 

actua 1 enrichment factors rang·i ng from 9. 2 to about 1. 

If the l eucHHes result from me'Jt·i ng of the same hypotheti ca 1 peri dot i te 

source as calculated to yield the calcalkaline basalt 41632, then the 2 ppm 

Rb of this source would require that the leucitites, with an average of 

147 ppm Rb, must have originated by 0.3% partial melting. This assumes 

the same low dis~ribution coefficients used in calculating the source to 

the Rindjani basalt. At such small proportions of melting it may be 

reasonable to assume that a Rb-·bearing phase like phlogopite may be present 

in the residue, which in turn would result in a higher bulk Rb distribution 

coefficient. This would then mean that the 0.3% partia·l melt figure quoted 

above is in fact a maximum. Such small amounts of partial melting seem 

highly improbable as the chance of such a small amount of liquid escaping 

from the source must be very small. Furthermore even if the highest D(Zr) 

cpx/l i q va 1 ue of 0. 22 determined by McCa ·11 um and Charette ( 19 78) is adopted, 

the 0.3% partial melt figur'e calculated from the Rb concentration, still 

yields a melt with 200 ppm Zr if the same Zr concentration as that calculated 

for the calcalkaline source is used. This is twice the Zr concentration of 

the leucitite. It \lwuld therefore appeal~ that at least with respect to the 

Rb concentration of their respective sources, that the leucitite source must 

be Rb-enriched with respect to the calcalkaline source. 

In the previous section the lack of enrichment of Zr relative to Rb, 

Sr and K20 was taken to indicate that either Zr had a similar concentration 

in the source of both the leucitite- and calcalkaline-series, or that the 



Table 12.3 

Comparison of the Average ~lafi c Leucitite Composition 

and the Calculated Rindjani, high-Al [)asalt 

Primary Melt 

A B 

Si02 45.79 48.4"1 A. Average of the four most mafic 

A1 2o3 12.06 14.G3 leucitites from G. Sangenges and 

FeOT 10.74 10.75 G. Soromundi (523, s i 17, s i 16, s i 6) . 

MgO 10.05 12.15 B. Calculated primary, parent a 1 magma 

CaO 14.17 8.65 to Rindjani high-Al basalt 41632 

Na2o 2.27 2.94 (table 9.8). 

K20 3.14 0.97 AY..~.E9.ili' 1 e uc i t i teL1_Jjl.£....E.i!!:en t. 

Ti02 0.95 0.92 Rb 9.2 

P205 0.45 0.20 K20 3.2 

MnO 0.18 0.16 Sr 2.6 

P205 2.2 
Mg/Mg+Fe 0.64 0. 70 

Zr 1.5 

Rb 147 16 Sc 1.4 

Sr 957 365 y 1.3 

Zr 102 67 Ti02 1.03 

y 21 16.5 

Sc 45 33 

Nb 7 

Note: Fe01 • total Fe as FeO. 
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ratio of for instance Rb/Zr is the same in both sources, but that bulk 

distribution coefficients for Zr must be much higher in the leucitite source. 

Assuming the first hypothesis~ then the Zr concentration of the average 

leucitite (table 12.3) is about 1.5 times that of the calculated calcalkaline 

source. Thus if the sources of both series are assumed to have the same 

concentration of Zr (9 ppm) and if the same distribution coefficients as 

used to calculate the Rindjani source are used, then this suggests that 

the leucitites resulted from about 7% partial melting. This seems a much 

more reasonable figure than that based on Rb (<0.3%). If the 7% melting 

figure is taken as reasonable, then this implies that such a source must 

have 11.4 ppm Rb ,to yield the 147 ppm Rb concentration ·in the average 

leucitite. This is about 6x the concentration of Rb calculated for the 

calcalkaline source and assumes the same distribution coefficients. Aga·in 

these distr-ibution coefficients are probably a lower l·imit and if a minor 

(rv1%) Rb-bearing phase (e.g. phlogopite) ·is residua·! in the source and 

assumed to have a Rb K0 of about 3-4, then such a source would require about 

16 ppm Rb to yield the leucitite liquid with 147 ppm Rb. The other LIL 

elements, K and Sr, show less marked enrichment than Rb in the leucitite 

series lavas and on the basis of the above model would also be enriched in 

the leucitite source compared with Zr, but less so than Rb. 

These models demonstrate that: 

1. The trace element geochemistry of ca·lcalkaline, high-A1 basalts from 

Rindjani, is not inconsistent with an origin involving partial melting 

of olivine-rich two pyroxene peridotite mantle, which has trace element 

concentrations similar to that which might yield slightly undersaturated 

basalts in non-arc tectonic regimes. It would appear however that 

unless some hypothetical phase remaining in the residue after melting 
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has taken place, retains Ti, Zr, Nb and P, that this source must be 

depleted in these elements relative to source mantles in other non-arc 

provinces. 

2. It also appears that the same hypothetical mantle source is unable 

to yield the calcalkaline basalts and the much more LIL element 

enriched leucitites. The latter group require a source which is 

enriched in Rb, Sr and K relative to the calcalkaline one, but may 

have approximately the same concentrations of Zr, Ti, P and Nb. 

In general it must be conceded that point 1 above is not real proof 

that the lavas have originated by melting of a lherzolitic mantle and 

merely allows the, possibi-lity. Hov~ever it seems likely that point 2 is 

valid whatever the source. Furthermore the previously described differences 

in Sr-·isotopic composition between the calcalkal"ine and leucitite suites, 

the latter being more radiogenic, may also be evidence of geochemical 

heterogene·ity and also suppOJ~t the ·implied relat'ive·ly Rb-enY"iched character 

of the leucitite source. 

If the calculations suggest that the leucitites have resulted from 

melting of a source which, relative to that which yielded the calcalkaline 

series, has been enriched in LIL elements, then the ne-normative, trachy

basa lt, -trachyandes ite suites wh ·i ch form an intermediate series between 

the calcalkaline- and leucitite series may have resulted from melting of 

a source which has undergone an intermed·iate degl~ee of enrichment. Furthel~, 

as d·iscussed ·in chapter 9 and in section 12.2 (this chapter), some composit

ional variation within suites from individual volcanoes is not attributable 

to fractional crystall-isation. Lava 1343 from the Sangeang Api suite was 

found to have LIL element concentrations about 30% higher than levels 

predicted on the basis of other major element concentrations as well as 
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having a more fractionated REE pattern and more radiogenic Sr. It is 

possible therefore that this type of variation is also attributable to 

the same factors which yield the larger-scale, between-suite variation. 

If the lavas erupted by an individual volcanoe over a relatively short 

time span are tapping source regions which themselves are variably enriched 

in LIL elements, then this tends to suggest that mantle heterogeneities 

are of small scale. 

If this model of a mantle source region, variably enriched in certain 

trace- and minor-elements, is correct, it is interesting to speculate on the 

likely nature of the island arc source prior to its apparent secondary 

enrichment. Does the calcalkaline series, for instance, result from 
' 

melting of the 11 normal 11 mantle beneath the arc? or has the source for this 

series also undergone some enrichment? Furthermore what is the source of 

the apparently, Rb-, K- and Sr-rich, Ti-, Zr-, Nb- and P-poor component, 

which has brought about this enrichment process? These problems are 

speculated upon in the final section of this chapter. 

the General Arc Model 

The results of th·is study yield several important conclusions: 

1. The concentrations of K20 and related elements in coeval island arc 

suites need not correlate with the depth to the active Benioff Zone, 

or be related to the stage of temporal evolution of a particular arc. 

2. Geocherrrical differences bet\IJeen calcalkal"ine lavas and more alkaline 

types, ranging from ne-trachybasalts through to mafic leucitites, 

reflect actual differences in the composition of the mantle source 

region. Certain LIL elements are selectively enriched and this fact 

together with the differences ·in the isotopic composition of Sr, suggests 

a two source mechanism rather than one invoking differentiation within 

a single source. 
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3. Compositions of the leucititic lavas from Sumbawa are very like those 

from continental rift localities and this comparison is further 

enhanced by the occurrence, in both situations, of discrete suites of 

volcanics showing varying degrees of undersaturation and alkalinity, 

suggesting that some petrogenetic process may be common to both 

environments. 

4. ~lhile potass·ium·-rich suites from convergent plate boundaries and 

continental rifts do have common features, those of the latter group 

maintain their arc character in having much lower concentrations of 

Ti, Zr~ Nb and P. 

Several questions arise from these conclusions: 

(i) If the lavas in this sector of the Sunda Arc are in fact derived 

by partial melting of a peridotite source which is heterogeneous 

with respect to LIL elements, Sr isotopic composition and possibly 

LREE, Th and U, to what extent is the composition of this mantle 

due to the introduction of these elements and what is the "normal" 

abundance of these elements in the source prior to the development 

of heterogeneities? 

(·ii) ~/hat is the source of the introduced eler:1ents and by what means 

are these introduced? 

(iii) If the type of compositional variation seen between adjacent 

volcanoes in this sector of the Sunda Arc is equivalent to the 

across-arc, Benioff Zone-correlated variation seen in other arcs, 

then why is there an apparent uncoupling of this relationship in 

this sector of this arc? 

(iv} If the apparent low abundance of Zr, Ti, Nb and P in the hypo

thetical peridotite source is real, what is its origin? 
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The general concept of a mobile, incompatible element-enriched, "fluid 11 

or melt, with trace element concentrations similar to oliv·ine melilite, 

kimberlite or carbonatite, has been invoked in a number of studies as a 

significant contributor to peridotite sources yielding alkaline basalt 

suites. Such a component has been recognised in lherzolite nodules from 

continental basalt suites (Frey and Green, 1974) and has also been invoked 

as a source of mantle heterogeneities required to account for the range of 

basalt-types (olivine tholeiite to olivine melilitite) from the same suites 

(Frey et al., 1978); Lopez-Escobar et a~. (1977). If such a component is 

being supplied to the source of the island arc volcanic rocks, then the 

problem is, what is the geometry of the total system? How is this component 
' 

being supplied and to what extent does its supply determine the time-space-

volcanic composition relationship recognised in many arcs? 

Sun and Hanson (1975a) and others suggest that the MORB series is 

derived from melting of shallow level, depleted mantle, while more alkaline 

ocean island volcanoes tap a more "fertile" mantle source beneath this. 

They suggest that the type of mantle convective system in the ocean·ic basins 

maintains this geometry. However, as Gill (1976) points out, differences 

between ocean ridge tholeiites and more alkaline ocean island basalts are 

similar to differences between lavas wh·ich in the 11 typical 11 is'land arc, 

occur close to, and further away from, the trench. He suggests that while 

it is likely that these lavas are of mantle origin, the presence of the 

subduction zone isolates the rnantle wedge, beneath the island arc, from 

the active convection cell of the ocean basin. Gill (ibid) therefore implied 

that the island arc situation would now allow the tapping of Sun and Hanson 1 S 

(1975a) two reservoirs. Gill (1976) went on to suggest that arc magmas 

acqu·i re their composition a 1 d'ivers'ity by different degJ~ees of fusion and 
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as a result of the presence of different residual mineral assemblages. It 

has already been argued in earl-ier sections of th·is chapter however~ that 

it is more likely that compositional differences in erupted suites relate 

to real source heterogeneities. At the same time, however, it seems likely 

that the geometry of the arc-mantle wedge--Benioff Zone system and its 

relatively small scale compared with the broad ocean basins, place doubt 

on the applicability of Sun and Hanson 1 s (1975a) mechanism, even though the 

end result and general two-reservoir concept may be the same. 

To arrive at a solution to the problem of how a two source model may 

be fitted to the island arc situation, requires knowledge of the origin 

of the arc itself and in particular, the origin and nature of the mantle 
' 

wedge, effectively 11 trapped 11 on the continental side of the Benioff Zone. 

This sector of the Sunda Arc, as discussed in chapter 2, is probably 

formed on thin, oceanic-type crust. Evidence was also presented in chapter 

2, that the segment of the Sunda Arc-trench system to the east of eastern 

Java, is probably no older than Miocene and prior to this an earlier 

(Mesozoic?) arc system may have been active along a belt from Sumatra and 

western Java, northwards to Kalimantan and Sulawesi. This suggests that 

the area to the north of the present-day Lombok-Flares segment of the Sunda 

Arc, may have, up until the Miocene, been on the ocean-ward side of the 

then trench. The present trench-arc system, might then have developed, 

extending in a more easterly direction from the west Java segment of the 

older arc, stranding a fragment of oceanic crust and upper mantle, on the 

southern edge of which, Lombok and Sumbawa were to become established. 

Jurassic-Cretaceous sea floor is currently undergoing subduction 

beneath this sector of the arc and if the above scenario is correct, then 

the islands of Lombok and Sumbawa must be overlying Jurassic ocean crust. 
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How an arc becomes established in the first place, is not well under

stood. It may be considered to result from initial buckling and downwarping 

of oceanic crust near to a continental margin, followed by fracturing and 

underthrusting. The mantle on the continental side of the trench would 

then be the same as the upper mantle of the ocean basins, and may well 

represent the same source region that yielded the MORB series at the ridge, 

having migrated to its present position as a consequence of sea floor 

spreading. If this were the case then the source region of island arc 

lavas is likely to have some of the geochemical and mineralogical character

istics of the depleted MORB source. The island arc tholeiite series (e.g. 

Jakes and Gill, ~970) is an example of an arc suite having geochemical 

features consistent with der·ivation from an incompat:ible elen.Jent-depleted 

source such as that of the ocean ridge tholeiites. 

Mid-ocean ridge tholeiites are considered to have formed by relatively 

large amounts of melting of depleted peridotite, at shallow depths (e.g. 

Green, 1971), leaving a refractory harzburgite res·idue. The geochemistry of 

MORB (e.g. Sun et al., 1978) reflects a source which has low concentrat·ions 

of LIL elements as well as other incompatible elements, such as Ti, Zr, Nb, P 

and LREE. If such a mantle does in fact represent that 11 Stranded 11 on the 

continental side of the Benioff Zone, beneath island arcs, then the low 

Ti, Nb, Zr and P concentrations of island arc lavas in general, could 

reflect the low abundances of these elements in the source which is the 

same as that which yielded ocean ridge basalts at the spreading centres. 

Of course, in the state that this source left the ocean ridge, it 

would be quite incapable of yielding any island arc series with the possible 

exception of the arc tholeiites. It is interesting to consider such a source 

in the light of the conclusion reached earlier in this chapter, that at 
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least relative to the calcalkaline source, the source yielding the alkaline 

lavas in this arc is probably relatively enriched in LIL elements. In view 

of the very refractory, depleted nature of the ~10RB-type source suggested 

above, it would also be necessary to conclude that the calcalkaline arc 

series, must also represent the products of a re-enriched source and that 

in its 11 natural state 11
, the mantle beneath the island arc must only have 

trace element concentrations capable of yielding the island arc tholeiite 

series. 

In summary, this model implies that refractory, depleted, harzburgite 

is delivered to the site of the island arc by ocean floor spreading, where 

it becomes isola~ed from the convective system operating in the ocean basin. 

This peridotite would have very low concentrations of LIL elements, Ti, Zr, 

Nb and P as well as a LREE-depleted character. Once isolated as the mantle 

wedge beneath the island arc it would be supplied with small amounts of 

LIL element-and LREE-rich 1 iquid, which would systematically "rejuvenate'' 

the refractory peridotite, enabling it to then yield the range of calcalkaline 

and more alkaline island arc lavas. A similar model has been proposed by 

Green (1976) Lopez Escobar et al ., (1977}. The component enriching the 

arc source region would be supplied from depth and would have the greatest 

effect on the deepest zones of the subarc mantle. In this sector of the 

Sunda Arc, seismic evidence (Cardwell and !sacks, 1978) suggests that between 

the trench and the zone of active volcanoes, the dip of the Benioff Zone is 

very shallow, while further from the trench it becomes near-vertical, plunging 

to nearly 700 km. Thus mantle zones overlying the very deep Benioff Zone 

might be relatively easily supplied wHh the 11 enrich·ing component", vihile 

the narrow wedge closer to the trench would be more effect·ivel'y shielded by 

the subducting slab. 
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If this "enriching component" is assumed to be of kimberlitic affinity, 

supplied from depths of the order of 700 km, then it may have left residual 

minerals including: garnet, perovskite, ilmenite, rutile, sphene and 

apatite, which may retain Ti, P,, Nb, Zr and the HREE. Thus while the 

mantle becomes enriched in the LIL elements, it retains its dep·leted 

character with respect to the elements mentioned above. 

A possible explanation of the fact that in the Sumbawa-Lombok sector 

of this arc, both calcalkaline and highly alkaline lavas have erupted from 

adjacent volcanoes at similar height above the Benioff Zone, may be a direct 

tapping of the alkaline reservoir by some large scale fracture or fault. 

In support of th~s model as a general mechanism for the generation of 

alkaline suites in island arcs, is the observation of Delong et al. (1975), 

that a number of arc-alkaline suites are associated with cross-arc structures. 

It has been suggested that some form of transcurrent fracture has dislocated 

the Sunda Arc between the eastern end of Sumbawa and Flores island, because 

there is an apparent offset in the line of active volcanoes between these 

two islands (Audley Charles•, 1975, "Sumba Fracture"). This hypothetical 

fracture may then represent a conduit, tapping the source of the alkaline 

liquids and allowing their access to shallow regions of the mantle adjacent 

to the fracture. 

If the general arc case, where increasing alkalinity occurs both with 

time and distance from the trench, results from systematic alterat·ion of the 

mantle by the proposed alkali-rich component, then it is possible that the 

Benioff Zone itself actually represents the conduit for the transport and 

delivery of this component. 

Thi.s hypothesis is supported by calculat·ions .performed by Ito (1978) ~ 

who suggests that the slip zone between the descending slab and the overlying 

mantle is in fact a low-viscosity, low density liquid layer, which tends to 

flow upwards along the mantle-slab interface. He also suggests that at 
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depth in the asthenosphere, any separate liquid phase adjacent to the slab, 

may be drawn into the slip zone and then move upwards. He also suggested 

that the dissipation of gravitational energy at the bottom of the downward 

edge of the slab may produce local melting, this liquid again rising up 

the slip zone. By these means, both a possible source of the products of 

sman amounts of partial fusion and a means by which they may be supplied 

to the mantle at shallower depths and closer to the trench, are provided. 

It is possible then, that the alkali-rich melt phase in the slip-zone, 

may both move up the slab and percolate vertically into the overlyinCJ 

mantle, the latter situation probably beinCJ favoured by a decrease in dip 

of the slab. Wh~re upward percolation takes place, alteration of the 

overlying mantle is likely, as the alkali-rich liquid reacts with olivine 

and pyroxene to yield mica- and hornblende-peridotite. This altered mantle 

may then in turn melt to yield the lavas eventually erupted at the surface. 

In this way, the largest amounts of the alkali-rich component would be 

supplied to the mantle overlying the deepest parts of the Benioff Zone, with 

progressively smaller amounts reaching the shallower regions, hence yielding 

progressively less enriched mantle towards the shallower Benioff Zone regions. 

It is possible, then, as suggested previously, that completely unenriched 

mantle would yield the arc tholeiite series on partial melting and that the 

spectrum of all other arc-suites, from calcalkaline through to the highly 

undersaturated alkaline varieties, are derived from initially depleted 

mantle w"ith varying amounts of new·ly introduced a·lkal"ine component. 

In fact this mechanism may not be very d·ifferent to the situation in 

continental rifts. In both situations dislocations of the crust and upper 

mantle allow the tapping of kimberlite-like melts from depth. In the rift 

situation, these may produce alteration of the higher levels of the mantle 

as suggested by Lloyd and Bailey (1975}, this later melting to yield a 

range of lavas of differing alkalinity, or the kimberlitic material may 
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erupt directly to form kimberlite pipes or carbonatitic volcanoes. The main 

differences between this situation and that in the island arc are that, 

the "fault" (= Benioff Zone) is inclined in the latter case while the rifts 

are bounded by near-vertical faults, so that in the arc situation, the 

a·lkaline component is effectively "sieved" through the overlying mantle 

wedge and has much less chance of being delivered directly to the surface 

and secondly the mantle underlying the rifts does not have the initially 

depleted character of that under the arcs, thus accounting for differences 

inTi, Zr, Nb and P between the two situations. 
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Most of the main results and conclusions have already been sunmarised 

in previous chapters, and it is not proposed to repeat them here. These 

summaries appear in sections 2.4, 3.5, 5.7, 8.9, 9.5, 9.7, 9.11, 9.13, 

10.6, 11.12 and 12.7. The petrographic features of the rocks of the five 

volcanoes studied are summarized in chapter 7. 

Stated briefly, the most important conclusions of this study are: 

1. Magmas erupted from volcanoes in the Lombok-Sumbawa sector of the 

Sunda arc seem to be derived mainly from melting of the mantle wedge above 

the Benioff Zone and there is little participation of material from the 

downgoing slab or the lower crust beneath the arc, although water may be 

derived from dehydration of the slab. 

2. If this mantle wedge beneath the arc is of peridotite composition 

dominated by fbrsteritic olivine (Fo 90), then most of the lavas from the 

five volcanoes studied are fractionated (with the possible exception of 

some leucitites). 

Fractional crystall·isation is probably an important mechanism in 

the generation of much of the compositional diversity found within suites 

from individual volcanoes. However some of the variation found within 

some suites must also be due to variation in pdmary melt composition. 

Likewise fract-ional crystallisation cannot account for compositional 

variation between the different suHes erupted by adjacent vo 1 canoes ·in 

this sector of the arc. Thus the differences between the three recognised 

suites (1. the calcalkaline suite, 2. the ne-trachybasalt-trachyandesite 

suite and 3. the leucitite:: suite) also require variation in primary melt 

composH·ion. 
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3. If the mantle is of a more iron-rich composition then a greater 

range of the erupted lavas may be primary melts, but the available data 

do not allow this possibility to be accurately evaluated. 

4. Where recognised, fractionation trends are largely attributable to 

crystallisation in the low pressure region (<lOkb) corresponding to 

uppermost mantle and crustal depths. 

5. Primary basaltic liquids were probably hydrous, with perhaps 2-3% H20, 

and the crystall-isation behav·iour of water-bearing melts is probably 

responsible for a large part of the distinctive character of island arc 

magmatism, particularly that of the calcalkaline suite. Thus the MgO-, Ni

and Cr-poor and ,Al 2o3-, CaO- and plagioclase-rich character of many island 

arc lavas can be explained as the result of the effect of water in retarding 

the precipitation of plagioclase relative to clinopyroxene and olivine 

until very low pressures. 

6. The R·indjani suite is typ·ical of the calcalkaline suites of many island 

arcs. Calculations suggest that the high-Al basalts could be derived from 

primary melts of mantle origin by olivine-clinopyroxene fractionation, 

and that variation within the group of high-Al basalts could arise from 

fractionation of their plagioclase-ol iv·ine-cl inopyroxene phenocryst 

assemblages. Fractionation of this phenocryst assemb.lage could not yield 

andesitic differentiates. 

The compositional variation within the Rindjani andesites cannot be 

reproduced by fractional crystallisation of their plagioclase-cl·inopyroxene

orthopyroxene-magnetite phenocryst assemblages. The dacites however may 

have been "l-iquids ·in equi"librium with this phenocryst assemblage. 

If the andesites are der·ived from basaltic parents like the associated 

high-Al basalts by fractional crystallisation, then they may have resulted 

from crystallisation of an amphibole-plagioclase-magnetite-·dominated 

assemblage. 
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Phase relationships in the high-Al basalt-water system place constraints 

on the condit·ions of andesite formation. Optimum conditions under wh·ich 

the assemblage amphibole-plagioclase-magnetite may coexist, closest to 

the basalt liquidus, occur with 3% H20, between 6 and 10 kbal~s and with an 

f02 between that of the NNO and HMN buffers. Under these conditions 

this assemblage may coexist up to about 1050-1060°C. This is still likely 

to be 50°C below the basalt liquidus and to yield andesitic differentiates, 

mantle derived parent basalts must cool markedly in the pressure-range 

6-10 kbars, a depth corresponding to the probable depth to the Moho 

in this sector of the Sunda arc. 

Under the ~bove conditions andesitic residual liquids may form from 

basaltic parents in equilibrium with an amphibole-plagioclase-magnetite assem

blage. These may then rise and crystanise the observed plagioclase-rich 

phenocryst assemblages at lov1er pressures. At very shallow depths, water sattX'at 

may occur, resulting in explosive eruption, during which segregation of 

the small amounts of siliceous residual liquid could take place to yield 

the dacites. If the parental basaltic liquids do not cool sufficiently 

at depth to enter the amphibo"le stability field, they will fractionate 

ol-cpx and then plag-cpx-ol assemblages to yield the range of ankaramites 

and high-Al basalts. 

These results imply that those island arcs that are growing as a 

result of andesitic eruption at the surface are simultaneously growing 

downwards as a result of accretion of equivalent volumes of hornblende 

gabbro at their bases. This also implies that the total bulk composition 

of the arc continues to be basaltic, even where andesites are the dominant 

extrusive magma composition. 

7. The K20 content of coeval island arc suites need not show a positive 

correlation with the depth to the Ben·ioff Zone, neither need the very 

K20-rich lavas occur late in the history of a given arc. 
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This suggests that in arcs where the depth to the Benioff Zone does 

show a significant correlation with the K20 content of the lavas, this 

relationship must be an indirect one and that the K2o content of the lavas 

is probably not determ·ined by pressure-dependant phase relationships either 

in the down-going slab or the overlying mantle. 

8. Geochemi ca 1 differences between suites in the Lombok-Sumbawa sector 

of this arc, part·icularly in terms of variation inK, Rb and Sr, imply 

that marked geochemical heterogeneity exists in the mantle source region. 

This factor together with the systematic variation of these elements 

through the three suites distinguished in this arc sector, together with 

the Sr-·isotopic variation, tends to suggest that a two (or more) end-member 
' 

mixing or contanri nation event is res pons i b 1 e for the source heterogeneity. 

In such a case, the variation ·in the relative proportion of end-members 

results in the variation in 'the degree of alkalinity of the erupted suites. 

9. Relative to suites from other tectonic environments all of these from 

this sector of the Sunda Arc have low concentrations of Ti, Zr, Nb and P. 

These show little variation between the different suites in spite of the 

large variation in the concentration of the LIL group of the incompatible 

elements. 

Calculations show that even if the residue/liquid distribution 

coefficients for this group of elements, ·in the mantle source are 

anomalously high, this group of elements must still be relatively 

depleted by comparison with the'ir concentrat·ions in non-arc mantles. 

The K-, Rb- and Sr-enrichment process apparently did not produce enrichment 

of these small, highly charged ions, generally grouped with them as 

11 incompatible elernents 11
• 
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10. If between-suite variation in K20- and related element concentration 

reflects variations in the concentrations of these elements in the source 

mantle, this then suggests that in arcs where a K20-Benioff Zone depth 

correlation does exist, the concentration of K2o and related elements may 

systematically increase in the magma source region above successively 

greater Benioff Zone depths. Yet it has also been concluded that the 

relationship between K20 content of the lavas and the Benioff Zone depth 

is an indirect one and therefol~e it is unlikely that the actual source 

of the K20-rich component is the Benioff Zone itself. A possible explanation 

of these factors is that the Benioff Zone represents a conduit along which 

the K20-rich co1~ponent moves upwards from depth and fr'om which is supplied 

to the overlying mantle. This rate of supply diminishes with decreasing 

Benioff Zone depth. 

11. In the Sumbawa sectol~ of this arc, the above situation may have been 

disturbed by the presence of some major cross-arc fault (possibly the 

hypothetical 11 Sumba Fracture 11
) which passes across the arc between Sumbawa 

and Flores and has produced some possible relative northwards movement 

of Sumbawa and may have acted as more direct conduit which allowed the 

K2D-rich component and more direct access to shallower regions of the 

mant-le and effective"ly destroyed the 11 normal" correlat·ion with Benioff 

Zone depth. 

12. It is possible that, ·in those arcs where they occur, members of the 

arc tholeiite suite represent the products of melting of the source-region 

before the introduction of the K20-rich component. This suggests that 

the 11 normal 11 sub-ar~c mantle may be a very refractory, ·incompatible 

element-depleted peridotite. It ·is suggested that the source mantle 

beneath island arcs may have all~eady yielded a basalt melt fraction 
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elsewhere, perhaps at an accret·ionary margin and then have reached its 

present position by sea floor spreading, becoming isolated from the mantle 

convection system of the ocean by the development of the subduction zone. 

Once isolated, this wedge of depleted per·idotite is gradually 11 rejuvenated 11 

by the introduction of the LIL element rich component. This component 

apparently does not contain significant concentrations of Ti, Zr, Nb, Hf 

and P; the low concentrations of these elements in the island arc lavas 

is a feature inherited from the pdor deplet·ion of the sub·-arc mant'le. 

13. The mafic and ultramafic intrusive rocks from Sangeang Api may at 

least in part have a cumulate origin and the succession from olivine 

clinopyroxenite.to hornblende gabbro does represent a possible crystallis

ation sequence with falling temperature and/or pressure. The compositional 

variation of the Sangeang Api lavas can be interpreted as resulting from 

fractional crystall-isation of assemblages represented in the nodule suite. 

However variation in 87sr;86sr isotopic ratios in both the intrusives 

and extrusives suggests that the nodules probably record a more complex 

sequence of events than simple crystallisation of a single magma batch. 

The marked similar·ity of the Sangeang Api nodules and the rock types 

represented in the Alaskan-type zoned ultramafic complexes, particularly 

in terms of their m·inel~al assemblages and m·ineral composit·ions, suggests 

that these ultramafic bodies may be formed in an island arc environment. 

Irvine (1973, 1974) suggested that the Alaskan bodies were formed 

by precipitation from relatively alkaline, mafic magmas like those erupted 

by Sangeang Api volcano. 

The assemblages present in the Sangeang Api nodule-suite are also 

like those inferred to have crystallised from the calcalkaline magmas 

to yi~ld the sequence of basalts and andesites from basaltic parents, 

though the assc~mblages precipitated from the less alkal·ine calcalkaline 
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liquids may differ in detail. For instance the amphiboles may be less 

potassic~ phlogopite may be rare or absent and orthopyroxene may occur. 

These are features that distinguish the nodule suites of the Lesser 

Antilles volcanoes (e.g. Lewis, 1973, Wills~ 1974) from the Alaskan and 

Sangeang Api assemblages. 

14. The occurrence of very refractory megacrysts or xenocrysts, often in 

a partially reacted state in many lavas from this sector of the Sunda Arc, 

may have important bearing on the nature of the mantle source. These 

include: 1. olivine with Cr-spinel inclusions from Rindjani as magnesian 

as Fo 93; 2. Cr-diopside with very lov1 Al, Ti and Na contents and 

100Mg/Mg+Fe values up to 93 from Rindjani ankaramites, the Sangeang Api 

phonolitic teph~ites and Soromundi leucitites, and; 3. the occurrence of 

very anorthit·ic plagioc-lase (up to An 93) from many of the lavas of all 

the volcanoes studied. 

The very mafic character of the olivine and diopside tends to support 

an ultramafic peridotite source. The very refractory character of the 

Cr-diopside is also interesting in the light of the wide range of alkalinity 

shown by the lavas in which they occur. Thus if the Soromundi leucitite 

had resulted from a smaller degree of partial melt·ing then the Rindjani 

ankaramite, then it would be expected that its residual clinopyroxene 

would be relatively enriched in Al, Ti and Na compared with that in the 

more extensively melted source. Instead of which, not only is the 

clinopyroxene of both rock types the same~ but it is also of such a 

refractory composition that it can only be compaJ"ed with that of the most 

depleted, high-temperature alpine--type peridotite. Not a source which is 

in any way likely to yield highly undersaturated leucitite lavas. This 

then tends to support the previously cited hypothesis ~hat the island arc 

is underlain by refractory peridotite which may have already yielded a 
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liquid component, possibly at the mid-ocean ridge and that much of the 

character of the island arc magma suites is derived from re-enrichment of 

this depleted source. 

The hypothesis is possibly further supported by the marked similarity 

of the abovementioned refractory phases to megacrysts of almost i denti ca 1 

composition from oceanic tholeiites from a number of localities (e.g. 

Dona 1 dson and Bro\1/n, 1977). 

The problem of the very anorthitic nature of the plagioclases of 

island arc rocks is one of the major problems of island arc petrogenesis. 

Donaldson and Brown (1977) and others have found plagioclase xenocrysts 

of similar composition in oceanic tholeiites and these may indicate a 

depleted source'with an unusually high Ca/Na ratio. Such an explanation 

may apply to the ·is"land arc situation, though the effects of high water 

pressure (e.g. Yoder, 1969) have also been invoked. As discussed in 

chapter 11 however, the presently available experimental data does not 

unequivocally support th·i s theory. It ·is undoubtedly true that the ·1 i qui dus 

temperature of plagioclase CY'ystallisation is markedly reduced by ·increasing 

water pressure, however this only indicates that the first plagioclase to 

appear does so at decreasing temperatures as water pressure rises and it 

has yet to be demonstrated that the actual composition of this plagioclase 

also becomes more calcic (i.e. that there is a gradual distortion of the 

plagioclase liquidus-solidus loop as the water pressure rises). Yet the 

extremely calcic composition of the plagioclase in the Sangeang Api 

gabbroic nodules and in the nodules from the Lesser Antilles (Lewis~ 1973) 

associated with "liquids of 11 normal 11 Ca/Na ratio does tend to suggest that 

liquids in the island arc environment do crystallise anomalously calcic 

plag·ioclase. Furthermore the cl·inopyroxenes in general are also commonly 
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relatively Na-poor compared to non-arc counterparts and there may therefore 

be a case for suggesting that Na is distributed more strongly in favour 

of the melt during island arc magmatism. This is perhaps one of the key 

areas for future experimentation relating to problems of island arc 

petrogenesis. 
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NOTES: 1. Samples are cited in the same order as they appear in the lvhole-rock analysis tables in the body of the thesis 

and in the CIPW nor~ table (appendix 2). 

2. Abbreviations are as follows: 

(I) Island; L- Lombok 

S - Sumbawa 

(I I) Volcano Complex; 

R- Rindjani, G.S. -G. Sangenge>s, T- Tambora (P.S. -· P. Satonda), S- Soromundi, S.A.- Sangeang ~~ 

(iii) Phenocrysts; 

0'1- olivine, Cpx ··clinopyroxene, Opx- orthopyroxene, Pl -plagioclase, Hg- magnetite, 

B - biotite, A - amphibole, Ph •· phlogopite, Lc - leucite, Apat - apatite, K- alkali feldspar·. 

3. Phenocrysts are listed in decreasing order of abundance. Percentage phenocryst f·igure is an approximate estimate 

and the reader should ,refer to the modal analysis tables of typical examples of each petrographic group of rocks 

from each volcano given in chapters 3, 4, 5 and 6. 
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116°08'E, 8°2l'S 

116°32 'E, 

116°36'[, 

116°32'E, 8°2G 'S 

116°32'£, 8°27'5 

116°32' E, 

116°05'[, 

116°36' E, 

's 

'S 

'S 

40 L R Between Pamena ng and !lenta k, VI. Lombok 116°05 'E, 'S 

10 L R Pasagan Village 

40 L R Kopang Area, Central Lombok 

60 L R 5km S. Scniliulan Village 

50 L R North Lo1~1bok 

30 L R 

116°23 'E, 

116°32 ' [' 

s 

'S 



LB26 

"' ·~ c 
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Vl 
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:::;, (.!;) Rock Types 

48016 high-Al basalt 

41643 41643 high-Al basalt 

41678 41678 high-Al basalt 

Phenocrysts 

Pl,Ol,Mg 

Vl 

'" Vl 

i:' 
l) 
0 
c "0 
OJ r; 

.c "' Cl. 
Vl 

~ ....... 

~ 
0 
w 
0 

"' "" u 

0 
> Locality 

L R ·Bentak, West Lombok 

50 L R 5km N. Sembulan Village 

50 L R Narrnarda Area, 15km E. of Mataram 

Co-ordinates 
(o • E' o 'S) 

116°05'[, &027'~ 

116°31'[, 8°21 ,, 

116°10' E, 8°33' 

41683 41683 High-A l basalt 

Pl,Ol ,Cpx,Mg 

Pl,Cpx,Ol,Ng,A 60 l. R Renggung River, Kopang, Central Lombok 116°21'£, 8°3:"' 

41634 41634 low silica andesite Pl,Cpx,Ol,Mg 50 L R South of Sembulan Village 

41684 41684 low silica andesite Pl,Cpx,Ol,Mg 60 L R Renggung River, Kopang, Centra. Lombok l16°21'E, 

41632 41637 low silica andesite Pl,Cpx,O'I,Mg 

Lfl61 48019 low silica andesite Pl,Cpx,Mg,Ol 

41647 41647 low silica andesite Pl ,Cpx,Opx,t~g 

50 L R South of Sernbulan Village 

45 L R Wagegesang River, Southern flank of 

Rindjani 

55 L R Between Bmvah Nau and Sajang 

41622 41622 low silica andesite Pl,Cpx,Opx,Mg,Apat 38 L R Between S1·1ela and Pasagan Villages 

41627 41627 low silica andesite Pl,Cpx,opx,Mg 75 L R Pasagan Village 

41625 41625 101~ silica andesite Pl,Cpx,Opx,Mg,Ol 50 L R 

41687 41687 lov1 silica andesite Pl,Cpx,Opx,Mg,Ol 45 L R Renggung River, South of Kopang 

LB6 

LB29 

LB28 

48018 andesite 

48019 high-K, high-Sr 

andesite 

48020 

41646 41646 andesite 

41644 41644 andesite 

41688 41688 andesite 

41636 41636 andesite 

LB42 

LB41 

48021 andesite 

48022 andesite 

41675 41675 dacite 

Pl ,Cpx,Opx,~lg,Apat 55 L R Tangung, ~L Lombok 

Pl,Cpx,Opx,l1g 50 L R Pus i k Pass, \oJ. Lorrbok 

Pl,Cpx,Opx,Mg 50 L R 

Pl ,Cpx,Opx,Ng,Apat 55 L R Bet\owen Sembulan and Bawah Nau 

Pl ,Cpx ,01 ,Mag 

Pl ,Cpx,Opx,Mg,Ol 

Pl,Cpx ,Opx,Hg 

45 L R South of Bawah Nau Village 

40 L R Renggung River, South of Kopang 

67 L R South of Sembulan Villa9e 

Pl,Cpx,Opx,Mg,Apat 45 L R Djangkok river nr. Endut Village 

Pl ,Cpx,Opx,A,Apat 50 L R 

Pl ,Cpx ,Opx ,Mg 45 L R Narmarda Area 

116°30'£, 8°20': 

116° 32' E, 8°zs • • 

116°28'[, 8°27'; 

116°20'£, 8°3~·· 

116°08'£, 8°2:': 

116°30'E, 8°2: ': 

116°30'E, 8°2?·s 

Ull2 48023 high-K, high-Sr Pl,A,Cpx,Mg,Apat 45 L R BetvJeen Penamang and flentok, \1. Lombok 116°05 'E, 

andesite 

Lf322 48024 

41676 41672 high-K andesite 

LB55 

LB69 

LB4 

LB3 

48025 high-K andesite 

48026 high-K andesite 

48027 high-K andesite 

48028 high-K andesite 

41668 41668 high-K andesite 

LB2 48029 dacite 

41645 41645 dacite 

41691 41691 dacite 

41650 41650 dacite 

Lfl60 

LB48 

LB43 

LB49 

480 30 dacite 

48031 dacite 

4 80 32 dacite 

48033 dacite 

Pl,Cpx,Ng,Apat 

Pl ,Cpx,Ol ,l·lg,B 

Pl ,A,Cpx,~lg 

Pl,Cpx,t~g,Opx 

Pl,Cpx,Opx,Mg 

Pl, Opx, Cpx ,f1g 

Pl ,Cpx,Ol .~1g 

Pl, Cpx ,Opx ,Mg ,A 

45 L R Bentak, W. Lombok 

20 l. R Nannarda Area 

L R Wagegesang River 

10 L R Pohgading River 

25 L R Tangung, W. Lombok 

10 L R 

35 L R Narmada Area 

5 L R Tangtmg, \~. Lombok 

50 L R South of !la\'iah Nau Vi 11 age 

Pl ,Opx,t'lg,Cpx,Apat 30 L R Kopang Area, Central Lombok 

Pl ,A,Opx,f·1g,Cpx 40 L R South of Desanjar 

L R Wagegesang River 

Pl,Opx,Cpx,Mg,Apat 30 L R Djankok River, Endut 

Pl ,A,t·lg,Apat L R 

3 L R 

116°05 'E, 

116°10 'E, 

116°10'E, 

116°08' E, 

116°30' E, 

116°23'E, 

116°27't:, 8°1C 'S 

116°20 'E, 

116°12' E, •( 



Rock Types 

41677 41677 dacite 

41671 41671 dacite 

41638 41638 dacite 

41641 41641 dacite 

41664 41664 dacite 

41639 41639 dacite 

PS8 

PS2 

PS4 

PS7 

PS3 

Tl2 

Tl7 

T9 

T8 

T21 

T2 

Tl8 

T3 

T30 

Tl3 

T5 

T26 

TlO 

T27 

T36 

T32 

131 

Tll 

T25 

T23 

.T43 

T29 

T41 

T20 

T28 

T33 

T4 

48034 ne-trachybasalt 

48035 ne-trachybasalt 

48036 

48037 

48038 

48039 

48040 

48041 

48042 

48043 

48044 

48045 ne-trachybasalt 

48046 

48042 

48048 

48049 

48050 

48051 ne··trachybasa 1 t 

48052 

48053 

48054 

48055 

48056 

48057 

48058 

48059 

48060 

48061 

48062 

48063 Alkali gabbro 

(Shonkinite) 

48064 

48065 

Phenoc1·ys ts 

Pl,A,Hg 

Pl,A,Mg 

P1,A,t·1g,Cpx,Opx 

Pl,A,Hg,B 

Pl,A,B,Hg 

P1 ,A ,11g 

Cpx, P1 ,01 ,Mg 

P1 ,Cpx,01,11g 

Cpx,Pl ,01,Mg 

Cpx ,P1 ,01,11g 

Pl ,Cpx,Ol ,t1g 

Cpx,P1 ,11g,01 

Pl ,Cpx,01 .~1g 

Pl ,Cpx,01 ,f·1g 

Pl ,Cpx ,01 ,Hg 

Pl ,Cpx,Ol,l~g 

P1 ,Cpx,01,Mg 

Pl ,Cpx,01,Mg,8 

Pl,Cpx,Ol,Mg 

Pl,Cpx ,01 ,Mg 

P1,Cpx,Ol ,Hg 

Pl,B,Cpx,Mg 

Pl,B,Cpx,Hg 

Pl ,Cpx,B ,Hg 

Pl,Cpx,B,Mg 

Pl ,Cpx,Ol ,Mg 

Pl ,B,Cpx,t·Jg 

Pl ,B,Cpx,Mg 

Pl ,Cpx,l3,t1g 

Pl,Cpx,B,Mg,Apat 

Pl ,Cpx,B,Hg,Apat 

Pl ,Cpx,t~g.Lc 

Pl ,Cpx,K,Ol ,1•1g, 

Apat,B 

Pl ,Cpx,B,Mg,Ol ,K, 

Apat 

Pl,Cpx,Ol,K,B,Mg 

10 L 

>< 
Q) 

n. 

"' 0 
u 
0 
<= 
n;J 
u 
0 
> 

R 

3 L R 

Loca 1 ity 

Namada Area 

10 L I< Near Sembul an Village 

11 R North of Sembulam Village 

5 L R Namada Area 

6 L R Sembulan Village 

50 S PS Satonda Island, 5km N.H. of Kananga 

Village 

50 S PS 

S PS 

S PS 

S PS 

Co-ordinates 
(o , E' o 'S) 

116°33 'E, 

116°31' E, 8°20' 

116°10'E, 8°34' 

116°33'[, 

117°45'E, 

25 S T 400 metet·s from Tambora SumnH on N.\<1. 117°58'[, 8°13' 

25 S T 

3 S T 

35 S T 

50 S T 

35 S T 

flank 

35 S T 400 meters be 1 ow Tambora Summit 

50 S T 

40 S T N.H. Surmnit plateau, 2800 meters 

70 S T 450 meters be 1 ow Tambora Summit 

50 S T 

35 S T Sumnit plateau 

35 S T N.H. side, 400 rnete1·s below surrmit 

10 S T Summit plateau (N.\~.) 

15 S T 

10 S T 

15 S T 

20 S T N.\L side 400 meters be1ovl sulilnit 

5 S T Swnnit Plateau, N.S.\4 side 

10 S T 

10 S T 

8 S T 

8 S T 

25 S T N.H. side 400 meters below summit 

S T Swnmit Plateau 

S T 

S T N.H. side 4Ci0 metres be.IOiv summit 

117°59'E, 

117°58' E, 

117°59 'E, 

117°58' E, 

117°59'E, 

)I 



T6 

B43 

B44 

B39 

838 

B31 

B29 

B25 

B34 

B36 

B35 

B28 

B27 

B18 

B42 

B32 

B23 

85 

84 

B2G 

B13 

B22 

B25 

B2H 

B24 

B7 

Bll 

810 

88 

89 

829 

B2D 

l(j 

·~ 

"' "' 0 ~ z 

"' f-. ..... 
0. 

6 ~ 
,;. 

0 
c (l) 

::> "' 
Rock Types 

48066 Alkali gabbro 

(Shonkinite) 

Phenocrysts 

Pl,B,Cpx,K,Mg 

48067 phonolitic tephrite Cpx,Ol,Mg 

48068 

48069 ne-trachybasalt 

48070 

48071 

48072 phonolitic tephrite 

48073 

48074 ne-trachybasalt 

48075 

48076 

48077 

Cpx,Pl,Ol,Ng 

Pl ,Cpx,Ol ,Mg 

Cpx,Pl ,01 ,Mg 

Pl ,Cpx,t·lg,Ol 

P1 ,Cpx ,Ho,B,A 

Pl ,Cpx ,A,~Ig ,B 

Pl ,Cpx ,l·ig, ll ,A 

Pl,Cpx,A,Mg,Apat 

Pl ,Cpx ,A,Hg,B 

48078 phonolitic te~hrite Pl,Cpx,A,Mg 

48079 ne-trachybasalt Cpx,Pl ,01 ,11g,B 

48080 

48081 

48082 olivine 

48083 

48084 

clinopyroxenite 

48085 magnetite 

cl inopyroxenite 

48086 a 1 ka 1 i pyroxenite 

48087 

48088 magnetite 

c 1 i nopyroxenite 

48089 

48090 hornb 1 en de gabbro 

48091 

48092 

48093 

48094 

48095 olivine 

c 1 i nopyroxen i te 

48096 magnetite 

c 1 i nopyroxen i tc 

48097 

Pl ,Cpx,t•lg,B,A 

Pl, Cpx ,l~g 

Cpx,Ol,Ph 

Cpx,Ol ,/\,Ph 

Cpx,A,Ol,Ph 

Cpx,Ph,A 

Cpx,Mg,A,P1 

Cpx,Mg,Pl ,A 

Cpx, P1 ,t·lg 

A,Pl ,Cpx,Mg,Apat 

A, Pl ,Cpx ,ng 

Pl, Cpx ,11g ,A 

Pl ,Cpx ,Ng,A 

Cpx,Ol ,Ph 

Cpx,Hg 

"' ..... 
Vl c 
u 
0 
<: 
(l) 

..<: 
Q.. 

"" 
VI ...... 

X 
()) 

Q, 

E 
0 

<...) 

0 s:: 

"' u 
0 
> Loca 1 i ty 

S T N.W. side 450 meters below Summ"it 

35 S SA S.W. coast, 1953 lahar 

40 S SA 

30 S SA 

40 S SA 

45 S SA 

S SA 

25 S SA S.W. Coast, 1911 lava flow 

35 S SA S.W. Coast, 1953 lahar 

50 S SA 

35 S SA 

35 S SA 

35 S SA S.W. Coast 1911 lahar 

20 S SA S.W. Coast, 1953 lahar 

35 S SA 

20 S SA 

S SA S.W. Coast 1911 lahar 

S SA 

S SA S.W. Coast 1953 lahar 

S SA Xenolith in trachybasalt boulder, 

1953 1 ahar 

S SA cobble, 1911 lahar, S.W. coast 

S SA 

S SA xenolith in 1911 lava flow, S.W. 

coast 

S SA xenolith in trachybasalt boulder, 

1953 lahar 

S SA cobble 1911 lahar, S.W. coast 

S SA xenolith in trachybasalt boulder, 

)911 1 ahar 

S SA cobble, 1953 lahar (near village) 

S SA cobble, 1993 lahar, S,IL coast 

S SA cobble, 1911 lahar, S.\1. coast 

S SA S.W. coast, 1953 lahar 

S SA cobble, 1911 lahar, S.H. coast 

S SA xenolith trachybasalt boulder, 

1953 lilhar 

f-..-. It 

Co-ordinates 
(o 'E, o 'S) 

119°02'E, 8°Ei' 

119°01 'E, 8°13' 



81A 

82E 

828 

82A 

820 

821 

816 

B6B 

81S 

814 

BIB 

Bl4f 

817 

86A 

B27X 

53 

S23 

S21 

S27 

S22 

Sl7 

S19 

S9 

S8 

528 

55 

516 

Sl 

SlO 

Sll 

526 

515 

S7 

S12 

Sil7 

SilG 

Rock Types 

48098 magnetite 

48099 

48100 

48101 

c 1 inopyroxeni te 

48102 hornblende 

c 1 i nopyroxeni te 

Phenocrysts 

Cpx,Mg,Pl 

Cpx ,11g, Pl 

Cpx ,llg,Pl 

Cpx,Hg ,Pl 

Cpx,A,Ng 

481.03 a 1 ka 1 i cl inopyroxenite Cpx ,A 

48104 Cpx,A,Mg,Ph 

48105 

48106 

48107 

48108 hornblende gabbro 

48109 

48110 

48111 

48112 

48113 Ol·ivine leucitite 

48114 

48115 

48116 

48117 

48118 leucitite 

48119 Olivine leucitite 

48120 leucite tephrite 

48121 ne- trachybasa 1 t 

48122 

48123 

48124 

48125 

48126 basaltic andesite 

48127 

Cpx ,1·1g,A,P.l 

Cpx,Pl ,Ph,Mg,A 

Cpx,Pl,N'),A 

A,Pl,Cpx,Mg 

Pl ,Cpx ,A ,Mg 

Pl,Cpx ,A,t~g 

Pl ,Cpx,A,t1g 

Pl ,Cpx,A .~1g 

Cpx,Ol,Mg 

Cpx,Ol ,Mg 

Cpx,Lc,~lg,Ol 

Cpx ,01 ,11g 

Cpx,Ol ,Mg,Lc 

Cpx,Mg,Ol 

Cpx,Ol 

Cpx,Ol ,Mg 

Pl ,Cpx ,01 .~lg 

Pl ,Cpx ,01 ,Mg 

Pl ,Cpx,Ol ,Mg 

Pl ,Cpx,l1g 

Pl ,Cpx ,K,f1g 

Pl,Cpx,l19 

Pl ,Cpx,!1g,Ol 

48128 hornblende andesite Pl,Cpx,A,B,Apat 

48129 

48130 

48131 hornblende gabbro 

48132 mildupite 

48133 

Pl , Cpx ,A ,t1g 

Pl,Cpx,A,Mg 

Pl ,A,Cpx,Hg 

Cpx ,Ph ,!1g 

Cpx, Ph ,!1g 

"' ... , 
"' i:' 
u 
0 
<! 
(\) 

..c 
0.. 

"" 

>< 
ClJ 

fr 
0 
'-' 
0 
<: 

"' u 
0 
> Loca 1 ity 

S SA xenolith tt·achybasalt boulder, 

1953 lahar 

S SA 

S SA cobble, 1911 lahar, S.W. coast 

S SA xenolith in trachybasalt boulder 

1953 lahar 

S SA S.W. coast, 1911 lahar 

S SA 

S SA cobble, 1911 lahar, S.W. coast 

S SA cobble, 1953 lahar, S.W. coast 

S SA 

S SA cobble, 1911 lahar, S.W. coast 

S SA xenolith in trachybasalt boulder, 

1953 1 ahar 

S SA cobble, 1911 lahar, S.W. coast 

S SA 

S SA cobble, 1953 lahar, Near village 

S SA S.H. coast, 1911 lahar 

65 S GS All G. Sangenges samples l"let·e 

35 S GS taken from the west branch 

35 S GS of Barang Ree river, which drains 

20 S GS northwards directly from the s wr111i t 

45 S GS of Sangenges. 

25 S GS All samples were taken fror.J up-stream 

25 S GS of B. Puti village (ll7°12'E, 8°30'S) 

20 S GS for a distance of 8km. 

70 S GS 

60 S GS 

35 S GS 

60 S GS 

75 S GS 

35 S GS 

70 S GS 

35 S GS 

35 S GS 

25 S GS 

S GS 

50 S S Outcrop, ESE of Soro"1undi 

50 s s 

Co-ordinates 
(

0 'E, 0 'S) 

119°01 'E, 8°12' 

119°03'E, 8°1S' 

ll9°01 'E, 8°12' 

ll9°01 'E, 8°12' 

119°0 3' E, 3°: '.' 

Getween 

117°12'E, 8°'"" 

117°10 'E, 8°32' 
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Sj 6 48134 leucite lamproite Cpx, Ph ,M9 ,01 35 s s· East flank of Soromundi 118°35' E, [!0 1&' 

Si 13 48135 Cpx,Ol ,~ig ,Ph 25 s s 118°36' E, 8°1S' 

Si 11 48136 Cpx,Mg,Ph,Pl 40 s s 

Si14 48137 leucitite Cpx,Lc,Mg 45 s s 

Si 10 48138 leucite lamproite Cpx, Lc ,Ng 40 s s 

Sil2 48139 Cpx,A,Ph,Mg 45 s s 

Si15 48140 leucite tephrite Cpx,Lc,Mg 65 s s ESE of Soromundi 118°37'[, 

Si 3 48141 Pl ,Cpx,t1g 75 s s eastern flank of Sorornundi 118°33'E, gO~-, 
t.. -~' 

Sil 48142 Pl,Cpx,Mg,A,Ph 45 s s 

Si9 48143 Cpx ,Pl , Lc ,Mg 45 s s near summit of Soromundi 118°34 'E, 80' .,, . ' 
Sil8 48144 hornblende Cpx,A,Apat,Mg,Ph s s s. Sui river 118°39'E, 8°2~ 

c 1 i nopyroxenite 



lBB 

181 

l09 

l81 

1811 

lBJO 

1861 

41616 

lH<i7 

41611 

LB63 

41632 

Ul51 

lB65 

41631 

~TI@.!_x_L . ..,.S,~J:£~~~!:!2!.~~ 

C.I.P.~. nora:s W"ere calculntf!d by co.'tl)uter (8urrolJ9hS, B67JO}, using the oethod of Kelsey (1963}. Analyse-s were. 

re~Alculdted on en ~nhydrous hasfs before the nom calculation and reO was arbitrarily set on the bdsis of re2+ "O.t'3 <f. 
I 

S.a~1es 1n this table appe<tr in the sane order and sequence as U'C.Y dfJDear in the o.ajor- ond trace-e1e~tt:mt analyses 

tables in the main body of the thesis. 

c ab 

5.33 8.41 19.33 

7.10 11.86 26.05 

6.95 12.83 22.68 

7.65 25.73 27.19 

7.03 13.29 14.22 

6.90 16.77 25.73 

5.83 26.35 32.36 

5. 97 27.41 32.14 

10.01 27.80 26.96 

8.78 17.26 27.46 

7.04 25.48 30.06 

7.16 28.79 29.34 

9.69 26.06 28.38 

8.25 30.07 29.76 

7.29 28.65 28.01 

!c di 

2.n 40.92 

I. 74 30.63 

6.10 30.18 

2.55 26.15 

1.50 29.69 

1.42 28.87 

2.23 13.70 

cl 

19.82 

18.11 

16.33 

15.D6 

14.28 

14.43 

14.82 

12.84 3.87 12.90 

0.33 15.~9 

I. 26 14.99 

2.43 15.95 

1.24 14.15 

14.11 

14.64 

14.()7 

14.23 

14.77 9.30 6.S9 

0.03 13.16 !3.81 

0.52 17 . .Y) 12.89 

r-:t 

2.22 

2.46 

2.49 

2.51 

2.47 

2. 51 

2. 30 

2.46 

2. 36 

2.49 

2.41 

2.35 

2. 36 

1.31 

l. 31 0.36 1E.OS 

1. 57 0.49 ~~0. 70 

1.69 0.76 25.88 

.71 0.65 2\.93 

!.76 0.62 16.09 

l. 91 0.47 34.41 

1.88 0.54 33.33 

2.11 0.75 38.14 

2. 39 0. 75 37.30 

2.01 0.50 34.95 

2.1S 0.60 37.20 

2 09 0.18 35.75 

1. ss 0. 73 32.36 

2.23 O. 57 3E.t:t 

:,•·....: 

3.12 

3.13 

41£24 J 5.68 2B. 78 32.41 9.46 15.18 3.65 

2.49 

2.33 

2.40 

2. 53 

1.13 

2.31 

2.57 

1.n:.; o.t.s 36..'.& 

1871 

41623 

1P,15 

lBM 

1819 

41616 

41692 

41635 

41651 

41658 

LB26 

41643 

41678 

41633 

41634 

41634 

41637 

1861 

41647 

416?2 

41627 

4Hi?5 

0. 31 

o.es 
4.96 

2.62 

4.63 

2.76 

7.44 25.94 33.05 

9.02 25.59 25.12 

7.57 21.33 33.58 

9.41 29.33 29.63 

8.36 18.86 24.28 

8.74 29.76 25.83 

11.64 30.19 27.15 

5.87 23.17 38.60 

8.01 29.64 33.07 

8.19 32.62 35.39 

8.43 29.26 38.91 

7.70 26.67 _32.32 

11.82 32.11 25.61 

5.18 38.87 27.14 

8.11 31.76 29.57 

5.96 36.68 26.95 

9.96 34.25 29.66 

8.75 33.08 27.08 

8. 77 27.20 33.72 

9.43 ~1.61 27.27 

7.04 33.54 16.22 

9.06 36.15 25.71 

9.64 38.27 <2.64 

11.52 7.54 8.29 

5. 36 16.62 12.64 

I. 56 13.92 ll.S·i 

11.28 8.03 7.15 

10.52 22.45 10.07 

11.!8 2,45 15.8:0 

11.87 4.86 8.96 

9.76 !7.61 

2.72 9.43 

0.35 4.41 

12.24 

14.18 

6.92 3.10 9.38 

3.70 !4.17 

1.30 13.86 

10.28 

10.14 

14.79 1.47 9.15 

10.14 !4.50 1.07 

!3.83 9.13 2.85 

9.06 7.27 5.23 

9.65 16.10 

4.00 J).04 

6.66 15.01 

12.46 11.4' 

8.94 13.00 

11.72 12.73 0.4·1 

2.45 

1.28 

2.28 

2.19 

2.23 

1.90 

2.40 

2.27 

2. 54 

2. 35 

2.16 

2.18 

1.99 

1. 99 

1.01 

2.08 

2. 02 

1. 95 

2.18 O.f6 :<J.3S 

l. £.: o. 57 36 .~5 

2.39 0.7-'i ~J.% 

2.12 0.95 4Lf.3 

l.Sl 0.<19 29.35 

1. 97 0. 75 40.37 

l.98 O.G7 41.16 

1.45 0.64 37 .£,9 

?.13 0.65 38.07 

2.07 O.SJ 45.14 

2.44 0.43 42.04 

2.01 0.~0 39.b7 

1.9) 0. 51 '2 .64 

l.H2 0. 57 44.22 

82 0.70 ~2.68 

74 (·.58 40 .S4 

73 0.65 46. (.(> 

2.07 0.53 45.21 

1. 75 0. (,( 4 7. 9 ~ 

1.96 0.66 47.SJ 

J.lS 



SampW llo. 

LB6 

LB29 

LB28 

41646 

41644 

41688 

4!636 

Lll42 

lB41 

41675 

L812 

LB2l 

41672 

1855 

LB69 

LB4 

LBJ 

41668 

LB2 

41(.45 

41691 

41650 

LB60 

LB43 

LB43 

l£49 

4!671 

41671 

4163[1 

41641 

41E64 

416]9 

?~.- TP!:\Q2~ 

PS8 

PS2 

PS4 

PS7 

P$3 

Tl2 

Til 

!9 

T8 

7. 72 

4.62 

1.79 

3.69 

3. 74 

10.56 

4.12 

7.62 

14.08 

7.16 

4.53 

4.75 

8.66 

8.32 

9.18 

ab 

8.66 23.26 33.51 

D. 36 28.51 28.36 

H.ll 34.41 28.01 

9.84 35.29 25.22 

10.69 46.27 21.40 

9.34 37.72 25.-0 

8.12 31.89 29.26 

8.56 34.16 21.03 

10.73 32.25 25.67 

1!.65 35.25 22.19 

16.53 33.05 20.38 

16.70 3'3.88 24.GO 

19.91 40.13 17.01 

15.30 38.05 19.38 

17.73 41.51 16.18 

20.11 36.92 22.28 

8.71 17.74 40.74 15.50 

9.32 0.36 20.8.1 37.60 20.93 

8.74 2!.38 41.09 12.20 

11.92 16.3! 37.24 17.39 

9.64 20.83 38.32 19. )9 

12.44 0.12 10.99 38.63 18.71 

12.58 2!.00 37.35 15.94 

12.69 

13.31 

1!.76 

11.1€ 

13.15 

JJ.92 

12.75 

15.22 

16.40 

20.60 JS.Fh 20.78 

23.80 39.82 11.88 

22.69 42.19 12.24 

2!.65 43.25 II. 71 

21.72 4!. 91 12.36 

24.39 42.19 9.67 

25.20 41.95 11.17· 

24.06 42.78 8.98 

14.80 42.00 8.49 

10.54 19.43 k73 
13.15 19.56 14.94 

14.28 19.39 26.42 

15.17 19.79 27.41 

13.89 19.37 13.45 

15.eo 12.33 25.38 

14.61 15.66 27.51 

17.09 14.81 26.36 

10.08 20.04 23.70 

6. 74 15.1!9 

6.28 14.74 

5.63 12.27 

7.97 13.81 

o! 

7.26 9.47 0.82 

9.56 10.70 

3. 76 12.90 

9.02 !3.15 

8.30 1!.82 

5.34 8.10 

9.52 !0.01 

3.03 8.43 

4.42 9.89 

6.00 8. 78 

1.93 10.70 

2.01 7.10 

2.81 10.39 

8.47 

3.56 9.22 

7.25 6.94 

1.63 ) .31 

8.29 

1.26 9.02 

0.15 7.51 

1.02 7.53 

0.92 7.50 

1.81 7. 7! 

1.29 6.79 

2. 58 4. 90 

0.30 6.44 

1.47 5. 33 

2.06 4.12 

4.36 !9.50 

6.22 !7.11 

5.09 15.87 

3. 53 14.36 

7.1,0 18.27 

9.37 19.68 

5. 92 IH.CO 

7.73 17.06 

7. 93 20.74 

14.47 

13.71 

13.64 

14.29 

1.1.21 

12.20 

13.18 

11.!>9 

12.18 

C6 mt 

1.94 

1.00 

!.61 

!.97 

!.73 

!. 75 

!.67 

!. 87 

!.63 

!.34 

!.52 

!.22 

!. 35 

!.27 

1.33 

0.91 

!.39 

0.&1 

1.35 

1.18 

0.89 

!.OJ 

1.02 

O.llS 

0.90 

0. 90 

0. 95 

0. 93 

0. 79 

0. 76 

0. 72 

0. 71 

2. 29 

2. 35 

2. 34 

2.37 

2. 40 

2.45 

2.41 

2.41 

2. 35 

67 0.62 39.64 3.16 

42 l.OJ 46.42 

32 0.87 50.30 

f8 0. 55 48.82 

J.7,J O.EJ 56.96 

]. 70 o.so 50.&1 

1. 32 0.52 50.57 

1.4> 0. 61 46.84 

1.48 0.51 50.60 

1.31 0.64 00.98 

l. 14 0.68 56.75 3.17 

1.00 0.~2 61.21 

!. 70 0. S6 6•1.79 

1.20 0.59 62.01 

1.35 0.95 67.57 

!.06 0.42 66.21 

1.63 1.11 67.19 

!.15 0.48 67.75 

1.55 0.93 71.11 

1.26 0.43 70.94 

!.10 0.49 ti8.SO 3.18 

1.23 0. 57 70.06 

1.19 0.64 )0.93 

1.09 0.47 69.15 

1.17 0.57 76,93 

1.19 0.61 7G.64 

l. 24 0. 52 7£.07 

1.24 0. 52 76.8S 

1.19 o.Js so.r.s 

1.07 c. 36 79.90 

1.09 0.36 82.07 

1.12 0. 31 83.20 

!.87 C.8J 34.33 4.1 

1.8G 1.11 38. 9:> 

1.89 1.09 38.77 

1.92 l.l3 33.48 

l.87 1.15 ~C.6f 

1.84 0.91 37.0 .!.2 

l.f2 0.90 36.2J 

l.BS 09 :i9. 63 

1. 73 1.17 3G.05 



T21 

T2 

TIS 

TJ 

TJO 

Til 

T5 

T26 

TJO 

T27 

T36 

TJ2 

TJJ 

TJI 

T25 

T23 

T43 

T29 

T41 

T10 

T20 

T33 

T4 

1·-~!l.E.~l~Sll.e.!. 

843 

S44 

839 

838 

831 

829 

825 

814 

836 

835 

818 

827 

BIB 

842 

832 

823 

85 

U4 

B1G 

or 

17.26 14.86 22.81 

18.)() 16.24 21.38 

!8.11 16.12 21.58 

17.35 21.32 23.41 

di 

9.02 18.49 

9.26 17.37 

10.74 18.03 

4.72 16.20 

9.84 12.56 

6.75 18.79 

9.00 9.63 

7.84 II. 38 

10.04 8.54 

7.12 6.13 

7.63 4.91 

4.83 4.41 

6.51 4.61 

9.41 7.43 

5.77 3.77 

5.25 4.34 

6.17 3.36 

7.24 4.09 

7.89 4.69 

11.49 7.57 

7.91 19.66 

o1 

12.47 

11.57 

10.60 

12.03 

7. 59 

10.31 

8.47 

8.C4 

7. 74 

8.41 

8. OS 

9.06 

8. 91 

6.44 

8.26 

8.64 

7.98 

7.26 

7.31 

5.67 

13.18 

r.:t 

2.35 

2.23 

2.19 

2.32 

1.57 

2.18 

1.52 

1.68 

1.46 

!.50 

1.0 

1.44 

!.45 

1.37 

1.42 

1.~2 

I 2!.02 19.24 25.77 

17.08 22.73 19.59 

21.76 19.97 27.29 

23.42 2!.09 24.16 

16.40 23.73 19.67 

29.05 28.10 17.31 

29.79 28.56 17.04 

29.75 29.64 18.32 

30.26 28.48 17.27 

19.02 25.69 18.34 

31.)() 29.38 17.65 

30.01 29.70 18.08 

31.84 31.36 15.71 

30.06 33.52 14.34 

32.76 29.87 13.85 

33.65 27.80 10.37 

15.27 13.58 25.20 

9.14 19.62 24.94 

19.31 16.89 26.27 

24.09 3.66 12.53 

1.29 

1.28 

1.32 

1.27 

2.46 

3.02 

2.07 

10.94 2.67 13.12 

13.10 10.99 19.50 

13.70 14.64 20.60 

15.03 16.42 14.80 

13.47 18.10 22.37 

17.59 9.78 20.40 

15.59 10.73 24.5.4 

16.92 22.12 ZS.33 

18.21 22.94 1!.37 

11><18 19. S4 15.23 

!5. 74 23.63 15.19 

18.77 14.20 20.16 

19.51 18.6! 23.23 

19.53 27.11 20.45 

2!.01 25.72 20.66 

6.92 !4.65 

15.94 43.09 

12.05 29.77 

8.90 26.40 

5.83 21.63 

8.14 22.31 

14.80 24.33 

13.77 20.72 

5.99 15.31 

7.59 16.31 

8.11 16.96 

6.89 15.10 

15.00 19.20 

9.89 16.82 

6.43 14.72 

7.16 13.77 

6.75 0.46 1.50 46.43 

!0.45 0.19 1.02 66.27 

10.42 0.23 1.80 76.50 

12.33 0.32 1.69 56.59 

11.10 

9.42 

9.68 

10.66 

11.14 

10.0 

8.02 

9. 50 

9. 70 

9.02 

8.93 

8.87 

7.26 

7.46 

7. 84 

7.0·1 

2.27 

2.40 

2.46 

2.45 

2.49 

2.23 

2.32 

2.05 

2.06 

1.11 

2.01 

2.00 

1.95 

1.82 

1.77 

38.2-\ 3.28 2.55 

16.42 2.55 I. 97 

6. 79 l. 51 !.59 

17.31 5.67 3.18 

I.)) 0. 99 41.14 4.2 

I. 75 0.92 43.80 

71 0.93 44. S7 

](, 0.38 .:13.38 

1.28 1.15 SO.lO 

L65 0.94 46.56 

1.25 1.11 50.73 4.3 

1.28 LO~ 52.34 

l. 21 1.2:? tJ('.l/ 

l.D3 1.24 M.::6 

1.26 1. ~5 6S. 93 

1. Jl 1.27 64.22 

1.23 1. 26 65.25 

1.13 1' 19 64.12 4.4 

1.24 24 66." 

1.17 1.30 64.97 

1.15 1.14 69.33 

1.14 1.08 70.83 

1.16 1.16 70.53 

1.15 LOG 72.94 

1.97 0. 79 )6. 76 

2.20 0.82 28.16 

).(,7 1.13 0.12 

1.54 1.03 29.~5 5.3 

I. 71 0. Bl 35.14 

1.81 0.83 37.25 

1.85 O.S6 37.28 

1.93 0.78 39.10 

1.71 

!. 73 

13 42.17 

11 ~0.09 

1.~)9 1.00 45.0·1 

51 1.02 4[\.73 

1.60 0.9S 44.23 

1. Sl 1.02 46.31 

1.43 1.?1 48.77 

1. S4 1.02 48. o; 

1.4J 0.92 13.87 

1. 31 0. 95 :,4 21 

0. 7S Cl.C2 96 S.4 

11 0.01 1.10 

13 0.02 2 .J4 

2.1S 0.05 2.02 



813 

822 

825 

S2H 

824 

87 

Bll 

BID 

88 

Q c 

!~__!1_2~ 

53 

523 

521 

527 

522 

517 

519 

59 

58 

528 

55 

516 

Sl 

$10 

S!l 

$26 

SIS 

57 

512 

h_~9ronvndi 

5117 

5116 

516 

$113 

Sill 

Si!4 

SilO 

Si 12 

Sill 

SIJ 

511 

Si9 

Si 18 

1.19 

2.10 • 

!.98 • 

8.06 

7.49 

di 

13.01 24.65 3.78 6.(l4 

17.76 0. 70 2.93 39.09 

14.95 1.30 5.61 33.53 

25.68 0.33 3.45 34.00 

39.26 3.96 4.94 9.97 

40.11 2.80 6.36 12.90 

49.07 1.03 3. 79 10.38 

48.32 0.75 3.59 26.00 

47.66 1.97 4.54 8.27 

2.16 4.11 1!.92 - 10.04 53.54 

13.!0 14.03 8.50 42.07 

8.34 20.12 9.30 3!.25 

15.87 17.66 7.95 39.20 

9.86 21.36 10.9$ 27.69 

15.46 14.34 10.10 3J.99 

13.69 20.47 9.48 33.SO 

15.58 14.56 11.69 3il.61 

12.05 17.51 27.51 3.42 20.17 

13.07 24.69 27.05 

16.02 22.32 26.33 

14.01 

19.23 

23.43 19.16 

27.04 25.17 

9.45 23.29 35.13 

8.57 14.63 32.82 

13.98 32.84 26.61 

!4.64 33.62.24.93 

15.46 36.13 21.00 

3.90 14.87 

2.82 17.24 

2.60 

1.06 

14.18 

13.78 

4.55 21.49 

6.98 20.02 

1.80 13.11 

5.11 10.72 

6.24 10.02 

45.03 2.29 5.27 16.34 

9.89 

12.77 

20.14 

17.51 

19.61 

26.42 

13.08 !4.63 10.11 40.01 

12.75 14.21 10.67 37.66 

14.93 7.47 11.39 33.63 

14.20 4.83 !4.68 39.43 

1.59 16.30 !6.31 19.85 

13.83 10.76 13.64 34.44 

17.82 !.45 15.43 32.01 

2. 37 21.12 

3.56 12.76 

11.81 29.59 

17.91 28.39 

20.82 13.58 19.07 10.96 1!.97 

<2.45 7.11 !5.G2 18.27 25.37 

23.6) 8.77 15.42 17.78 25.44 

16.97 3.07 3.83 33.13 

o! C$ 

3ii.07 9.46 2.36 

23.01 9.90 3.89 

27.14 9.93 4.53 

22.30 7.50 3.82 

24.91 5.83 3.33 

25.02 6.10 J.f.5 

22.86 6.57 3.86 

13.86 1.74 1.98 

22.87 6.60 3.43 

12.65 ?.. ss 

J.\.71 2.59 2.55 

16.~~ 7.23 2.95 

1!.99 0.97 2.78 

16.34 6.!;4 2.85 

12.25 1. 31 3.C5 

13.30 2.95 1.&1 

11.62 1.15 3.11 

13.58 2.61 

11.31 

!0. 31 

11.25 

8.87 

2.19 

2.21 

2.20 

!.90 

2.28 

2.33 

1.62 

!. 27 

1.51 

20.81 1.49 3.41 

15.20 1.35 1.63 

16.33 2.51 2.71 

11.44 2.49 

8.82 2.49 

10.57 2. 51 

9.38 1.46 2. 71 

10.53 

10.05 

6.00 

8. 41 

6. 94 

5. 70 

'1.52 

1.61 

2.18 

2. 30 

2.24 

2.11 

24.31 7. 39 4. ~3 

:;; 

2.61 0.02 28.43 5.4 

1.67 0.05 3.63 

2.92 0.09 6. 91 

2.50 0.45 3.)) 

2.95 4.94 8.90 

2. 94 0.12 9.!6 

2.40 0.05 4.82 

1.71 o.os 4.:;4 

2.49 2.12 o.oo 

l.C9 1. :<6 16.31 6.1 

l. 73 0.73 22 53 

2.06 1.92 ~9 . .:2 

1.99 1.62 .?S.t,O 

2.03 2.07 32.34 

2.13 39 24.1!.: 

2.07 74 29.S5 

2.17 1.~4 2f. ~; 

1.98 l.lS 32.93 t•.: 

1.86 !.OS 41.66 

1.69 1.09 '·1.10 

l.s.l 1.37 40.0.! 

1.65 1. 33 ~7. 32 

1.85 0. 76 33.94 0 J 

1.92 0.65 35.30 

1.13 0.74 48.[;) 

0.94 0.72 56.33 

0.87 0.69 59,0:1 

2.87 1.50 7. 56 6.3 

1.84 1.17 24 74 0 ·• 

1.86 1.31 24. ~-) 

77 1.00 29.7':> 

78 l.C2 3:.> 

il 1.04 38.0~ 

1.94 J.Ei 'r..4J 

l. 78 1.09 .. u. ,';" 

53 1.22 ~/.':f~\ 

l, 75 ]. ) 5 ~:.. :;~ 
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MAJOJJ._J)ND TRACE ELEMENT ANALYTICAL TECHNIQUES 

Major- 'and trace-element determinations was largely performed using 

X-ray fluorescent spectrographic methods based on those of Norrish and 

Hutton ( 1969) and Norri sh and Chappe 11 ( 196 7) , at the Geo 1 ogy Department, 

University of Tasmania. 

1. ~e Px_~eparation 

Rock samp-les of between 0.5 and 2.0 kg. weight were chosen for analysis. 

These were cleaned of all weathered surfaces and initially broken into large 

fragments wHh a geological hammer. The sample was then reduced to fragments 

of 105 mm or les~, in a jaw crusher. This crush was then quartered by 

passing through a stainless steel sample splitter several times to reduce 

the sample for final grinding to about 200-500 gms. The sample was then 

ground in a tungsten-carbide swing--mill, in 150 gm lots. Batches of powder 

from each sample so produced were then recombined and thoroughly mixed. 

With the exception of W, C and Co, the contamination of the sample 

during crushing and grinding is negligible. 

Fused lithium borate glass discs were prepared for major element 

analys·is using the method of Norrish and Chappell (1967). The flux was 

prepared in bulk prior to the analysis of each batch of samples, the 

mixture compr-is"ir1g; lithium tetraborate - 38.0 gm, lithium carbonate -

29.6 gm and lanthanum oxide - 13.2 gm. This mixture was fused and quenched 

to a glass coarsely crushed to inhibit the take-up of water from the 

atmosphere. 

Each disc was then prepared from 1.5 gm of the above flux, 0.02 gm of 

sodium nitrate and 0.28 gm of sample (rock powder). The discs were prepared 

from unignited rock powders which had been dried at 150°C and loss on 

i gnit·i on was determined separately. 



Table A3-1 

Instrumental settinGs for x-ray fluorescent analysis of Major elements 

Element Si 

Tube Cr 

Crys ta 1 p .E. 

Co 11 imator( l) c 
I 

Tube Voltage (KV) 1 50 

Tube Current (ma)l 45 

Counter E.H.T.(V)I1550 

Peak ( 0
) 

Background( 2) 
count rate 

Analytical line 

Counter( 3) 
Gas 

1108.79 

I 99 C/S 

I K 

IF+O:V 
i PlO 
I 

Chanr.ei Height(V) I 2.10 
I 

Lower Level (V) I 2 

Philips PW1410, Vacuum Spectrograph 

Ti 

Cr 

LiF200 

F 

35 

12 

1610 

.86.17 

100 C/S 

Ka 

F+D+V 
PlO 

3.55 

2 

Ai 

Cr 

P.E. 

c 
50 

45 

1550 

144.9 

50 c/s 

Ka. 

F+D+V 
P10 

2.5 

2 

Fe Mg Ca 

Cr Cr Cr 

LiF200 A.D.P. LiF200 

F C F 

50 

45 

1560 

57.45 

81 c/s 

Ka 

F+D+V 
PlO 

3.6 

50 45 

45 18 

1550 1560 

136.6 113.08 

7 c/s 100 c/s 

Ka Ka 

F+D+V F+D+V 
PlO PlO 

3.35 2.55 

K 

Cr 

p. E. 

F 

45 

30 

1560 

50.17 

70 C/S 

Ka 

F+D+V 
PlO 

3.0 

p 

Cr 

p .E. 

c 
50 

50 

1560 

89.1 

11 C/S 

Ka 

F+D+V 
PlO 

3.75 

Mn Na 

Au Cr 

LiF200 K.A.P. 

F C 

50 

30 

1560 

62.95 

90 c/s 

Ka 

F+D+V 
PlO 

2.7 

2.5 

50 

50 

2520 

54.2 

24 C/S 

Ka 

F+D+V 
PlO 

3.0 

2 

Notes: (l) C = coarse, F = Fine; (2) Background determined at peak position for all elements except Na on a 

pure Si02 (+flux) disc or in the case of Si02 on a flux disc. (3) F =Gas Flow Proportional 

Counter; D =Automatic Discriminator; V = vacuum. 

A 11 anaiyses done on fused glass discs except Na v;hich was determined on pressed powder pellets. 



Boric acid- backed, pressed pills were prepared after the method of 

Norrish and Chappell (1967) for analysis of trace elements and Na. Pills 

were made with 5-6 gm of rock powder as this was the minimum amount of 

powder required to yield an apparent infinite thickness for Ka radiation 

of some of the heavier trace elements (e.g. Nb). 

2. Major Element An9lysis 

The discs and pills were analysed using a Philips PW1410 vacuum 

spectrograph. Instrumental settings for majoi~ elements are given in tab"le 

A3-1. All major elements were determined on the fused glass discs except 

for Na which was determined on pressed pills. Backgrounds were determined 

on the peak setting of the element in question using 100% Si0 2 discs. The 

SiO~ background 0as determined on a pure reagent blank disc. Background 

for Na was taken off-peak and methane gas was used to e l"i mi nate interference 

from the escape peak of K Ka radiation from the K.A.P. crystal and to 

reduce backgrounds. 

Counting times were 50 seconds (peak) except for Si02, MgO and Na2o 

where 100 seconds (peak) was used. Every Na sample was counted for background 

as well (50 seconds). 

Matrix corrections were made on nominal percentage readings from 

the XRF using the method of Norrish and Hutton (1969) to yield true 

percentage values. 

Standards prepared from Tasmanian igneous rocks (mainly Jurassic 

dolerite, TAS DOL-1) and calibi~ated against internationa·l standards, were 

used as 11 Working standards 11 with known nom·inal percentage composit-ions. 

, Discs of several of these were prepared at the same time as the unknown 

samples~ from the same batch of flux. These were checked against ·international 

standards and during runs on unknown samples, were counted once every fifth 

sample to minimise the effects of instrumental drift. 



Table A3-2 

Element j Tube 

Scandium (Ka1) Cr 

i 

Chromium ( Ka1) I Au 

I 
I 

Nickel (Ka,) I Au 

Rubidium (;a,) J ~lo 
• I 

I 
Strontium (Ka1M Au 

! 
I 

Zirconium (Ka 1 ~ Au 
• I 

I 

Niobium (Ka1) I 
1 Me 

Lanthanum (La1)1 Cr 
I 

Instrument Settings for X-ray fluorescent analysis of trace elements 

Philips PWl410, Vacuum Spectrograph 

KV rrA Co11. Vacuum Counter Crysta 1 Angle Background Counting Time 

50 50 coarse Yes gfpc LiF200 97.67 96° 20, 20 

50 50 fine yes gfpc LiF200 69.34 +10 50, 50, 50 

50 30 fine no gfpc + scint. Li F200 48.65 49.65° 50, 50 

50 30 fine no scint. LiF200 38.00 +0.6° 20, 20, 20 

60 40 fine no scint. LiF220 35.87 +0. yO 20, 20, 20 

60 40 fine no scint. liF220 32.17 -'-1:00 20, 20. 20 

50 30 fine sci nt. LiF220 30.45 +0.5° 100' 100' 100 no -
50 50 coarse yes !)fpc LiF220 138.7 +10 100, 100, 100 

Notes: All deterrnir.ations ~r.ade on· pressed powder pellets. gfpc = gas flow proportional counter 

Sclnt. -scintillation counter. 

Comments 

Correction for Ca 

interface rr.ade. 

None metalic holders 

used, correction for 

VKB interference 

With 3.0 volt window 

determined simul-

tan eo us 1y ~ti th Y 

determined simul-

taneously with Zr. 

Correct for Sr Ks 

interference 

5 gram sample 

2.5 volt window 



3. Trace E·lcment A~si_~ 

The instrumental settings used during trace element determination 

in this study are given in table A3-2. The mass absorption coefficients 

for the trace e·lements were calculated from the known major element 

composition of each sample using the method of Champion et al. (1968). 

Trace elements were determined on boric acid - backed pressed pills. 

Analytical lines and background positions (see table A3-2) were chosen to 

m·i nimi se the effects of interfering peaks and s 1 oping backgrounds. Where 

interferences were unavoidable (e.g. Sr KS on Zr Ka and Rb Ka on Y Ka) 

then the extent of interference was measured and corrected for. 

Artificial standards were used~ largely prepared by mixing measured 

amounts of trace'elements with spec. pure quartz. These standards were 

checked both for linearity between standards of different concentration 

of the same element and against international standards (making appropriate 

correction for the mass absorption of the radiation of the element in 

question by the silica matrix of the standard). 

4. FeO Determinations 

FeO was determined on some Rindjani lavas. Samples were dissolved 

using an HF-H 2so4 dissolution and Fe2+ was determined using the method of 

Reichen and Fahey (1962). 

In this method, the Fe2+-bearing solution reacts with iodine 

monochloride in excess HCl. The free iodine thus liberated is titrated 

against a standard solution of potassium iodate using CC14 as an indicator. 

The main problem with the method is that there is likely to be some 

'dt' fl- 2+d. th d' lt" ox1 a 1on o·- -e unng e 1sso u 1on. This is minimised by digesting 

the sample cold, overnight. 



Tab_k_A3-3 

An a_l_y,s_,:;_d Fe 0 v_iU_LJ_Q_~_ f!:.Q_Ill__~i_fl~i_j_a.D_L_lii_V as 

Sample Wt% ~Jt% Fe 2+; Fe2+; 

No. FeO Fe2o3 
Fe3+ l:Fe 

41632 6.44 3. 48 2.05 0.67 

41631 4.53 6.30 0.80 0.44 

41623 7. 26 3.45 2.33 0.70 

41626 4.80 5.91 0.90 0.47 

41635 3.98 5.59 0.79 0.44 

41678 5.68 3.83 1.64 0.62 

41634 5.93 4. 1t\ 1. 59 0. 44 

41684 6. 32 2.82 2.48 0.71 

41647 5.82 2. 39 2.69 0.73 

41643 5.86 4. 34 1.49 0.60 

41683 4.93 6.01 0.91 0.48 NOTES: FeD determined by 

41622 4.79 3.72 1.43 0.59 iodometric titration. 

41646 5.06 3.30 1. 70 0.63 Fe2o3 calculated from 

41637 5.97 3. 31 2.00 0.67 XRF determination of 

41627 4.03 4.84 0.92 0.48 Efe as Fe 2o3 - Fe as FeD. 

41625 4.82 3.79 1.41 0.58 Fe2+/Fe3+ and Fe 2+/EFe 

41688 4.88 2.57 2.10 0.68 are atomic Wt% ratios. 

41636 3. 90 3.27 1.32 0.57 

41672 3.41 2.30 1. 88 0.62 

41644 5.53 1.68 3.65 0. 79 

41668 2.52 1.19 2.35 0. 70 

41677 2.96 1.04 3.13 0.76 

41645 4.21 1.15 4.03 0. 80 

41675 3.68 2.00 2.03 0.67 

41650 3.4 1.13 3.15 0. 77 

41641 1.67 1.64 1.13 0.53 

41671 2.25 1.76 1.42 0.59 

41664 2.65 0.34 8.55 0.89 

41638 2.34 0.98 2.65 0.73 

41639 1. 95 1.13 1. 91 0.66 



The results of these determinations are given in table A3-3. The 

ratios Fe2+;Fe3+ and Fe 2+;~Fe are quite variable, even between otherwise 

nearly identical samples (e.g. basalts 41632 and 41631). This tends to 

suggest that the lavas may have undergone partial .and variable oxidation 

during eruption and thus the analysed ratios may not be truly ·indicative 
2+ 3+ of the Fe- /Fe ratios of the liquids at depth. 

It is perhaps significant that the dacites (e.g. 41664, 41638 and 

41677) which are predominantly glassy and may have quenched more quickly 

have higher Fe 2+;Fe3+ ratios and this may also support the hypothesis 

that the more crystalline andes·ites and basalts have undergone some 

oxidat·ion. 

For the abo~e reasons, in the main body of the thesis, Mg/Mg + ~Fe 

ratios are d·iscussed more commonly and for the pur·poses of the CIP\~ 

norm calculation (appendix 2) an arbitrary Fe2+;z::Fe ratio of 0.85 was 

adopted. 



Appendix 4 

MINERAL ANALYSIS USING THE ELECTRON MICROPROBE 

Analyses of minerals reported in this thesis were all carried out using 

.electron microbeam techniques. Most were carried out on the JEOL JXA-50A 

instrument in the Central Science Laboratory at the University of Tasmania, 

though in addition, a few were done on the JEOL JXA-5 probe at Melbourne 

University and some on the TPD probe at R.S.E.S., A.N.U. 

The JEOL JXA-50A instrument at the University of Tasmania, on which 

most of the analyses were performed, has two crystal spectrometers for 

wave length dispersive analysis and an EDAX energy dispersive system using 

aLi-drifted Si crystal detector. The latter system is integrated with an 

on-line NOVA computer. This automatically processed the data from the EDAX 

multichannel analyser, performed all the necessary corrections and printed 

the final analysis as v1ell as the structural formula (based on a previously 

specified number of oxygens) on a teletype. Because of its speed and 

convenience, this sytem was used almost exclusively in favour of the wave 

length dispersive system. 

Corrections made are based on the procedure of Reed and Ware (1975) 

for those corrections specifically applicable to the energy dispersive 

analysis system, in addition to the standa1Ad Z (atomic number), A (absorption) 

F (fluorescence) (e.g. Springer, 1976) corrections. Corrections specifically 

related to the energy dispersive system dealt with problems of peak overlap, 

pulse pile-up, system dead-time, escape peaks generated in the Si (Li) 

detector and absorption in the Be window and allowed the calculation of a 

background continuum, which was subtracted from the analysed spectrum. 



Analyses were performed using an accelerating voltage of 15 kV, a beam 

current of 3.0 nA, take-off angle of 29.5°, and an energy range of 

0-16 kev. Background points were taken at 2.3 kev and 9.87 kev and Ni 2Si 

or pure Cu standards were used to calibrate the gain and zero of the 

multichannel analyser. 

Analyses \'Jere performed on polished thin sections, either as small 

discs or as short rectangular slides. These were coated with carbon in an 

evacuated volatilization chamber. 

The instrument was calibrated initially against pure metal or simple 

compound standards and then against a range of minerals of known compositions. 

Calibration was routinely checked during any series of analyses by analysis 

of a Cr-diopside from oe·legate, N.S.H. The beam current was monHored by 

the insertion of a Faraday cup. 



~dix 5 

p;XJ.ERIMENTAL TEC!J..NIQUE§_ 

Experiments were performed using a piston-cylinder type apparatus 

very sim·ilar to that described by Boyd and England (1960) and general 

techniques are very similar to those of Boyd and England (1960, 1963) 

and Green and Ringwood (1967a, 1967b). 

1. Capsules 

Capsules were fabricated from Ag-P d (Ag50-Pd50 and Ag75-Pd25, see 

table 11.1) tubing. Lengths of tubing about 1.5 em long were cut and 

one end sealed by welding wHh a fine-flame oxy-acetylene welding torch. 

The tube was t~en dried and weighed and the required amount of water was 

added using a microsyringe. The capsule was reweighed and the appropriate 

amount of sample was added (ca. 15 mgm) and lightly packed-down. The 

capsule was again re-weighed and then the top was gradually flattened, 

from the open-end down to the top of the sample. The capsule was re-weighed 

to ensure no water had been squeezed out and the top cold-sealed by 

trimming off a th·in sliver. The top of the capsule was then quickly 

sealed using a fine~tipped electric arc welder and the flattened section 

was fa 1 ded over. 

2. Run Assembly 

The capsule containing the sample was fitted into boron nitride 

spacers which into a graphite (furnace) tube with a graphite plug at the 

base. The thermocouple was welded from Pt-PtlO% Rh wires passed through 

a ceramic sheath. This was fitted down the hollow bore of the upper 

spacer in the graphite tube, resting on a thin porcelain disc over the 

sample capsule. A crushable alumina insert fitted around the top of the 

thermocoup 1 e sheath. The graphite furnace assemb ·ly fitted in a lead- sheathed, 

talc tube of the same diameter as the p·iston (0.5 11
) and this was capped in 

the cylinder~ by a stainless steel plug with a pyrophyllHe col'lal'. 



3. Run Techniques 

Runs were made under "piston-in" conditions and pressure readings 

incorporated a correction of about -10% to account for the effect of 

friction (Green et al., 1966). 

Runs were performed on fused glass samples, finely ground under 

acetone and dried, with 2, 5 and 8% H20 added as described earlier. 

Pressure was applied at temperatures less than that chosen for the 

run in question until a pressure a few hundred bars less than the run 

pressure was reached. The temperature was then increased and the 

pressure allowed to rise until both run-temperature and -pressure were 

s·imultaneously reached. Run times (table 11.1) were kept short (ca. 30 

minutes) to minimise the effects of Fe-loss to the capsule. 

4. !lt:l.ll.J rQ_gu ct Anal:Ls i~ 

After the run was completed, the capsule was opened and the charge 

broken up into fragments. Some of these were retained for microprobe 

analysis and XRD determination and some were crushed more finely and 

mounted in oil and microscopic identification of phases present made. 

Hicroprobe analysis of crystals and glass from runs was carried out 

using a JEOL JXA-50A electron microprobe/SEM with an EDAX (Si(Li)) 

ene rgy-·di spe rsi ve X-ray detection system. The combined SEM faci 1 ity 

allowed a secondary electron ·image of variably magnified areas of the 

charge to be examined facilitating the location of suitable crystals for 

analysis and the accurate location of the electron beam. Glass areas 

were analysed using a reduced area scan-mode to limit specimen damage and 

Na volatilisation. 
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