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Abstract. Mineralogical, major and trace element, and 
isotopic data are presented for leucite basanite and leucite 
tephrite eruptives and dykes from the Batu Tara volcano, 
eastern Sunda arc. In general, the eruptives are markedly 
porphyritic with phenocrysts of clinopyroxene, olivine, leu- 
cite_+ plagioclase 4-biotite set in similar groundmass assem- 
blages. These K-rich alkaline volcanics have high concen- 
trations of large-ion-lithophile (LIL), light rare earth (LRE) 
and most incompatible trace elements, and are character- 
ized by high 87Sr/86Sr (0.70571-0.70706) and low 143Nd/ 
t44Nd (0.512609-0.512450) compared with less alkaline vol- 
canics from the Sunda arc. They also display the relative 
depletion of Ti and Nb in chondrite-normalized plots which 
is a feature of subalkaline volcanics from the eastern Sunda 
arc and arc volcanics in general. Chemical and mineralogi- 
cal data for the Batu Tara K-rich rocks indicate that they 
were formed by the accumulation of variable amounts of 
phenocrysts in several melts with different major and trace 
element compositions. The compositions of one of these 
melts estimated from glass inclusions in phenocrysts is rela- 
tively Fe-rich (100 Mg/(Mg + Fe 2 +) = 48-51) and is inferred 
to have been derived from a more primitive magma by 
low-pressure crystal fractionation involving olivine, clino- 
pyroxene and spinel. Mg-rich (rag ~90) and Cr-rich (up 
to 1.7 wt. % Cr203) zones in complex oscillatory-zoned cli- 
nopyroxene phenocrysts probably also crystallized from 
such a magma. The marked oscillatory zoning in the clino- 
pyroxene phenocrysts is considered to be the result of lim- 
ited mixing of relatively 'evolved' with more primitive mag- 
mas, together with their phenocrysts, along interfaces be- 
tween discrete convecting magma bodies. 

Introduction 

K-rich alkaline rocks are a rare but petrologically important 
manifestation of volcanism both in active island arcs and 
intraplate environments. 

Ultrapotassic or K-rich alkaline rocks have recently 
been divided into three principal groups on the basis of 
major and trace element compositions (Foley et al. 1987). 
Group I rocks (e.g. Western Australia: Jaques et al. 1984; 
Nixon et al. 1984; Antarctica: Sheraton and Cundari 1980; 
southeast Spain: Venturelli et al. 1984) are characterized by 
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low CaO and A1203 and extreme enrichment in compatible 
elements. Group II rocks (e.g. New South Wales: Cundari 
1973; West Eifel: Mertes and Schmincke 1985; western 
Uganda: Mitchell and Bell 1976) are distinguished from 
Group I rocks by their higher CaO and from Group III  
rocks by the higher A1203 of the latter. In addition, 
Group III  rocks, which include eruptives from Italy (Cox 
et al. 1976; Hawkesworth and Vollmer 1979; Holm et al. 
1982; Poli et al. 1984; Rogers et al. 1985) and Indonesia 
(Foden and Varne 1980; Nicholls and Whitford 1983; 
Varne and Foden 1986) generally display quite marked rela- 
tive depletions of Nb, Ta and Ti and less enrichment of 
LRE and incompatible elements in chondrite-normalized 
plots compared with Group II K-rich alkaline eruptives. 
This relative depletion of high field strength elements 
(HFSE) is also a distinctive feature of arc volcanics in general 
(Pearce and Cann 1973; Perfit et al. 1980). Group III  K-rich 
alkaline rocks from the Sunda arc appear, therefore, to 
bear the geochemical imprint of the tectonic regime in 
which they were generated (Foden and Varne 1980), unlike 
the Italian volcanics which have no clear spatial relationship 
to an active subduction zone (Cundari 1980). 

Even where the spatial relationship between K-rich vol- 
canism and a Benioffzone is clearly defined, as in the Sunda 
arc, there is considerable debate about the role of subduc- 
tion in the genesis of the K-rich rocks. Whitford et al. (1979) 
proposed that K-rich leucite-bearing eruptives of Muriah 
and Ringgit Beser in Java were generated in response to 
subduction of Indian Ocean crust beneath the Asian plate, 
and that the occurrence of these K-rich volcanics on the 
northern side of the Sunda arc was consistent with their 
occurrence where the subducting plate is deeper than it is 
beneath medium- or high-K calcalkaline volcanics. In con- 
trast, Foden and Varne (1980) showed that no simple rela- 
tionship exists between K20 content and depth to Benioff 
zone in the eastern Sunda arc. 

Here we document the mineralogy and geochemistry 
of leucite basanites and leucite tephrites from Batu Tara 
volcano, a small volcanic island located about 50 km north 
of the island of Lembata (formerly called Lomblen) in the 
eastern Sunda arc (Fig. 1). The volcano is located approxi- 
mately 230 km above the inferred Benioff zone in a region 
where the arc crust is relatively young and thin (Ben Avra- 
ham and Emery 1973; Curray et al. 1977). 

The uninhabited island of Batu Tara is the steep-sided 
summit of an active stratovolcano and has a small summit 
crater which is open to the east (Brouwer 1940). Although 
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Fig. l. Map of the eastern Sunda arc (from Varne and Foden 1986) showing the location of the K-rich alkaline volcanoes (solid 
triangles) Batu Tara, Soromundi (SO) and Sangenges (SA) 

only its topmost 750 meters is exposed, the base of the 
island lies about 3,000 meters below sea level. The island 
is built of lava flows, intercalated with ash and breccia 
deposits, and cut by many dykes. The most recently re- 
ported eruption of lavas and bombs was in 1847 1852. 
Most of our samples were collected along the eastern flanks 
of the island in March 1984, but it is uncertain if any of 
the material collected was from the historical eruptions. 
Additional material, collected by H.A. Brouwer in 1937, 
was obtained from the University of  Amsterdam collection. 

Petrography 
The exposed Batu Tara eruptives can be divided into three 
groups on petrographic, chemical and temporal (Brouwer 
1940) grounds. The oldest eruptives exposed above sea-level 
are a series of leucite basanite lavas (Group 1) which have 
been intruded by dykes of leucite basanite and leucite teph- 
rite (Group 2). Brouwer's (1940) youngest eruptive group 
is composed of biotite leucite tephrites (Group 3). Leucite 
basanites are distinguished from leucite tephrites by the ab- 
sence of olivine in the latter (Sorensen 1974). 

The oldest (Group 1) leucite basanites are vesicular and 
strongly porphyritic (30 60 percent phenocrysts) with eu- 
hedral olivine, clinopyroxene and leucite phenocrysts set 
in a groundmass composed of plagioclase, leucite, clinopy- 
roxene, olivine, titanomagnetite, and minor amphibole, bio- 
tite and apatite. Clinopyroxene phenocrysts commonly dis- 
play intricate concentric and hourglass zoning (Fig. 2a), 
and contain inclusions of olivine, Ti-poor magnetite, apa- 
rite, leucite and glass. Cr-rich spinel occasionally occurs 
as inclusions in olivine phenocrysts in one rock (67148). 
To our knowledge Cr-spinel has not been recognized pre- 
viously in other suites of arc-related leucite-bearing volcanic 
rocks. Encrusting aggregates of leucite microphenocrysts 
around several phenocrysts of clinopyroxene and olivine 
(Fig. 2b) suggest a leucite-producing reaction relationship 
between the early crystallized ferromagnesian phases and 
residual melt. 

Fig. 2. a Photomicrograph of a clinopyroxene phenocryst from leu- 
cite basanite 67148 showing oscillatory and sector zoning. Intra- 
crystalline compositional variations depicted in Fig. 4 are for a 
traverse from A to B. Distance from A to B is 3 mm. Crossed-po- 
larized light; b Photomicrograph showing a reaction rim of leucite 
around olivine. Field width 4 mm. Plane-polarized light 

The Group 2 dyke rocks differ most markedly from the 
Group 1 eruptives in their greater modal piagioclase and 
in their possession of plagioclase as a phenocryst phase. 
Leucite basanite dykes grade into leucite tephrite dykes with 
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Fig. 3. Variation of maximum 
measured 100 Mg/(Mg + Fe) of 
coexisting olivine (dots) and 
clinopyroxene (triangles) phenocrysts 
with 100 Mg/(Mg + Fe 2 +) of the host 
rock. The curve represents the 
variation of liquidus olivine rag-value 
with changing melt 100 Mg/(Mg + 
Fe 2+) assuming ~ Ol-tiq _~ ~n 
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decreasing modal olivine. The groundmass mineralogy of 
the dykes is similar to that in the older flows but  more 90 
coarse-grained. 

The Group 3 biotite leucite tephrites are characterized 
by phenocrysts of biotite, clinopyroxene, plagioclase, leu- 8 0  
cite, magnetite and rare olivine in a groundmass of plagio- 
clase, leucite, clinopyroxene, magnetite +__ glass. 

M i n e r a l o g y  

Representative analyses of phenocryst and groundmass phases 
from members of the three petrographic groups are given in Ta- 
ble 1. Analyses represent averages of two to three point analyses 
performed on a JEOL JXA50A electron microprobe in the Central 
Science Laboratory, University of Tasmania. Reduction of the 
EDS spectra involved peak integration and ZAF corrections. Fur- 
ther details of the microprobe analytical techniques and detection 
limits are provided by Ware (1981). 

Olivine phenocrysts from all rock types range in composition 
from mg= 81 to 74 (rag = 100 Mg/(Mg + ~ Fe) where ~ Fe = total 
Fe as Fe 2 § Olivines are generally unzoned and fall within a very 
restricted compositional range (2-3 mole % Fo) in individual 
rocks. Coexisting clinopyroxene phenocrysts have similarmg 
values and are commonly unzoned. However, cores and oscillatory 
zones of some clinopyroxene phenocrysts are considerably more 
magnesian (rag = 88-92), Cr-rich (up to 1.7 wt. % Cr203 ), and de- 
pleted in Ti and A1 compared with adjacent growth zones and 
associated unzoned phenocrysts (e.g. Table 1, B4155). All clinopy- 
roxene phenocrysts (including the Cr-rich cores) are characterized 
by low AlVl/Al~V and Na contents indicating minimal Ca-Tschermak 
and jadeite substitution. This could reflect relatively low pressures 
of crystallization. However, crystallographic studies of clinopyrox- 
ene phenocrysts from a variety of volcanics suggest that the K/Na 
and Fe2+/Fe 3+ of the melt may also exert a significant effect on 
clinopyroxene compositions (Dal Negro et al. 1985, 1986). 

The oscillatory zoning in the clinopyroxene phenocrysts 
(Figs. 2a and 4) generally is characterized by sharp chemically dis- 
continuous boundaries between adjacent zones. The relatively low- 
mg zones may display trends either to slightly more Fe-rich or 
Mg-rich compositions from core to rim, but marked Fe enrichment 
only occurs near the crystal margins. 

An important observation from the mineralogical data is that 
the most magnesian cores of olivine and clinopyroxene pheno- 
crysts, from rocks that span a considerable range of M (100 Mg/ 
(Mg+FeZ+)) values (M=48-72), define a very restricted range 
of compositions (Fig. 3). The compositions of clinopyroxene and 
olivine phenocrysts from rocks at the extremes of this whole-rock 
compositional range (67132 and 67146, Tables 1 and 2) are vir- 
tually identical. 
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Fig. 4. Variation of 100 Mg/(Mg+Fe), SiO2, A1203 and Cr203 
along a traverse line (A-B) across a clinopyroxene phenocryst in 
leucite basanite 67148 (see Fig. 2a) 

The compositions of phenocryst and groundmass leucites from 
all rock types are very similar and characterized by only minor 
Na, Ca and Fe substitution. The total Fe contents of the leucites 
(generally less than 0.5 wt. % Fe2Oa) are significantly lower than 
those in K-rich rocks from Leucite Hills, Wyoming (Kuehner et all 
1981), but similar to those in lamproites from Gaussberg (Foley 
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Table 2. Major and trace element data for the Batu Tara rocks 

Older extrusives (Group 1) Dykes (Group 2) (Group 3) 

B4155 67132 67130 67148 67127 B4150 67137 67147 67145 67146 B4200 

SiO2 48.77 47.76 47.68 48.14 49.74 48.71 48.05 46.43 45.68 45.68 53.28 
TiO2 0.82 0.90 0.90 0.93 0.78 0.87 0.94 1.16 1.17 1.29 0.65 
A1203 12.17 13.48 13.58 13.76 15.68 14.50 15.98 16.07 16.49 17.95 18.55 
Fe203 2.73 4.42 3.67 3.46 3.75 3.40 2.35 3.24 4.12 2.80 3.39 
FeO 5.51 4.23 4.84 5.13 4.37 5.69 6.19 5.94 6.32 7.29 3.42 
MnO 0.16 0.17 0.17 0.17 0.17 0.19 0.17 0.17 0.20 0.20 0.16 
MgO 9.53 8.38 8.28 7.68 6.40 5.94 6.19 6.35 5.51 4.22 3.19 
CaO 11.65 12.24 12.08 12.05 10.28 10.05 10.86 11.97 11.90 10.20 7.05 
NazO 1.72 1.48 2.79 1.87 2.24 1.98 2.87 1.80 2.28 2.45 3.55 
K20  5.09 4.69 3.42 4.51 4.97 6.71 3.65 4.18 4.02 4.75 5.20 
P2Os 0.95 0.87 0.84 0.85 0.78 0.94 0.72 0.82 1.02 1.26 0.61 
LoI 0.39 0.65 1.46 1.00 0.63 0.44 1.04 1.43 0.66 1.26 0.36 

Total 99.49 99.27 99.71 99.55 99.79 99.42 99.01 99.56 99.37 99.35 99.41 

M a 71.6 68.2 68.1 67.9 63.5 58.8 61.1 60.1 53.6 47.5 50.9 
KzO/Na20 2.96 3.17 1.22 2.41 2.22 3.38 1.27 2.32 1.76 1.94 1.46 
Sc 36 36 37 42 32 30 34 35 30 16 18 
V 268 276 302 307 278 282 300 338 392 346 184 
Cr 461 287 272 244 194 120 91 98 53 10 13 
Ni 105 81 79 68 51 43 38 32 27 18 15 
Rb 266 196 184 192 206 288 164 215 159 158 175 
Sr 793 819 818 847 940 1040 955 937 1155 1248 1016 
Y 25 35 33 30 43 42 34 51 36 31 34 
Zr 183 206 214 212 218 312 184 134 176 208 268 
Nb 13 17 20 18 12 22 10 9 12 16 20 
Ba 926 1128 1119 1072 1057 1256 1315 1177 1050 1513 1095 
La 41.2 45.7 47.0 51 68.5 81.9 58.3 38.5 49.5 57.6 72.3 
Ce 90.1 91.9 95.1 100 140.6 173 116.5 78.7 105.9 120 150 
Pr 10.0 10.7 11.6 16.9 12.5 9.05 12.1 12.8 15.4 
Nd 41.9 45.8 47.6 47 68.0 82 55.0 39.2 54.6 53.6 59.7 
Sm 8.4 10.5 10.3 14.5 16.6 11.5 8.83 12.1 10.8 11.6 
Eu 2.34 3.05 2.79 3.88 4.18 3.36 2.50 3.37 3.05 3.07 
Gd 7.30 8.71 8.65 11.9 13.1 9.58 7.18 9.95 9.31 9.41 
Dy 5.56 6.52 6.50 8.29 9.01 6.93 5.61 7.45 7.05 6.47 
Er 2.52 3.01 2.86 3.64 3.58 3.10 2.42 3.54 3.38 3.23 
Yb 1.96 2.40 2.29 2.78 2.68 2.45 2.11 2.76 3.00 2.98 
Th 11.2 14.7 12.7 13.1 
Rb/Sr 0.335 0.239 0.225 0.227 0.219 0.277 0.172 0.230 0.138 0.127 0.172 
K/Rb  159 199 154 195 200 193 185 161 210 250 247 
(La/Yb)N 13.9 12.6 13.6 16.3 20.2 15.7 12.1 11.8 12.7 16.0 

a 100 Mg/(Mg + Fe 2+) based on Fe/O3/FeO = 0.20 

1985), and leucite basanites from the Eifel (Mertes and Schmincke 
1985) and Italy (Baldridge et al. 1981). Experimental work by Foley 
(1985) showed that  the Fe 3+ contents of spinels and leucites in 
K-rich rocks decrease with decreasing fO2 conditions during crys- 
tallization and that  the relatively low Fe203 contents of the Gauss- 
berg and Batu Tara leucite phenocrysts are consistent with crystalli- 
zation a t fO2  close to the NNO buffer. 

Plagioclase phenocrysts in the dyke rocks are very calcic 
(An93_s2; see Table 1 and Fig. 12) and display bo th  normal and 
reverse zoning. Groundmass  plagioclases in the dykes and lavas 
are more sodic (An7 s-47). 

Groundmass  amphiboles are magnesian-hastingsites with 
KzO/NazO < 1 and relatively low TiO2 contents. Rare ground- 
mass biotites also have low Ti contents compared with similar 
groundmass phases in New South Wales leucitites (Cundari 1973), 
reflecting the relatively low whole-rock TiO2 contents of the Batu 
Tara rocks. 

A homogeneous titaniferous magnetite occurs as micropheno- 
crysts and in the groundmass of all of the Batu Tara rocks, but 

ilmenite was not observed. The groundmass titanomagnetites gen- 
erally are enriched in Ti and depleted in Mg, A1 and Cr compared 
with coexisting phenocrysts. The relatively high A1 contents of the 
phenocrysts, which is also a characteristic of t i tanomagnetite phe- 
nocrysts in the Italian leucite basanites, may be attributable to 
the relatively low silica activities of the crystallizing K-rich magmas 
(Baldridge et al. 1981). The increased Ti (ulvospinel) contents of 
the groundmass titanomagnetites compared with associated pheno- 
crysts is probably due to lower fO2 conditions resulting from cool- 
ing (Wilkinson and Stolz 1983). 

Cr-rich spinel (Table 1) occurs as rare inclusions in olivine phe- 
nocrysts (rag =76)  from leucite basanite 67148 (Table 2). Similar 
spinel inclusions in Mg-rich olivine phenocrysts from leucite lam- 
proites have been interpreted as near-liquidus phases of primary 
melts (Foley 1985). Cr-rich spinels included in relatively Fe-rich 
olivines are more difficult to explain. Although the Batu Tara rock 
in which the Cr-spinel inclusions occur in olivine has an M-  
value (67) within the range generally accepted for primary melts 
of mantle peridotite with mg ~ 89, the low mg-values of the clino- 
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pyroxene and olivine phenocrysts imply an unusually high value 
for ol - l i q  KDFe_Mg (~0.48) if the rock represents a liquid composition 
(Roeder and Emslie 1970; Takahashi and Kushiro 1983). 

Compos i t iona l  data  

Major and trace element data 

Representative major and trace element analyses of the Batu Tara 
lavas and dykes are presented in Table 2. The analyses were per- 
formed by XRF on a Philips PW1410 spectrometer at the Universi- 
ty of Tasmania following the methods of Norrish and Chappell 
(1977). REE analyses containing data for elements in addition to 
La and Ce were obtained either by using an ion-exchange XRF 
procedure (Robinson et al. 1986) or by isotope dilution at the Uni- 
versity of Adelaide (B4150, Table 2). Precision for the XRF REE 
analyses is 1-4%, whereas the precision for the isotope dilution 
analyses is better than 1%. Accuracy was monitored by concomi- 
tant analysis of USGS standard rocks. 

The petrographic  and mineralogical  differences between 
the lavas and dykes are reflected in their chemical composi-  
tions. The early eruptives (Group  1) generally are character-  
ized by lower TiO2, A1203, total  FeO, Sr and V, and higher 
SiO2, MgO, Rb, Zr, Nb,  Ni and Cr, than the later 
(Group  2) dyke rocks. The limited chemical da ta  for the 
bioti te leucite tephrites (Group  3) indicate higher SiO2, 
N a 2 0 ,  Zr, L R E E  and lower TiO2, FeO, MgO, CaO, P2Os 
and V than the other two groups. Al though the three rock 
groups are chemically distinguishable, plots for several ma- 
jor  and trace elements as functions of  M-values  (Fig. 5) 
indicate that  many  of  the chemical differences are grada-  
t ional between groups. I f  all analyzed specimens are re- 
garded as a single suite, decreasing M values correlate with 
increasing A1203, FeO and Sr, and decreasing Rb, Sc, Cr 
and Ni. Coherent  variat ions with M are not  displayed by 
CaO, TiO2, PzOs, N a 2 0 ,  K20 ,  Y, Zr, Nb,  Ba, LREE and 
K/Rb .  
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Chondrite-normalized REE plots for the Batu Tara 
rocks (Fig. 6) are straight near-parallel trends characterized 
by moderate LREE enrichment ([La/Yb]N = 12-20) relative 
to chondrite (~100-200  X chondrite for La). Total REE 
concentrations tend to increase with decreasing M within 
the older lavas and within the dykes and younger lavas, 
but the trend is not continuous through the whole series 
and some of  the more magnesian rocks have higher total 
REE than more 'evolved' variants. Very slight negative Eu 
anomalies are evident for several dykes and older lavas 
but there is no evidence of  positive anomalies which might 
indicate plagioclase and, or, leucite accumulation, even 

though leucite is a common phenocryst phase in the lavas 
and both phases are common as phenocrysts in the dykes. 
However, assuming reasonable REE abundances for pla- 
gioclase (Stolz 1985) and leucite (Whitford 1975 a), addition 
of  approximately 20-30 wt. % plagioclase phenocrysts or 
greater than 40 wt. % leucite would be required before a 
positive Eu anomaly would be discernible. 

The characteristic relative depletion of  Ti, Nb  and 
LREE in the Batu Tara leucite basanites compared with 
Foley et al.'s (1987) group II K-rich volcanics is evident 
in a chondrite-normalized plot (Fig. 7). In contrast, Zr does 
not appear to be relatively depleted in the Batu Tara rocks, 



Table 3. Sr, Nd and O isotope data for the Batu Tara rocks 

Sample  8 7 S r / 8 6 S r  a43Nd/144Nd c~180 

B4155 0.70609 • 3 0.512578 _+ 20 6.31 
67130 0.70571 • i 0.512609 • 16 
67132 0.70571 • 3[ 0.512593 • 14 
B4150 0.70706 _ 3 0.512447 • 20 6.50 
67137 0.70605 • 1 0.512566 • 10 

although the alkali earth elements Ba and Sr display nega- 
tive anomalies and P displays slight positive anomalies in 
the more primitive compositions. 

Isotopic data 

Sr and Nd isotopes for the Batu Tara rocks (Table 3) were deter- 
mined by A.J.S. at the Department of Earth Sciences, University 
of Leeds and by G.A. Jenner at Abteilung Geochemie, Max-Planck 
Institut ffir Chemie, Mainz (Varne and Foden 1986; Jenner GA, 
White WM, Dupre BR, Foden JD, Kerrich R: Geochemistry of 
Quaternary volcanics from the East Sunda Arc, Indonesia: isotopic 
and incompatible element constraints on the nature of their source 
region, in prep.). At Leeds, Sr and Nd were separated from 
100-150 mg of powdered sample using standard ion-exchange tech- 
niques and analysed as metal species on a VG Isomass 54E and 
Micromass 30, respectively. All Nd isotope ratios were normalized 
to 143Nd/l~4Nd=0.7219, and 143Nd/l~Nd values were normal- 
ized to a value for BCR-1 of 0.51262. 8VSr/86Sr values were normal- 
ized to values of 0.70800 and 0.71023 on the Eimer and Amend 
and NBS987 standards, respectively. 

The Sr and Nd isotope data for the Batu Tara rocks 
indicate that they are isotopically distinct from K-rich erup- 
fives from Sumbawa (Whitford et al. 1978; Varne and Fo- 
den 1986), and Java (Whitford 1975a, b; Whitford et al. 
1981). Indeed, several of the Batu Tara specimens have 
amongst the highest STSr/S6Sr and lowest 143Nd/144Nd 
values of analyzed volcanics from the Sunda arc. There 
is also significant variation of 87Sr/S6Sr and 143Nd/144Nd 
between these samples implying substantial isotopic hetero- 
geneity in their source region. The Batu Tara isotopic data 
extend the negative correlation of 143Nd/~4*Nd with S7Sr/ 

381 

S6Sr displayed by other volcanics from the Sunda arc 
(Fig. 8) which broadly coincides with the 'mantle array' 
(O'Nions et al. 1979; Zindler and Hart 1986). The 87Sr/S6Sr 
values of recent calcalkaline volcanics from the Banda arc 
(Whitford et al. 1981) are even higher than those of the 
Batu Tara rocks (Fig. 8) although their 143Nd/144Nd values 
are comparable. 

The &180 values for the Batu Tara rocks (6.3-6.5; R. 
Kerrich, pers. comm.) are within the range of unmodified 
mantle materials (James 1981) suggesting negligible con- 
tamination by continental crustal materials (Varne and Fo- 
den 1986). 

Discussion 

Low-pressure phase relations 

When plotted in terms of the recalculated normative param- 
eters of the simple system F o - K s - Q z  (Fig. 9), the Batu 
Tara and similar K-rich rocks from Soromundi and San- 
genges, Sumbawa (Foden and Varne 1980; Varne and Fo- 
den 1986) fall along reasonably well-defined olivine control 
lines. Although this is partly an artifact of the projection 
technique, these trends are consistent with the crystalliza- 
tion sequence inferred from phenocrysts, and the low-pres- 
sure (<2  kb) phase relations in the simple system (Luth 
1967) which predict the early crystallization of olivine and 
clinopyroxene followed by leucite, and mica as a ground- 
mass phase. The effect of clinopyroxene is ignored in this 
projection from diopside. However, in the normative pro- 
jection D i - O 1 - N e  (Fig. 10) the Batu Tara compositions 
plot close to the 1 bar (FMQ) olivine + plagioclase + clino- 
pyroxene cotectic determined by experiments on a range 
of natural compositions (Sack et al. 1987), and they are 
displaced from the higher pressure olivine+orthopyrox- 
ene+clinopyroxene cotectic defined by more 'primitive' 
compositions. This suggests that the Batu Tara rocks are 
the result of crystal-liquid equilibration and fractionation 
processes at low pressures. In a normative D i - N e - O r  
projection from olivine and leucite (Fig. 11) several of the 
relatively 'evolved' and phenocryst-poor dyke rocks plot 
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close to the 1 bar  (FMQ)  olivine + leucite + plagioclase + 
cl inopyroxene cotectic (Sack e ta l .  1987), whereas the 
G r o u p  1 Batu Tara  rocks with relatively high modal  clino- 
pyroxene are displaced from the cotectic toward  the D i -  Ne 
join. Leucitite and leucite basani te  eruptives from Sumbawa 
(Foden and Varne 1980; Varne and Foden  1986) also dis- 
play this t rend of  enrichment in normative Di and O1 which 

is consistent with the accumulat ion of  variable quantities 
of  cl inopyroxene and olivine phenocrysts  in these K-rich 
magmas.  

Plagioclase and leucite are common felsic minerals of  
the Batu Tara  rocks, sanidine is rare and nepheline is ab- 
sent, despite its appearance in the CIPW norms. When  the 
salic normat ive  constituents of  the Batu Tara  leucite basan- 
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ites are projected into the 'phonolite pentahedron'  of  Car- 
michael et al. (1974), they fall near the leucite-plagioclase 
join in a similar position to leucite basanites from the Ro- 
man province and Vesuvius, Italy (Fig. 12). 

Baldridge et al. (1981) showed that the felsic mineral 
groundmass assemblages of  these Italian leucite basanites 
include either plagioclase + leucite • sanidine or plagio- 

clase + leucite + sodalite, and accessory biotite + hastingsitic 
amphibole. They also pointed out that the felsic mineralogy 
of  the rocks was in reasonable accordance with the equilib- 
rium assemblages predicted from the likely low-pressure 
phase relations within the pentahedron and with their nor- 
mative compositions, but argued that the presence and na- 
ture of  volatile constituents could influence the groundmass 
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paragenesis. They proposed that the presence of chlorine 
might cause sodalite to appear in lieu of nepheline, and 
that the presence of fluorine could lead to the appearance 
of phlogopite at the expense of sanidine according to the 
reaction proposed by Brown and Carmichael (1969): 

KMg3A1SiaO10F2 + 3/2 SiO2 = 3/2 M g 2 S i O  4 d- 
biotite liquid olivine 
KA1Si308 + F2 
sanidine 

14o 

12o 

100 

8O 

Ni 
6O 

4O 

2O 

a 

Neither sodalite nor nepheline has been found, as yet, 
in the Batu Tara leucite basanites and sanidine has only 
been observed in the groundmass of two leucite tephrites. 
The phase relations in Fig. 11 indicate that relatively dry 
melts crystallizing on the olivine + clinopyroxene + plagio- 
clase+ leucite cotectic which did not become saturated in 
sanidine would not be expected to have precipitated nephe- 500 
line. However, where both biotite and a hastingsitic amphi- 
bole occur as groundmass phases, we speculate that just 4 o o  

as the presence of fluorine could favour the appearance 
of phlogopite in place of sanidine (Baldridge et al. 1981), 
so the presence of hydroxyl in the melt might have inhibited 3oo 
the appearance of modal nepheline by causing amphibole Cr 
to crystallize, by analogy with the known reaction: 

200  

NaCa2Mg4A1A12Si6022(OH)2 = 3CaMgSi206 -t- 
amphibole clinopyroxene 
2Mg2SiO4 + 2NaA1SiO4 + MgA1204 + CaA12Si2Os + H20 
olivine nepheline spinel plagioclase 

Primary magmas and crystal fractionation/ 
accumulation 

100 

If  the Batu Tara rocks were to be considered as a single 
suite, the gradational trends of some major and trace ele- 
ments (Fig. 5) could be interpreted as indicating a genetic 
relationship between these rocks. Progressive decreases in 
Cr and Ni with decreasing M-values (and also with order 
of eruption or emplacement) could be due to fractionation 
of olivine and clinopyroxene from a parental leucite basan- 
ite melt. 

However, although variations of Ni and Cr with M are 
in keeping with a cogenetic model, coupled variations of 
several trace elements, e.g. Cr vs Zr and Ni vs Rb (Fig. 13a 
and b), are not easy to explain as a result of  simple closed- 
system fractionation of the observed phenocrysts from a 
single parental magma. In plots of highly incompatible ele- 
ments against compatible elements, fractionation of olivine 
and clinopyroxene should generate smoothly curving varia- 
tion trends, whereas mixing will produce straight-line varia- 
tion trends. The data in Fig. 13 a and b do not fall on a 
single fractionation or mixing trend, suggesting that several 
magmas with different incompatible trace element contents 
were involved. These may have been 'primitive' magmas 
which evolved along separate liquid lines of descent, or 
relatively 'evolved' magmas which accumulated varying 
amounts of clinopyroxene, olivine and leucite phenocrysts. 

Before useful quantitative modelling of fractionation 
processes can be undertaken, it is necessary to identify any 
likely potential parental magma or magmas. Primitive mag- 
mas are commonly assumed to have been in equilibrium 
with residual mantle olivine of mg =88-90 (Irving and 
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Fig. 13a, b. Plots of a Ni versus Rb and b Cr versus Zr for the 
Batu Tara rocks indicating the existence of several discrete suites 
and mixing or fractionation trends. Symbols as for Fig. 9 

Green 1976), and are characterized by high concentrations 
of Ni (>  200-250 ppm) and Cr (>  250-300 ppm). However, 
very few arc volcanics (including Mg-rich types) have Ni 
contents in this range (Perfit et al. 1980). 

M-values for the Batu Tara volcanics (Table 2) were 
calculated with FezO3/FeO = 0.2, as this value is commonly 
used for intraplate alkaline basaltic volcanics. This value 
may be too low for the Batu Tara rocks which have mea- 
sured FezO3/FeO ratios of at least 0.4, although they may 
have been increased by oxidation during or after eruption. 
The maximum calculated M-value (72) falls in the range 
of 'primitive' melts and, together with the high Cr and rela- 
tively high Ni contents of this rock, could support its classi- 
fication as a primary composition and potential parent for 
the early lava suite. However, as the Batu Tara volcanics 
are porphyritic it is important to evaluate the extent to 
which the analyzed rocks could represent melt compositions 
and the extent to which their compositions may have been 
modified by phenocryst accumulation. 

Assuming ~ O~-liq ~0.30 (Roeder and Emslie 1970; lXDFe-Mg 
Takahashi and Kushiro 1983), if the bulk-rock composition 
of B4155 (M=72)  were to have been a liquid, its liquidus 
olivine would have been mg ~ 89.5. Examination of Fig. 3, 
which shows mg-values of olivine and clinopyroxene pheno- 
crysts as a function of the host M-value, indicates that 
the olivine (and clinopyroxene) phenocrysts in the most 
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magnesian eruptive compositions seem too Fe-rich to be 
liquidus phases of their hosts. The restricted range of olivine 
core compositions over a wide range of whole-rock M- 
values strongly suggests that much of the chemical variation 
displayed by the Batu Tara rocks is a function of variable 
degrees of phenocryst accumulation in a common melt or 
melts of similar M. 

The M-value of this hypothetical melt can be estimated 
by consideration of the most magnesian olivine pheno- 
crysts. M-values of approximately 47-51 are appropriate 
for olivine phenocrysts with mg = 74-78. This calculation 
is, of course, sensitive to the choice of the F%O3/FeO value 
for the melt; higher melt Fe~O3/FeO values will result in 
more magnesian liquidus olivines for bulk compositions of 
a particular M. 

Glass inclusions trapped in phenocrysts provide an ad- 
ditional method of estimating the composition of the melt 
from which they crystallized. It is important to bear in 
mind, though, that the melt trapped by the growing pheno- 
crysts will be slightly more evolved than the liquidus melt 
simply due to crystallization of the early phenocrysts. Other 
factors which need to be considered when evaluating glass 
inclusions as a guide to melt compositions include the ef- 
fects on the melt composition of the continued crystalliza- 
tion of the host phase on the walls of the melt inclusion, 
the possibility of subsolidus differential diffusion or cation 
exchange between glass and enclosing crystal, and the possi- 
bility that the melt which was trapped was from a nuclea- 
tion zone, adjacent to a phenocryst, characterized by con- 
centration gradients (Anderson 1979; Gill 1981). The effects 
of these processes can be minimized by examining relatively 
large glass inclusions (>  30 gm, Anderson 1979) in pheno- 
crysts of varying composition. 

In this study, glass inclusions (~  50 ~tm) from olivine, 
clinopyroxene and leucite phenocrysts in leucite basan- 
ite 67148 were analyzed. A best estimate for the initial melt 
composition was achieved by adding varying quantities of 
each enclosing phase to the compositions of the trapped 
glasses until reasonable convergence between the adjusted 
glass compositions was achieved. Average compositions of 
the glasses, and of the estimated original melt composition 
prior to modification by continued growth of the enclosing 
crystals are presented in Table 4 together with average 
groundmass scans from several porphyritic rocks. Several 
of the dyke rocks (e.g. 67146, Table 2) have compositions 
which resemble the recalculated glass composition. Their 
low M-values (~  48) and low Cr and Ni contents indicate 
they are unlikely to have been primary melts of mantle 
peridotite. 

Assuming that the olivine phenocrysts enclosing the 
glass inclusions were in equilibrium with the melt, and that 
KoOl-J~q-n an (Roeder and Emslie 1970; Takahashi and 

F e - M g  - -  v .  J v  

Kushiro 1983) the F%O3/FeO of the melt was calculated 
from the relation Ko = (Fe 2 +/Mg)ol/(Fe 2 +/Mg)llq. This 
F%Oa/FeO value (0.27) is lower than all the analysed 
whole-rock values suggesting that some post-eruptive oxi- 
dation of the Batu Tara rocks has occurred. Using equa- 
tion 9 of Sack et al. (1980) and a liquidus temperature of 
1,140 ~ C estimated from Fig. 5 of Sack et al. (1987), the 
calculated logfOz ( -8 .6 )  indicates melt temperature-fO2 
conditions appropriate to the NNO buffer. This suggests 
crystallization of the Batu Tara magmas under more oxidiz- 
ing conditions than those commonly deduced for intraplate 
volcanics (i.e. FMQ; Stolz 1986), but less oxidizing than 

those deduced for K-rich volcanics from the Leucite Hills, 
Wyoming (Foley 1985). 

Crystal-liquid equilibria 

In addition to the appearance of leucite rims on clinopyrox- 
ene and olivine (Fig. 2b) which may be due to crystal-liquid 
disequilibria, the compositions of some phenocrysts are un- 
like those that would be expected from their whole-rock 
compositions. Cr-diopside cores and oscillatory zones in 
clinopyroxene phenocrysts (Figs. 2a and 4) are fairly com- 
mon in the eastern Sunda volcanics (Foden and Varne 
1980; Foden 1986) and in other K-rich volcanics and cumu- 
late xenoliths (Barton et al. 1982; Conrad and Kay 1984). 
Zoned clinopyroxene phenocrysts are most abundant in the 
Group 1 Batu Tara rocks, but also occur in some Group 2 
rocks. The systematic compositional differences between 
adjacent zones of the oscillatory-zoned phenocrysts may 
be explained by coupled F e 2 + ~  Mg 2+ and TiA12 ~-MgSi2 
exchange reactions between clinopyroxenes and silicate 
melts (Sack and Carmichael 1984). However, rapid and 
marked changes in melt composition or physical conditions 
in the melt seem necessary to promote these exchange reac- 
tions. 

Similar zoning in pyroxenes from gabbroic xenoliths 
from Adak Island andesites (Conrad and Kay 1984) has 
been explained in terms of an open-system, periodically re- 
plenished magma chamber, but this explanation does not 
account for the sharp compositional boundaries between 
zones, or the absence of gradual normal or reverse zoning 
within individual zones. 

In particular, mixing of magmas with strongly contrast- 
ing M-values, each with its crop of suspended clinopyroxene 
phenocrysts, initially should result in partial resorption of 
the relatively low-rag phenocrysts from the cooler, more Fe- 
rich magma, following their mixing with hotter, more Mg- 
rich magma. Such resorption features are occasionally ob- 
served in Batu Tara clinopyroxene phenocrysts on the outer 
margins of relatively Fe-rich zones in contact with more 
Mg-rich zones. Following mixing, fractional crystallization 
of the relatively Mg-rich magma should produce normal 
zoning in the precipitating clinopyroxene from Mg- and 
Cr-rich zones to more Fe-rich and Cr-poor compositions 
until the chamber is recharged with another batch of more 
primitive magma. We have observed that within individual 
crystals displaying cyclic zoning, the repeated relatively Fe- 
rich zones have remarkably similar rag-values. The periodic 
magma replenishment can only explain this regular zoning 
if the magma chamber were recharged consistently at the 
point when the mixed magma was crystallizing pyroxene 
of a specific, relatively Fe-rich composition. Although such 
regularity in recharging of the magma chamber is possible, 
it seems unlikely, as it also requires regularity in the rate 
of differentiation of the mixed magmas. In addition, large 
scale magma mixing is not supported by the observation 
that the oscillatory zoning is present only in some of the 
clinopyroxene phenocrysts within any particular rock. 

Such restricted cyclic zoning is more likely to have oc- 
curred if magmas with contrasting M-values coexisted in 
a common magma chamber but remained in separate con- 
vecting cells, perhaps due to temperature, compositional 
and density differences (Huppert and Sparks 1984). Limited 
interaction along the interface between the convecting clino- 
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Table 4. Compositions of glass inclusions and groundmasses 

1 2 3 4 5 6 7 8 9 

sin2 48.79 48.44 48.29 48.81 48.05 48.46 48.44 48.78 56.81 
TiO2 1.19 1.15 1.30 1.12 1.13 1.22 1.16 1.19 0.44 
AlzO3 17.70 17.63 16.89 17.08 17.36 17.14 17.19 17.95 18.18 
Fen e 9.62 9.56 10.00 9.55 9.62 9.40 9.52 9.49 4.09 
MgO 3.68 3.74 4.39 4.13 4.07 4.12 4.11 4.06 1.07 
Can 8.08 9.14 9.43 8.77 9.00 8.84 8.87 9.21 3.74 
NazO 3.32 3.40 3.46 3.17 3.35 3.28 3.27 3.54 4.20 
K20 5.25 5.27 4.18 5.00 5.19 5.06 5.08 4.27 6.73 
P205 1.30 1.26 1.42 1.24 1.24 1.33 1.27 1.37 0.35 

Total 98.93 99.59 99.36 98.87 99.01 98.85 98.91 99.86 95.61 
mg 40.5 41.1 43.9 43.5 43.0 43.9 43.5 43.3 31.8 

1-3. Glass inclusions in clinopyroxene, olivine and leucite, from 67148. 
4. Analysis 1 + 5% clinopyroxene. 5. Analysis 2 + 1% olivine. 
6. Analysis 3 + 6% leucite. 7. Average of analyses 4-6. 
8. Groundmass scan of 67148.9. Groundmass scan of 67130. 

Fen 4~ = Total Fe as Fen ; mg = 100 Mg/(Mg + ~ Fe) 

pyroxene phenocryst-bearing magma bodies could result in 
the transfer of a small volume of melt and phenocrysts 
between these cells without the need for mixing of large 
quantities of magma and extensive crystallization. This 
could explain the lack of compositional change within 
zones, the presence of some unzoned crystals, the Cr-diop- 
side cores in some phenocrysts and relatively Fe-rich cores 
in others, and the sharp boundaries between zones which 
would result from incorporation and rapid mixing of a rela- 
tively small volume of melt and crystals with the contrasting 
magma. Phenocrysts without oscillatory zoning are inferred 
to have avoided the mixing zone. Cr-spinel inclusions in 
relatively Fe-rich olivine phenocrysts (e.g. Table 1, 
No. 67148) may have precipitated together with the Cr- 
diopside cores and oscillatory zones from more Mg-rich 
and Cr-rich magmas. 

The restricted range of olivine compositions (Fig. 3) and 
the absence of similar oscillatory zoning (or in fact any 
zoning) in the olivine and in some of the more Fe-rich 
clinopyroxene phenocrysts could imply that the olivine and 
some of the clinopyroxene have reequilibrated with a rela- 
tively Fe-rich liquid due to F e - M g  diffusion through the 
lattice. Although the diffusion coefficients for F e - M g  in 
olivine indicate that compositional homogenization of phe- 
nocrysts could be achieved in a relatively short time, F e -  
Mg diffusion coefficients for clinopyroxene are an order 
of magnitude smaller (Lasaga 1983). Depending on which 
diffusion coefficients are adopted, the period required for 
reequilibration of the clinopyroxene phenocrysts could be 
as short as a few hundred years or as long as a million 
years. The oscillatory-zoned clinopyroxene phenocrysts 
may also have undergone some crystal-liquid reequilibra- 
tion, as pyroxene phenocrysts from all of the rocks exam- 
ined have relatively Fe-rich rim compositions, indicating 
residence in relatively Fe-rich melt immediately prior to 
eruption. If so, the absence of F e - M g  zoning within indi- 
vidual zones of these oscillatory-zoned clinopyroxenes 
could be due to Fe--Mg diffusion, whereas there was mini- 
mal exchange between adjacent zones, probably due to the 
complex nature of the substitutions in the Cr-rich and Cr- 
poor compositions. 

Calculated effects of  crystal accumulation 
on bulk composition 

There is considerable evidence which suggests that most 
Batu Tara whole-rock compositions were produced at low 
pressures by redistribution and accumulation of varying 
amounts of phenocrysts in relatively 'evolved' magmas. The 
significant differences in the concentrations of incompatible 
trace elements between the Group 1 and 2 Batu Tara rocks 
(Fig. 13) indicate that these groups cannot be related either 
by fractional crystallization or crystal accumulation pro- 
cesses, and that several 'evolved' magmas were involved. 
We have tested this possibility in a series of least squares 
mixing calculations which employ the recalculated glass 
composition (Table 4, analysis 7) as the melt composition 
for the Group 1 rocks and the composition of a near- 
aphyric dyke (Table 2, 67146) as the melt composition for 
the Group 2 rocks. These calculations (Table 5) indicate 
that the major element compositions of most Group 1 and 
Group 2 rocks can be explained by addition of varying 
quantities of olivine, clinopyroxene, leucite + plagioclase to 
these proposed melt compositions. An exception to this in 
the Group 1 suite is provided by samples 67132 and 67130 
(Table 2) which have almost identical major and trace ele- 
ment compositions yet their Na/O/K20 values are very dif- 
ferent. Least squares calculations (Table 5) suggest that 
these two compositions could be generated from the same 
melt composition if substantial clinopyroxene and leucite 
were added to produce 67132 and if clinopyroxene were 
added and leucite were fractionated to produce 67130. If 
Ko Le-liq ~4-5  (Cundari 1973), the addition or removal of Rb 

leucite from a common melt should result in marked differ- 
ences in the Rb contents of the derivatives. However, 67132 
and 67130 have K/Rb of 199 and 154 respectively, and very 
similar Rb contents. 

Mass-balance calculations (Table 5) also suggest that 
compositions such as biotite leucite tephrite B4200 
(Group 3), which are chemically more 'evolved' than both 
proposed melt compositions, may have been produced by 
fractionation of one of these compositions. 

If  the observed range of compositions was produced 
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Sample Melt a Oliv Cpx Leuc Plag Timt Apat ~ r 2 
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Group 1 

B4155 
67132 
67130 
67148 
67127 
B4150 

Group 2 

67137 
67147 
67145 

Group 3 

B4200 

47.0 8.5 32.4 12.8 - 1.0 0.3 0.262 
53.5 4.4 31.2 10.3 0.6 0.479 
77.1 5.5 22.0 -2 .6  -2 .4  0.4 0.434 
60.6 3.1 28.1 7.6 0.6 0.436 
79.8 2.4 15.9 5.1 - 2.3 -0 .9  0.479 
54.0 1.2 24.4 18.7 2.0 -0 .3  0.655 

96.0 3.3 8.7 - 3.5 -4 .5  3.973 
71.7 1.4 19.9 3.8 4.2 -1 .0  0.376 
83.2 -0 .7  15.2 -0 .1  2.0 1.2 -0 .8  0.533 

(76.8) 100.0 -0 .9  -6 .7  -4 .9  -2 .0  -5 .9  -2 .8  0.646 

a The melt composition used for Group 1 and 3 rocks is the average recalculated glass composition (Table 4, analysis 7). The melt 
composition used for the Group 2 rocks is of a phenocryst-poor dyke (Table 2, 67146). The compositions of phenocrysts in 67127 
and 67146 (Table t) were used in calculations involving Groups 1 and 3, and Group 2 rocks, respectively 

~ r  2= sum of the squares of the residuals 

by accumulat ion of  l iquidus phases in relatively 'evolved'  
magmas,  then it seems necessary to infer that  these magmas  
were derived from several pr imary  magmas,  none of  which 
are represented in the mater ia l  collected. Low-pressure frac- 
t ional  crystall ization of  these pr imary  magmas  may have 
generated the relatively 'evolved'  composi t ions  which then 
underwent  further intratel luric crystal l ization before they 
were erupted carrying varying quanti t ies of  accumulated 
phenocrysts.  

The absence from our collection of  any rocks which 
might represent p r imary  magma  composi t ions  may  be a 
sampling problem, as the rocks which crop out  on the island 
of  Batu Tara  are a guide only to the most  recent stages 
in the construct ional  and composi t ional  evolution of  the 
volcano. 

Conclusions 

Leucite basanite  and leucite tephri te eruptives a n d  dykes 
from the Batu Tara  volcano,  eastern Sunda arc, have minor  
and trace element characteristics (such as their strong en- 
r ichment in LIL  and LRE elements, and relative deplet ion 
of  N b  and Ti in chondr i te-normal ized plots) which are com- 
parable  with other alkaline volcanics of  the Sunda Arc. 

Combined  mineralogical ,  isotopic and whole-rock com- 
posi t ional  da ta  for the Batu Tara  leucite basanites indicate 
a complex genetic history which involved the accumulat ion 
of  varying quantit ies of  intratelluric precipitates in relatively 
'evolved'  melts at low pressures. The composi t ion  of  one 
of  these melts was est imated from the composi t ions  o f  glass 
inclusions in phenocrysts  of  olivine, c l inopyroxene and leu- 
cite. Trace element and Sr and N d  isotopic da ta  indicate 
that  several other  relatively 'evolved'  melts were also in- 
volved and that  these were p robab ly  derived f rom several 
composi t ional ly  distinct parenta l  leucite basanite  magmas  
by low-pressure fract ional  crystal l ization of  olivine, clino- 
pyroxene and spinel. 

Magnesian  (rng~ 90) and Cr-rich zones in complex os- 
ci l latory-zoned cl inopyroxene phenocrysts  provide indirect  

evidence that  these more  primitive magmas  exist in high- 
level magma  chambers beneath the volcano together  with 
the relatively 'evolved'  melts. The zoning is considered to 
be due to l imited mixing of  magmas  and phenocrysts  with 
markedly  different M-values  along an interface between 
discrete convecting magma bodies. 
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