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Abstract. The Cindery Tuff is an unusual tephra fall deposit 
that contains evidence for the mixing of basaltic and rhyo- 
litic liquids prior to eruption. It contains clear rhyolitic 
glass shards together with brown basaltic glass spheres and 
a broadly bimodal phenocryst assemblage. Brown glasses 
are ferrobasaltic in composition and are similar to the volu- 
minous Pliocene tholeiites of the surrounding west-central 
Afar volcanic field; both are enriched in the light rare earth 
and incompatible elements and possess higher 87Sr/8 6Sr and 
lower 143Nd/144Nd than MORB. Rhyolitic glasses are sub- 
alkaline and, compared to the basaltic glasses, are strongly 
depleted in the compatible elements and enriched in the 
incompatible elements. Both glass types have similar incom- 
patible element and isotopic ratios, and with the rhyolite 
glass showing a 2-fold parallel enrichment in rare earth 
element abundances over the basaltic glass. These observa- 
tions suggest that the two glasses are genetically related. 

Rare glasses with intermediate compositions occur as 
phenocryst melt inclusions, as mantles on phenocrysts and 
as free pumice clasts. Their major element contents do not 
point to an origin by simple hybrid mixing of the basaltic 
and rhyolitic melts. Rather, major element mixing calcula- 
tions indicate formation of the intermediate and rhyolite 
melts by fractionation of the observed phenocryst assem- 
blage, using a starting composition of the observed basaltic 
glass. Model calculations from trace element data, though 
lacking from the intermediate glasses, support fractional 
crystallization. The bimodal mineral assemblage argues 
against an immiscible liquid origin for the contrasting glass 
compositions. 

Introduction 

The Cindery Tuff (CT) is a mixed-magma tephra fall depos- 
it from the west-central Afar region of Ethiopia. It is note- 
worthy for its combined stratigraphic and petrogenetic sig- 
nificance. In addition to its obvious mixed-magma charac- 
ter, it is a valuable tephrostratigraphic marker bed for the 
highly fossiliferous, hominid-bearing terrestrial sediments 
of the Awash Basin (Clark et al. 1984). A detailed tephro- 
stratigraphic and geochronologic study shows that the Cin- 
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dery Tuff is exposed for 25 to 30 km along the right bank 
of the Awash River in the Middle Awash deposits (Fig. 1) 
and it is firmly dated at 3.9 Ma (Hall et al. 1984). The pres- 
ent study pertains to the petrogenesis of the basaltic and 
rhyolitic melts preserved in this tephra. 

The Awash Basin (Fig. 1) was an active sediment trap 
from late Miocene to late Pleistocene times (Kalb et al. 
1982). It evolved as a structural trough along the base of 
the north-south faulted Ethiopian Western Escarpment, 
which forms the tectonic boundary between the Afar de- 
pression to the east and the Ethiopian Highland to the 
west (Justin-Visentin and Zanettin 1974). The numerous 
ashes and lavas preserved in this basin record the eruptive 
history of the area for the past 5 to 6 million years, and 
document the volcanic evolution of the Afar itself. 

The Cindery Tuff (CT) preserves evidence for the com- 
mingling of basaltic and rhyolitic magmas prior to eruption, 
similar to the mixed magma Askja tephra in Iceland (Sparks 
et al. 1977). In this paper, we report on the geochemistry 
of CT and related volcanic rocks from the contiguous west- 
central Afar volcanic field, including those from the Ida 
Ale center (Fig. 1), believed to be the source area of CT 
(Hall et al. 1984). The geochemistry of these components 
provides clues to the origin of this basalt-rhyolite associa- 
tion. 

Volcanic rocks of the west-central Afar 

Many comparisons have been drawn between the volcanic 
evolution of Afar and Iceland (Schilling 1973 a, b; Markis 
1975). In the west-central Afar, for example, volcanism is 
geochemically similar to the Tertiary lavas in central and 
eastern Iceland. This portion of the Afar is characterized 
by voluminous iron-rich tholeiitic to transitional flood ba- 
salts and by minor volumes of subalkaline rhyolites that 
occur, together with basaltic lavas, in central dome com- 
plexes (Walter 1980). All are of Pliocene age. One of these 
centers, Ida Ale (Fig. 1), has been studied in detail. Its rock 
suite consists of basalts, basaltic andesites and rhyolites that 
define an iron-enrichment trend in an AFM field. The most 
primitive rocks are low-Mg tholeiites. The most abundant 
mafic lavas are ferrobasalts, basaltic andesites are rare, and 
no andesites or dacites have been found. Rhyolitic lavas 
are distinctly subalkaline when plotted on an alkali-silica 
diagram, lying at the silica-rich end of the subalkaline trend 
defined by Miyashiro (1978). 

Ida Ale consists of seven rhyolite domes, each several 
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Fig. l. Map of the major geological features of the west-central 
Afar. Cindery Tuff (CT) crops out in the Awash Basin at the 
localities indicated (o) (Hall et al. 1984). The lithologies consist 
of: 1 Miocene "Trap"  Series basalts, 2 Pliocene Afar Series basalts 
(open areas) and rhyolites (^). Tectonic lineations are depicted by 
heavy, straight lines. 3 Plio-Pleistocene sediments of the Awash 
Basin, 4 Pleistocene peralkaline rhyolites, and 5 Quaternary sedi- 
ments. The Pliocene volcanic rocks in this area comprise the west- 
central Afar volcanic field. Ida Ale, the probable source for CT, 
occurs at the southern end of a SE trending fault zone containing 
other rhyolite centers such as Gurrale and Askola Gera (~). The 
Pleistocene peralkaline centers of Ayelu and Langudi occur at the 
northen end of the NNE trending Ethiopian Rift. These two tec- 
tonic lineations converge in central Afar with a fault trend parallel 
to the Gulf of Aden axis (not shown), forming a ridge-type triple 
junction 

hundred meters high and several ki lometers wide (Walter  
1980). A large explosion crater  occurs on the flank of  one 
dome and a coarse-grained pyroclast ic  flow deposi t  is ex- 
posed in a dry s tream channel at the base of  the dome, 
apparent ly  having issued from this crater. A pyroclast ic  
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fall deposi t  occurs beneath one dome and is p robab ly  asso- 
ciated with its early construction.  The domes overlie, and 
erupted concomitant  with, extensive Pliocene f lood basalts  
of  the western Afar.  The rhyolites also co-erupted with por-  
phyri t ic  basalts  that  have geochemical affinities to the more 
extensive and finer-grained Afar  Series f lood basalts.  The 
Ida  Ale lavas erupted between roughly 4.0 and 3.0 M a  and 
field studies show that  the marie and felsic lavas issued 
from the same vents. In the west-central  Afar ,  the Afar  
Series lavas erupted between 4.5 and 1.5 Ma.  The areal 
p ropor t ion  of  Pliocene basal t  and rhyolite exposed in this 
region is approximate ly  40 : 1 (cf. Fig. 1). 

The Pliocene Afar  Series lavas (Fig. 1) are quartz  nor-  
mative tholeiitic ferrobasalts .  They are enriched in the light 
rare ear th elements (LREE)  and in the incompat ible  ele- 
ments, and they have Sr and N d  isotopic rat ios of  0.70373 
to 0.70380 and 0.512901 to 0.512939 (Har t  and Wal ter  
1983). The baslatic lavas of  Ida  Ale are composi t ional ly  
similar to the Afar  Series lavas, though some are classified 
as low-Mg tholeiites due to accumulat ion of  olivine and 
clinopyroxene. The subalkal ine rhyoli t ic lavas of  Ida  Ale 
are also L R E E  enriched, and they show a 2-fold parallel  
enrichment pat tern  in REE abundances over the ferroba-  
salts. Sr and N d  isotopic rat ios for the rhyolites range from 
0.70350 to 0.70376 and from 0.512893 to 0.512903. In sum, 
the basalts  and rhyolites in west-central  Afar  have similar 
incompat ible  element and isotopic ratios,  indicat ing a ge- 
netic link between them. Similar observations have been 
made for other  basal t - rhyol i te  occurrences in Iceland 
(O 'Nions  and Gronvo ld  1973) and elsewhere in the Afar  
(Barberi et al. 1970, 1971, 1980; Barbei and  Varet  1975). 

Analytical methods 

An energy dispersive microprobe (ETEC autoprobe) was used to 
determine the major element abundances of Cindery Tuff glasses 
and their associated minerals. Operating conditions are specified 
in Table 1 and are reported in detail elsewhere (Hall et al. 1984; 
Westgate et al. 1985). As a result of modifications made to the 
ETEC system by J. Rucklidge of the University of Toronto, the 
detector is very close to the specimen. This condition permits x-ray 
data to be collected using very low beam currents, which lowers 
the mobility of sodium to the extent that direct quantitative esti- 
mates of sodium can be made, even on hydrated rhyolitic glass 
shards. The agreement in Na20 values of CT rhyolite glasses, as 
determined by neutron activation and microprobe analyses, sup- 
ports this assertion (Tables 1 and 2). Note, however, that rhyolitic 
glass inclusions appear to be depleted in Na20 and K20 relative 
to glass shards. This may be due to alkali mobility under the probe 
beam, or, more likely, that the inclusions represent slightly more 
primitive melts, since FeOT and CaO are greater in the inclusion 
glasses compared to the glass shards (Table l). 

The precision of the microprobe analyses is seen in the low 
standard deviations of the glass data (Table 1). Major element con- 
centrations for these glasses were checked by probe analyses of 
well-known obsidian standards (UA-5831, KN-18, and CAM-66) 
and by analysis of a glass prepared from a fused W-1 basalt stan- 
dard. The accuracy of the probe data for CT phenocrysts were 
similarly checked by analyses of well-known mineral standards. 
The standard results, analyzed as unknowns, are available in table 
form from the authors (RCW). 

The criteria for melt inclusion analysis established by Roedder 
and Weiblen (1970), Anderson (1976) and Devine and Sigurdsson 
(1983) were followed in this study. Most of the analyzed inclusions 
were larger than 100 p-m and we were able to scan across them 
with the probe beam to check for homogeniety. Generally, two 
or more analyses were collected per inclusion, one at the core and 
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Table 1. Microprobe analyses of Cindery Tuff glasses 

A Basaltic glasses Rhyolitic glasses 

Free shards Mantles Free shards Mantles Inclusions 

Pct. ~2 a 2 2 a 2 a ~ a 

SiO2 52.23 1.23 54.23 1.41 
TiO2 3.45 0.41 3.41 0.34 
A1203 13.56 0.21 13.10 0.40 
FeOx 14.43 0.79 13.61 0.49 
MnO 0.21 0.03 0.16 0.09 
MgO 4.41 0.61 3.97 0.48 
CaO 8.92 0.55 8.21 0.59 
Na~O 1.81 0.41 2.35 0.99 
K20 0.97 0.17 0.95 0.17 
C1 
H20 1.76 1.08 1.39 0.96 

(n) (33) (4) 

75.62 0.26 76.12 0.63 76.71 0.46 
0.21 0.03 0.29 0.09 0.22 0.05 

12.32 0.25 12.47 0.27 12.47 0.16 
2.69 0.04 2.70 0.10 2.82 0.01 

1.00 0.07 1.06 0.04 1.06 0.01 
4.09 0.17 3.55 0.55 3.25 0.25 
3.98 0]07 3.90 0.24 3.49 0.49 
0.09 0.01 0.04 0.05 
6.25 1.15 7.61 1.03 6.56 0.86 

(45) (9) (3) 

B Intermediate and evolved glasses 

Pct. 1 2 3 4 5 6 7 8 9 10 

SiOa 56.11 60.26 65.65 69.21 68.09 70.00 73.47 74.81 75.59 78.00 
TiO2 3.34 2.84 1.17 0.78 0.69 0.47 0.47 0.23 0.38 0.22 
A1203 13.12 12.35 13.17 13.31 13.46 13.01 13.05 12.47 12.61 12.21 
FeO~ 13.54 11.97 9.00 7.36 7.03 5.61 4.17 3.89 3.04 2.00 
MnO 0.22 0.23 0.26 0.19 0.16 0.08 
MgO 3.49 1.52 0.80 0.51 0.48 
CaO 8.08 4.98 4.23 3.36 3.21 2.58 2.12 1.82 1.25 0.54 
Na20 0.86 4.18 3.57 2.59 4.00 4.95 3.03 3.11 3.01 2.84 
K20 1.24 1.67 2.40 2.62 2.85 3.24 3.60 3.63 4.01 4.07 
C1 0.08 0.06 0.05 0.11 
HzO 1.52 1.91 3.98 9.37 7.15 5.70 10.03 5.24 7.52 7.73 

(n) (3) (2) (2) (2) (1) (1) (1) (2) (2) (1) 

The ETEC Autoprobe is fitted with an Ortec Si(Li) detector. Probe operated at 20 kV with beam current set to give 3000 counts/s 
on willemite (~90  nA); sample current ~ 150 pA; counting time 100 s; beam diameter ~ 1 pm. Data reduction by a modified version 
of PESTRIPS. Total Fe as FeOr. The mean _+1 s.d. is given, n is number of analyses. All glass data are wt.%, water free. 1120 
by difference 

1 Basaltic andesite mantle on plagioclase, augite and Fe-Ti glomeroporphyritic cluster (Fig. 2a) 
2 Basaltic andesite melt inclusion in ilmenite grain (Fig. 2e) 
3 Andesite glass mantle on above ilmenite grain (Fig. 2e) 
4 Andesite pumice fragment (Fig. 2d) 
5 Andesite glass mantle on orthopyroxene grain (Table 6) 
6 Dacite glass mantle on magnetite grain 
7 Dacite glass mantle on ilmenite grain 
8 Rhyodacite melt inclusion in ferroaugite grain 
9 Rhyodacite glass mantle on above ferroaugite grain 

10 Rhyolite glass mantle on plagioclase grain 

one near the edge. No compositional gradients or edge effects were 
observed. 

Rare earth and certain trace elements were determined by neu- 
tron activation analysis using whole rock powders for the lavas 
and high purity glass and mineral separates for CT. Portions of 
each were weighed into heat-sealed plastic packets. The samples 
were irradiated for 16 h at the University of Toronto SLOWPOKE- 
II reactor facility. A well-calibrated in-house basalt standard 
(UTB-1) (Barnes and Gorton 1984) was analyzed with each irradi- 
tion vial. The analytical precision and data reduction techniques 
are described by Barnes and Gorton (1984). 

Rb, St, Sm and Nd concentrations of certain samples were 
determined by standard isotope dilution techniques. Sr and Nd 
isotope ratios were measured at the Department of Terrestrial 

Magnetism, Carnegie Institution of Washington, using the methods 
of Hart (1985). All isotope ratio errors are quoted as 2 sigma 
of the mean and all are initial ratios. 

Petrography and geochemistry of Cindery Tuff glasses 

D a r k  b r o w n  basal t ic  glasses have a spherical,  g lobular  
shape and  angu la r  f ragments  of  these spheres are c o m m o n .  
The  mafic  glasses occur  as discrete shards mechanica l ly  
mixed with clear rhyoli t ic  glasses wi th in  the tephra  deposi t  
(Fig. 2 a). In  one  instance,  clear glass was observed to m a n -  
tle a basal t ic  glass sphere (Fig. 2b) ;  here, the contac t  be- 
tween the two glasses is very sharp.  Rare  phenocrys ts  o f  



Table 2. Instrumental neutron activation analyses for Cindery Tuff glasses and selected west-central Afar volcanic rocks" 

Sample No CT-R CT-B 76-104 76-138 75-135-1 m76-3 km76-5 76-38 76-41 76-61 
2 + ~  ~+_~r 1 2 3 4 5 6 7 8 
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Pct. 

FeOT 2.68+0.12 13.18+0.13 b 13.05 13.62 12.29 12.71 12.83 9.55 2.41 1.75 
NaaO 4.052-_0.16 2.28+0.17 b 2.70 2.47 2.64 3.38 3.81 3.94 5.22 5.31 

ppm 

Sc 2.8 0.2 34.0 0.5 37.21 40.12 38.79 34.4 27.5 23.8 0.92 0.74 
Cr 0 12 85 100 W W W 0.3 0 0 
Co 1.2 0.2 42.4 NA NA NA 54 NA 28.5 1.0 0 
Zn 117 16 164 41 112 137 155 181 143 124 149 187 
Ba 833 28 298 5 124 93 299 273 268 570 787 834 
Hf 14.6 0.5 11.9 1.0 3.2 3.3 8.1 8.1 7.6 10.9 14.0 15.7 
Ta 6.1 0.4 3.30 0.01 0.92 0.84 W W W 4.0 7.0 4.6 
Th 18.0 0.1 4.7 0.8 DL DL 3.1 4.6 4.3 8.0 15.6 15.3 
U 4.0 0.1 1.0 0.1 DL DL 0.9 1.2 1.3 1.5 3.4 2.6 
La 102 4 43.1 0.1 12.0 10.8 31.3 35.7 41.1 52.3 83.7 103 
Ce 207 10 93 2 29 25 71 88 79 114 177 206 
Nd 87 3 47 17 17 43 45 47 54 71 96 
Sm 20.2 0.8 12.3 0.3 4.77 4.69 10.77 11.05 11.40 14.40 19.11 18.87 
Eu 2.8 0.2 3.2 0.1 1.5 1.5 2.9 3.2 2.9 3.2 3.0 3.4 
Tb 3.0 0.1 1.8 0.1 1.0 0.9 1.8 1.6 1.6 2.2 3.0 3.4 
Yb 11.5 0.05 5.9 0.4 3.1 3.4 5.0 4.8 5.6 7.1 12.4 10.8 
Lu 1.77 0.05 0.95 0.06 0.56 0.56 0.72 0.7 0.88 1.2 1.89 1.39 
Rb c 101 23.54 3.96 5.29 13.8 24.6 24.9 54.3 99.9 73 
Sr ~ 79 270 236 200 270 285 283 234 63.6 61 

2 and ~ are mean and l~r standard deviations for n = 4, CT-R, rhyolite glass and n = 2, CT-B, basaltic glass 

a Walter 1980; Hart and Walter 1983 
b Fe and Na20 for basaltic glass differs from probe value because INAA are bulk analyses = glass + included minerals 

Rb, Sr by isotope dilution (ID) 

W These samples crushed in W-C mixed mill ; spurious Cr and Ta values 
NA Not analyzed 

I Porphyritic plagioclase-augite-olivine tholeiite from As Ale dome, Ida Ale 
2 Augite-Plagioclase cumulate from the Katoli area, Ida Ale 
3 Tholeiite (Afar series) from flood lavas surrounding Ida Ale (Mille) 
4 Tholeiite (Afar series) from the Meshelu area, Awash Group 
5 Tholeiite (Afar series) from Kadada Moumou, Hadar Formation (Walter and Aronson 1982) 
6 Basaltic andesite from Kada Warasisa dome, Ida Ale 
7 Rhyolite from Kada Warasisa dome, Ida Ale 
8 Rhyolite from As Ale dome, Ida Ale 

plagioclase, pale brown augite and magnet i te  are present  
in the basalt ic  glass, and they typically occur as g lomeropor-  
phyri t ic  clusters (Fig. 2a). 

Chemically,  the basal t ic  glasses are evolved tholeiitic 
ferrobasal ts  (Table 1), and they are composi t ional ly  akin 
to the Pliocene Afar  Series basal ts  and to the porphyr i t ic  
basalts  of  Ida  Ale (Table 2). There is no significant compo-  
sit ional var ia t ion within individual  basalt ic  glass spheres, 
a l though there is a relatively large intergrain variat ion.  The 
lat ter  might  be due to composi t ional  gradients  near  pheno-  
crysts, since the composi t ions  of  basalt ic  glasses a t tached 
to porphyr i t ic  clusters tend to be more  evolved than the 
average phenocryst-free variety (Table 1). 

The basalt ic  glasses are modera te ly  rich in the incompat-  
ible elements and they are enriched in the LREEs  compared  
to M O R B  (Table 2). F o r  example,  Rb/Sr  and (Ce/Yb)N 
ratios are approximate ly  11.0 and 5.3 times typical  N-  
M O R B  values (Hanson 1977). Chondr i te  normal ized REE 
diagrams (Fig. 3 a) show that  the basal t ic  glasses are L R E E -  
enriched (Ce /Yb- -16)  and that  they possess small negative 

Eu anomalies  (Eu/Eu* = 0.80). Sr and N d  isotope determi- 
nat ions yield 8VSr/S6Sr rat ios of  0.70387 and 143Nd/14~Nd 
ratios of  0.512881 (Table 3 and Fig. 4). 

Transparent  rhyoli t ic glass shards are the most  abun-  
dant  component  in the ash (Table 4). They occur as flat 
vesicle wall, vesicle junct ion  and elongate pumiceous shards 
(Fig. 2c). They are uniformly clear and  they contain no 
microlites. Plagioclase, green augite, magneti te ,  i lmenite 
and zircon are found as phenocrysts  and as clusters mant led 
by rhyolit ic glass of  the same composi t ion  as the free shards. 

Rhyol i te  shards are composi t ional ly  homogeneous  both  
within and between shards (Table 1). On the alkali-silica 
d iagram (cf. Hall  et al. 1984) they plot  at the silica-rich 
end of  the subalkaline t rend (Miyashiro  1978), and are clas- 
sified as subalkaline rhyolites (Irvine and Baragar  1971). 
These glasses are similar to the subalkaline rhyolites from 
Ida  Ale (Fig. 3, Table 2) and are distinct from the peralka-  
line rhyolites from elsewhere in the Afar  and in the Ethiopi-  
an Rift  (cf. Barberi  et al. 1971 ; Di  Paola  1972; Mohr  and 
W o o d  1976). 
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Fig. 2a-h. Petrographic features of the Cindery Tuff. a Whole-rock thin section in transmitted light showing: broken, scoriaceous 
basaltic glass sphere (B) (Table 1, CT-B); a porphyritic cluster of plagioclase (p); augite (a) and magnetite (m) in an evolved basaltic 
glass (Table 1, no 1); clear rhyolitic glass shards (R) comprise the matrix (Table 1, CT-R). Scale bar is 0.5 mm. b Edge of dark brown 
basaltic glass (B) mantled by clear rhyolitic glass (R). Scale is 500 gin. Whole-rock thin section in transmitted light, e Oil immersion 
mount of separated CT rhyolite glass shards showing three main morphological varieties: bubble-wall (bw), bubble-junction (y), and 
stretched pumice (sp). Scale is 0.5 ram. Transmitted light, d Homogeneous light brown andesite pumice (ap) fragment (Table 1, no 4) 
in whole rock polished thin section. Scale is 500 gin. Transmitted light, e Basaltic andesite melt inclusion (mi) (Table 1, no 2) in resorbed 
ilmenite. Scale is 0.1 mm. Polished grain mount in reflected light, f Same as e, but in transmitted light showing an evolved basaltic 
andesite glass rim (ba) (Table 1, no 3) on the ilmenite grain. This glass is optically and chemically intermediate between the dark 
brown basaltic glass (a) and the light brown andesitic pumice (d). g Altered titanomagnetite (rot) (Table 7, no 5) mantled by clear 
rhyolite glass. Note the corroded and mottled surface. Scale is 500 pm. Reflected light, h Induced fission tracks in a muscovite external 
detector showing the uniform U distribution in a CT zircon. Scale is 500 gm. Transmitted light 
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Fig. 3a, b. Chondrite-normalized REE patterns for CT glasses and Ida Ale lavas. Samples are normalized to Leedy chondrite values 
reduced by factor of 1.2 (Masuda et al. 1973). a CT rhyolite glasses (+)  show a 2-fold parallel enrichment over the basaltic glasses 
(*); both are LREE enriched and possess negative Eu anomalies, which is more pronounced in the rhyolite, b The Ida Ale lavas 
are also LREE enriched, and have patterns quite similar to CT. Rhyolite lavas (8) also show parallel enrichment over the ferrobasaltic 
lavas (3), and the basaltic andesites (6). Porphyritic, cumulate lavas (1) have shallower profiles, lower REE abundances and smaller 
Eu anomalies. Numbers refer to analyses in Table 2 

Table 3. Rb/Sr, incompatible element and isotope ratios 

CT-R CT-B 76-104 76-138 75-135-1 M76-3 KM76-5 76-38 76.41 76-61 

Rb/Sr 128 8.7 1.7 2.6 5. l 8.6 8.8 23.2 157 
K/Rb 327 342 1537 968 847 273 278 327 
K/Ba 39.7 27.0 24.8 31.2 14.2 21.0 25.3 36.6 
Sm/Nd 0.232 0.262 0.281 0.275 0.275 0.245 0.243 0.267 0.269 
U/Th 0.222 0.213 0.290 0.261 0.302 0.188 0.218 
Ta/Hf 0.418 0.277 0.289 0.255 0.367 0.500 
Ce/Yb 18.0 15.8 9.3 7.4 14.2 18.3 14.1 16.0 14.3 
La/Lu 57.6 45.4 21.4 19.3 43.5 51.0 47.0 43.5 44.3 

878r/86Sr 0.70373 a 0.70387 b 0.70350 0 .70361  0.70373 0.70367 0.70365 0.70379 0.70363 
2a 22 22 7 5 4 4 3 3 3 

143Nd/144Nd 0.512900 ~ 0.512881 b 0.512881 0.512893 
2o 8 86 22 17 

119 
400 

35.0 
0.197 
0.170 
0.293 

19.1 
74.1 

See Table 2 for identification of samples. Rb/Sr ratios times 100 

" Average of three CT-R runs: STSr/86Sr=0.70377(3), 0.70384(7) and 0.70359(5): l~3Nd/144Nd=0.512904(29), 0.512893(22) and 
0.512898(20) 
u Average of two CT-B runs: 8VSr/S6Sr=0,70377(3) and 0.70398(3): 143Nd/~44Nd=0.512924(29) and 0.512838(17). We feel that the 
second CT-B isotope data set, yielding high 87/86 and low 143/144 ratios, is spurious due to contamination of uncertain origin. The 
first data set is probably more reliable, for it yields ratios in better agreement with Ida Ale and west-central Afar rocks 

The rhyoli t ic glasses are enriched in the incompat ible  
elements and are depleted in the compat ib le  elements com- 
pared  to the basalt ic  glasses; they are depleted in Sr by 
a factor  of  3, Sc and Cr by factors of  about  10 and Co 
by 35 (Table 2). Al though the incompat ib le  elements are 
enriched in the rhyolit ic glasses, incompat ib le  element ratios 
are indist inguishable between the basal t ic  and rhyoli t ic 
glasses (Table 3). The chondr i te-normal ized REE pat te rn  
of  the rhyoli te glass is paral lel  to the basal t  glass pat tern,  
showing a 2-fold enrichment  similar to the Ida  Ale basal t-  
rhyolite pat terns  (Fig. 3). These glasses possess a modera te-  
ly strong negative Eu anomaly  (Eu/Eu* =0.45),  similar to 
the Ida  Ale rhyolite lavas. 

Triplicate Sr and Nd  isotopic analyses yield average 
87Sr/S6Sr rat ios of  0.70374 and 143Nd/144Nd ratios of  
0.512900 (Table 3 and Fig. 4). These values are equivalent 
to the basalt ic  glass values and to the Ida  Ale basal t -rhyoli te  
values, and likewise plot  near the intersection of  the 
Hawai ian,  Azores  and Kerguelen fields (Fig. 4). 

In addi t ion to the dominan t  basalt ic and rhyolit ic 
glasses there are rare occurrences of  intermediate  glasses 
(Table 1), including andesitic and dacitic composi t ions  that  
have not  been observed as lavas at Ida  Ale or  elsewhere 
in the west-central  Afar.  All  but  one of  the analyzed inter- 
mediates are vitreous melt inclusions in, or glass mantles 
on, CT phenocrysts.  The exception is a large pumiceous,  
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Fig. 4. Sr and Nd isotope results for Cindery Tuff Basaltic (CT-B) 
and rhyolitic (CT-R) glasses (m) compared to results for the Ida 
Ale mafic and felsic lavas (o) (Table 2). The circumscribed fields 
are from White and Hoffman 1982, except Iceland, which is from 
O'Nions et al. 1977 

8 

4 

andesitic glass shard (Fig. 2d, no. 4 in Table 1). It is diffi- 
cult to assess the relative volume of these intermediates, 
but modally they are no greater than trace constituents 
of the ash. Figure 5 shows the major element variations 
of  these intermediate glasses, plotted against total iron, 
along with the average CT basaltic and rhyolitic glass com- 
positions. Overall, this suite exhibits smooth geochemical 
transitions from glass to glass, including enrichments in 
SiO2 and K20  that coincide with depletions in TiO2, FeOx, 
MgO, and CaO. Na20  values for the intermediates are 
somewhat spurious (Fig. 5 b), perhaps indicating analytical 
problems. The majority of  element variations, however, are 
dispersed in smooth, distinctly non-linear trends. The 
M g O - F e O x  plot (Fig. 5 e) demonstrates this point well. 

An intriguing observation is the occurrence of melt in- 

clusions in CT phenocrysts that, in turn, are mantled by 
more evolved glass compositons. For example, the most 
mafic melt inclusion, a basaltic andesite glass, occurs in 
an ilmenite grain that is mantled by an andesite glass rim 
(Fig. 5, line b; Fig. 2 e and f; and Table 1, analyses 2 and 
3). Another similar trend is seen in a rhyodacite melt inclu- 
sion in a green ferroaugite that is mantled by a more evolved 
rhyodacite glass (Fig. 5, line c; Table 1, analyses 8 and 9). 

P e t r o g r a p h y  and g e o c h e m i s t r y  o f  the phenocrys t s  

Rhyolitic feldspars span a broad compositional range, from 
An18 to An48 (Fig. 6 and Table 5). All feldspars within 
this range possess glass rims that are compositionally simi- 
lar to CT rhyolite glass, and hence, are co-genetic with 
the glass. Overall, the rhyolitic feldspars plot along a linear 
trend (Fig. 6a). They are generally not zoned, but occasion- 
ally show both normal and reverse zoning patterns 
(Fig. 6b). The zoned grains also possess rhyolite glass rims, 
and their zonations span from An19 to An36. These albitic 
feldspars are the most abundant mineral component (Ta- 
ble 4) and they are typically euhedral to subhedral, usually 
attached to rhyolite glass. 

Rare, round grains are present, also with attached rhyo- 
lite glass, that are compositionally identical to the euhedral 
grains. Similar features are noted for the CT rhyolitic py- 
roxenes and Fe-Ti oxides, which have round varieties that 
are compositionally akin to euhedral grains. This was not 
found to occur in the basaltic mineral assemblage. How- 
ever, similar round mineral textures are found in the Askja 
mixed-magma tephra (Sigurdsson and Sparks 1981). 

Anorthitic plagioclase is the most abundant mineral in 
the basaltic glass (Table 5). They are typically subhedral 
and unzoned, although one normally zoned grain was de- 
tected (Fig. 6 b). 

All the observed pyroxene grains analyzed, but one, are 
augitic clinopyroxenes (Fig. 7a). The exception is an ortho- 
pyroxene grain (Table 6, no. 9) that is mantled by andesitic 
glass. This grain has an euhedral habit, but its core is highly 

Table 4. Modal abundances in Cindery Tuff 

Component Counts Vol % total rock Wt% a Felsic Wt% a Mafic Size range (mm) 

A. Rhyolite glass 546 41.1 87.3 < 0.10--0.50 
Na-plagioclase 38 2.9 7.1 0.13-1.t 1 
Fe-augite 8 0.6 1.7 0.41-0.93 
Fe-Ti oxide 11 0.8 3.8 0.05-0.23 
Zircon 0 Trace Trace 0.05-0.35 

B. Basaltic glass 322 24.2 (> 55) b > 51 b 0.05--1.40 
Ca-plagioclase 0 Trace (25) 23 0.20-0.45 
Mg-augite 0 Trace (15) 17 0.30-0.50 
Fe-Ti oxide 0 Trace (5) 9 0.05-0.20 

C. Rhyolite lithic 2 0.2 0.45-0.98 
Basalt lithic 4 0.3 0.12-0.44 
Rhyolite pumice 127 9.6 0.10-2.41 
GroundmassC 270 20.3 <0.03 

Total 1328 100.0 

a Conversion to wt. % made by multiplying vol.% by specific gravity (estimated) for each component 
b Abundances within single basalt glass sphere (~ 1.0 mm diameter). Volume estimates by image analysis; glass volume is minimum 
value 
~ Groundmass is very fine grained (<0.03 ram) rhyolite glass 
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Fig. 5a-g. Variation diagrams plotting the 
major elements against total FeO. Symbols 
refer to average Cindery Tuff basaltic 
(CT-B) and rhyolitic (CT-R) glasses (i), and 
intermediate glass compositions (o) 
(Table 1). Solid line joining CT-B and CT-R 
is a simple mixing trend. Arrows depict 
compositional trends for: a basaltic glass to 
evolved porphyritic basaltic glass (Table 1, 
CT-B to no 1); b melt inclusion to glass 
mantle on ilmenite grain (Table 1, nos 2 and 
3); c melt inclusion to glass mantle on 
ferroaugite grain (Table 1, nos 8 and 9) 
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Fig. 6. Ternary feldspar diagrams showing the compositions of: 
A Cindery Tuff feldspars with rhyolite glass (o) and basalt glass 
(t) mantles; B zonation in these feldspars; and C a histogram 
of An contents showing a broad bi-modality of feldspar composi- 
tions 

resorbed, being clearly unstable in the glass. This grain 
might be xenocrystic, but if primary, it could represent one 
boundary of the stability limit of the two-pyroxene field. 
Its andesite glass mantle (Table 1, no. 5) is compositionally 
congruent with the trend of intermediate glass compositions 
shown in Fig. 5, indicating that the included orthopyroxene 
was probably a crystallizing phase during the evolution of 
the CT glass suite. Orthopyroxene is not found in the CT 
basaltic glasses, however, but it does occur in the porphy- 
ritic basaltic lavas at Ida Ale. 

Clinopyroxenes in rhyolitic glass range in composition 
from ferroaugite to ferrohedenbergite, from Mg3a to Mgo.8 
(Fig. 7 a, Table 6), a variation equal in magnitude to the 
range of rhyolitic feldspar compositions. One normally 
zoned grain was found (Fig. 7), but no reversed zoning was 
observed. 

The clinopyroxenes in basaltic glass are pale brown au- 
gites, richer in MgO and TiO2, poorer in FeOx and overall, 
compositionally more restricted than the rhyolitic clinopy- 
roxenes (Table 6). They comprise a narrow range on the 
pyroxene quadrilateral (Fig. 7a), although the variations 
in the content of TiO2 are significant (Fig. 7b). In one ba- 
saltic glass fragment, for example, which is compositionally 
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Table  5. Microprobe analyses of selected Cindery Tuff feldspars 

Pct. 1 2 3 4 5 6 7 8 

SiO2 64.71 56.73 61.47 60.63 56.73 51.48 48.83 53.03 
Al~O3 21.39 27.21 24.22 24.93 24.97 28.51 27.73 29.10 
FeOT 0.16 0.31 0.31 0.31 1.63 0.70 0.93 0.72 
CaO 3.62 10.29 7.00 7.69 10.92 14.66 11.83 13.64 
Na20 8.65 6.15 6.98 6.20 4.89 3.19 3.87 3.06 
K20 1.08 0.16 0.47 0.40 0.44 0 0.15 0.16 

Total 99.61 100.85 100.45 100.16 99.58 98.54 99.35 99.71 

Molecular % 

Or 6.2 1.0 2.8 2.5 2.9 0 0.9 0.9 
Ab 76.2 51.5 62.6 57.9 43.6 28.3 36.9 28.7 
An 17.6 47.5 34.6 39.6 53.5 71.7 62.2 70.4 

Cations based on 8 oxygens 

Si 2.817 2.536 2.722 2.692 2.583 2.383 2.491 2.413 
A1 1.119 1.434 1.265 1.305 1.340 1.557 1.486 1.561 
Fe 0.006 0.012 0.011 0.011 0.062 0.027 0.035 0.027 
Ca 0.172 0.493 0.332 0.366 0.533 0.728 0.576 0.665 
Na 0.747 0.535 0.602 0.536 0.434 0.288 0.342 0.271 
K 0.061 0.010 0.027 0.023 0.029 0.008 0.009 

Total 4.970 5.020 4.955 4.933 4.981 4.983 4.938 4.946 

1-4 Rhyolitic feldspars, 1 and 2 encompass the range, 3 and 4 are examples of median 
5~8 Basaltic feldspars, 5 and 6 range, 7 and 8 = median 

All data are individual, core analyses 
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Fig. 7 a. The pyroxene quadrilateral for augites mantled by basaltic 
(0) and rhyolitic (o) glass. Grains not mantled by glass are shown 
(~). A single orthopyroxene (A) was observed to have a dacitic 
glass mantle (Table 1, no 5) Arrow shows compositional zoning. 
b Titanium versus iron co-variation in CT clinopyroxenes. Symbols 
as a. Note the basaltic augites show monotonic Ti enrichment, 
coinciding with Mg depletion, at constant Fe. The rhyolitic ferroau- 
gites show monotonic enrichment in Fe, and Mg depletion, at 
roughly constant Ti. Arrow shows compositional zoning 

similar to the mean basalt ic  glass composi t ion (Table 1), 
the core composi t ions  of  two unzoned cl inopyroxene grains 
are En44 and En3v, while TiO2 contents are 0.95 and 2.09, 
respectively. 

I lmenite and t i t ianomagnet i te  comprise about  / %  of  
the rhyoli t ic mode,  but  only t i tanomagnet i te  occurs in the 
basalt ic  glass (Table 4). Stoichiometric Fe203 values and 
calculated mole  fractions o f  i lmenite (RH) and ulvospinel 
(SP) are given in Table 7. 

Many  of  the rhyoli t ic t i tanomagnet i tes  are visibly al- 
tered. They are severely veined and their polished surfaces 
are crazed and mott led (Fig. 2g). Such grains always yield 
low element sums (Table 7) and contain substant ial ly more  
Si02 and TiO2, and less FeOr ,  than unal tered grains. These 
da ta  suggest that  some o f  the rhyolit ic t i tanomagnet i tes  
have undergone low temperature  oxidat ion to t i tanomaghe-  
mite (Readman and O'Rei l ly  1971) similar to that  described 
by Ak imoto  et al. (/984). Ti tanomagnet i t ies  associated with 
andesitic glasses are similarly altered, whereas basalt ic va- 
rieties are all fresh. 

Zircon is only associated with the rhyoli t ic glass. It is 
usually euhedral  and occurs as free phenocrysts,  often man-  
tled by rhyoli t ic glass, and as inclusions, together  with the 
Fe-Ti  oxides, in sodic plagioclase and ferroaugite.  External  
detector  fission t rack studies show that  CT zircons are usu- 
ally not  zoned with respect to U (Fig. 2 h), with intergrain 
U concentrat ions ranging from 150 to 350 ppm. Glass melt 
inclusions and glass mantles on these zircons are composi-  
t ionally similar to CT rhyolite glass values. 

M i n e r a l  g e o t h e r m o m e t r y  

Crystallization temperatures have been estimated using coexisting 
Fe-Ti oxides (Lindsley and Spencer 1982) and coexisting plagio- 
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Pct. 1 2 3 4 5 6 7 8 9 
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SiOz 51.58 47.18 49.16 50.44 47.96 51.26 50.87 49.40 51.92 
AlzO3 1.12 0.80 0.86 1.24 5.32 2.50 2.62 3.69 0.56 
Cr20 3 0 0 0 0 0 0 0.40 0 0 
FeOT 15.67 30.74 22.78 21.05 12.28 11.98 12.01 13.10 24.51 
TiO 2 0.44 0.51 0.54 0.53 2.62 1.07 1.27 2.09 0.30 
MnO 0.53 0.99 0.57 0.99 0.18 0.16 0.23 0.24 0.59 
MgO 11.61 0.25 7,27 8.85 13.30 15.43 15.56 12.38 20.28 
CaO 19.67 20.14 18.99 17.81 19.18 17.33 17.30 18.00 0.204 
Na20 0 0 0 0 0 0.77 0.41 0 0 

Total 100.62 100.61 100.17 100.91 100.84 100.05 100.67 99.80 100.20 

FezO3 a 0.04 1.25 1.53 1.16 3.52 2.31 2.80 
FeO ~ 15.60 29.62 21.40 21.05 11.24 8.81 9.93 13.10 13.10 

Quadrilateral components (atomic %) 

Mg 33.3 0.8 21.4 26.0 39.0 44.5 44.6 37.0 55.7 
Ca 40.6 44.5 40.1 37.6 40.4 35,9 35.7 40.6 4.0 
Fe 26.1 54.7 38.5 36.4 20.5 19,6 19.7 22.4 40.3 

Cations based upon 6 oxygens 

Si 1.962 1.945 1,941 1.958 1.793 1.894 1.884 1.872 1.940 
A1 0.050 0.039 0.040 0.057 0,234 0.109 0.114 0,165 0.025 
Cr 0.012 
Fe +a 0.001 0.039 0.045 0.033 0.098 0.064 0.079 
Fe +2 0.497 0.021 0.707 0.683 0.351 0.272 0.308 0.415 0,718 
Ti 0.013 0.016 0.016 0.015 0.074 0.027 0.035 0.060 0,008 
Mn 0.017 0.035 0.019 0.033 0.006 0.005 0.007 0.008 0,019 
Mg 0.658 0.015 0.428 0.512 0,741 0.850 0.859 0.699 1,130 
Ca 0.802 0.890 0.804 0.741 0.768 0,686 0.687 0.767 0.082 
Na 0.055 0,029 

Total 4.000 4.000 4.000 3.999 4.000 4.000 4,000 3.986 4.000 

a Calculated on basis of stoichiometry 

1-4 Rhyolitic pyroxenes, 1 and 2 encompass the range, 3 and 4 are examples of median compositions 
5-8 Basaltic pyroxenes, 5 and 6=  range, 7 and 8 =median 
90rthopyroxene,  with andesite glass mantle (no. 5, Table 1) 

All data are individual, core analyses 

clase-glass (Kudo and Weill 1970; Drake 1976). Fe-Ti oxide equili- 
bration temperatures are estimated only for the rhyolitic melt since 
ilmenite was not found in the basaltic glass and because all titano- 
magnetites in the intermediate glasses were too altered. For this 
study we chose rhyolitic ilmenite and unaltered titanomagnetite 
from the same glass shard or that occurred together as inclusions 
in the same mineral grain (Table 7). The most reliable equilibration 
parameters for CT rhyolites (740 ~ C and 10 is atm.) derive from 
coexisting Fe-Ti oxide inclusions in the same unzoned ferroheden- 
bergite, which is mantled by rhyolitic glass (Table 7, no. 1). On 
a fO2 - T ~ C diagram these data plot near, but on the low fO2 
side, of the QFM buffer. Large errors for these equilibration pa- 
rameters occur in the vicinity of QFM because the two isopleth 
curves intersect at a very low angle (Stormer 1983). 

Plagioelase temperatures were calculated using euhedral to sub- 
hedral glass-mantled phenocrysts (Table 8). Temperature estimates 
for plagioclase rim-rhyolite glass compositions range from 797 to 
843~ using the regression for hydrous melts (Kudo and Weill 
1970). These temperatures are similar to the rhyolitic Fe-Ti oxide 
temperature estimates. The rim of a normally zoned plagioclase 
and the core of a plagioclase microphenocryst, both in the same 
basaltic glass fragment (Table 8, 53 % SiOz), yield temperature esti- 
mates of 1132 and 1100 ~ C, using Drake's (1976) regression for 

dry melts. In addition, two plagioclase grains in basaltic-andesite 
glass fragments (Table 8, 56 and 59% SiO2) have estimated plagio- 
clase rim temperatures of 1057 and 1105 ~ C respectively. 

In sum, the average temperature and one sigma standard devia- 
tion values for the plagioclase rim-glass pairs are: (1) 820 + 23 ~ C 
(hydrous) for the rhyolite melt, (2) 1081 __ 24 ~ C (dry) for the basal- 
tic andesites, and (3) 1116_+ 16 ~ C (dry) for the basalts. These data 
are internally consistent and concordant with the available Fe-Ti 
oxide results. 

Petrogenetic models for the Cindery Tuff 

The  in t imate  mix tu re  o f  basal t ic  and  rhyol i t ic  glasses sug- 
gests tha t  b o t h  m a g m a s  e rup ted  s imul taneous ly  and  tha t  
they were  t ho rough ly  mixed  in the ash co lumn,  i f  no t  in 
the m a g m a  c h a m b e r  itself. Ev idence  for  the la t te r  is shown 
by the  presence o f  rhyol i t ic  glass on  the r im o f  a basal t ic  
glass g lobule  (Fig. 2b).  Clearly,  some p o r t i o n  o f  the basal t ic  
m a g m a  mixed  wi th  the rhyol i t ic  m a g m a  before  e rupt ion .  
It  is l ikely tha t  the  ho t t e r  basal t ic  mel t  was quenched  on 
con tac t  wi th  the cooler  rhyol i t ic  melt ,  for  the g lobu la r  shape 
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Table 7. Microprobe analyses of selected Cindery Tuff Fe-Ti oxides 

Pct. 1 SP 1 RH 2 SP 2 RH 3 SP 4 RH 5 SP 

SiO2 0.49 0.36 0.83 0.34 0.38 0.35 1.31 
TiO2 23.30 50.17 23.71 51.54 19.79 50.08 27.74 
A1203 1.13 0.38 2.06 0 2.76 0.27 1.12 
V203 0 0 0 0 0.59 0 0 
FeO 70.56 47.97 67.45 46.74 69.72 45.82 63.56 
MnO 0.67 0.75 0.62 1.20 0.24 0.50 0.78 
MgO 0 0 0.62 0.91 4.02 2.28 0 
ZnO 0.45 0 0 0 0 0 0 

Total 96.60 99.63 95.29 100.64 96.50 99.30 94.51 

FezO3 20.57 3.53 17.12 3.23 27.71 5.49 7.81 
FeO 52.05 44.79 52.05 43.84 43.79 40.88 56.53 

Total 98.66 99.98 97.01 100.96 99.28 99.85 95.29 

Cations per formula unit (SP = 3, RH = 2) 

Si 0.018 0.009 0.031 0.008 
Ti 0.663 0.952 0.678 0.961 
A1 0.050 0.01 t 0.092 
V 
Fe + 3 0.586 0.067 0.489 0.060 
Fe + 2 1.648 0.945 1.654 0.911 
Mn 0.021 0.016 0.020 0.025 
Mg 0.035 0.034 
Zn 0.013 

,gulp 0.690 0.732 
Znm 0.966 0.969 

T ~ C 737 ___ 119 (950) 740 + 135 (925) 
logfO2 -17.81+1.50 (-12.4)  -17.95_1.66 (-13.1)  

0.014 0.009 
0.540 0.936 
0.118 0.008 
0.172 
O.757 0.103 
1.329 O.850 
0.007 0.011 
0.217 0.084 

0.586 
0.948 

0.051 
0.810 
0.051 

0.228 
1.835 
0.026 

0.875 

Notes: Cr and Ni were also analyzed for but were not detected 
Fe203 calculated on the basis of stoichiometry 

Zvsp, Z~,,, T~ C and log f O  2 calculated after Lindsley and Spencer (1982) from program written by Stormer (1983). Values in brackets 
read from curves of Buddington and Lindsley (1964). Errors for T ~ C and fO2 are two sigma values 

1 SP, RH are inclusions in the same unzoned ferrohedenbergite grain, which is mantled by rhyolite glass 
2 SP, RH are inclusions in same zoned ferroaugite grain (Fig. 9) which also contains a rhyolite glass melt inclusion 
3 titanomagnetite from basaltic glass 
4 ilmenite from andesite glass 
5 altered titanomagnetite from rhyolite glass 

of  CT basalt ic  glasses is characterist ic of  mafic magmas  
quenched by felsic magmas  (Eichelberger 1980). I t  is not  
clear, however, if  large volumes of  basalt ic  and rhyoli t ic 
magmas  interacted in this way. 

The sharp contact  between basalt ic  and rhyoli t ic glass 
(Fig. 2 b) indicates that  there is no composi t ional  gradient  
between them and microprobe  studies show that  there are 
no composi t ional  gradients  within individual  basalt ic  and 
rhyoli t ic glass shards. This demonstra tes  that  no chemical 
exchange took  place between the basalt ic  globules and the 
rhyolit ic melt  as they commingled.  These observat ions agree 
with experimental  results showing that  viscosity (Hupper t  
et al. 1983) and density contrasts  (McBirney 1980) between 
two liquids inhibit  composi t ional  exchange. 

The basalt ic and rhyolit ic magmas  did not  form by un- 
mixing, for this is demons t ra ted  by the contras t ing composi-  
t ions and equil ibrat ion temperatures  of  the basalt ic  and 
rhyoli t ic phenocryst  phases. Fur thermore ,  if  unmixing oc- 
curred,  the highly charged cations, such as the REEs,  would 

be par t i t ioned into the depolymerized mafic melt  (Ryerson 
and Hess 1978), which is not  the case for the CT basalt ic 
glasses (Fig. 3). Fur thermore ,  no extremely Fe-enriched 
mafic glasses have been found in CT, which would be ex- 
pected had unmixing occurred (Philpotts 1979, 1982). 

1. Major element modelling 

The major  element variat ions of  the CT intermediate  glasses 
do not  suggest format ion  by hybr id  mixing of  the basalt ic 
and rhyolit ic end members.  A hybrid origin is not  suppor ted  
by simple mixing calculations or  by the non-l inear  a r ray  
o f  these elements (Fig. 5). Figure 8 a shows a well-defined 
curving trend for MgO plot ted against  FeOv, and Fig. 8b 
shows the curving Fe-deplet ion trend in the A F M  field. 
In these diagrams,  CT glass composi t ions  are compared  
to the trends for the Ida  Ale (Walter  1980) and Er ta  Ale  
(Barberi et al. 1971) series, both  of  which show initial Fe- 
enrichment and subsequent Fe-deple t ion that  characterize 



Table 8. Coexisting Plagioclase-glass goethermometry 

Lab No xAn SiO2 A1203 CaO N a 2 0  K20 TDry a Tl.o Kb b TDrake e 
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5-84-54 0.712(c) 52.52 12.47 9.21 2.07 0.80 1 180 1 105 1 177 
0.602(r) 1 125 1054 1 132 
0.514(micro) 1086 1011 1 100 

2-84-16 0.620(c) 56.11 13.12 8.08 0.86 1.23 1024 958 1064 
0.640(r) 1016 950 1057 

5-84-17 0.694(c) 59.07 13.83 6.39 1.56 1.70 1068 990 1090 
0.732(r) 1079 1018 1 105 

83-9-11 0.322(c) 75.62 12.77 1.04 4.12 3.93 946 875 1017 

5-84-46 0.291(c) 76.38 11.90 1.02 3.70 4.11 884 789 965 
0.299(r) 893 797 970 

83-9-17 0.188(c) 78.00 12.21 0.54 2.84 4.07 817 713 926 
0.289(0 938 843 1001 

zAn mole fractional An content of coexisting plagioclase 
Element oxides = wt% for coexisting glass 

a Temperature (~ calculated using anhydrous melt solution (Kudo and Weill 1970) 
b Temperature (~ calculated using solution for melt containing 1.0 Kb water pressure (ibid) 
r Anhydrous melt, calculated according to Drake 1976 
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Fig. 8a. Iron enrichment and depletion trends in the MgO versus total FeO field for the Erta Ale lava series (v) (Barberi et al. 1971) 
and the Ida Ale series (o) (Walter 1980). These rocks coincide with the Fe-depletion trend observed for CT glasses. The mixing line 
shows that the intermediate glasses (o) cannot be hybrids of CT-R and CT-B. Arrows as in Fig. 5. b AFM diagram showing the 
similarity between the Erta Ale, Ida Ale and CT Fe-depletion trends. Symbols as in Fig. 8 a 

crystal f ract ionat ion in tholeiitic and t ransi t ional  magmas  
(Carmichael  1964; Barberi  et al. 1971; W o o d  1978). Such 
trends cannot  result f rom the hybr id  mixing of  two end- 
member  components  (Bell 1983). 

Though small in volume, the presence of  intermediate  
glasses in CT is significant, for their origin cannot  be ex- 
plained by contamina t ion  or  by hybr id  mixing. The fact 
that  they occur as melt  inclusions in minerals,  and that  
in every case the glass inclusion is composi t ional ly  more  
primitive than the glass mant le  on the same mineral  grain, 
is placing an impor tan t  const ra int  on the way these interme- 

diate melts evolved. A linear regression mixing p rogram 
was used to calculate whether the intermediate  and rhyolite 
glasses could be produced from the basalt ic  glass by frac- 
t ionat ion  of  the observed mineral  phases (PE T MIX III,  
Taylor  et al. 1973), and the results are listed in Table 9. 
All  parent  and residual (ie. evolved) melt composi t ions  and 
all mineral  composi t ions  used in the model  are from micro- 
probe  analyses of  CT phases. Computa t ions  were carried 
out in four incremental  steps. The minerals  selected con- 
tained either glass mantles or glass inclusions 'with composi-  
tions similar to the parent  or residual melt  in question. 
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The results were calculated with Na20 and MnO weighted 
0.001 times the other elements to account for the known 
variability of Na~O (Fig. 5b) and because MnO concentra- 
tions are low and poorly determined in the evolved melts 
(Table 1). 

Given the uncertainties in choosing appropriate parent, 
residual and mineral compositions the difference between 
calculated and observed parent compositions is small and 
rarely exceeds 3% (Table 9). Furthermore, these results 
meet the constraint that the calculated mineral modes are 
consistent with the observed basaltic and rhyolitic mineral 
abundances (Table 4). For example, this model indicates 
that the CT rhyolite is similar to the liquid remaining after 
roughly 80% crystallization of a liquid similar to the CT 
basalt. Fifty percent crystallization of plagioclase, clinopy- 
roxene and magnetite in roughly 3 : 3 : 1 proportions, drives 
the liquid from 52% to 60% SiOz (Steps I and 2, Table 9). 
In contrast, the more evolved melts are produced in a rela- 
tively restricted crystallization interval in which 25% crys- 
tallization of the parent basaltic andesite of 60% SiO2 yields 
a dacite liquid of 70% SiO2 (Step 3, Table 9). In this interval 
plagioclase and clinopyroxene crystallize in a 3 : 1 ratio, and 
the Fe-Ti oxides comprise nearly 10 wt.% of the calculated 
mode. The final step shows a dacitic liquid of 70% SiO2 
evolving to a rhyolite liquid of 76% SiO2 with 20% liquid 
remaining. In this interval plagioclase and clinopyroxene 
again crystallize in a 3:1 ratio, but the Fe-Ti oxides are 
less than 4 wt% of the mode; note that this is similar 
to the observed CT felsic mode shown in Table 4. The pres- 
ence of relatively large amounts of Fe-Ti oxides in the inter- 
mediate liquidus assemblage helps to drive the residual 
liquids to greater silica enrichment than would otherwise 
be expected for such a limited crystallization interval. Wood 
(1978) observed a similar occurrence for an Icelandic basalt- 
rhyolite sequence. 

In the CT glass suite the progressive depletion of MgO, 
FeO~, TiO2 and CaO with increasing SiO2 and K20 is 
consistent with crystallization of the observed liquidus min- 
erals. Calcic plagioclase and Mg-augite dominate the early 
crystallization sequence, resulting in early depletions of 
CaO and MgO observed in Fig. 5e and 5f. FeO and TiO2 
are depleted in the intermediate and late stages as the Fe-Ti 
oxides come on to the liquidus, and as the clinopyroxenes 
take up more iron (Fig. 5g). The K20-FeO trend is a 
straight line because K20 is incompatible and FeO is highly 
compatible with the crystallizing phases. These data suggest 
that the compositional pattern of primitive melt inclusions 
associated with more evolved glass mantles is a consequence 
of crystal fractionation. 

2. Trace element modelling 

Batch melting and Rayleigh fractionation calculations (A1- 
lergre and Minster 1978) were used to test the pattern of 
trace element behavior in the CT basaltic and rhyolitic 
glasses, and in other west-central Afar volcanics. Unfortu- 
nately, due to their rarity, there are no trace element data 
for the CT intermediate glasses. The inherent limitations 
of these calculations are in the choice of: (1) the proportion 
of fractionating minerals; (2) mineral/melt distribution co- 
efficients and (3) compositions of initial liquids (for the 
fractionation, FC, calculations) or parent rocks (for partial 
melting, PM). To minimize these uncertainties the following 
procedures were adopted: (1) we chose D values of zero 

for Rb and Sr in magnetite, and well-determined D values 
for these elements in plagioclase and clinopyroxene; (2) dis- 
tribution coefficients were selected from rock compositions 
that are similar to the modelled Afar compositions (Phil- 
potts and Schnetzler 1970) and from measured trace ele- 
ment abundances in CT glass-mineral pairs; (3) two-stage 
FC and PM processes were modelled to account for the 
observed change in modal abundance ratios of plagioclase 
and clinopyroxene; (4) the CT basaltic glass composition 
was used as the starting composition in the FC model and 
(5) various west-central Afar lavas were tested as appro- 
priate parents for the PM model; the lavas tested include 
primitive Mg-basalts, ferrobasalts, basaltic andesites and 
rhyolites. 

We first selected Sr and Rb as appropriate compatible 
and incompatible trace elements to model because of their 
contrasting D values (Table 10) and because they are the 
most precisely measured trace elements, having been deter- 
mined by isotope dilution (Table 2). 

For the Stage 1 PM model, where plagioclase and clino- 
pyroxene remain in the residue in a 1:1 ratio and with 
the distribution coefficients as listed in Table 10, the results 
show that none of the Afar lavas is appropriate as a parent 
rock composition for the CT rhyolite. For example, any 
partial melt derived from a basaltic parent would have ini- 
tial Sr concentrations 4 to 5 times that observed in the 
CT rhyolite (Fig. 9, Stage 1 PM). Melting of an Ida Ale 
rhyolite, by either a Stage I or Stage 2 process results in 
Rb concentrations 2 to 3 times CT rhyolite. To produce 
a low Sr, high Rb partial melt an evolved basaltic andesite 
must be melted (Stage 2, Fig. 10), which requires (1) the 
residue to have large D values for Sr, (2) a mechanism 
to produce an evolved basalt, (3) large Sr distribution coef- 
ficients, perhaps excessive for basaltic plagioclase and (4) 
large volumes of plagioclase to remain in the solid residue. 
Even with these constraints the calculated Rb and Sr con- 
centrations for a 20% Stage 2 PM of a basaltic andesite 
results in calculated Rb and Sr concentrations 2 times 
greater than CT rhyolite glass (Fig. 9, Stage 2 PM). 

For the fractional crystallization model a continuous 
2-stage calculation was considered where the relative pro- 
portion of the fractionating minerals was changed in accor- 
dance with observed abundances. Such a 2-stage FC scheme 
is warranted, and required, because of the observed domi- 
nance of plagioclase over clinopyroxene in the mode of 
the CT rhyolite glass, which significantly increases the bulk 
distribution coefficient for Sr. For the Stage 1 scheme, 
where the feldspar to pyroxene ratio is unity, Sr and Rb 
are co-enriched in the residual liquid (Fig. 9, Stage 1 FC). 
The Stage 2 calculation, which begins at a 50% stage 1 
melt and which uses a feldspar/pyroxene ratio of 5.6 (Ta- 
ble 10), results in Rb and Sr concentrations very similar 
to CT rhyolite (Fig. 9, Stage 2 FC). This coincidence occurs 
after 80% crystallization of the modelled CT basalt compo- 
sition, a value similar to that predicted by the major element 
calculations (Table 9). 

The basaltic and rhyolitic lavas from Ida Ale are also 
plotted on Fig. 9 (open circles), and they are of special 
interest. The basalts show an initial Sr and Rb co-enrich- 
ment similar to the trend predicted by the stage 1 FC 
scheme. A basaltic andesite lava plots near the bend mark- 
ing the initial stage 2 process, indicating that the feldspar/ 
pyroxene ratio increased, or at least that the crystal/liquid 
partition coefficient increased to a level that Sr is preferen- 



Table 9. Solutions to PETMIX least squares mixing calculations 

Residual Plag Cpx Mt  Ilm Opx Parent Calc % Diff 

475 

Step 1 

SiO2 56.11 54.83 50.87 0.38 52.23 53.61 2.6 
TiO2 3.34 1.27 19.79 3.45 3.47 0.5 
AlzO3 13.12 27.73 2.62 2.76 13.56 13.24 --2.3 
FeO 13.57 0.93 12.01 68.72 14.43 14.39 - 0 . 3  
MnO a 0.22 0.23 0.24 0.21 0.20 --4.4 
MgO 3.49 15.56 4.02 4.41 4.34 - 1.5 
CaO 8.08 11.83 17.30 8.93 9.08 1.6 
NazO a 0.86 3.87 0.40 1.81 1.09 - 39.8 
K20  1.23 0.15 0.97 0.96 - 0 . 9  

Total 100.00 99.34 100.26 95.91 100.00 100.38 

Results 76.92% 10.06% 9.65% 3.93% 100.57% 
f 0.7692 

Step 2 

SiOz 60.26 56.73 47.38 0.38 56.11 56.83 
TiO2 2.84 2.09 19.79 3.34 3.26 
A1203 13.85 24.97 4.58 2.76 13.12 13.29 
FeO 11.97 1.63 12.77 68.72 13.57 13.91 
MnO a 0.23 0.26 0.24 0.20 0.21 
MgO 1.52 13.76 4.02 3.49 3.53 
CaO 4.98 10.92 18.26 8.08 7.85 
N a 2 0 "  3.18 4.98 0.86 2.83 
K20  1.67 0.44 1.23 1.21 

1,3 
- 2 , 4  

1,3 
2,5 

- 2 . 6  
1.0 

- 2 . 8  
229.5 
- 1 . 2  

Total 100.00 99.67 99.10 95.91 100.00 102.93 

Results 69.43% 12.55% 16.56% 4.77% 103.31% 
f 0.5340 

Step 3 

8i02 70.00 62.30 50.44 1.71 0.35 51.92 60.26 57.28 - 4 . 9  
TiO/ 0.47 0.53 22.84 50.08 0.30 2.84 2.84 0.0 
AlzO3 13.01 22.73 1.24 1.89 0.27 0.56 12.35 12.60 2.0 
FeO 5.61 0.31 21.05 71.07 45.82 24.51 11.97 11.97 0.0 
MnO a 0.61 0.99 0.68 0.50 0.59 0.23 0.26 12.2 
MgO 8.55 2.28 20.28 1.53 1.53 0.3 
CaO 2.58 7.10 17.81 2.04 4.98 5.01 0.6 
N a / O "  4.95 7.08 4.18 4.27 2.1 
K20  3.24 0.48 1.67 1.70 1.7 

Total 100.00 100.00 100.61 98.19 99.30 100.20 100.00 97.46 

Results 48.51% 26.36% 10.25% 7.82% 1.52% 3.07% 97.54% 
f 0.2591 

a MnO and N a 2 0  are weighted 0.001 less than other oxides 

f is residual as fraction of parent 

Step 1 plag, cpx and mt coexist in residual glass 
Step 2 plag is micro phenocryst in parent glass 
Step 3 parent glass is inclusion in ilm, residual glass is similar to glass mantle on Opx 
Step 4 residual glass, mt and ilm are inclusions in cpx 
Data  for plagioclase (Plag), clinopyroxene (Cpx), magnetite (Mt), ilmenite (Ilm) and orthopyroxene (Opx) 

PETMIX calculates a parent composition from a given evolved composition plus crystallizing phases. In this table Residual refers 
to the residual glass compositions used to start each step. Calc is the calculated parental composition 
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Table 9 (continued) 

Residual Plag Cpx Mt Ilm Opx Parent Calc % Diff 

Step 4 
SiO2 76.19 62.17 48.35 0.83 0.34 70.00 70.98 1.4 
TiO2 0.15 0.37 23.71 50.55 0.47 0.47 0.0 
A120 12.42 23.15 0.68 2.06 13.01 13.06 0.4 
FeO 2.81 0.21 28.92 67.45 47.74 5.61 5.60 -0 .1  
MnO" 0.77 0.62 1.20 0.16 0.05 - 68.8 
MgO 1.58 0.62 0.91 0.09 
CaO 1.02 5.16 20.12 2.58 2.56 - 0 . 8  
Na20"  3,45 8.32 4.95 3.86 -22 .0  
K20 3.95 0.70 3.24 3.20 - 1.2 

Total 100.00 99.71 100.70 95.29 100.74 100,00 99,88 

Results 78.57% 13.80% 5.20% 3.44% - 0 . 9 6 %  100.05 
f 0.2035 

Table 10. Mineral/melt partition coefficients 

Rb-Sr Model Mineral Fraction Coefficients Source" 

Sr Rb 

Rock type 

Stage-1 Plag 0.50 1.66 0.19 GSFC-204 
Cpx 0.50 0.09 0.04 GSFC-204 

Stage-2 Plag 0.85 2.84 0.48 GSFC-218 
Cpx 0.15 0.52 0.03 GSFC-266 

Basaltic andesite 

Dacite 
Rhyodacite 

a Philpotts and Schnetzler 1970 
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Fig. 9. Rb versus Sr variation diagram illustrating the modelled 
partial melting (PM) and fractional crystallization (FC) stages dis- 
cussed in the text. The starting composition for the Stage 1 PM 
model is CT-B, whereas for the Stage 2 PM model it is a hypotheti- 
cal, evolved mafic rock derived from CT-N by 50% fractionation. 
Shown are the modelled weight fractions, e.g., 0.5, for residual 
liquids (FC) and for partial melts (PM), the compositions of CT 
basaltic and rhyolitic glass ( i) ,  and of Ida Ale fine grained (o) 
and porphyritic lavas (4) (see text). Eu anomalies for the Ida Ale 
series are shown in brackets (0.68). Partition coefficients and weight 
fractions of minerals used are given in Tab le /0  
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tents for the CT glasses and Ida Ale lavas. Symbols as in Fig. 9. 
Eu* is estimated by extrapolating between measured, chondrite- 
normalized values for Sm and Tb (cf. Fig. 3) 
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Table 11. INAA results for Cindery Tuff rhyolitic plagioclase and clinopyroxene, their partition coefficients and model rhyolite melt 
calculations 

Mineral/melt Models 

Plag Kd Cpx Kd CT-R CT-B FC-R PM-R 

ppm La 20.7 0.203 52.8 0.518 102 42.4 102 102 
Nd 14 0.150 159 1.710 93 47 90 82 
Sm 2.96 0.150 49.12 2.455 20.01 12.77 19.6 17.8 
Tb 0.34 0.110 8.2 2.645 3.1 1.9 3.0 2.7 
Yb 1.33 0.108 26.8 2.179 12.3 6.0 10.7 9.7 
Lu 0.17 0.104 5.20 3.190 1.63 0.89 1.2 1.1 

La/Sm 6.99 1.07 5.10 3.46 5.20 5.73 
Nd/Sm 4.73 3.24 4.65 4.65 4.59 4.60 
Sm/Tb 8.70 5.99 6.45 6.46 6.53 6.59 
Tb/Yb 0.256 0.306 0.252 0.317 0.280 0.278 

Results are for 7-day count. Plagioclase (Plag), clinopyorxene (Cpx), rhyolite glass (CT-R) and basaltic glass (CT-B) analyses are 
from same irradiation vial. Mineral/melt partition coefficients (Kd) were calculated using the coexisting rhyolite glass composition. 
Rayleigh fractionation (FC, after 70% crystallization) and partial melt (PM, after 20% partial melting) models were calculated using 
CT-B as starting composition; weight fractions of plagioclase and clinopyroxene are 0.8 and 0.2, respectively 
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Fig. 11 a. Chondrite-normalized REE patterns for Cindery Tuff basaltic glass (*), rhyolite glass (o), ferroaugite (x )  and sodic plagioclase 
(+)  (Table 11). b Results of model calculations showing the REE compositions of rhyolite melts produced by partially melting (o) 
or fractionation (+)  a basalt of composition similar to CT basalt (*) (Table 11) 

tially depleted from the liquid. The Ida Ale rhyolites have 
Sr and Rb  values similar to the CT rhyolite and to the 
modelled rhyolite liquid. Porphyritic basalts f rom Ida Ale 
(open triangles), which are the most  chemically primitive 
basalts at the complex, and which contain megacrysts of  
plagioclase and clinopyroxene (_+ olivine and orthopyrox- 
ene) with cumulate textures, plot near modelled cumulate 
rock compositions (open squares). The porphyritic lavas 
have very low Rb and high Sr concentrations, and have 
lower Rb/Sr ratios than the other Ida Ale lavas (Table 3). 
Accumulat ion of  plagioclase would have such an effect. 

Negative Eu anomalies exist in even the most  primitive 
lavas shown in Fig. 9, and the anomalies increase with 
evolving compositions. CT and Ida Ale show a correlation 
between Eu/Eu* and incompatible element contents 
(Fig. 10) that is consonant with plagioclase crystallization 
controlling the observed behavior of  Eu (Cox et al. 1979). 

Six REEs were considered for single stage PM and FC 
calculations. Mineral/melt partition coefficients were calcu- 

lated from I N A A  data obtained from CT rhyolitic feldspars 
and pyroxenes relative to the CT rhyolitic glass (Table t 1). 
A chrondrite-normalized REE plot shows that the ferroau- 
gites have high aubundances of  the middle REEs, while 
the sodic plagioclases are enriched in the LREEs  (Fig. 11 a). 
Given a starting composition of  CT basalt, either 20% PM 
or 80% FC will generate a melt with REE abundances 
similar to CT rhyolite (Fig. 11 b). 

Discussion 

The basaltic glasses in CT are chemically similar to the 
Pliocene Afar Series flood basalts. These glasses and lavas 
are all ferrobasalts enriched in the incompatible elements 
(Table 2); they are L R E E  enriched (Fig. 3 a and 3b), and 
they are isotopically slightly more evolved than M O R B  
(Fig. 4). These traits characterize oceanic-island basalts de- 
rived from the partial melting of  an upper mantle source 
(Gast 1968; Schilling 1973 a, b; Kay  and Hubbared 1978). 
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The occurrence of mantle derived crust at the western Afar 
margin has only been recently recognized (Hart and Walter 
1983). Earlier work restricted oceanic crust to the north- 
eastern segment of the Afar (Barberi and Varet 1977). 

Cindery Tuff rhyolite glasses are chemically similar to 
the rhyolite lavas from the nearby Ida Ale volcanic center. 
These glasses and lavas are strongly depleted in the compat- 
ible elements and they are enriched in the LREEs and other 
incompatible elements. They possess moderately large nega- 
tive Eu anomalies and a two-fold parallel enrichment in 
the REEs over the associated basalts (Fig. 3a and 3b). 
S7Sr/S6Sr, 143Nd/144Nd, and incompatible element ratios 
are similar to the basaltic values (Table 3). Clearly CT ba- 
saltic and rhyolitic glasses are genetically related. 

The compositions of the small volumes of intermediate 
glasses found in CT cannot be explained by simple hybrid 
mixing of the basaltic and rhyolitic liquids, since this re- 
quires a linear co-variation of elements that is not observed 
(Figs. 5 and 8). Furthermore, the basaltic and rhyolitic 
glasses did not unmix as immiscible liquids, as their respec- 
tive mineral phases are compostionally and thermally dis- 
tinct (cf. Bowen 1928) and the REE abundances of the 
mafic and felsic glasses are opposite to those expected had 
unmixing occurred (cf. Ryerson and Hess 1978; Bell 1983). 

The bimodal compositional distribution of felsic and 
mafic volcanics in oceanic regions is a cogent argument 
in favor of a partial melting origin for the observed rhyo- 
lites. However, the rhyolites in both Iceland and the Afar 
have relatively non-radiogenic isotopic signatures preclud- 
ing their generation by fusion of old continental crust at 
depth. 

Modelling studies presented here have shown that none 
of the observed basalts or rhyolites in the west-central Afar 
could have partially melted to form the CT rhyolite. Partial 
melting of an oceanic plagiogranite could result in rhyolitic 
melts that have similar major and trace element contents 
to CT rhyolite glasses, as is proposed for the origin of some 
Icelandic rhyolites (Sigurdsson 1977), but since no plagio- 
granites, or their xenoliths, have been observed in the Afar 
the extent and effect of this process is speculative. For ex- 
ample: (1) a plagiogranite source must be genetically related 
to CT basalt to account for similarities in isotopic composi- 
tion; and (2) a partial melt from a plagiogranite source 
must have a chondrite-normalized REE pattern parallel to 
the CT basalt. This would require that zircon not be present 
in the source plagiogranite, or that it remained in the solid, 
since melting of a zircon bearing source would result in 
more enriched HREEs and shallower REE patterns than 
observed for the CT rhyolite glass. It is noteworthy that 
zircon is an accessory phase in Icelandic plagiogranites 
(Sigurdsson 1977), and that it is a liquidus phase in CT. 

The Cindery Tuff rhyolite can be generated by a simple 
fractional crystallization scheme involving the attendant 
mineral assemblage, in their appropriate modal abun- 
dances. Certainly the large volume of ferrobasalts in the 
Afar suggests that enough source material was available 
for the production of the small volume of rhyolites ob- 
served. The fractionation model presented here requires 
that 80% of the basaltic magma crystallize to form the 
rhyolite, which is compatible with outcrop proportions of 
these lavas in the Afar; the proportion of Pliocene basaltic 
to rhyolitic lavas in the west-central Afar region is approxi- 
mately 40:1 (Fig. 1). A fractionation scheme is consistent 
with the major and trace element abundances, as well as 

with isotopic ratios, for the generation of the CT rhyolite 
from an Afar series basaltic magma similar to that erupted 
along with CT rhyolite. The occurrence and petrographic 
relationship of the rare intermediate glasses is also consis- 
tent with the fractionation model. Geochemically, the inter- 
mediate glasses describe curvilinear trends characteristic of 
fractionation (cf. Wood 1978), particularly for the co-varia- 
tion of MgO and FeOr (Figs. 5e and 8a). Noteworthy is 
the: (1) invariable association of less-evolved glass melt in- 
clusions in minerals that are mantled by more-evolved glass 
rims (Fig. 5); (2) parallel REE patterns for CT basaltic and 
rhyolitic glasses, as well as the REE patterns from Ida Ale 
lavas (Figs. 3 and 11); and (3) Eu anomalies that increase 
with decreasing Sr (Fig. 9) and with increasing incompatible 
element contents (Fig. 10), indicating that plagioclase con- 
trol was important. 

A principal argument against fractionation is the pau- 
city of intermediate compositions in CT. However, we feel 
that the fractionation model is so strongly supported that 
the lack of intermediates must be a function of the fraction- 
ation and/or eruptive process. For example, we envisage 
that batches of mantle-derived LREE-enriched basaltic 
melts are trapped in high-level magma chambers. Long resi- 
dence times and extensive plagioclase, clinopyroxene and 
Fe-Ti oxide crystallization yield rhyolitic liquids (Grove and 
Baker 1984). Periodic replenishment of basalt from deeper 
sources may keep the silicic magma molten, producing a 
density, and compositionally stratified magma chamber 
(Rice 198 l). In replenished fractionating magmas, the inter- 
mediate melts are continually evolving. Also, the crystalliza- 
tion interval for the production of intermediates is small, 
as demonstrated by our major element model calculations 
(Table 9). With long residence times the intermediate melts 
become volumetrically scarce relative to the accumulating 
rhyolitic melt and the continually replenished basaltic 
magma. Blake and Ivey (1986) demonstrate that the thick- 
ness of the upper (felsic) layer must be less than a certain 
critical thickness if the underlying (more mafic) layer is 
to be tapped. It seems likely, then, that the intermediate 
melts in CT might have been restricted from erupting by 
their small volume relative to the greater volume of the 
overlying rhyolite. However, the presence of rare intermedi- 
ate glasses in CT suggests that the eruption tapped material 
near the base of the rhyolite layer, and that rounding of 
some of the rhyolite minerals may be evidence for thermal 
resorption near this interface. 

Bi-modal mixing probably occurred during magma 
chamber replenishment, when the basaltic melt was either 
injected into the rhyolite (Sparks et al. 1977) or co-mingled 
with it as the result of vesiculation (Eichelberger 1980), 
causing an explosive eruption that tapped only the extreme 
felsic and mafic magmas. 

Conclusion 

The geochemical similarities between Cindery Tuff basaltic, 
rhyolitic, and intermediate glasses strongly favor a genetic 
link through fractional crystallization of plagioclase, clino- 
pyroxene, and Fe-Ti oxide. This fractionation hypothesis 
meets the important requirement that it is supported by 
major and trace element model calculations that use the 
observed glass compositions and phenocryst assemblages in 
their modal abundances. The paucity of intermediate liquids 
in this tephra is likely due to the fractional crystallization 
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process combined with the mechanics of the eruption. In 
the Pliocene west-central Afar volcanic field, basalts com- 
prise greater than 95% of the exposed lavas. The majority 
of the remainder are rhyolitic lavas, while intermediate la- 
vas are very rare. By inference, the fractionation model 
proposed for Cindery Tuff  might help explain the paucity 
of intermediate lavas in the west-central Afar, and provide 
insight into the origins of other basalt-rhyolite provinces. 
Furthermore,  this study demonstrates that air-fall tephras 
can be valuable tools for unders tanding complex petrogen- 
etic processes. 
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