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ABSTRACT 

Ge'oclhemical domains in the Norbh Atlantic have been based 
upon maj'or element c'olmposition of island blasdts such as the 
K/Na-ratio with potassic islmds such as SZo Miguel (Azores) 
distinguished from highly sodic provinces (Madeira group) 
(Schnincke, 1973) : 

- ocean floor basalt glasses from the Mid-Atlantic Ridge 
with Ti-rich and K-poor provinces, south of ca. 32" N, 
distinguished from areas richer in K (north of ca. 32" N) 
(Melson, Dimitriev, 1979) ; 

- highly incompatibb elements sulch as Th and La which 
show characteristic ratios for several ocean floor 
provinces in the nol-thern Nodh Atlantic (Tmney, Treuil, 
Wtood, 1979). 



ARQUIPELAGO - CIlNCIAS DA NATUREZA 

New major and trace element and 87SrpSr-data at  hand and 
presentdy obtained form the Azores, Madeira and Canary Island 
groups show that 

1) rakios of incompatible dements are more highly dis- 
persed in island than in sea floor basah ; 

2) neighbowing oceanic islands d bhe same group can 
each show characteristic trace element ratios that do 

not overlap between adjacent islands. 

3) Higher KJNa-ratios are also reflel&ed in higher h~oom- 
ipakibk dement contents and higher 87Sr/96Sr-rabios. 

4) 1slan.d groups dose to major teobnic boundaries such 
as triple junctions and fracture zones are chemically 

more diverlse than those away from major teatonic 
boundaries. 

5) me manitle benahh the Norkh Atlantic north of about 
35" N apipears &emi&y miore heterogeneous than that 
south of ca. 35" N, possibly reflecting a more complex 
suMu&im -related history resulting from formation of 
the Protoatlanic. 

(This paper was not read at the Symposium) 



FRACTIONATION, 
PARTIAL MELTING, AND MIXING 

IN NORMAL BASALTS FROM 22-25"N, 
MIDdATLANTIC RIDGE 

bs 
W. B. BRYAN 

Department of Geology and Geophysics 
Woods Hole Oceanographic Institution 

Muoh d bhe recent work on ocean ridge basalts has been 
directed toward supposdy ctabnomalw sections d spreading 
ridges associated with inferred << ma"ntJ.e plumes w. Such samples 
are especially well represented in the succes~ful deep drilling 
accomplished by DSDP leg 37 (Aumento, Melson, ek d., 1977) 
and in the data sek from FAMO;TJS (White and Bryan, 1977; 
Langmuir et al., 1977 ; Bryan, 1979). The Mid-Atlantic Ridge 
near 22" N has been the soume of many d the basalt samples 
on which our concepts of ct normal w sea floor are based. As a 
result of a series of cruistes associated with study elf a enmmal>> 
oceanic crustal section in and near the Kane Fracture Zone 
at 24" N, about 150 new glass and whole rock majlox element 
analyses and trace element analyses of selected samples have 
been completeld, representing dredge skatims bekwen 22" and 
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2.5" N. The data are discussed in detail by Bryan et al., 1981. 
These dredge data are supplemented by extensive published 
data for DSDP sites 395 and 396 located nearby (Melson, 
Rabinowitz et al., 1978 ; Dmitriev, Heirtzler et al., 1978). 

In bsoitih quantity and compositional diversity, these samples 
approach those from leg 37 and FAMOUS. However, some impor- 
tant differences do exist, both in absolute element abundances 
and in the nature of inter-element co-variances of both major 
and trace element data. 

MAJOR ELEMENT VARIATION 

Using glass data from the Woods Hole cdlections near the 
Kane Frachure Zone and from other locations along the Mid- 
Atlantic Ridge from 0-37" N, Melsm and O'Hearn (1979) showed 
thak important major dement differences exisk between modern 
ocean rid~ge basalks located north or south of about 29" N. 
!Dhe northern group of samples include those from leg 37 and 
FA?MOIUS and are relatively elriuhed in Al,O,, MgO and CaO. 
The southern gnoup, of which those near Kane and 22"N are 
typical, are relatively enriohed in FeO, TiO,, and Na,O. Blryan 
and Di'ck (1981) have shown that these data sets define distinct 
liqui&s trends which may be represented as regression lines 
in the normative plagiodase-pyroxene-olivine ternary (Fig. 1). 
Because existing exprixnenta3. data indicate that both the 
FAMOUS and 2Z0N liquidus trends are oonsistenit with low- 
pressure phase equilibria, Bryan and Dick (1981) argue that 
these trends must rddle& differences in mantlte source mlajor 
element compositions rather than different depths d origin or 
different melting histories. 
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Fig. I - Comparivon of bas& glass variation trends in the normative 
ternary plagioclase-p~menealivine. F = FAMOUS, 37 = leg 37, 
K F  = Kane Fraature Zone ; 22"N = other samples south of Kane 
Fracture Zone. After Bryan and Dick. 1W. 

TMCE ELElUENT VARJATION 

Basalts near 22" N all show the depletion in large-ion litho- 
phile elements that is considered typical of <<normal >> ocean 
ridge basalt. Chondrite-normalized rare-earlth patterns show &a- 
ractedstic depletion in La and Ce relative to Sm and heavy 
rare earths, and alil patterns are subparallel. In contrast to 
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FAMOlUS and leg 37 (Langmuir et al., 1977 ; Bryan and Tuhomp- 
s'on, 1977) there is little variation in relative inaompatible 
element enrichments and cr~wing rare eanth patterns have 
not been olbaervd. Trace ,element data, as well as major 
element data, are very similar in overall abundances and 
ranges t~o data for WDP sites 395 and 396, although the moldern 
ridge basalts extend bl$h to somewhat more <primitive> and 
somwhat more .e evolved > compositions than have been reported 
from tbose d r i ~  sites. ~t is of particular &rest tixit no special 
basalt compositions are  associated with the Kane Fracture 
Zone, and there ar'e no significant major or trace element dif- 
ferences blertween the basdts erupted nodh and south of the 
fracture zone. 

In detail, the biasah near 22" N phm many of the. same 
gene& pro;bilems as do those from tbe FAMOUS area. However, 
mlihe FAMOUS, the consistency in incompatible dement 
depletion levels makes it unnecessary to appeal to complex 
melting mo~dels. Probably all the basalts were ulltimlately derived 
by simPm dejgrees d melting from a relatively homogeneous 
source. That s m c e  must differ in b&h major and trace 
dement oompositions froem the sourlce of the FAMOUS and 
leg 37 basalts, and possibly also in mineralogy, to account for 
specific differences between FAMOUS and 22" N basalts. 

Various subsets of the basalt data document the importance 
of 1ow.pressure c~tailanelk equilibria in ac~comting for much 
of the compositional variation. Significant variaition exists 
within kdiviidual samples d phyric basdks. The quenched glass 
rims of these basdts represent some of bhe most fratckionated 
composition in the data set, while their bulk compositions (glass 
plus phenocrysks) are very si~milar in composition to some of 
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the least fractionated glasses (Fig. 2). M d a l  analyses and 
materials balance calculations (Table 1) cionf,irm that diffe- 
rences between glass rim and bulk rock complositions are 
accolunted ~ O T  by the phenolcryst assemblages, and thak this 
difference mimics the variation trend in the glass data set 
as a whole, reflecting up to about 30 0Jo mysblimtim. This 
within sample variation is interpreted to rerpreseak varying 
degrees of crystalization within vents and/or temrpo~ary storage 
ohambers as these individual magma bakches ascended to the 
surface. Apparently, both magma ascent and the rate of crystal- 
lization weTe sufficiently rapid  at there was no opportunity 
for selective separation of crystals from liquid. . 

Fig. 2 - Normative plagioclase-pyroxene-olivine ternary, showing relat- 
ion between quenched glasses (solid &de) and their  pond- 
ing whole rock cvmpositiuns (open circles) ; tie lines connect 
campositions from individual samples. 
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Similar fractionation schemes can be shown to account for 
compositional differences among Mf erent aphyric basalt sam- 
ples, bloth within single dredge colledims, or selected from 
more widely separated sites (Bryan et d., 1981). In these 
cases, it is inferred h t  more p~olonged fractionation took 
place in shallow chambers where crystal setkling was eff'ec- 
tive ; such a process is also supported by the layered gabbros 
cuollwtezl from deeper crustal exposures in or nem bbe Kane 
Fracture Zone (Dick et al., 1980). In several data subsets, the 
residual liquid is enriched in inicampa~ble el'emenb in excess 
of what rn be a~oounkd for by simple f~actionlation ; such 
relations evidenbly are not limited to < abnomd s bas~alts. 
In all (of these frackionabion schem~es, pyroxene plays a signi- 
faicant role, a role also suppmted by its presence as micropheno- 
c~ystls in the mor4e fractionaked basdb. 

Certain diata subsets are best explained by lowpressure 
fradimabion followed by simple mixing d new parentd liquid 
and the fractionated liquid remajning in an evolving magma 
ohamber. The resulting < intermediate s liquid3 are characte- 
rized by relatively high concentrations of blob compatible and 
incompatible elements. These relations are illustrated graphi- 
cally in figure 3, and are further supported by materials balance 
calculations (Bryan et d., 1981). Bowwer, as is also shorn 
in the fi,gure, other  intermediate^ basalts appear to be the 
n~ormal products of simple low-pressure fractionation, while 
oltihers appear to require mixing of more extreme <residual>> 
or aparentals liquids than have so far been relcognized in 
bhe coUectiion. 
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Fig. 3 -Variation in Ni vs Zr, showing theoretical crysdlization trend 
(solid line) and mixing trend (dashed line). Crystallization cume 
computed assuming equilibrium crystallization and distribution 
dficients of 3.5 for Ni, 0.1 for Zr. 



Basalts near 22" N all show the incompatible element deple- 
tion considered to be <<;typical, of ocean ridge basalts remote 
from sites of mantle plumes or other <abnormal , mantle sour- 
ces. B a s a h  in or near the Kane Fralclture Zone show no 
special compositional features ; all seem to have originated 
in the median valley north or soubh of the Kane by similar 
degrees d melting of a homogeneous source. Bdb  major and 
trace element data suggest, however, bhak this mantle source 
differs in composition from that in ;the FAMOUS area. A large 
part of the compositional variation in the data can be accounted 
for by low pressure fractionation in combination with simple 
mixing. S l d  differences in initial degree of partial meltihg 
seem adequate to explain remaining dis~crepiancies between 
trace and major element variation. 

Basalt glass analyses by T. O'Hearn (Smithsonian Insti- 
tution) and modal analyses by J. G. Moore (U.S. Gwlogical 
Survey) have oontributd substantially to this study. Major 
and trace element analyses of whole rock samples were obtained 
in a co-operative analytical program between the Dept. of 
Chemistry, Wloods Hole Oceanographic Institution, anti tihe 
Department de Geologic, Univemite de Montreal. This research 
was supported by the National Science Foundation through 
grant OCE 77-26842. 
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TABLE 1 

CQMPARION OF GLASS FUM, CALCULATED, AND OBSER- 
VED BULK MiCK COINIPOSITIONS OF BASALT 

AI I  96-644, and a natural glass from basalt AII 96-8-21 

SiO, 
TTO, 
A1203 
FeO, * 
MgO 
CaO 
Na20 
J%o 
'2'6 

A Glass rim, phyric basal sample AII96-6-44. 
B Bulk rock, phyric basalt sample AII96-6-44. 
C Buk rock compwition calculated as a linear combination of glass 

plus ~enocrysts. 
D Glass rim. basalt sample AD%-8-21. Data from Bryan et d., 1981. 



THE PETROLOGY AND GEOCHEMISTRY 
OF THE NORDESTE VOLCANIC 

COMPLEX, SAO MIGUEL, AZORES 

by 
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Sixty samples from the N d e s t e  Volcanic Complex, 
S5o Migud, Azores, have been analyzed f o ~  major dements 
and fifteen for L E  and other trace metals. Analysis of magne- 
sia and alkali-silica variation diagramis slhm the b'ulk Mf the 
Nordeste vdcanics tlo Ise a potassic, mildly alkaline, alkali 
basaJt 4 traahybasalt 4 t r i s h i t e  4 trachyte series. The 
oldest flows of the complex, oharacterized by law TiO, and 
high SiO,, are interpreted as representative of compositions 
transitional between tholeiitic and alkalic suites. 

-1Llil of the No~deste samples are enriched in lighter REE 
relative to Mid-Atlantic Ridge Basalts from the Azores Plateau. 
Light FLEX enrichment factors range through a factor of N 5 
between the basaltic types and the tristanites and t rachyh.  
The younger Nordeste volcanics, when compared to the transi- 
tional basdts, are distinguished by higher concentrations of 



Ce, Rb, Ba, Eu, Lu, Hf, and Yb and higher La/Sm ratios. 
The transitional basalts are characterized by high T/Th and 
Ta/Hf ratios. 

Using major, minor and trace dement coqositims and 
micraproibe analyses of pphenoaystic and goundmass phases, 
least-squares caldations support a crystal fractionation moldel. 
Tihe magnesian aphyric to ankaramitic alkali basalts represent 
magmas from which m h r  amounts d olivine and pyroxene 
were eithe+r r'emoved from or incorporated into while residing 
in shdlow crustal reservoirs. The tmahybasalt 4 trachyte 
series represent fractionated liquids generated by the rlem~ovd 
of titanaugite, plagiodase, divine, titanmagnetite, and ilmenite 
in the early stages followed by removal of abundant plagio- 
clase, augite and minor cnpagues h the late stages. The do- 
minance of plagiodase in the laMm fractionation sicheme and 
its rarity as an xenolcrys~tic phase suggests fractionation in 
deeper ~eservoirs, now represented by gabbroic and dioritic 
layered complexes underlying the Azores Platform. The major 
and minor dement oornplosition of the transitional basalis 
precludes their bekg trhe parent of the alkali b lad t  sequence, 
but rather indicate two magma series geenrated by diferrenk 
degrees of partial melting in the mantle. 

The Azores archipelago comprises nine islands trending 
obiliguely a c r m  the Mid-Ahlantic ridge between latitudes 27" 
and 40" N and marks the western terminus of the Eurasian- 
African plate boundary ( L A U G m N  and wHJTMARSH, 1975). 
The islands straddle .bhe jl.Ei-Mmtic rifk f ~ m  to WNW 
with : an eastern group SCio Migud, W a  Maria and the 
Fomigas Banks ; a middle grou~,  Faid, Tmeira ,  SBo Jorge, 
Graciosa and Pko and a w e e r n  grouip, Corvo and Flora  
which lie just west of the d the median-rifb d the Mid- 
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Atlantic ridge. The Nmdeste Pokanic b m ~ e x ,  an 85 km2 
portion of northeastern S o  Migud Island (Fig. I), is one d 
the oldest expowd alkaline basalt provinces in the eastern 
Azores (ABDEL-, et d., 1975). Fi'eld mapping at 
1:16000 of the Nordeste complex, predolJllinantly a&di bas& 
and brachpbasalk with minm t r isWte,  and kaehyte flows 
and s m d  iwusive plugs, has pmvided the framework ffor a 
dekailed stratigraphtc, shotma1 anid pekrolchmicarl analysis 
(FERNANDEZ, 1980). 

Area Mapped 

0 5 10 

SEO MIGUEL. AZORES 

- 
Km. 

Fig. 1-Map of SZo Miguel. Diagonal lines delineate Nordeste volcanic 
complex. 

Major Elements 

The Nordeste Vdcanics represent a potassic alkali basalt + 
trauhybasalt + histanite + ltrachyte series. Positive rnineralo- 
gical indicatfors WE an alkali parentage are al l  present,: tita- 
naugite, ground-mass olivine and interstitial alkali feldspar. 



Plots of 60 chemical analyses d Nordmte samples on a 
Na$ + $0 versus SiO, (Fig. 2) diagram shows the majority 
d the Nolcdeste suite samples phiking above a line separating 
Eawaiian bholeiitic and alkalic rocks (MACDONALO and KAT- 
SUM, 1964) and Mow a line which separates the mildly 
alkaline from strongly alkaline rocks from Tanganyika (SAG- 
GERSON and WILXINSON, 1964). Five samples which lie in 
or near the hawaiian tholeiite field are the transitional b a s a h  
which are the oldest fJows in the Nordede Cmplex. mese 
are also characterized by low TiO,, high SiO,, a1Ysence d an 
interstitial alkali f eldspw residuum and by cbopfloxenes 
which are rdatiivdy plolm in &O$ and Ti02 and rich in SiO,. 
These flows are interpreted as representative d chemistries 
transitional between tholeiitic and alkalic suites. 

Fig. %-Total alkalis versus silica for Nordeste volcanics. Open circles 
tilled circles, and crosses represent aphyric, porphyritic, and 
feldsparphyric samples, respectively. Line separating alkalic and 
tholeiitic rodrs of Hawaii taken from MACDONALD and KAT- 
SUM, 1964 ; line separating mildly alialine from strongly alkaline 
rocks of Tanganyika based on data from SAGGERSON and 
WILLLAM& 1964 ; the generalized trend for Tristan da Cunha 
rocks taken from Baker and others, 1964. Squares are average 
Nordeste alkali basalt, trachybasdt, tristanite, and trachyte. 
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The mildly alkaline, mildly undersaturated Nordeste volcan- 
iscs, generally hypersthene-olivine normative (slightly neph'eline 
normative when Fe203 values are nomalizd to 1.5 % as sug- 
gested by Coombs, 1963) differ markedly from the more alkalic, 
strongly undersaturated (nepheline normative without the Fe,03 
correction) volanics representative of the younger provinces 
on SZio Miguel (ASSUNCiiO, 1961 ; SCl3jMlNCKE and WEEEL, 
1972). Comparison d the Nordeste vokanias with the mildly 
alkaline b& nephehe normative suite of Terceira (SELF and 
G W ,  1976 ; SCHMINCKE and VVEIBEL, 1972) shows the 
Nordeste volcanies to be of similar total alkali content but 
less undersaturated. Previous reporbs that the SZiol Miguel 
volcani'cs were in genwd more alkalic and more undma- 
twaked that th,e Terceira suite (SCJ3MlNCKE, 1973 ; SELF and 
GUN;N, 1976) apply only when comparing Terceira to the 
younger volcanic provines of S o  Migud. 

In terns  of alJcaliniky and degrees of silica saturation the 
SZio Miguel suite, blot31 the Nordesk (transitional basalts ex- 
duded and the younger vokanic prmhces, can b'e classed, 
using the lineages recognized by COOMBS and WILKINSON 
(1969), as high-Fe variants of the moderately potassic, alkali 
basalt + trachyte series. The idea that the Azores suite, 
S o  Miguel in plarti'cularr, was relatively low in q 0  (Le MAI- 
TRE, 1962; BAKER et al., 1964) was appaarnhly based on 
dubious analysis (FEBNANDEZ, 1969 anld WHMINCKE and 
WEIBEX,, 1972). Compared to other Atlantic islands S o  Miguel 
is m&t similar to Glougd Island didiFaing in having higher 
Ti, K, Fe and P contents, lower Ni and Mg and late differen- 
tiates which are ciharacteristi~ally quartz normahive in lieu 
of nephelhe normative. 

Figure 3 shows the Nordeste chemical data plotted on 
mwgnesia variation diagrams. N%O and K@ both increase 
proportionately with difdrentiatim, K20 increasing ak a greater 
rate than Na@ in the salic late differentiates. In the case of 
tihe mdic Tmcelka lavas N%O hmcreases at a greater rate 
lhan $0 (see Fig. 2, SELF and GUNN, 1976). In both the 
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Fig. 3 - Mg0 variation diagrams for major elements in Nordeste vol- 
canic~. Symbols as in Figure 2. 

Nordeste and Terceira suites, N%O shows a greater degree 
of scatter at the sdic end. CaO decreases slightly with initial 
differentiation and then decreases rapidly at the salic end. FeO 
is essentially wnstant at the &ic end and decreases rapidly 
in the salk late diff~erentiates. TiO, shows considerable scatter 
at high MgO values, increases sdighly and then decreases 
rapidy as do FeQ and CaO. Similar variations are seen in 
Fd, CaO and TiO, plots for the Terceira lavas. A1203 displays 
an almost linear variation increashg steadily with increased 
differentiation, shewing only a minw inflection ak - 5 70 MgO. 
Tihis trend clontirasts strongly with the Terceira laavs wthieh 
&ow almost omstant A1,0, values down to - 4 %, they then 
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increase and finally decrease with increased differentiation. 
Si02 in bhe Nwdeste samples is essentially constant down to 
-- 5 SO and then increases with increlased differentiation. 
A similar t r d  is displayed by the Temeira lavas. P,05 
(Fig. 4) increases eibher linearly or exponentially (4he limited 
number of analyses make interpretation tenuous at most) with 
in~reas~ed differentiation and fien drops off d r a s t i d y  
(< - 2 % MgO) in the late differentiates. P2Q5 variation in 
the Terceira lavas shorn considerable scatter, generally in- 
creasing slightly with increased differentiation and finally 
decreasing in tihe late differentiates. 

Ail d the Moirdeste samples are enriched in the lighter 
REE relative to .Mid-Mantic Ridge Basalts from the Azores 
Plateau (Fig. 5). Gght REE enrichmmt factors range through 
a factlor of - 5 betmeen bhe basaltic types and the tristaniktes 
and ticachytes. 

The younger Nmdeste volcania, when o ~ a r d  to the 
transitional blasalts, are distinguished by higher concentrations 
of Ce, Rb, Ba, Eu, Lu, Hf and Yb and higher La/Sm ratios. 
The transitional basalts are characterized by high U/Tlh and 
T a p  rdios. 

The distinct inter-island vdations reported for the major 
dements arle also apparent in the tra'ce deemnt contents. 
mike d dl. (1979) have reported that SSio Miguel lavas are 
characterized by high concentrations of K, Rb, Cs, Ti, Ba and 
the light rare-earths, and slightly higher Cr, Hf, Ta, Th and 
ST when compared to ather Azores islands. Although the data 
from White eit al. (1979) pertains to the youngm volcanic 
p~ovin~ce~s of S h  Miguel, comparison with the Nordeste lavas 
(transitional basalts excluded) shows tixis pattem to be gene- 
rally true with the only notable exceptions being that the 



Fig. 4-NlgO versus P,O, variation diagram far  Nordesk volcardcs. 
Symbols as in Figure 2. 

Nordeste lavas are even more enriched in Rb, have even higher 
La/Sm ratios bl& slightly lower Ce anid Sm values. 

Seleoted trace and L;IL ekments a r e  shown as a function 
of Mg im figure 6. Sc and Ni, as well as Cr and Co, decrease 
with decreasing Mg. The LIL dements Rb, Ba, I3 and Th 
increase with decreasing Mg, whae La, Eu and the other rare 
earbhs increase, reach a maximum and bhen decrease in the 
most Mg-polor r oicks. 

The characteristics d the N d e d e  chemical data, as 
in.tenpreted from bhe magnesia variation diagrams of both the 
$major and minor elements, are consistent wibh a model d 
crcystal frsctionakion of <<parental> atlkali basalt magma. The 
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Fig. 5-Rare earth abundance patterns of Nordeste volcanics. Upper, 
middle and lower data sets represent alkali basalts, trachybasalts 
and tristanites-trachytes, respectively. 
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Fig. 6-MtgO variation diagrams for selected trace elements in Nordesk 
wlcanics. Symbols as in Figure 2. 

more magnesjia (> 7.0 MgO) porphyritic and ankararnitic sam- 
ples represent a ~ u l a t i v e  rocks. !Che latter have corres- 
pondingly high walues of CaO, MgO, FeO, Ni, Cr, and relatively 
low conltents of TiO,, Na,Q q0, A&O,, and incompatible 
elements, reflecting the high and variable contents of pyroxene 
and olivine. Tmchybasalt, t r i sb i t e  and trachyte repiresent 
fractionated liquids generated by the removal of predominantly, 
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titanaugite, plagiodase and olivine in the early stages (5 to 
7 70 MgO), Mlowed by abundant plagiololase, augite, and minor 
opaques in the lake stages (< 570 MgO). The removal of 
plagloclase, tihomagnetite and lheni te  would account for the 
marked decrease in CaO, FeO, and SiO, and for the increases 
in N%O, K20, SiO, and incompatible elements. The very 
marked decrease in P,O, and light REE at very low MgO 
ciontents suggests bhat apatite is an bportant phase in the 
very late stages of fractionation. 

The proposed crystal frackionation model was tested using 
the Wright and Diohem (1970) least squares colmputet- method 
for solving pekoBo& mixing problems. Liquid line d descent 
tests were performed us@ average compositions of majot- rolck 
types (alkali basalt, trachybasalt, tristanite and trachyte) as 
parent magma -residual liquid pairs, and using microprobe 
analyses of representative micmpheno~crysts for the mineral 
assemblages relating the parenk to the differentiated liquid. 
The results of these tests support the view that the trachibasalts 
tristanites, and trachytes were de~ived frlom <<pla~ental> alkali 
divine basalt by .tihe process d crystail fractionation. The 
chemical vslriabgity of alkali basalt is attributed to the kcor- 
poration of varying amounts of cumulus pyroxenes and divines 
pius possib3:e fractionation d Vhe parental alkali basalt melt on 
pawing from soume regions to storage regions (sub-volcanic 
magma chamber). Trial and error runs attempting to1 relate 
the alkali b a d b  to the transitional basdb  were unsuccessful, 
suggesting that the latter are not related by any low pressure 
fractionation sl&eme. 

me petrochemical trend on the island of Sgo Miguel as a 
whole : (1) transitional basdts, tihe hypersthene-olivine norm- 
ative anomalous basalts of Nordeste (-- 4 m.y.) ; (2) folowed 
by the slightly undersaturated Nordeste alkali basalt-trachyte 
series (0.95 < x < 4m.y.) ; (3) in turn followed by the 
strongly undersaburated suite of the younger volcanic provinces 
d S5o Migud, is attributed to different degrees of partial 
melting ocezlrring in bhe mantle. The inc~easing abundance of 
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t r i d t i c  and trachJntic lavas t i n  the younger vokanic provinces 
and tbe abundant evidence against partial melting or volatiIe 
transfer prooesses for generating large amounts of s a c  melts 
(ZIEiLINSKI and FRXY, 1970; BAKEZ et d., 1964; WHITE 
et d., 1979) suppork fractional crysItaUizakion processes as the 
dominant mechanism for their origin. The absence of any 
systematk relationship between the degree d silica under- 
saturation a d  the REE and tihe inoompaitible elemenk oonteats 
of the Nodeste lams (less undersatu~akd but richer in Rb 
anld wibh higher La/Sm r a ~ o s )  and lavas from the younger 
volaniic provinces of S5o Migud, support the view tihat blobh 
within and between i d a d  variations (FLOWEE et dl., 1976) 
are pmbably dependent on the conditions d melting and/or 
differences in bhe coanposition of the muma material. 
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THE PETROLOGY AND GEOCHEMISTRY 
OF THE AGUA DE PAU VOLCANO, 

SAO MIGUEL, AZORES 

by 
G. F. MARRINER M. J. NORRY" 

and I. L. GIBSON 

During recent years several geochemical investigakbns 
have centred upon tihe Azores (Sohwin~cke 1973, S-cke and 
W'eibel 1973, Flower et al., 1976, White et al., 1979) wibh par- 
ticular emphasis being laid upon inter island differences. 
 island^ have been eharaoterised as being relatively potassic 
(S5o Egud) less pobusi~ (mores and Smka Maria) and 
wdic (Film, Flayal, S o  Jmge, Graciosa and Te~ceira) (F!lmer 
et al., 1976). However, several of these islands are (?ompiex, 
consisting of several centres displaying multiple mmpositioml 
trends. In this study we have concentrated upon lavas erupted 
from one volcano, that of Agua de Pau on the island of SZo 
Miguel (Fig. 1). 
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SAO MIGUEL 

0 Caldera 
Crater Lake 0 K M  2 0 

- - - 

Fig. 1 - S&o Miguel Island. SymboIs : SC = Sete Cnidades, F = Furnas 
(Agua de Pau) C = Congra, Fu = Furnas, P = Po~oac50 Vul- 
canoes. 

The volcano oonsisits of a central cone from whose caldera 
explosive lmachytic eruptions have W e n  place. Basic and 
intermediate subsidiary cones are sibuaked on its flanks, which 
have prolduced both lava flows and p~oclastics (Boobh et al., 
1978). 

The lavas from the Agua de Pau volcano belong to the 
alkali-olivine bajsdk-hawaiite-traohyte series. They are almost 
invariably porphyritic and frequently contain syenik nodules. 

Olivine-basalts : The basalts contain phenocrysts of 
eulhedra3. divines [ F O , ~ ~  and buff coloured clinopymxenes 
oontaining up to  3.4 96 TiO,, with ore cmainly titan magnetite 
with occasional ilmenite) and rare plagioclase [An,, Ab,, Or, 
-&, Ab,, Or2j, the whole being set in a groundmass of plagio- 
clase laths, clinopyroxene, olivine and ore. In contrast some 
of the basalts contain numerous large rounded very magnesiar 
olivines [Fa,, +] and p d e  buff d i n o ~ o x e n e s ,  which frequen 



Plate 1 - Resorbed anorthoclase in hawaiite. si . . I . ,  

m d d  
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Plate 2 - Decorated olivine with exsolved magnetite. 

a1 
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tly 01cm in aggregates. Such xenoliths may represent pieces 
d sub-vdcanic cumulate sequence OF plmtions of wall rock. 

Hawaiites: The most prominent. feature of the hawaiites 
is the almost ubiquitous appearance d large, anhedral, strongly 
resorbed anorthodases [around An,, Ab,, Or,,] which ofben 
exhibit moss hatched twinning on a fine scale (Plate 1). me6e 
anlortho~clases are often associated in aggregates with or wihhout 
large pale green clinoipyroxenes and often have o~er~growths 
and show evidence of polygonisation into smaller grains. Other 
feldspar phenocrysts oonskt d large carbbad twinned alkali 
feldspar laths [An6 Ab,, Or,,], which again are usually rounded 
and partially resonbed. In addition to the targe, pale buff 
clinoppoxenes, there are smaller, darker augites containing 
up to 3.9 96 TiO, whiah are dten hollow ended. Bicutites are 
fairly mmon, but tend to be resorbed and rimmed with iron 
ore. The groundmass consists of buff clinopyroxene, plagio- 
clase laths varying mounts d ore. 

Trschytes : Phenolcrysts in bhe tracihytes consist mainly d 
large alkali feldqmrs, eibher fresh, euhedrd and carlsbad 
twinned [An, lib6, Or, -An6 Ab,, Or,,] or $0 a lesser degree, 
large subhedral f'eldspars wi6h resorption and polygoniserl tex- 
tures and may show CT'OS~ hatch twinning [An,, Ab, Or,,]. 
Both types d feldspar may show overgrowths and contain 
frequent inclusions of biotite and pale green clinopyroxene. 

Pale green d e r l r a l  aegirine occurs, oocasiondy altmed 
to pale brown amphibole. Biotite is common, but is a h &  
invariabdy oxidised with magnetite rims. Occasional pale brown, 
plmcluroic arnigbibde is present. 

&me trachytes contain rounded olivine cry&& always 
altered in some degree, either being riman& with iddingsite 
or ore, or in extreme cases, rimmed with a thick btorder of 
m~agnetike with more magnetite exsolved from bhe interior 
into a lace pattern (Plate 2). The magnetite was exsolved on 
too fine a s a l e  to be r e s o l d  by the electron probe beam, 



and the resulting analyses were those oli? st~ichiomehic olivines 
(Fo,,). X ray diiffraaction showed the presence d magnetite 
flus magnesfan olivine, but no quartz tmun which we emclude 
bhat the silica required to maintain the sbichi0111et~y in the 
reaction is amorphous. 

In a plot d N%O + &O versus 8i02 it can be seen that 
bhe lavas of Agua de Pau fall distinctly on the a h l i n e  side 
of the d.ividhg line between tholeiitic and 51.lkalic lams (Mac- 

Fig. 2 - SiO, vs N&O + K,O, Mac-lknald-Katsura plot. Symbols :T - tra- 
chytes, H - hawaiites, B - basalts, A - aphyric hawaiites. 
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dfondd & Katsura, 1964) (Pig. 2). I t  can &lo be seen that 
tihere are two pronorno& gaps on the p ld  between the most 
basic lavas, the basalts (< SO 9% SiO,), the hawauks (50- 
595% SiO,) an the trachytes (> 59 %SiO&. I t  is redis& that 
the f~eldspar composition should be used to  justify the term 
hawai%e anld split the group into hawaiite, benmoreite, mu- 
gea* ek .  b d  the felspar &&stry in these lavas is complex 
as  has already become apparent and it is advantageous for 
our present purposes to give a single name to this intermediate 
group of rocks so as to errupbsise the a h d c d  oohe~ence. 

Fig. 3 - Si0, vs TiO, -symbols as fm Figure 2. 

Most d the other major element and many d the trace 
element versus SiO, diagrams also plot as smooth trends, for 
example, SO, vs CaO, TiO, or Fe,O, (total Fe) (Rgs. 3 & 4) 
all form straight line graphs which is qualitatively consistent 
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Fig. 4 - Si0, vs total iron as Fe,O, - symbols as for Figure 2. 

with bhe fractionation of plagioldase, elh~opyroxene, olivine 
and me. suite as a whole is unusual in that Fe  + Ti 
start decreasing in abundanlce with the first increase in SiO,, 
so that there is no per id  of Fe or Ti enrichment. Vhis 
pattern is suggestive of high oxygen fugacity, and oxide 
phenocrysbs can be seen among the earliest crystallising phases. 

Anlobher fealture d %e chemical variation of the iavas is 
the late &age depletion of K2Q and Al&l, (Fig. 5), coanznenc- 
ing at approxiunately 62% SiO,. This is oonsisbent with the 
onset of fractionail c~ysWisation of K feldspar from the 
traahyks. 

Plots of SiO, vs M a ,  Cr, Ni, P20, and the incompatible 
elements however do not follow the above simple p&erns. 
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SiO, @ / a  

Fig. 5 - Si0, vs K,O - symbols as for Figure 2. 

Eor MgO w SiO, (Fig. 6) the majority af the lavas form 
a sIm& curve. However, the noteworthy part about this 
diagram is the group of b a s  h f t  plot on the M~g0 mricbed 
side of tihe main trend. Pe~graphically these rocks contain 
tihe large, rounded olivine phemcrysts, which in the mlore acid 
samples h o m e  rimmed with iddingsihe i o ~  ore, or which in 
exlbrane cases appem to have exsolved iron as an ore-rich 
rim, and a net-like pattern th~oughout the wpta'ls. This exsoL 
lution implies that the trachytic lavas containing xenocrysts 
are oxidising with respect to the silicae liquid-olivine-magnet- 
ite loxygen bdfw readion whereas the basic lava which 
precipitated the original olivine was reducing (Thompson 1975). 

SiO, plotted against the trace elements Cr and Ni show 
similar trends, and chrome spinel can often be seen included 
in the olivines. 
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Fig. 6 - ,530, vs MgO -symbols as for Figure 2. 

This M a ,  Cry Ni enriched group of lavas are also geogra- 
phically disrtinlclt, and olccur in the NE part of the vo4cano. 
It seems that. this group have been enriched in olivine xem- 
crysts - as la axmulake phase. 

Anotkr distinat group of rocks are shown up on variation 
diagrams of SiQ2 versus Zr, Rb, Nb and the REE. The main 
trends of the data form curved platterns with higher cormen- 
trations of incompatible elements with incr/easing SO, (Fig. 7), 
but with little enrichment in the incompatible elements at  SO2 
levels less than about 60 %. One group of hawaiitic lavas 
however, fa@s on the b~mnup&&le rich side of the main trend 
(marked A in Fig. 7). These lavas wur on #he SJ3 corner of 
the w l ~ ~ o ,  near Villa h c a  do Cacan-qm, and are almost 
ompletdy s p k i c  - in particular they are the d y  hawaiiks 
without resorbed ano~rthodase and/or alkali feldspars. 
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Fig. 7 - SiO, vs !4r - symbIs as for Figure 2. 

RARE EARTH ELEtMENT C-TRY 

'Ihe chowkite n o r d k e d  REaE glabrns of the *a de 
Pau lams are sulil steep, light rWEE enriched pakterns with 
Ce,/Yib, ratios in the range 40-60. There is progressive enrich- 
ment of dl bhe KEE in t~he more wohed rock, but wibh no 
change in slope d ithe patterns. !be most mteworthy feature 
of bhe ahonitrite nomalised ;REE patterns are the Eu anomalies. 
The baslaits (Fig. 8) have sanoofth patterns, while the trachfies 
(Fig. 9) have sfmmg negative Eu anomalies (Eu/Eu* -- 0.3) 
consistent with plagicmlase (or Ca bearing feldspars) fraction- 
ation. ?rhe hawaiites fa l l  into two disrtinct groups (Fig. 10) the 
aphyric moup with slightly mime enriahd, smooth patterns, 
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and the porphyritic group wiih small but ztcnsistent positive 
En anmalies (Eu/Eu* -- 1.5). Pehrog~aphidy it can be seen 
that these h a s  oontain large, rounded, patially rembed 
anortho~clases and alkali flel&pars, while *he  aphyric hawaiiks 
do not. 

. . , . 
La de Fjr ~d dm 'S:m E'U ~b Tb Dy HL E; TA ~b L" 

A t  om i c Number 

Fig. 8 - Chondrite normalised plot of REE for basalts. 

When K/Rb ratiojs are plotted against Eu anomaly (Fig. ll), 
it can b~e seen that the hawaiites with their positive Eu anomaly 
also have high K@b ratios, while the trachytes with negative 
Eu anomalies also have K/Rb ratios relative to the basalts 
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l oog 

Atomic Number 

Fig. 9 - Ohindrite normalised plot, of REE for trachyks. 

and aphyric hawaiites. As alkali feldspars are known to have 
very high K/Rb ratios this is consistent with loss of Eu, and 
K relative to Rb in feldspar during fractionation in the latter 
case, while in the former case the increased K p b  ratios 
and positive Eu anomaly can be readily explained by addition 
of alkali feldspar and anorthoclase both which can be seen 
in a highly resorbed state in t;he hawaiites. 

It is noteworthy that the small group of aphyric hawaiites 
without resorbed f ddspars show neither positive Eu anomalies 
nor increased K/Rb ratios relative to the basalts. Furthermore, 
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they have higher absolute concentrations d the rare earth 
and other incomatible elements over the phyric hawaiites, 
consistent with the latter having been considerably diluted by 
non-incompatible element bearing phases e.g. feldspars. Thus 
in Fig. 7 the aphyric hawaiites may represent the main liquid 
line of descent, while the hawaiites on the main trend are not 
liquid compositions at  all, but represent liquids which have 
been enriched in cumulus alkali feldspar and anorthoiclase. 

~a t e  $r ~d dm S'm EU Gb ~b Dy Ho Ek Tm Yb Lu 

Atomic Number 

Fig. 10 - Chondrite normalised plot d REE for hawaiites : 
SM002, S M m ,  SWO29 = hawaiites 
SM061, SM058, SMO?O,SM071 = aphyric hawaiites. 
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Eu / Eu* 

Fig. I- WRb plotted against WEu* symbols as for Figme 2. 

The only lavas in the suite which appear to precipitate 
&di feldspar as an equilibrium phase are the trachytes. 
Therefore it is tempting to think that alkali feldspars in 
8he hawaiites were originally precipitated by the trachytes. 
Consideration of ST and Ba data reinforce this conclusion. 
That the feldspar-phyric hawaiites can be generated by simple 
mixing of trachyte and basalt liquids is precluded by the low 
levels d inclmpatible elements and the Eu anomaly data. 
Consequently the only explanation remaining is that the felds- 
par xenolcrysts in the hawaiites have sunk from overlying 
trachytic magma. 
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In conclusion, the most satisfadmy explanation for the 
presenlce of resorbled feldspars in the hawaiites and the trace 
element geochemistry, particularly the REE distributions in 
hhe lavas, is the existence of a verticauy zoned magma chamber 
beneath tihe Agua de Pau volcano. In tihis vertically zoned 
magma &amb8er fractionation has olwurred to produce basalt, 
hawaiite and trachyte magma layers, one above the other. 
During the fractionation process, alkali and anorthoclase felds- 
pars have Jsettled from Dhe tra&yte layer into the hawaiite 
layer, thus supplying the hawaiite swith positive Eu anomalies, 
dliuthg the incompatible elements (e.g. Zr, Nb and the REE) 
and increasing the K/Rb ratios. New batches of magma enter- 
ing the magma &amber are presumed to cause turbulence 
and may be responsible for the frequent occurence of olivine 
/dinopyroxene and syenite xenoliths. 
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PETROGENESIS OF THE RECENT 
TRACHYTIC PYROCLASTIC SUCCESSION 

O F  AGUR DE PAU VOLCANO, 
(SAO MIGUEL, AZORES) 

by 
mc- STOREY 

Department of GmLogy, Bedford College. 
Regent's Park, London NW1 4NS UK 

The recent stratigraphy of S5o Miguel records large num- 
bers d trachytic pyrodastic deposits produced by plinian to 
sub-plinian eruptions. Tephrochronological studies by Booth, 
Croasdale and Walker (1978) have s h m  that in the last five 
thousand years there have been five such eruptions from Agua 
de Pau, one of three active stratovolcanoes on S5o Miguel. 

A geochemical and electron microprobe study made on the 
resultant pyroclastic succession, revealed significant variations 
in pumice clast chemistry and mineralogy between the indi- 
vidual deposits. For example, Sr and Eu/Eu* decrease 
in value through the succession, whereas ' incompatible ' ele- 
ments such as La, Zr and Nib show stepwise enrichment attain- 
ing &highest concentrations in the most recent deposit. The 
individual pyroclastic deposits are interpreted as representing 



successive samples of a body of trachyte magma undergoing 
appreciable crystal fractionation. 

Holwever not all of the observed chemical and mineralogical 
variations of the pyroclastic deposits are consistent with simple 
dififerentiation. FOT exam&, evidence is presented that tra- 
chyte magma has periodically mixed with inter>mediate and 
basaltic magmas. Magma mixing has found to be a recurrent 
feature of many d the lavas and pyroclastic deposits from 
Agua de Pau. 

Associated lavas possessing WE patterns with positive 
Eu anomalies and mineralogical peculiarities are also discussed. 

A case is made for the existence of a compositionally 
zoned magma chamber beneath Agua de Pau volcano. 

(This paper was not read at the Symposium) 
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GEOCHEMISTRY OF EY JAFJOLL, 
A VOLCANO IN SOUTHERN ICELAND 

by 
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ABSTRACT 

Eyjafjoll is a central volcano in the eastern neo-volcanic 
zone of southern Iceland. Its last eruption occurred from 1821 
to 1823. Most of the volcano is composed of transitional alkali 
basalt and basaltic andesite. Rhyolites and dacites have been 
erupted only from the central, glacier capped, caldera. Good 
stratigraphic coverage was obtained from bhree travemes from 
the base d the mountain to the ground moraine on top. The 
best section was sampled on the deeply dissected southern side 
of the volcano. 

Major element whole-rock analysis of 64 samples and micro- 
probe determined compositions of selected phenocryst phases 
have been used to develop a fractionation model rela.ting the 
various rock types produced by tihe volcano. Considerable sub- 
traction of olivine from a hypothetical primary magma is 
required to produce even the least silicic compositions observed 



at the surface. More silicic compositions can be derived from 
one of two <parent> compositions, chosen from the least dif- 
ferentiated rocks sampled, by further subtraction d plagio- 
clase, clinopyroxene, and magnetite with minor ilmenite and 
olivine. No separate source or mechanism is required to pro- 
duce the small quantities of ~hyolite found, as they can be 
derived by fractionation. There is some evidence that the 
magmas of Eyjafjoll have becane less alkalic and more silica- 
saturated with time. 
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ABSTRACT 

The importance of magma-rnixing in the generation of inter- 
mediate rock types is disoussed in the light d two occurrences 
of mixed rojcks found in the Tindfjallajokull silicic centre, 
S.-Iceland. The first being a minor mafie part of the large 
Thorsmork ignimbrite (Jargemen, 1980), demonstrates the 
formation d nm-linearly derived hybrids through differential 
interdiffusion d elements ,in connection with resorption/crystal- 
lization d phenocryst phases, demonstrated by the occurrence 
d abundant xenocrysts d feldspar and pyroxene and new 
crystallization d pyroxene and magnetite in the hybrids. The 
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second olccurrence is a maf ic lava of benmoreitic composition, 
containing xenocrysts of acid and basic feldspars and pyroxenes 
in addition to mesorbed phases in equilibrium with bhe melt. 
Several other rocks show disequilibrium features which may 
indicate mixing of two contrasting magma types, though other 
rock types contain phases which may be remnants from partial 
melting of crustal material, as well as of fractional crystal- 
lization. . 

The contempmaneity oif acid and basic magmas in Iceland 
has challenged petrobgists since hhe days of Bunsen, and 
explanations of the relationship have 'changed several times. 
Since the early sixties two contrasting schools of thought have 
evolved, the first explaining the phenomenon in the terms of 
fractional crystallization best illustrated by the Thingmuli (Car- 
michael 1964, 1967) and the Setberg centres (Sigurdsson 1970), 
or in terms d partial melting d crustal material as proposed 
by WaJker (1966) and further evolved by Grcanvold (1973), 
Sigvaldasson (1974), Johannesson (1975) and recently in a 
comprehensive model 'by Oskarsson et d. (in press). 

The present study is mainly concerned with the importance 
of magma-mixing in the formation of intermediate rocks ex- 
emplified by the late Pleistocene Tindfjdlajokull silicic center 
in S.-Iceland, and an associated pyrwlastic flow deposit, bhe 
Thorsmork ignimbrite. 
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THE THQESMOE ICNIlVD3RITE 

Fig. 1 - Simplified geologic map d the Tindfjallaj6kull silicic center and 
surroundrings. 1 : basalts undifferentiated. 2 : evolved rack types. 
basaltic andesites to benmoreites. 3 : rhyoliies. 4 : The Thms- 
mork ignimbrite. 5 : alluvium. 6 : icefields. 7 : late to postglacial 
venb. 8 : inferred caldera fault. Rocks of neighbourhg centers 
undifferentiated. 

Tbe Thors~mGrk ignimbrite (Fig. 1) was originally described 
by Thorarinsson (1969), and in more detail by Jorgensen 
(1980a, b). The mapping of the ignhbrite demonstrated that 
it originated within the caldera-region of the Thdfjallajokd 
silicic center during the penuItimate interglacial of the region 
(approx. 200.000 years dd). It was emplaced as a series of low 
energy pyroclastic flaws which buried the surrounding low- 
land to a max. depth d > 200x11 in a prolonged eruption 
sequence. The lower part of the ignimbrite is welded and 
crystallized after emplacement, producing a compound cooling 



unit. Tihe present outcrop are a d  &0 km2 must have contained 
an original volume d 6 km3 ignirnbrik (4 km3 dense rock equi- 
valents) indicating a probable original t&d volume of bhe 
order d 6-8 km3 dense rock. 

Petrologically 95 % of the juvenile material is a rather 
homogeneous comendite &owing small, but significant, varia- 
tions in the phenocrysts. Variations in the feldspar phenocryst 
com~ositions indicate a small, but permanent thermal gradient 
in the magma-chamber prior to eruption, while trends in the 
pyroxenes indtcate falling fO, during crystallization, stabilizing 
bhe formation of fayalite in the upper part of the magma- 
chamber. Exsolution phenomena and large ranges in haematite 
and ulvcnspinel contents in the oxides from the uppermost part 
d thee ignimbrite indicates disequilibrium conditions in the 
magma-chamber at this stage of the eruption, probably result- 
ing from external heating of the magnaa-chamber. 

In addition to the cowendite, the ignimbrite contains a 
suite of mafic glasses cmstikuting approximately 5 70 of the 
juvenile material. This material ranges in composition from 
transitional basalt (in the sense of Jakobsson, 1972) through 
'mugearite and benmoreite to subcalcic rhyodacite, spanning 
the whole silica range from 46 to 71 70 SiO,. 

Tihe material occurs as glass shards and l a p a  fragments, 
which are often transparent, especially the more silica rich 
varieties, but larger clasts are often tachylitised, due to 
crystallization of a fine web of feabhery pyroxene and skeletal 
magnetite, Fig 2 B. 

Tihe material is compositionally rather heterogeneous wen 
within single fragments, Fig. 3. The heterogeneity is often seen 
as colour banding in the transparent glasse, Fig. ,%A, as lighter 
or darker patches, or various different shades of brown or 
grey, probably a function of dsferent oxidation ratios. True 
banded pumices wibh alternating dark and light bands occur 
throughout the ignimbrite, but change in character from bottom 
to top, the mafic bands becoming more siliceous with increasing 
height in the ignimbrite and interdiffusion becoming more 
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Fig. 3 - Tracings of elemental scans across heterogeneous glass, for Fe 
and K. Uppermost part of THI. 

pronouced. The banded pumices indicate mechanical, incom- 
plete mixing, while large mafic clash d benmoreitic colmposi- 
tion, Table 1 : Th2, represents a much .more advanced stage 
of diffusional mixing where the more acid glasses only occur 
as occasional small patches more or less digested in the large 
mass of mafic benmoreite. 

The most basic material is homogeneous and may occur 
as spheres of the type formed during Hawaiian fountaining, 
Heiken (1972) but is mainly found as shards and subrounded, 
vesiculated lapil.li, d the tme mainly found strombolian depos- 
its, Walker and Croasdale (1972). The mugearitic material is 
mainly bound as strongly vesiculated clasts of r e t i c u b  type, 
Heiken (1972). The benmoreitic material is very massive and 
little vesiculated while more siliceaus material becomes increas- 
ingly more vesiculated becoming true pumices around 70 9% 
SiO,. 
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,me mafic glasses contain a number d minerds displaying 
a wide range of texrtures. The basic glass apparently contained 
rare phenocrysts of olivine, augite and labradorite plagioclase, 
whiuh all occur more or less resorbed. The intermediate glasses 
crystallized f errosalitic pyroxenes (Fig. 4), oligoclase plagio- 
clase, magnetite and sulphide globules as  phenolcrystal phases, 
while Fe-hedenbergitic pyroxene (Fig. 4), and magnetite occur 
as microlcrysital phases. The phenocrysts are inevitably resorbed 
(Fig. 2%), but not as much as the abundant xenocrystal phases 
from the comendite, mainly Fehedenbergite with abundant glass- 
inclusions cFig. m), and anorthoclase commonly displaying 
finger-print textures, or even higher degrees of resorption 
(Fig. 2H). 

The mixing apparently took place between the temperature 
of the comendite, 915" C (Fe-Ti oxide temperature after Bud- 
&&on and Lindsley, 1964) and 1100" C for the basalt (olivine/ 
liquid temperature after Roeder (1974) and Bender et al. 
(1978)). Tihe magnetites of the intermediate compositions are 
very hig in ulvcaspinel content indicating rather reduced 
conditions. 

THE TJ!NDFJALLAJOKU SZLICIC ClENTER 

The Thmsmork ignimbrite originated within the Tindfjalla- 
jokull sMcic center, and a major question was then whether 
intermediate rocks comparable b hybrid compositions found 
in bhe ignimbrite, was present as independent rock units within 
the center. 

The Tindfjallajokull silicic center was mapped in detail by 
Larsen and Jmgensen (personal c'omunication), and initial 
results sbow that the center is mainly composed d transitional 
basalt with abundant subcdcic to peralkaline rhyolite (Table I), 
with minor intermediate rolcks of mainly basaltic-andesites with 
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TFJ 

Fig. 4 - Pyroxene quadrilaterals (preliminary) for the Thwsmiirk ignim- 
brite (!lTI), the mndfjalIajokull igneous sdte (WJ) and sample 
TF 13 (13). Symbols : THI. hatched area : general field of 
comenditic pyroxenes. Filled squares and circ1.e~ : m e d  pyr- 
oxenes. Filled squares and circles : mned pyroxenes in comendite. 
Crosses : microcrysts in quenched rhyodacite. Opm triangle : 
microcryst from mugearitic glass. Open &ole : phenocrysts 
from various hybrid glasses. Open square : phenmysts in basic 
glass. Lower bars : ms&ted olivines. TFJ. Heavy lines : 
generabed pyroxene trends for the igneous suite. Dashed line6 : 
conneds coexisting cpx, oliviue and upx for different assemblages. 
O p  circles : basalt. Closed circles : intermediate rocks. Open 
squares : acid rocks. Diamond : hornblende bearing rhyolite. 
13. Heavy arrows a t  M o m  : shows direction d zoning in 
olivbes. Crosses : microcrysts in gbmerocryst. 

marked alkaline affinities (Fig. 5). lrhe intermediate rocks 
show several complexities, some of them looking very much 
like ordinary icelandites, while others seem to be true mugear- 
ites. One of the rocks, Tf. 13, seemed to be a rather homogeneous 
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Fig. 5 - Representative AFM diagrams, (wt. % Na20 + K20 - FeOt - 
MgO). a. The Thorsmork ignimbnite suite. Open squares : single 
spot microprobe analyses. Filled squares : whole rock analyses. 
b. The Tindfjallaj6kull igneous suite, whole rock analyses. 
Arrow points to sample Tf 13. c. Comparative trends. 0 : ore- 
fajokull mQin trend, (Prestvik, 19801). E : Eyjafjallajokull, (Arney, 
1978). T : Torfajokull mixed trend, (Gr~nvold, 1973). oh : ijrzefa- 
jokd  hybrid field, (Prestvik, 1980). d. Partial melts from gabbro- 
standing triangle) and granophyre (inverted triangle) xenoliths 
from Tindfjallajokull hyaldastites, (Larsen, 1979 and personal 
communication) . 

benmoreite, but microprobe investigation proved it to be very 
heterogeneous, containing phenocrysts d bobh Fedhedenbe~gitic 
and augitic compmitions zoned to ferrosalite, while similar 
trends are found in the olivines, (Fig. 4) and in the feldspars, 
which &ow finger-print textures, (Fig. 2G) and strong disinte- 



gration (Fig. 2E). Micrmrysts in vesicular glomerocrysts 
have compositions comparable with the most basic pyroxenes, 
while the microcrysts in the groundmass are ferrosalites. This 
mineralogic evidence indicates that the rolck resulted from 
mixing of approximately equal amounts of comendite and 
transitional 'basalt, and thus is very similar to the benmoreitic 
compositions found in the Torsmork igniznbrite. Many other 
rocks in the Tindfjallajokull centre shows disequilibrium rela- 
tionships, bat many of these are not as readily interpreted as 
magmamixing as  was the Tf 13. It appears as though two 
parental basaltic compositions are  present, a dominant low 
magnesium transitional basalt type and a subordinate high 
magnesium fioleiitic type, (Fig. 5). The transitional basalt 
type seems to grade continously into rocks d basaltic andesite 
composition, an evolution most pro;bably resulting from frac- 
tional crystallization. More evolved rocks inevitably show dis- 
equilibrium features, and in more finegrained varieties two 
sizegrades toommonly appears thouroughly mixed, indicating 
mixing of two magmas not very different in composition. The 
cmendites only rarely shows disequilibrium features, indeed 
many d them are only sparsely porfyritic and the minerals 
present shows only very restricted compositional ranges. The 
subcalcic rhyolites on the other hand commonly shows disequi- 
librium features in the shape of resorption of phenocrysts 
as well as  clots of quenched mafic material, wen for the most 
w o l e d  rhyolite, a hornblende-fayalite-ore-allanite-oligoclase- 
phyric, high siIica rhyolite. The thoieiitic basalt type does not 
seem to have any direct successors, but a scattered sdelction 
of rocks falling off the main trend of evolution for the center, 
(Fig. 5) and generally showing abundant disequilibrium textures, 
may ible more or less assolciated wibh this type. The abundance 
d more or less melted xenoliths d gabbroic or granophyric 
composition found in the frequent hydoclastites d the center, 
Larsen (1979), presents a fu&her complication. Partial melts 
formed from these, Fig. 5 (Larsen, 1979) plot in the slcattered 
field of compositions described above. The occurrence of pyro- 



SPadPOSmM ON TH?3 ACTIVITY O F  OCEANIC VOLCANOES 

xene phenocrysts with partly exsoked orthopyroxene lamellae, 
characteristic of slowly coded plutons, in some very plagiodase- 
rich rocks, seems further evidence of the importance of conta- 
mination from wall rocks. 

The data presenkd above show that magma-mixing is an 
important, though not the only, operative proces in the iorma- 
tions of the intermediate rocks of the Tindfjallajokd. One may 
then question the importance d this observation an bhe regional 
scale. Silicic \hybrid rocks have recently been described from 
tihe 0mfajokull center in SE-IceIand, Prestvik (1980), and 
many of tihe features described are comparable with those of 
bhe present work. Granvold (1973) described and gave analyses 
d hybrid rocks from the l'ar.€ajiikuU silicic center S.-Iceland, 
and so did Wetzd et al. (1978). The origin d the Hekla andesites ' 
have variously been a t t rbu td  to fractional crystallization of 
basalt, Baldridge et al. (1973), partial melting d wustd material, 
Sigvaldasson (1974) and magma-mixing Wetzel et al. (1978). 
The Eyjafjallajijkull igneous series (Arney, 1978), on the other 
hand was claimed to be solely a product of fractional crystal- 
lization, in spite of bhe occurrence d meohanically .mixed lavas 
and abundant disequilibrium features, h e y  (1978). The h- 
portant difference between the earlier described occurrences 
of hybrid rocks and Ithose of the present study is, however, the 
marked deviation from a linear ,mixing line of the hybrid 
composition, especially for elements such as Na, Fe, P, Mn 
(enriched) and Ca, Mg, Ti (depleted). This is a clear indication 
ahat processes other than mechanical (mixing were operative, 
d which differential interdiffusion, as observed on a micro- 
scale, and, resorption/crystaUizatim of phenocrysts, of the 
type pmposed by Aderson (19761, were the most important, 



while both fractional crystallization and partial melting of 
crustal materid, ddinibely were important in the formation 
of several rock types present in the TFJ center. Similar com- 
plex processes undoubtedly operated in the formation of m k s  
from the neighhurin gsilicic centmers described above, though 
more detailled studies are needed to establish to what degree. 

Eicheliberger (1978), proposed that thorough mixing of 
magmas to produce intermediate rolcks were characteristic d 
subduction zone situations, due to thick crusk and thus long 
residence time for magmas in this environment, while rift 
areas were oharacterised by scarce intermediate rocks and a 
pronounced bimodality, due to thin crust and correspondingly 
short residenw time for magmas. The present data corresponds 
well to t'his model, the a,mount d intermediate material being 
insignificant against the abundant basalks and ~hyolites. Further 
the ldata presented corresponds extremely well to the model 
presented for southern Iceland by Oskarsson et al. (in press), 
the Tindjfjallaj6kull actually being placed in the middle of their 
zone most favourable of mixing, bhe transitional basalt corres- 
ponding to their wet alkali basalt, and the tholeiitic type being 
injected from the Eastern Rift Zone proper, and through 
mixing/crystallization resulting in the other observed rock 
types. The melted xenoliths could then be remnants after 
melting of amphibolite, though amphiboles are extremely rare, 
even in unmelted samples. The composition of the partial 
melts is further more similar to  tholeiites, but this may not 
be significant, as it could be a function of very lolcal conditions 
with the liquid later being modified during collection. 
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The pr,esent study has demonstrated the importance of 
magma-mixing in the production of intermediate rocks in the 
Tindfjallajokull silicic center, supkmentary to other petro- 
genetic processes, and implied this probable importance in the 
case of several other (centers, though the origin d Ithe parental 
composition remains unresolved. ?\he wide range d composi- 
tions present in tihe Tindfjallaj6ku.U center, however, indicates 
that this center remains a key area to $he understanding of 
the fundamental petrogeentic processes operating in this region, 
and is thus important to the understanding of oceanic island 
volcanism in general. 

The author, is greably indebted to Dr's G. Sigvaldasson, 
K. Granvold and N. Oskarssm, Reykjavik and C. K. Brooks, 
and A. K. Pedersen, Copenhagen, for valuable discussions on 
this topic. ?;he analyses from the G.G.U. Geochemical labora- 
tory under the direction of I% Ssrensen is gmatly acknowledged. 
S. Sindrasson is thanked for assistance with the microprobe. 
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REPRESENTATIVE ANALYSES 

Explanation : 

Tf 1 :basalt from northern part d T i n d f ~ j ~ ~  &ic center 
Tf dl : biotite bearing basalt from SW part of Tfj. center 
Tf 13 : mugearite from central part of Tfj. cenb  
Ff 236 : commdite from northern rim of Tfj. caldera 
Th 1 : basic shard f r m  middle part of Thorsm8rk ignimbrite 
Th 2 : bemmreitic shard horn u-mt part d THI 
Th 3 : average mendi te  f r m  THI 
AU Tf : whole rock analyses from G.G.U. Geochemiaal Lab. 
All Th : single point mkropmbe analyses 
AII Fe : calculated as FeO for cvnv~ence. 
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ABSTRACT 

Basaltic magma is continuously being fed into magma 
reservoirs at about 3 km beneath the Krafla volcano in North 
Iceland. At the same time the North Iceland plate boundary 
is unde~going a major rifting episode m a 100 km long fault 
swarm that intersects the Krafla volcano. Most of the magma 
resides a short period in the magma reservoirs and is injected 
into the fault swarm as 10-15 km long slegments are rifted. 

About 0.6 x lo9 znS of magma are estimated to have flowed 
through tihe magma reservoirs and about 1 % have been erupted 
in short lived fissure eruptions and injections into boreholes. 
The lavas show significant chemical variation (MgO 5.2 - 8.6 %) 
and clear signs of mixing during eruption ad indications of 
extensive mixing before eruption. The apparent end members 
are not related by fractionation of minerals observed in the 
lavas which suggests that at least two separate reservoirs are 
involved. 



The new lavas are erupted from a discontinuous fissure 
wikh ohhe more primitive lavas found at the northern end. This 
reflects the regional distribution of postglacial lavas in the area 
as basalts erupted north d the Krafla volcano are dominantly 
more primitive than those associated with the volcano. 
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ABSTRACT 

The fluorine content of volcanic rocks from different vol- 
cano-tectonic environments in Iceland differs systematically 
in concert with other petrochemical parameters. The lowest 
abundance of fluorine (45-220 ppm F) is found in the petroche- 
mically primitive 01-tholeiites of the rift zone. Evolved basalts 
ranging from 01-tholeiite to qz-tholleiite composition occur in 
the volcanic centers of the rift zone. These rocks contain 
220-450 ppm F, while with alkaline affinities found in volcanic 
centers outside the rift zone contain up to 1600 ppm F. The 
variation in fluorine within the different rock suites is believed 
to reflect varying degree of crustal involvement in their genesis. 
In the rift iwne fluorine chemistry d the basalts is believed to 
result from mixing with silicic magmas formed by anatexis in 
bhe rift zone crust. h the non-rifting volcanic centers the high 
fluorine results from a partial melting of amphibolite, which is 
believed to be a residual assemblage from earlier anatexis in 
the rift zone. 

(This paper was not read at the Symposium) 
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ABSTRACT 

Ocean ridge eruptive chemistry reflects isochronic campo- 
sitiond <gradients ,, often attributed to the interaction of 
lithophile element-rich mantle plumes with the relatively depleted 
asthenosphere, Inspection crf Atlantic and Pacific axial gradients 
shows lithophile-rich eruptions do not correspond exclusively 
to proposed loci for mantle upwelling. In contrast, transform 
fracture zones appear to mark the majority of lithophile-enrioh- 
ment peaks, suggesting relatively superficial tectonic pheno- 
mlena influence magma chemistry. A general association of 
litihophile and radiogenic isotope enrichment with increasingly 
frequent offset spreading culminates at major fracture zone- 
ridge axis intersections (e.g., Galapagos, Iceland, Azores, Jan 
Mayen, and Siqueiros, Oceanographer and Romanohe fracture 
zones). Major element and normative compositions show that 
enrichment also coincides with increased depth of melt segreg- 
ation in the mantle. This is of intelest in view of independent 
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evidence for a vertical zonation of mantle lithophile and radio- 
genic constituents, such that magmas d deeper origin would 
reflect a downward transgression from depleted to enriched 
sources. On the basis of thermal models it is reasonable to 
postulate two prderentid zones of partial melting a t  wean 
ridge =es : one activated by a normal, rift dilation (high 
degrees of (melting at shallow depbh), the other activated by 
transform fracixres (low degrees of melting at greater depbh), 
eaah environment constrained by characteristic ranges d I? & 
T and relative volumetric contributions to the aocreting litho- 
sphere. Deep basement drilling in the vicinity of fracture zones 
reflects suoh dual magma provenance and reveals evidence 
for the partial hybridization d disparate magmas within single 
offset spreading segments. This is consistent with evidence for 
extensive linear magma transport in rift-controlled environ- 
ments. Wi le  reserving judlgment ,on th'e surface effects of 
mantle plumes it is proposed that ocean ridge eruptives may 
reflect differential, tectonically controlled, salmpling of a ver- 
tically zoned upper mantle, essentially as a secondary effect 
d bhe offset spreading pattern. 

(This paper was not read at the Symposium) 
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ABSTRACT 

Major element electron microprobe analyses of over 100 
d~edged samples of basalt glass from the East Pacific Rise 
and nine young isolated seamounts near the Rise are presented 
along with petrographic data for .tihe samples. These data 
indicate that most suites d samples f r ~ m  seamounts are 
fractionated suites of low-K,O mid-ocean ridge basalt similar 
to many described previously. In addition, however, some 
seamount hvas  difgerentiate toward higher &O, TiO, and other 
incompatible dement enrichment wibhout correlation with Mg/ 
/Fe ratios. These two types orf chemical abundance variation 



trends do not correlate well with size, age or tectonic settings 
of the seamounts, however, the absolute amount of chemical 
div'ersity observed in the lavas of each seamount does correlate 
with bhese ,other variables. The data indicate tihat location 
on fracture zones is neither a necessary or sufficient condition 
for great chemical diversity of seamount lavas, however, 
seamounts on fracture zones tend to be large in size. On the 
other hand, relatively @eat age (> 3.0 m.y.) and great size 
(> 201) km3) are sufficient but not necessary conditioais for 
such seamount lava diversity. These patterns may be interpreted 
in terms d the evolution d young ooeanic c'entral volcanoes. 

Geologic and petrologic studies of oceanic islands have 
added greatly to ow understanding of ooeanic vdcanism (Daly, 
1933 ; Baker, 1973, Sun and Sanson, 1975). However, volcanic 
idands may not be truly representative of oceanic central 
volcanism since they are only the very largest of the oceanic 
central volcanoes. Geologic and petrtrologic studies of the much 
more numerous wholly-submerged oceanic central volcanoes 
are necessary to determine : 1) The proportion of oceanic 
central volcano seamounts which are presently active. 2) The 
proportions of intra-plate volcanoes which originate near ridge 
crests. 3) The mean-active lives of these various types of 
volcanoes. 

Such questions may be partly answered by a combination 
d field/petrologic studies d wholly-submerged volcano~es com- 
plemented by statistical skudies of seamount size and abundance 
distributions on oceanic crust of various ages (Batiza, 
1981). Batiza (1977, 1979, and 1980) presented results of 
studies of small (< 500 km3) young and isolated (not-grouped) 
oceanic central volcanoes which indicate that many such vol- 
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canoes are composed of basalt chemically similar to mid-wean 
ridge thdeiitic basalt. Ia addition, holwever, some of these 
volcanoes are capped by alkalic and transitional basalt sug- 
gesting that these volcano~es may evolve petrologically. This 
evolution could be linked to temporal changes in their mantle 
source area as young active seamounts are carried away from 
ridge crests (Batiza, 1980). &Nut and Batiza (1981) presented 
paleomagnetic data for most d these young oceanic volcanoes 
and showed that such data are helpful for distinguishing 
bletween volcanoes and stru&ural features on trhe sea floor, 
providing information on their mean active growth iperiods and 
for determining eruption chronologies d individual v~lcano~es. 

,me purpose of this paper is to present petrographic and 
major-element composition data for samples from nine small 
seamounts near the East Pacific Rise (7 volcanoes and 2 struc- 
tural features) and for samples dredged from the Rise. In 
addition, we discuss systematic reIationslhips which .exist between 
the petrology of these seamounts and their tectonic settings, 
siney and paleomagnetic characteristics. The location of &ese 
seamounts, bakhymetric maps and data on the locations of 
dredge hauls has been presented previously (Batiza, 1980). 

The field methods employed as part of this study have 
been described previously (Batiza, 1979 and 1980). In Table 1 
we present a sumary d the results d petrographic examination 
d about 250 thin sections of samples recovered in 27 dredge 
hauls. Table 2 gives major elelment compositions and the 
petrographic type of 135 samples from the nine seamounts and 
the East Pacifi~c Rise. These analyses are electron microprobe 
analyses 'of fresh glass and therefore represent liquid compo- 
sitions unaffected by crystal accumulation and alteration (Mel- 
son et al., 1976). 
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RESULTS 

The samples studied include pieces of submarine hyalo- 
clastites (Fig. I) ,  pillow lava and sheet flow (submarine 
pahoehoe : Figs. 2 and 3). The lava flows are  mostly aphyric 
or very sparsely phyric, but some porphyritic types were 
recovered. Textures within the samples vary from glassy 
to holocrystalline and bh<e only unusual texture observed consists 
of segregation vesicles and tubes which are sometimes abundant 
in the she& flow samples (Fig. 4). In all other respects, 6he 
mineralogy and textures d tihese samples are similar Q those 
of previously- described sublmarine basalt lavas (e.g., Bryan, 
1971) and pyrodastic rocks (e.g. Schincke et al., 1979). 011 the 
basis of $he types of phenocrysts and megacry& found in the 
lavas, deven distinct petrographic types may be distinguished 
(Table 1). 

Most of the samples have megacrysts of plagioclase (An,,) 
and/or ,olivine, but these are abundant (> 1 %) in only a few 
samples. Most of the lavas have rare phen~crysts d plagioclase 
or plagioclase plus olivine and it is clear f om observed textural 
relationships that for most samples, plagioclase was the first 
liquidus phase. The only exceptions are from volcano # 3  
whe~e olivine is the first liquidus phase, followed ;by plagioclase. 
Many samples also have phenolcrysts and microphenocrysts of 
clinopyroxene. In all cases, this is the latest phase to crystallize 
and observed assemblages are : P1 + 01 + Cpx and less corn- 
monly P1 + Cpx. 

The &enical  compositions of the lavas vary widely as  
shown in Figs. 5 and 6. Most volcanoes exhibit some chemical 
variation, however, the magnitude and trends of tihis ahemical 
variation are widely different between volcanoes. With some 
significant exceptions, most of the samples analyzed are low- 
&O mid-ocean ridge tholleiite which are ohemically similar to 



Fig. 1 - Photomicrograph of hyaloclastite tern, width of frame is 2 mm. 
Note angular fragments of altered glass with fresh cores which 
are lmely cemented by Fe-Mn oxides. 

Fig. 2 -Photomicrograph of samples 19-5, width of frame is 0.11 m. 
This sample of sheet flow has a thick glassy rim. pictured here, 
with a very pronounced flexion texture defined by tiny crystal- 
lites of silicates and opaque minerals. 



Fig. 3 - This rock is similar to the one in Fig. 2 but this photomicrograph 
is taken of the interior portion of the flow which is almost 

holocrystalline. Note the very pronounced fluxian texture. Sample 
is 3-2 and width of frame is 2 rnm. 
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samples abtained from the active mid-ocean ridge system and 
f r m  drilling d the oceanic crust. Suites d samples from 
individual volcanoes generally show a range d 100 Mg/Mg + 
+ Fe2+ (Mg no.) and other element variations characteristic 
of suites d mid-ocean ridge basalt (Batiza et al., 1977 ; Melson 
et al., 1976 ; Morel and Hekinian, 1980 ; Byerly, 1980 ; Clague 
and Bunch, 1976 ; Frey et al., 1974 ; Natland and Melson, 1980). 

In addition to these tholeiites and fractionated thobiites 
the seamount dredges contain aIkalic basalt and transitional 
basalt. These samples are not deplet'ed in light rare earth 
element ( W E )  and other incompatible trace elements but 
rather have either flak ohondrite-normalized REE patterns or 
LREX enriohed ones (Batiza, 1980). Fig. 6 shows ihat these 
transitional and a!lkalic lavas have distinctive variation trends 
of major elements as mu. 

Before a discussion ad interpretation d the petrology of the 
seamounts, the characteristics of each are given: 

Seamount 1 : This volcano was discussed by Lonsdale 
and Spiess (1979) and Lonsdale and Batiza (1980). It is a small 
(47 ;ksn3) thaleiitic volcano lolcated within the central magnetic 
anomaly of the East Pacific Bise on crust 0.6 m.y. in age. 
Dredges d its slopes and summit have recovered tholeiitic 
basalt with Mg no. 60-63. Dredge 3 (Table 2) probably sampled 
2 individual flows which have phenocrysts of Pl and P1 + 01. 

Seamount 2 : This volcano is also small (- 80 km3) and 
is located symmetrically across the East Pacific Rise from 
seamount 1. Like seamount 1, it is located on normal 
oceanic crust (i.e., not on a fracture zone). Lavas from its 
slopes and summit contain only plagioclase phenocrysts but 
some contain megacrysts of glagioclase and olivine. They have 
uniformly flat W E  abundance patterns (Batiza, 1980) and 
slightly higher K,O abundances than depleted mid-ooean ridge 
basalt (MORE) of comparable Mg no. (61-63). 
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Seamount 3 : This small (62 W) bathymetric high is 
located on normal crust of 1.1. m.y. in age and there is good 
evidence (Batiza, 19'79, 1980) that it is not a volcano, but rather 
a structural fieature. Lavas from 4 dredge hauls show variation 
in Mg no. of 61 to 68 and belong to two groups: a low-K,O group 
and a high K,O group (Eig. 6). Lavas d the former group 
have phencucrysts d either P1 or PI + 01 and sometimes 
megacrysts of plagioclase. Those 'd the latter group (high 
$0) have phenocrysts of either olivine or 01 + Pl and lack 
megacrysts. These two groups differ in La/% ratio and other 
trace element abundances (Batiza 1980). 

Seamount 4 : This small (74kms) bakhymetric high is 
located on normal crust 1.5 m.y. in age. Like volcano 3, there 
is good rnorphologic and paleomgnetic evidenlce to indicate 
Chat it is a structural feature ra%her than a volcanic construc- 
tional feature. Three dredges of .tihis feature yielded lavas with 
Mg no. of 60-64 and a variety of phenocryst assemblages but all 
are LREEdepleted tholeiitic basalt. 

Seamount 5 : This seamount is one of the largest of this 
group (- 300 km3) and is located on a small fracture zone near 
crust which is 0.9 my.  old. Paleomagnetic evidence indicates 
that this feature is probably a volcano but it has asymmetric 
slopes and oCher morphologic features whiclh indicate an unusual 
growth history or later morphologic modification. Lavas from 
five dredges have phenocrysts of either P1 + 01 or Pl + 01 + 
+ Cpx with occasional megacrysts of both plagimlase and 
olivine. They show great chemical diversity with Mg no. of 55 
to 65 and all have slightly higher K,O (Fig. 6) and La/Sm 
ratio (Batiza, 1980) than typical low-&O MORB. 

Seamount 6 : This small (- 70 kms) volcano is located 
on crust d 3.0 m.y. age and is located very close (10 km), 
though not directly on, a small fracture zone. Two dredge hauls 
of the summit region recovered both transitional basalts with 
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flat W E  abundance patterns and LFtEX enriched alkali olivine 
basalt (Batiza, 1980). The former have either PI or PI + 01 
phenocrysts while the latter have either PI +01 or P1 + Cpx 
phenocrysts and are highly vesicular (10-15 70 vesicles). Tihis 
volcano gives very unusual magnetic paleoinclinations and 
paleodedinations which could be due to: 1) its small size, 
2) inadequate magnetic data, or 3) unusual clhemical composi- 
tion d the h a s .  The transitional lavas have a narrow range 
of Mg no. (65-67) but a wide range of K,O and TiO, abundances 
(Fig. 6) and the alkalic lams have a wider range of Mg no. 
(as low as 53). While the variation trends exhibited by all the 
samplles are discontinuous, We samples appear to define a 

Mg No. 

Fig. 5 - Plot of MG no. (100 Mg/Mg + Fe+2) versus wt. % TiOz content 
for the glasses analyzed. Fields for samples from each seamount 
are shown with solid lines. Dashed lines connect groups of 
samples from the same volcano. Numbers of the fields correspond 
with the volcano numbers used in the text. 



Fig. 6 - Plot of wt. % K,O versus wt. % TiO, for the glasses analyzed. 
Same conventions as Fig. 5. Also shown is Ule trend labelled < L 
which is from NaUand and Melson (1980). Note the variable 
K/Ti ratios of samples from this study. 

singl'e trend toward incompatible (element enrichment which is 
not related to changes in Mg no. (Figs. 5 and 6 and Batiza, 1980). 

Seamount 7 : This is the largest seamount of the group 
(540 km3) and is located on the same fracture zone as sea- 
mount 5 adjacent to crust 3.5m.y. in age. Paleomagnetic 
results indicate clearly that this sea*mount is a volcano that is 
tilted northward about 15" which explains its asymmetric slopes. 
Rocks from two dredges include both a suite of LREX depleted 
tholeiites (Mg no. N 65 with P1 or P1 + 01 phenocrysts) and 
LREE enriched transitional basalts with Mg no. - 57, La/Sm = 
1.27 (Batiza, 1980) and Pl + Cpx phenocrysts and plagioclase 
m4egacrysts. 
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Seamount 8 : This small (61 km3) volcano is located on 
the ,oldest crust d any of the seamounts in tihis group (6.8 m.y.) 
and is about 10 km north of a small fracture zone. Palemagnetic 
evidence indicabes that in contrast to most d the others, it is 
younger than the crust upon which it is built. Two dredge hauls 
recovered LREE depleted tholeiitic basalt with Mg no. 61-63 
and 67 (two groups) whiclh all have only plagiodase phenocrysts 
and occasional megacrysts of plagioclase and olivine. 

Seamount 9 : This volcano (N  200 kms in volume) is lo- 
cated along the same fracture aone as seamounts 5 and 7 near 
crusk 5.5 my .  in age. It is apparently about the same age as  
the crust that it is near and grew quickly near the East Pacific 
Rise. Dredges recovered a suite d LREE depleted tholeiitic 
basalt (Batiza, 1980) with Mg no. 62-71. The lavas define three 
distinct .groups and a discontinu,ous trend of chemical variation 
like many &her 9holeiitic differentiation trends (Figs. 5 and 6). 
Phenocrysts and megacryst asslmblages are variable (Table 2) 
and many sa.mp1es are highly porphyritic with plagioclase or 
plagioclase plus olivine megacrysts. 

Easrt Pacific Rise : Three dredges at  the East Pacific 
Rise yielded lava suites Mnhi~h exlhiibt a range of L a / h  ratios 
(Batiza, 1980). Samples from dredges 10 (12" N) and 30 (14" N) 
are LREE depleted' while those of dredge 5 (11.5" N) have 
nearly flat patterns. The K/Ti ratios of tihe samples system- 
atically increases and the Mg no. of the samples decrease 
from soueh to north along %he East Pacific Rise for these 
three dredge haul. The samples exhibit a great variety of 
phenocryst and megacryst abundances (Table 2) and were all 
dredged  from portions d the East Pacific which are morpho- 
logic horsts (Lewis, 1979). 



SUlMVIARY OF RESULTS 

Examination of the data above indicate that several gene- 
ralizations n a y  be made. However, we caution that the numb~er 
of seam'ounts studied is small, and bhlerdore these general- 
izations may only hold at this locality. Nevertheless, it is dear  
from  is set of data that : 

1) The larger volcano~es tend to  occur along fracture zones. 
The three largest volcanoes (5, 7 and 9) occur on the WGorman 
fractme zone. It is also nokwmthy that of the seven volcanoes 
studied, only two (1 and 2) are not either on fracture zones 
or very near to them such as 6 and 8 (McNutt and Batiza, 1980). 
The two structural feahres (3 and 4) are not located on or 
near fracture zones. 

2) All of the relatively large volcanoes show great diversity 
of lava compositions. However, Figures 5 and 6 show that the 
volcano~es witih the greatest chemical diversity also include 
volcan~o 6 (- 70 km3), showing that gneat 'chemical diversity 
is noft a function of size done. 'Phis relationship is not a 
funcion of the itotal number (of dredges on each volcano, as 
volcanoes 9, 7 and 6 had only 2 lea& whereas volcano 8 had 3 
dredges and sholws much less ~ohernical diversiiy. 

3) The lavas fr'om all volcanoes located on relatively old 
crust (3.0m.y.) exhibit great chemical diversity. The single 
exoepltim to this generalization is volcano 8, but MaNutt and 
Batiza (1981) have shown that this one is probably much younger 
than the crust upon which it is built in contrast wibh the others : 
volcanoes 9 (5.5 my. old crust), 7 (3.5. m.y.) and 6 (3.0kn.y.). 

In sumary, volcanoes which are either relatively large 
(100-150 W), or arle lolcated on fracture mles or are greater 
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than about 3 my. in age tend to exhibit greater chemical divers- 
ity of lavas than volcanoes which are mall (100 km3), young 
(3.0 m.y. in age) and located at relatively great distance from 
fracture zones. 

DISCUSSION AND INTERPRETA'1"ION 

Because a great deal more data are yet required in 
order to critically evaluate the petrogenesis of the lavas 
from these nine seamounts and the EPR this will not 
be attempted in this paper. It is clear, however, that while 
simple Eow-pressure fractional crystallization may be sufficient 
to lqualitatively explain the chemical variati,ons of the lavas 
f r ' m  voFcantxs 8, 9, and 1, structural features 3 and 4 and 
possibly dredge 30 from the East Pacific Rise (Figs. 5 and 6), 
tihis mechanism al'one is not sufficient to account for the 
variety '& La/Sm ratios and levels of LREE and &her incom- 
patible element enrichments of volcanoes 2, 5, 6 and 7, seamount 
3 and some of the East Pacific Rise dredged rocks. Electron 
micmprobe, trace elment mineral analyses, whole rock major 
element analysis and isotopic analyses (all in progress) should 
help to toonstrain the petrogenesis d these divase lavas and 
allow quantitative testing of s'everal possible hypotheses for 
their origins. 

In this diwuesi~oa we will consider significance and 
possible explanations for the abserv'ed relationslhips between 
the dive~sity of lava chemistry and the ages, sizes and tectonic 
settings of the volcanoa sumlmarized bleforle. The observed 
ehemical diversity is of two types : 1) fractionation trends 
which are very similar to those exhibited by suites of MDRB 
(Type 1) (Figs. 5 and 6). In this case, though, the trends are 
usually not continuous but are  defined by connecting distinct 
grows of samples ; 2) fractionation trends leading to correlated 
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$enrichments d K, Ti, LREE and other incompattble elements 
without g o d  correlation with Mg# (Type 2). 

It should be kept in mind that these types of variations 
could have quite different causes and it is therefore interesting 
that no correlation between age, size or tectonic setting and 
the specific type of ahemid  diversity of lavas is apaprent 
for &ese volcanoes. For example, type 2 variation is obsmed 
f~or lavas of seamouts 2, 3, 6, 7 and possibly 5 which vary 
greatly in relative age, size and tectonic setking. Thus it is 
the absolute magnitude of bhe  chemical diversity rather than 
its type which correlates well with age, size and tectonic setting. 

Because of the small numb'er d volcanoes studied and 
because of the nature of the observed correlation, it is not 
possible to tell whether relatively @eat age, size or location 
on fracture aones is the most important single factor leading 
to chemical diversity (of eithm type). In addition these. variab1es 
are probably not independent. For example, if growbh rates 
are constant and growth periods exceed 3 m.y., the old~er the 
volcano is, the larger it will be. 

It  is dea r  from the data that location on a fracture zone 
is neither a necessary nor sufficient condition for great chemical 
diversity .a€ lavas. Bo6h relatively great age (> 3.0 m.y.) and 
relatively g n a t  size (> 200 km3) are sufficient but noit neces- 
sary ~condikions for great divlersity. This assumes, d cours'e, 
that the dndging obtained representative samples of the vol- 
canoes7 surfaces. 

Relative age o d d  be an important factor either because 
of increased opportunity for fractional crystallization to occur 
in sub-v~olcanic oharnbers or altematively because d the in- 
creased chances that a volcano drifting away from the accre- 
tionary zone of the ridge crest would be fed by diverse magmatic 
s*ouroes &fierent from those which melt beneath the ridge. 
On the other $hand, great lava diversity may only be a function 
d small average size for individual lava flows. Tbis in turn 
might be most likely in the waning stages of evolution, but 
very lithle evidence bearing ion the aver,age volumes of in- 
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dividual eruptions a s  a function d t h e  exist for these types 
of v~olcanoes. In any casle, both fractional crystallization and 
tapping of multiple and changing source regions are not neces- 
sarily age-dependat proieesses and &is may explain why great 
age is not a necessary condition for great petrologic diversity. 

Relatively large size may be an important factor because, 
as before, Ithe surfaces of relatively large vdcanoles may be 
covered by lavas erupted in the waning stages of evolution. 
Su& activity may be a consequence d the volcano having 
atchimd ib maximum a t t a inah  height for a given lithosphere 
thickness (Vogt, 1974) or else its losing contact with a magmatic 
source from which it is continually being separated by plate 
motion (klenard, 1969). This assumes, of course, that the small 
vdcano~es studied are still active and in fack vdcan~o 6, though 
relatively small ,shows great cthmnical diversity. %his suggests 
that location on fracture zones may result in larger average 
volcano gr.obwtb rates (volcanoes 5, 7 and 9) but that fracture 
zones do n~ot otherwise exert important influences on the source 
region characteristics or chemical diversity elf s'mall oceanic 
central vollcanoles. 

This study 'was supported by NSF' grant OCE 7727001. We 
thank Frank Walkup tor pr'eparing the polished grain mounts 
for dectr'on micrqwobe analyses. 
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TAl3Llz 1 

PETROGRAPHIC TYPES 

Aphyric 

P1 

P1+ 01 

Pl + 01 + cpx 

E'l + cpx 

P1 

Pl + 01 
01 

None 

Pl + Cpx 

None 

Hyalodastite 

Vd. % Vesicles 

<5 

(a) 10-15 (b) <5 

(a) 10-15 (b) <5 

(a) 5 2 0  (b) 5 

(a) 10 (b) <5 

(a) 10 (b) <5 

<5 

> 10 

> 10 

(a) 10 (b) <3 

P1 (No samples with 
glass) 

P1 



TABLE 2 

BASfiT GhASS ANALYSES 

SEAMOUNT 1 

3-9 0-3 Average 

SiO, 50.42 50.42 50.50 50.53 50.42 50.13 50.54 
TiO, 1.32 1.48 1.35 1.49 1.33 1.36 1.33 
A1,O3 143.90 15.40 14.75 15.50 15.00 14.84 15.02 
FeO* 9.82 10.05 9.82 10.14 9.91 9.80 9.72 
MgO 7.56 7.05 7.74 7.02 7.60 7.73 7-78 
CaO 12.50 Q.85 12.42 11.97 1240 12.40 12.43 
Na20 2.61. 2.90 2.64 2.87 2.62 2.63 2.63 
K20 0.05 0.06 0.05 0.0'7 0.05 0.06 0.06 
P20, 0.l.l 0.12 0.11 0.11 0.11 0.181 0.10 

TOTAL 99.29 99.33 99.38 99.70 99.34 99.06 99.56 99.36 

Petrographic 
Type (P.T.) 33 3B 3B 3B 1 6B 



BASALT GLASS ANALYSES (cmthued)  

SEAMOUNT 2 8 o 
rn 
3 

2 
D4 Average 

2 

TOTAL 98.45 99.24 99.55 98.77 99.67 99.36 99.36 98.91 99.56 99.01 99.41 99.09 
4 
8 

Mgno. 62.3 62.1 60.8 61.5 62.3 60.7 62.9 61.9 61.7 61.4 62.0 61.8 E 



BASALT GL~SS ANALYSES (continued) 

SEAMOUNT 3 

TOTAL 99.68 99.92 99.27 99.76 99.47 99.17 99.40 99.34 99.71 99.29 99.91 99.78 100.37 99.53 
--  - 

Mgno. 62.0 65.0 64.5 65.4 65.1 65.2 65.1 64.6 64.8 65.3 61.0 61.1 60.7 64.0 



BASALT GLASS ANALYSES (continued) 

SEAMOUNT 3 

7-2 7-3 7-4 7-6 7-8 7-9 7-10 0-7 Average 

TOTAL 99.89 99.68 100.12 99.98 99.73 99.67 99.37 99.77 

Mgno. 64.3 64.0 63.4 63.6 64.9 65.0 64.7 64.3 



BASALT GLASS ANALYSES (cmtinued) 

SEAMOUNT 3 

8-1 8-2 8-3 8-5 8-6 8-7 8-8 8-9 8-10 8-11 D-8 Average 
b 
0 
i3 

TOTAL 99.54 99.51 99.44 99.45 99.65 99.94 99.74 100.02 99.61 99.25 99.61 

Mgno. 66.4 66.7 67.5 67.8 66.8 67.2 67.9 66.8 67.9 68.0 67.3 



SEAMOUNT 3 

BASALT GLASS ANALYSES (cmtinued) 

SEAMOUNT 4 

SiO, 49.68 49.41 49.96 49.32 48.90 49.45 49.82 50.24 50.8 50.41 50.49 
TiO, 1.38 1.36 1.26 1.31 1.30 1.32 1.33 1.41 1.32 1.38 1.28 
AIA 16.92 17.03 16.74 16.66 16.53 16.78 15.71 14.53 14.90 14.66 15.04 
FeO* 8.79 8.83 8.71 8.65 8.72 8.74 9.22 10.20 9.78 10.17 9.49 
M g o  7.41 7.52 8.24 8.07 8.16 7.88 7.79 7.51 7.58 7.10 7.83 
CaO 12.23 12.12 11.92 11.76 11.98 12.00 12.47 12.43 12.66 12.77 12.45 
Na,O 2.87 2.93 2.74 2.81 2.80 2.83 2.75 2.53 2.56 2.62 2.74 
KzO 0.21 0.21 0.18 0.18 0.20 0.20 0.06 0.06 0.05 0.05 0.04 
p20, 0.18 0.18 0.16 0.18 0.18 0.18 0.11 0.09 0.11 0.10 0.09 

TOTAL 99.66 99.59 99.91 98.94 98.77 99.38 99.26 99.00 99.14 99.26 99.45 

Mg no. 64.5 64.5 66.8 66.6 66.5 65.9 64.3 60.9 62.2 59.7 63.7 



BASALT GLASS ANALYSES (continued) 

SEAMOUNT 5 

TOTAL 100.15 99.22 99.54 99.30 99.38 99.37 98.87 99.39 99.62 99.75 99.90 99.43 99.46 

Mgno. 55.3 60.9 62.4 62.5 62.3 61.8 61.9 62.5 61.5 62.1 62.8 62.1 62.2 



BASALT GLASS ANALYSES (continued) 

SEAMOUNT 5 

16-1 17-1 17-2 17-3 17-4 17-5 17-6 17-8 17-9 0-17 Average 

TOTAL 99.28 99.47 99.54 99.17 99.31 99.58 99.83 99.25 99.13 99.43 
- - 

Mg no. 58.1 62.6 61.8 60.7 63.3 62.0 62.0 62.2 61.9 62.0 



BASALT GLASS ANALYSES (continued) 

SEAMOUNT 5 SEAMOUNT 6 

TOTAL 

Mg no. 

* Of Iow-I(,O samples only. 



BASALT GLASS ANALYSES (continued) 

SEAMOUNT 6 SEAMOUNT 7 SEAMOUNT 8 

20-1 20-2 20-4 21-3 21-4 23-6 25-1 25-2 25-3 25-4 25-5 0-25 Average 26-2 

TOTAL 99.64 '39.31 99.51 99.74 99.23 99.48 100.L 100.61 99.60 100.60 100.48 100.30 100.70 

Mgno. 65.1 52.9 65.6 65.1 65.5 57.4 62.9 61.4 62.4 61.9 62.8 62.2 66.9 

P. T. 3B 53 3B 2 3B 10 2 2 11B 11B 2 11 B 



BASALT GLASS ANALYSES (continued) 

SEAMOUNT 9 

SiO, 50.26 
7x0, 1.09 
A1zoa 17.32 
FeO* 8.34 
Mgo 8.76 
CaO 12.30 
Na,O 2.70 
IC,O 0.08 
P A  0.08 

TOTAL 100.93 99.78 99.31 99.1 99.64 93.04 99.71 98.98 99.45 99.90 99.94 100.34 100 
- - 

Mg no. 69.2 67.2 68.3 70.6 70.4 61.8 70.8 62.1 69.7 70.9 70.5 70.7 70 
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EAST PACIFIC RISE GLASS ANALYSES 

Averages 
10-9 D-10 Average 30-1 30-2 

TOTAL 

Mg no. 64.4 64.7 59.0 59.4 59.9 59.2 59.2 59.3 59.5 59.8 59.4 52.8 53.5 



HETEROGENEITY O F  PHONOLITIC 
PUMICE DEPOSITS FROM TENERIFE, 

CANARY ISLANDS 

by 
JOHN A. WOLFF 

Department of Geology 
Imperial College, London SW7 2BP 

ABSTRACT 

' b e  island d Tmerife has an extensive Quaternary pho- 
nolitilc gymdastic series, comprising plinian pumice-fall de- 
polsits, ignimbrites, and pyroclastic surges. The dominant petro- 
l'ogical feature 04 these pumice deposits is 21heir geochemical 
and petrographical heterogeneity. Evidence is presented for 
three causle3 of heterogeneity: assimilation of roof-rock by 
the magma, resulting in less woIved compositions d the first- 
erupted pumice ; zonation d the magma chamber, causing a 
change to intermediate compositions among the last products 
of an eruption ; and magma mixing, where nafic and banded 
fephra ar'e distributed more or less randomly through a par- 
tiicular pumice d~eposit. 

Evidence for magma mixing is particularly abundant. A 
detailed peltragraphie and declxon microprabe study has shown 
that skul.taneous mixing of basaltic, intermediate, and phono- 



litic lmagmas has repeatedly occurrced in the history of the 
volcano : far example, phenocrysts representative d th'e entire 
magmatic range on Tenerife have been found, together with a 
cmpositionally variable glass, within a sirzg;le pumice cl&. 
mese reiationsrhips are interpreted as  the result d the dis- 
ruption d a stably-zoned magma chamber, containing phcrnoiitic 
and interm~ediate liquids, by intruding basaltic magma. me 
frequent incidence of heterogeneity among the recent phonolitic 
products d Tenerife voicano, and the occurrence of similar 
deposits on other island volcanoes, suggests that unconta- 
minated evolved liquids may be scaroe in the oceanic setting. 

(This pape~ was not read at the Symposium) 



COARSE-GRAINED ROCKS 
FROM ASCENSION ISLAND 

by 
C. HARRIS, J. D. BELL, F. B. ATKINS 

Dept. of Geology and Mineralogy 
Parks Road, Oxford. OX1 3PR 

The lavas and pyroclastic rmks 'd Ascension Island contain 
a suite of coarse-grained igneous blocks which range in compo- 
sitim from dunite to granite paralleling, but extending beyond, 
the mmpositimal range id the volcanics. The ~ltineralogy, 
W u r e  and chemistry of thesle blocks are discussed, together 
with their modes of occurrence. More specific features observed 

partial melting seen in m e  suite which suggests that 
granitic liquids may be ftormed from blocks of intermediate 
oomposition ; the moumenc'e lof the rare minerals dalyite ( q r  
S&O,,) and vlasovite (Na,ZrSi~O,,) ; and the crystallbation in 
s$tu gd a rolck type considered to reproduce several of tbe 
fieatures displayed by the blocks. The implications of this for 
the origin d the coarse-grained suite as a whhole a e  considered. 



AFCQTJIPELAGO - CIENCIAS DA NATUREZA 

INTRODUCTION 

Ascension Island is situated a t  approximately 8 O S  14OW in 
the South Atlantic. The island is some 92 km2 in area and 
comprises the uppermost 800 m d a 3000 m single cone sited 
on magnetic anomaly 4 about 120 km west of the median valley 
of the Mid-Atlantic Ridge and 50 km south of the Ascension 
Fracture Zone. No explicit connection with either of these major 
structures has been identified (Van Andd and Heath, 1970). 

Asoension Island has attracted tbe attention (of numerous 
worktms sincle blefare the visit of Darwin (Darwin 1876). Most 
prominent for general geology is the work of Daly (1925). 
A more recent briefer description has been given by Atkins 
et al. (1964). The rare minerals dalyite and vlasovite were 
identified in ejected granitic blolcks by van Tasstel (1952) and 
Cam (1967) respectively, and Roedder and Combes (1967) have 
carried out fluid inclusion studies on these same blocks. 

Ascension Island has features of an oceanic volcano at an 
advanoed stage <of le~v801ution. An #eccentric imain peak, Green 
Mountain, ~cornprises a basaltic cinder cone built in a d d e r a -  
like structure consisting mainly of traehybe and comendite. 
The lattw rock types also form numerous do8mes and lava and 
pymclastic flows elsewhere ,on the island. Over ninety parasitic 
centres including lava conles, pyroclastic cones and ex&xion 
craters have been located. The lower slopes to the north-west 
and soutih are  foxnwd of more mafic lava blows ranging from 
hawaiite to benmoreite in composition. True basalt is rela- 
tively rare. 

There have been no eruptions verified in historic times. 
B'earing in mind that the exposed portion of Wlis volcano 

is ;little more than 1 % 'of its total vdurne it is worth noting 
~hak salic volcanic rocks form a noticeably large proportion 
of this upper part, possibly as much as 50 %. 
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COARSE GRAINED BLOCKS 
Distribution 
a Basalt 
+ Cones 
a Cinders 

In pyroclastics and 
other sediments + Middletons facies 
x N.A.S.A. facies 

Gabbroic cumulates 

Granite A S C E N S I O N  I S L A N D  

Fig. 1 -Distribution and mineralogy of coarse-grained blocks. The area of 
the circles is proportional to the number of blocks collected : the 
Dark Slope Crater circle = 1 0  blocks. 

TI33 OCCURRENCE OF C0ARS;EGR;AINED BLBCKS 

Fig. 1 shows the distribution of blocks. 
Coarse-grained rocks may be divided into four categories, 

(I), grouped phenocrysts, (II) , cognate crystal clusters, 
(111), grouped xenocrysts, and (IV), xenoliths. 

In ithis study, the blocks considered are mainly xenditihs 
and are found mostly in pyroclastic formations. In lavas the 
blocks are almost entirely restricted to basalt-intermediate 
types. A reason for this could be the difficulty of mixing when 
vimous salic magma passes through a coarsle-grained rock 
body. Flour <<basaltic, cones have yielded blocks, Bough Dark 
Slope C r a b  is the only pmlific source. 



By far tihe molst important sources of blocks are the pyro- 
clastic formations and redistributed sediments. Three facies 
types account for nearly all of these. 

(I) The Middleton's facies -white matrix-d'ominattrd se- 
diments up to 70 m in thickness. 

(11) The N.A.S.A. Road facies - polorly sorted r8@d rubble, 
presumably mass flows. 

(111) Fluvial sediments -mainly alluvial fans, the result 
of sporadk rainfall. 

THE MORPHOLOGY, CHEMISTEY, MINERALOGY 
AND FABRIC OF BLOCKS 
FROM SPE?CEIC LOCALITIES 

Figs. 2 and 3 represent the analys~es of individual phases 
from four important localities. 

1) Dark Slope Crdier 

Th'e blocks o~ccur as small (few grains) to large (50 cm3) 
samples, loose or in the wall of the crater. They are invariably 
coated wibh scoria and lava and many form bhe cores of bombs. 

Fig. 4 shows the mineralogy in terms of the 3 main phases. 
Acwesslories art orthopyroxene, magnetite, ilm~enibe and chrome- 
spinel. 

These blocks all show g a d  cumulate textures. Preferred 
orientation d augite and plagioclase is very oommon and so- 
r n ~ ~ e s  tihae is a marked linear alignment of augite crystais. 
Layering ion thie hand specimen scale is very rare (only 3 
splecimens) and is size and modal, rafher trhan chemical p a -  
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PROBE ANALYSIS OF PYROXENE AND OLIVINE. 

+ 
A ALA A **A'* 0 

Enst 

CLINOPYROXENE 

ORTHOPYRC:<ENE 

OLIVINES Fe 

A Dark Slope 

+ Middletons 

0 East Crater 

a Five Mile Post 

Fig. 2 - Probe analyses of pyroxene and olivme. 



PROBE ANALYSIS OF FELDSPARS 

K AISi308 

NaAISi308 

Fig. 3-Probe analysis of feldspars. 

stibly the result of very infrequent cument action during other- 
wise undisturbed crystal settling. Grain s h  is quite variable 
but individual blocks are, in general, ~equigranular. An exception 
is bhe large clots (up to 5 an) d augite sometimes seen in 
otherwise equigranular blocks (grain size 3-10 mm) . 

OTtihcpwoxene occurs as a cumulus p b s e  in lmly one block, 
but is ( o o m n  alcong ollivin~e~plagio~clase ;boundaries in plagio- 
clase-rich rocks (together with augite). Magnetite shows two 
types of if~ecurr~ence : as a rare accessory in quite plagiolclase- 
rich rocks and also as a major (up to 80 96) cumulus phase. 
'Ilhe latter is seen in two specimens only, suggesting that 
magnetite crystallised in significant quantity during one or more 
brief intervals only. 
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MINERALOGY OF DARK SLOPE XENOLITHS 

AUGITE 

0 

0 0 

PLAGIOCLASE OLIVINE 

+ ILMENITE 

Fig. 4 - Mineralogy of Dark Slope xenoliths. 



In places over 70 m of sediment of the MddI&n7s Facies 
are found. They contain the largest and most variable suite 
of coarse-grained blocks on Ascension. Of the three xenolith- 
-rich hlorizons found, the lowest contains only granite, whereas 
the upper two contain both intermediate rocks and gabbros in 
approximately equal proportions. 

The granites are  very similar (if not identical) to the 5 Mile 
Pfost Granites described below. Vlasovite has been identified 
in one specimen. In the intlermediate rock types, a typical 
assemblage is quartz (0-10 %) , augite (5-20 *%) and both sodic 
plagioclase and alkali feldspar. Many of the blocks are altered 
with the pyroxene replaced by amphibole and biotite, and the 
feldspar showing sieved rims. 

The augite in some blocks contains up to 4 weight per- 
o&nt Na,O. 

In contrast to the Dark Slope gabbroic blocks, -bhose on 
Middleton's Ridge are rather constant in mineralogy. Augite, 
divine, and p.lagiochse are always present. Other differences 
in mineralogy include 1-10 % modal magndk ,  mom iron-rich 
ferromagnesian minerals and generally more sodic plagioclase. 
These suggest a slightly more evolved sequence. 

The textures also diffw con~picuonsly from those of the 
Dark Slope Mocks. Preferred orientation is absent and nearly 
all specimens show a glassy mes'ostasis (up to 10 %), considered 
to represent interstitial liquid quenched during the sudden trans- 
fer (of an incmpktely crysltallised rock cmass to the surface 
(plate I). 

3) 5 Mile Post (Green Mountain) 

The blocks here occur in a partially expols4 horizon of 
poorly sorted sediment. The size of blocks ranges from 1 to 
25 'cn in diameter and most are rather friable and iron-stained. 
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W~ee texturally similar types are evident (Rodder and 
Coombs, 1967) and appear b be intergradational. The rocks 
are A granites but with significant variations in mineralogy. 

Hornb&en&-non-perbhitic granites conitah alkali feldspar 
whidh is rar'ely perthitic, accompanied by horwblende a s  the 
main mafic mineral together with some aegirine. Tihis type is 
relatively rare. 

Arfvedsonite/aegirine & oligoclase granites contain alkali 
feldspar which is generally non-perthitic, and occasional small 
digoclase grains. The mafic (minerals occur in irregular clots, 
sondimes with a calcic pyroxene surr~ounded by arfvedmnite 
and aegirine. Biotite is present in some of the clots, possibly 
as an alteration product, and magnetite is a not uncommon 
accessory. 

Arfvedwnite/aegirine perthite granitm f dalyite or vla- 
sovite comprise about 70% of the blocks collected at this lo- 
cality. The feldspar and quartz often show a coarse granophyric 
texture. The << f erromagnesian B min~erals are basically NaFe 
silicates and comprise 10-15 5% d tihe rock. F h e r  accessories 
are slalyite, vlasovite, aenigmatite, zircon and fayalite (in 
bhe cores d the ma& minerals). 'Ithe blacks show prominent 
miarolitic cavities (distinguishing than from bhe other two 
types). Wclil-formed quartz and mafic minerds project into 
these cavities. 

'Ilhese blocks are remarkable for the presence of trhe zir- 
conium silicates, dalyite and vlawvik, which are found in one 
and two &her localities reslpectively (van Tassel, 1952 ; Cann, 
1967 ; Fleet and Cam, 1967 ; Gittins et al., 1973 ; Tikhmen3Etwa 
and Kazakova, 1961). Vlasovite (Na,ZrSi,O,,) may be interstitial 
or well formed and m e  good cleavage is visible in thin section. 
It is occasionaHy associated with zircon and sometimes rather 
altered. Dalyite (K$rSi@,,) is tmaltered, invariably interstitial 
and displays no cleavage, contrary to the description by van 
Tassel. It very closely resembles quartz in thin section. Vlaso- 
vite is much more mmmon than dalyibe but unaccountably was 
identified much later. i= 



The two minerals have not, so far, been found in the same 
block. Dalyite blocks are slightly more miarolitic but otherwise 
they are identical. Differences between the whole rock &emistry 
d these bwo rock types are under investigation. 

4) Easd; Crater 

At bhis l ~ d i t y ,  xenolibhs occur in a traahyandesik emerg- 
ing from a large cone ,and rmge in sine up to 30 c n  in dia- 
ml&r. Many show a cleavage and thus omur in flat tabkt 
f m .  The mineralogy of these blocks is remarkably uniform. 
Unaltered specimens contain 0-5 70 quartz, 5-15 70 augite with 

rest #of the rock composed of variably perthitic anorthoclase 
with soam orthoclase. Magnetite and zircon are  accessories. 
In altmed blo~cks biotite and amphibole rim or replace tbe 
augite. 

The distinctive feature of this group of blocks is the textural 
evidence of partial melting invariably exhibited (Plate 11) 
(Cox et el., 1979). The partially melted material, which ranges 
horn 1-30 % nodally has been preserved as qumded glass. 
q i s  is light brown kt colourless and is found in quantity only 
along boundaries between grains of two different phases. In 
simphe terms this must be due b a mutual Imering d ,melting 
point. Considerably more glass is seen along quartz-feldspar 
boundaries than between augite and feldspar. The glass adjacent 
to magnetite and pyroxene is often stained dark brown, due 
to the presence d 1-2 weight percent of iron oxide. 

In the four specimens analysed the eolourless glass contains 
between 72-77 weight percent SiQ2 whereas the whole rock has 
&out 65 weight percent SiO,. Because quartz-fleldspar contacts 
produce melts cmnparatively easily, partial melting of rocks 
such as these, with a small mount of modal quartz, produces 
liquids cm~iderably richer in silica. Oljher feakr,es of partial 
melting include sieve textures in the rims of the feldspar and 
quench crystals which have formed along the grain boundaries 
of the feldspar on rapid cooling of the liquid. 

242 
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Thes~e includle other cones in which the blocks are all 
gabbraic but axe slmalile~ and fin~er grained than those d Dark 
Slope Crater ; the south coast h a s  which loonlkain small (rarely 
up to 10 cm) xenoliths in a <<basalt >> flow which is widespwad 
along this coast. Mast are gabbroic, same showing  mes so st as is 
or partial melting ; Green Mountain and Bears Back where the 
cinders contain small (< 3 cm) gabbroic xenoliths remarkably 
similar in mineralogy and textur~e to Middleton's Ridge gabbros : 
The N.A.S.A. Road fac ie  in whioh the blocks are variable but 
rather altered ; Devil's Riding School, where intermdate types 
such as fayalike-syenite, and granite and granophyric types are 
found, the latter being similar in mineralogy to, but finer 
grained than, the granites a t  Five Mile Post. 

The h s t  racks to be described occur within the Cricket 
Valley lavas. Two types of coarse-grained rock are found here : 
small gabbroic xenoWx of the type found in the south mast 
lavas and a curious outcrop olf coarsegrained rock unique on 
Asoension. 

This outcrop is an irregularly shaped, 3 m by 1.5 m, coarse- 
grained mass in a 30 m basalt cliff (on the N.W. side of Cricket 
Valley). !l%e rock consists of alkali feldspar and plagioclase 
(both usually zoned), augite (sometimes intergrown with the 
feldspar), a small amlount of interstitial quartz, long needles d 
apatite, and ablout 10 % magnetite. 

The delicate textures seen in lthis rolck are undistmbled at 
the boundmy witb ;tiha basalt, so it would ssen  bhat the rock 
has crystallbed in situ. Since the boundaries are unchilled, it 
is not intrusive into stolid, cold basalt. A possibk explanation 
of this is that a pocket of liquid separated from the existing 
magma at depth. A higher iron content (14.16 weightt% FeO 
compared to 11.04 weight % FeO in the enclosing lava) would 



confer a density greater than that of the remaining magma so 
that only small amounts of this liquid would be caught up in 
the subsequent eruption and transported to the surface. Once 
a t  the surface the higher iron content of the liquid would imply 
a 1lmer solidus temrperature for this m a k i a l  and crystal- 
lization would stark essentially after the enclosing magma had 
solidified leading to the in situ fopmation of a coarse-grained 
fac ia  ,as the surrounding lava might b'e ex3plecM to cod slowly 
once in sku, acting a s  ins~dation. 

This rock gr~ovides me d the few direct insights into pas- 
sible mechanisms of formation of coarse-grained rocks within, 
and possibly below, the Ascension structure. 

CONCLUSIONS 

The compositional range of the ooarse-grained rocks is that 
which might I& expected fmm coarse-grained equivalents 
of the ai)us.e~ved vldcanic r~olcks. 

It seems that one or more magma chambers existed under 
Asoension in which slow crystallization occurred, allowing 
ooarse-grained rocks to form. No evidence can yet be 
presented as to the depth, size and shape of these chambers 
but a small pocket of coarse-grained material appears to 
have cry&dlW a t  a depth of only 50 m. 

From the evidence d the only in sit% coarse-grained rock 
m Asoension, it is su.ggested ,that a more evolved, but 
denser liquid se~arated from the errisking magma below 
Ascension. This may have nemained at depth long enough 
to crystallize some of the coarse-grained blocks now found 
m the surfme. 

Granitic liquids can be produced, a t  least in small quanti- 
ties, from less sdic coarse-grained rocks by partial melting. 
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O N  THE OCCURRENCE O F  VITROPHYRES 
IN MACARONESIA 

by 
RAOUL C. IVTF3ELL-THOME 

29, Rue de ]la LiWation, Mamer, 
Gr. D. de Luxembourg 

ABSTRACT 

Vitrophyres, ddineld as rocks in which more tihan 50 70 
of the grwndmass is glass, irr~apective d co~mplosition and 
wheth,er porphyritic or not, occur in Macaronesia. In the lite- 
rature, Yik.lmas rolcks are oftw referred to, but where chemical 
analyses are lalcking and d y  inadequate petroigragAic descrip- 
tions are given, it is not always clear what proportion of such 
m y  actually be vftroprhyres. On the othm hand, references are 
given to vitrophyres in the region. 

Vikophynes certainly are present in the Azo~es, Canaries 
and Caiple Ve!rde archipdagoes, but are mme doubtful in Ma- 
deira and the Selvagens. In Tenerie, these rocks are most 
v~o~uminous ,thwgh more widespread in Gran Canaria. In the 
foamier, the ,l?eide-Viejo volcano complex cotmprises essmtidly 
obsidian-type rolcks. 
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It appears that the Macaronesian vitrophyres are d Qua- 
ternary/Sub-Recent age, though those of Gran Canaria and La 
Palma belong to Middle-Lower Miolme. 

As not all islands have been given the same petrological 
attention, it is possible bhat further investigations would show 
vitrophyres to be more abundant than at present known. 

(This paper was not read at the Symposium) 



PLAGIOCLASE ACCUMULATION 
AND PHENOCRYST REACTION 

IN OCEANIC THOLEIITE : AN INDICATION 
O F  SPREADING RATE 

by 
M. F. J. FLOWER 

Dept. of Geol. Sci., Univ. of Illinois, 
Chicago, IL 60680, U.S.A. 

ABSTRACT 

A comparison ~d basalt lifholo'gy and chemistry for dif- 
ferent rnid-aoean ridge spreading axes indicates: (1) basalt 
generated a t  slow spreading axes (< 5 cmjyr, e.g. Mid-Atlantic 
Ridge) reflects widespread flotation of calcic plagioclase and 
p~hrenolcryslt-lid reaction ; (2) basalt generated at fast-spread- 
ing axes (> 5 cm/yr, e.g., Juan de Fuca Ridge, Galapagos 
spreading Center, East Pacific Rise) is invariably aphyric or 
spasdy  phyric, phenocrysts if present reprlesenting low pres- 
sure liquidus crystallization prsducts. Interestingly, basalt gene- 
rated a t  inbeTfndiahe spreading rates (e.q., Costa Rica Rift, 
Gorda Rise, Gulf of California shows incipient development of 
tihie <clsh-spreading>> petrographic tendencies. Riecent exper- 
iments demonstrate a tendency far &ic plagiodase to float 
in basaltic melt a t  pnessures greate~ than 6-7 Kbars, while 
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ph'enocryst-liquid ~eaction (often attxibukd to magma mixing) 
may be explained as due to re-equilibration of high pressure 
liquidus assmblages during low pressure storage of cogenetic 
magma. %ese dflects lcan be plausibly as~cribed to poiybaric 
fractionation processes, with silgnificanlt cooling and crystal- 
lization near the zone of initial melt segregation. Ridge-axis 
gmthwrn (configurations, modelled as a function of spr'eading 
rate, and anstrained by expe~henltally d&e~mb~exl PT condi- 
tions fsor mantle-melt equilibration, imply transient poflybaric 
fractionation systems at sh-spreadling =es, but exclusively 
low pressure fractionation for fast-spreading axes. Th'ese qua- 
litative predictions are clonfirmed by s~eismic evidence for near- 
surface magma reservoirs at  thte Easlt Pacific Rise and their 
appment absence frolm the Atlantic spreading axis. Peke- 
graphic and whde-rock ahmiail distinctions betwen fast and 
slow spreading axes thus appear to be sensitive to thermal and 
kinematic conditions at ocean ridges. Such discriminants may 
be applicable to obducted ocean crust of unknown provenance. 

(Thb paper was not read at the Symposium) 



GENESIS O F  ULTRABASIC-BASIC ROCKS 
(<<OPHIOLITES >>) OF NORTH HUNGARY 

Petrological and Geochemical Department, 
Eiitviis University 

1088. Bupdapest, Muzeun-krt 4/A. Hungary 

Most of the researchers consider the ultrabasic-basic mag- 
matites of North Hungary (Biikk Mountains) to be an ophiolitic 
complex. Nevertheless, on the basis of the comparative analyses 
d the igneous formations with ~e typical (SouthEuropean, 
from Asia Minor, etc.) ophiolites, considerable petrological- 
petrolgenetic difiference can be established. l k e  ,most charact- 
eristic MCe~ence is sbwn in the change of P&+/MgO as a 
function (of silica. Dissimilarly of the typical ophidites, the 
~ + ~ g i O  ratio decreases paraBe1 and unambiguously with 
the increase of silica. Its highest value is found within the 
given squmce  in certain ulbzllbasities (3 to 4). The oxidation 
degree is also considerably I w e ~  than in the ophi01it.w cited. 
Oa ;the basis <of this as well as  of t.he crystallization sequeme it 
can b~e stated without doubt, that bhe ultrahasic-basic c~~rnpbx 
d North Hungary was produced by an ainverse crystataIlization 
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differentiation B, i.e. during crystallization and sirnuManeously 
with the increase of total iron in terms of FeO (but dissimilarly 
of the <t fractionated crystallization B deduced by Femer) the 
concentration of silica was gradually decreased. mus, the 
sequence d rock formation is as follows : diabase (SiO, = 
47,7 ,%) gabbro (SiO, = 45,O %), ultrabsite (SiQ, = 41-30 %). 
Sincle the gabbro forms c~msiderable masses, the average SiO, 
amtent d the complex remains bldow 46 1970. Under microscope 
it can be unambiguously established that first labradorite con- 
taining 56-52 ,% SiOz was farmed from (the .melt d diabase and 
gabbro. This was followed by the precipitation of different mafic 
constituents (augik, diallage, amphibole). The quantity of opa- 
que minerals is relatively small, which shows higher concen- 
trations rabher in the szlbsequent ,magmatites. In harmony with 
calculations this is due to bhe low oxidation degree being insuf- 
ficient to1 bhe crystallization of magnetite. As a result of this 
process, during crystallization the silica and alumina contents 
of the melt gradually decreased, wide the FeQ and TiO, 
concenkratkm increased which considerably lowered the crys- 
tallization temperature and promolted the c r y s m t i o n  capacity. 
This process produced the formt im of ultrabasic rock masses 
of high F&+mntmit. in the fha l  phase of crystallization. 

Thus, the conclusion can be drawn that the material of 
mantle origin of the North-Hungarian (Biikk Mountains) ultra- 
basites-basks protruded in the near-surface level a- to the 
surface along dwxp faults. The rapid magma formation prow& 
to :be favourable to the increase d bdal iron content, the 
relatively short time restricted the release of the more strongly 
bound MgO, and dlecneased fhe possibility d oxidation. This 
process mli:ght reach appr,oximately the state d the Bed Sea 
in our days. 



SUBMARINE VOLCANOES 
EAST AND SOUTH O F  IZU PENINSULA, 

CENTRAL JAPAN 

SHIGEO ARAMAKI 
Earthquake Research Inst. 

University of Tokyo 
Bunkyo-Ku, Tokyo 113, 

Japan 

ABSTRACT 

Mlor,e than 50 ,volcanic centers are r w o g n W  as  positive 
topography on the sea floor east and south of Izu Peninsula. 
Moat of them ar'e probably late Quaternary basaltic cones 
resting on the bas.ement of Miocene s,ubmarine volcanic rocks. 
Reccent &edge hauls have revealed bh,at tihose submarine vol- 
clano1es lacabed chose to Izu Pieninsula belong t,a the high-Al 
and/'ar high alkali ;basalts while .Wlose furth.er south a r e  either 
low alkali t~hol'eiites or calk-alaki rhyolites associated with 
high-A1 basalts. Submarine volcanoes close to Izu Peninsula are 
contemporaneous with a group of basaltic (and minor rhyolitic) 
~rnono,g~e~etic volcanic centers cluster~ed in the oentral Izu Plenin- 
sula, which were active during the last 100,000 years. 

?he 'pwsenc,e af active group of basaltic monogenetic centers 
along or very close to the volcanic fron is not known elsewhere 
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in the Japanese islands. They are typically found in the back- 
arc region away from the front. No lclearcut ma1 pattern in 
alkali contents of the lavas is found throughout the area of this 
mmogmetic volcano group, although they range more than 
35km plerpendioular to the volcanic front. The geogriuphic 
distribution of t,he mmogewtic c e n k s  c~oincides with tihe area 
d hypocenters of the r'ecent earthquake swarms ,occurring in 
and around Izu Peninsula. A model (of leakingat  of a high- 
Al-alkali thleiitic magma through fractures formed only within 
the area of active seismicity and crustal deformation seems 
in harmony with available data. 

The southern group of tihe submarine v o k a n w  strongly 
suggests en echelon arrangement of island arc magmatism 
accompanied with large-scale warping of the crust. Chemical 
zoning parailel with the volcanic front is broken where calc- 
alkali r;hyoW socurs on the fr8mit ~btweten Izu-Ushima and 
Miyake islands, ib'0t.b are ,d typical low-alkali tboleiite. 'I'hese 
complications may be caused by temporal fluctuations of the 
subiduetion r<eghe and mode d magma generation. 



PETROLOGY AND GEOCHEMISTRY 
O F  THE JUAN FERNANDEZ ISLANDS, 

SOUTH EAST PACIFIC 

bs 
P. E. m R  

Department of Geology, UniversQ of Notthingham, 
Nottingham NG7 2RD, UK 

and 
F. A. KEYVAN-SCOCOUHI 

Department of Earth Sciences, University of Leds,  
Leeds, LS2 SJT, UK 

AGE RJELATIO~NS 

T%e Juan Fie~nandez archipelago lies in the southeaskrn 
slwbor sd the Nazxa Rate  some 700 km west of the Chilean 
port of Valparais'o (Fig. 1). It comprises the deeply dissected 
vo4canic island d Rolbins'on Crusoe (formerly Masatimra), its 
off-lying islet of Santa Clara and the younger shield volcano 
of Akmnder Selkirk (formerly Masafuera) which lies 150 km 
to the we&. me islands appear unrelated to any major skuc- 
turd features of the ooean f l m  and it is concluded that tihey 
are the p~oducts of is'olated intraplate v o l ~ m .  



ARQWELAGO - CIeNCIAS DA NATUREZA 

JUAN FERNANDEZ ISLANDS 

ROBINSON 
1 CRUSOE 

ALEXANDER 

'L" CLARA 

Fig. I - Location map of the Juan Fernandez archipelago. 

A potassium-argon age determination on a dolerite from the 
north eastern part of Robinson Cruse gave an age of appro- 
ximately 5 Ma (personal comunicatim D. C. Rex, Leeds Uni- 
versity) and dkhmgh no radiometric ages are available for 
Alexander %kirk its general mrphology would seem to suggest 
an age Q less than 1 Ma. If this is so then the age relations 
between the tyo islands are consistent with easterly motion of 
the N a m  Plate over a fixed <<hot spot> with a minimum 
motion af about 2 ~cm per year. On the same longitude but same 
500 km north d here the age relationship and apparent plate 
motion finds a parallel in the twin islands d San Felix and 
Sam Ambrosia These two islands are only 30 km apart suggest- 
ing a motion of the order of 10 om per year. (GOINZALl3Z- 
FERRAN et al., lEl). 
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ROBINSON CRUSOE 

ALEXANDER SELKIRK 

I 0 5 kms. 

Fig. 2 - Sketches t o  illustrate contrasting morphologies of -the two main 
islands of the Juan Fernandez archipalago. Robinson Crusoe 
viewed from the mrth-e~& anrl Alexander Selkirk fr& the east. 

In spite d the general contrast in degree of er06im d the 
islands d Robinson Crusae and ALexander S k k k  (Fig. 2) 
minor activity has apparently g1ersis;terl t o  mow r~elcent. times 
on the former, notably on the south-western peninsula.  here; 
are no records of any historic volcanic a c t i v i ~  on either of, 
the islands but there is a report d a submarine eruption off 
Robinson Crusole in 1835 (SKOTTSBW, 1956). , . , -  

! . '. 
t .. 

R o b i n s o n  Crusoe (48 sq. km) is a fmeskd island with 
sharp  did and a very irr~egdaxly eanbayed coas~inle. The 
main part ~d the island (extends for ab(o.2; 12 krn in a NW-SE 
dineotion and is about 3 km wide. Near the north-wetstern end a 
ragged pleninsula a b u t  1 km wide reaches for some 6 h t o  
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the south west. From their dips, the lavas and pyroclastics of 
the main part of Robinson Crusoe appear to have been derived 
fro'm at l a s t  four separate vokanic oentres which ar.e now 
r8epr'esented by the caldera structures forming tihe major indmen- 
tations along the northern coastline. The north-westerly align- 
m'ent of the f,ow cald!eras. is mughly parallel with thre bend 
shown by nu1mer80us features in the Soubh Pacifk ,wch as the 
Chile Rise, the Tuamotu Ridg.e and v.arious fralctw,e zones. The 
largest of these caldera structures forms a great amphitheatre 
around Bahia C8umb,erland and is ovedo~oked by Cm'o  Yunque 
.(922 m), the highest peak 'on the island. A numb.er of tangential 
dykes, probably a~s~ociabed with th,e ring fr,a~cturing are exposed 
in places aao'und the caldlera rim. (Rg. 3). 

0 Basaltic lavas 

CLARA 0 Pyroclastics 
0 Dolerite 

(O,"."( Altered lavas & pyroclastics of S W 

Caldera rim 

Fig. 3 -Simplified geological sketch map of Robinson Crusoe and Santa 
Clara. 
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Broad open valleys cut back into the 'other three volcanic 
aentres 'of La Vaqueria, Pue~to  Ingles and Puerb  Frances. 
At the northernmost point d the island vertical sea cliffs somle 
300 m high (expose a seation d lava flows and interbedded scoria 
with numerous cross-cutting 'dykes connected with the La Va- 
queria oatre .  A s~eries of nhylthmically layered dolerite sills 
axe ,exposed in the main valley running amoss the caldera floor. 

The south-western peninsula d Itolbinson Crusole contrasts 
aarply in relief ,with the main part of the island. The promon- 
tory lies only between 50 and 150 m above sea-level and there 
is s w d y  any forest c a r .  From lUlis genUy undulating sur- 
faoe rise a number of small 'ills which are probably remants 
of parasitic centres. The lavas and tuffs of this area have 
undergone extensive hydrde rmd  alteration unlike most d 
their counterparts to the north-east. small island of Santa 
Clara (2 sq. krn) can be regarded a s  an extension d the muth- 
western peninsula of Robinson Crusoe, from which it is separated 
by a shallow channel ablaut 2 km wide. It is deeply eroded and 
composed for the most of part rubbly damposed  lavas and 
tuffs cut by numerous dykes. 

Alexander %*irk (52 sq. km) reaches 1615 n ab~cwe sea level 
and has a dome shaped form. It is roughly oval in plan and 
has a ree1,atively smooth coastline lacking the embaymezlts of its 
neighbours. It has the appearance of a relatively young shield 
volcano, with radiating valleys cutting in60 primary construc- 
tional surfaces. 

PETROGRAPHY 

Although dominantly basaltic, the lavas show a considerable 
com'positional range fr'om bsanitoids, with more than 10 I% 
normative nepheline to alkali basalts, olivine tho~eiitens, quartz 
tholeiites and hawaiites. Ac~cumulative varieties, particularly 
pimite basalts are common but hawaiites (as defined by nor- 



mative andesine) are the most abundant rock-type : more 
evolved types arje rare but a single tzachyte has been r~eported 
Prom Alexander -irk (Quensel 1912 ; NcBirney and Williams, 
1969). The basanitoids ,are all porphyritic rocks with phenocrysts 
orf both $olivine and dh,ogy~oxene. m e  basalts a re  mostly por- 
phyritic, mainly picrites, but aphyric varieties occur in the 
vicinity of Puerto Frances. Plagi~~clase phemcrysts olmsionally 
predominate in some d 'the ~bsalfts at Pulerho Ingles and a t  
La Pina near Puerbo Frances. On the &lolle the hawaiites are 
less porphyritic than lbe basaltic rocks and typicaly show a 
rather patchy or directive texture with flow banding. Plagiolclase 
beoomes a auoh mome ~s rp i cuous  component in these more 
differentiated rocks. Melting  experiments (dry) carried out by 
N. Chapman at the Dqartmenk d Earth Scienlces, M s  Uni- 
versity, on picribe 17908 from P u e w  ~ r a n ~ e s  s h m d  olivine 
as the liquidus phase twer the 1-10 bb rmge a d  the tempera- 
ture intervals 1300-115Q°C. At pressures below 2 hb loi.ivine was 
joined by plagioclase a t  1150" but absw 8 kb dimpyroxene 
precipitated bldore phgioclase. 

) h e  compositi.ons d divines in ,the hvas reach Fo,, but 
the margins a re  invariably aonled eg. to around Fob,. Clinopy- 
roxenes usually have a pinkish-brown colour and a TiO, content 
of 2.75 90 is ~ ~ o d ~ d  .in one instance : their 40, content is 
consistently around 5 1%. The ~clinopynoxenes from lavas are 
augites clustering around composition of Ca,, Mg4, Fe,. Plagio- 
dare is mostly zoned within the range An6,-An,,. 

b a l l  weatiherd dt~amafic blocks are found a t  various 
l~calities w i W  Cumberland caldera but they are moist con- 
centrated in a basanit~id fhow in Queb Pieidra Agujeriada. The 
blocks include slherzolits, harwbu~gites and dunit%. me lher- 
zolites contain olivine (Fo,), enstatite, diopside, augite (Ca, 
M G ~  Fe,) and spinel. Exsolution f<ea&s are common in the 
orbhopyroxene . 
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G E O l C ~ r n Y  

Examples 10% the chemical composition of Juan Fernandez 
lavas are pr~esent'ed in Table 1. The more distinctive features 
d the Juan Fernandez suite are as fdlolws : 

TiO, contests are high, reaching over 4 % in two of 
the quartz tholeiites (hawaiites) from Cumberland cal- 
d'ma. The values are, however, comparable with th'ose 
in th~e lavas d Easter Island. 

Therfe is marked variation in Fe/Mg ratios, with the 
m~ost pil.rnmcaj iron enrichment being evident in the 
quartz tholeiites. However, iron concentration does not 
attain tihe high values reached in either EasteT Island 
(BAKER et al., 1974) or the Galapagos Islands (McBIR- 
NEY and WILLIAMS, 1969). 

Enrichment in bhe incompatible elements Ba, Sr, Rb, 
Nb and Zr is especially marked in a group of alkalic 
lava8 from Rabinsjm Crusoe. However, these elements 
fail to discriminate between s'ome d tihe undersaturated 
lavas and the Ch~okiites. 

8'Sr/86Sr ratios are. almost entbely wibhin 8he range 
0.7020.703, the lowest value being obtained on one of 
the more cWiferentiaM hawaiites f m  Alexander Sel- 
kirk. 

~Chondrite-normalised rare earth element patterns show 
LMQE enrichment. The basanitaids and alkali basalts 
&ow higher overall concentrations of WE and more 
pronounc~ed enrichment in the lightw elements than the 
bhdeiites. 
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f) Apart from the trachyte, K,O reaches its maximum 
value (> 2 YO) in the basanitodds albhwgh even the 
fioleiites are  mone alkali rioh than theis Hawaiian 
counterparts. 

g )  ;AlIthou& relatively few analyses me available from 
Alexander Selkirk and Santa Clara it would appear that 
tholeiitic varieties ane mom prevalent on these islands 
than on &binson Crusoe. 

A wide cmnposithal spread suoh as that observed on Juan 
Fanandez s'eems to lcharacterise isolakd bintraplate volcanoes 
and m y  be related to a rapidly changing geothermal gradient 
affecting bchh depth and degree d mdtbg. Suplerbposed on 
bhis, polybaric fractionation would appear to be responsible 
SOT much d the c~~mpositional range olbserv~ed in the archipe- 
lago. Variation in more mafic lavas can be ascribed dm~ist 
exclusively to fractionation of magnesian olivine. However, 
at high= presSsumes (abmove 8 kb) clinopyroxene wlhiah appears 
as  pihenoc~ysts in the basanitaids is also likely It0 have played 
a pat. Separaticn d plagiwlase may have exercised some 
influeme on oompositimd relations in the mme evolved rocks. 
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TABLE 1 

REPRESENTATIVE CHEMICAL ANALYSES WITH SELECTED 
TRACE ELEMEXTS AND PARTIAL CIFW NORMS OF LAVAS 

SiO, 43.31 
TiO, 3.01 
4 0 ,  14.40 
Fe2os 2.85 
FeO 8.57 
MnO 0.20 
MgO 10.22 
CaO 10.40 
Na,O 3.96 
%o 1.74 
H,O+ 0.68 
H20- 0.24 
pzo, 0.75 

TOTAL I 100.36 

PPM Ba 
m 
Rb 
Sr 
Zlr 

PART 
NORM Qz 

Ne 
HY 
01 

17010 : A J k d  basalt, P u e d  Frances, Robinson Cwoe.  
17919 : Basmitoid, La Vaquha, Robinson k s o e .  
17908 : Alkali basalt, Puert oFrances, Robinson Crusoe. 
l7Ml : Olivine tholeiite, we& side, Puerto Ingles, Robinson Cruse. 
18001 : Quartz tholeiite, mrth side of Bahia del Padre, Robinson Crusoe. 
17854 : Hawafiite, south of seMement, Alexander Selkirk. 




